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ABSTRACT

During the production of ordinary Portland cement (OPC), as a result of the decarbonization of limestone, a huge amount of greenhouse
gases, mainly CO,, are emitted into the atmosphere, which makes up about 8% of all world emissions. Consequently, any reduction in

clinker use will have a serious impact on global warming. To achieve this goal, new technologies are being developed for producing
clinker-free binders, one of which is geopolymers, which are considered an alternative to Portland cement.

For the widespread introduction of geopolymers into construction, it is necessary, along with other properties, to study their durability,
as well as their behavior in aggressive environments, i.¢., corrosion resistance.

The article is devoted to the study of the corrosion resistance of geopolymer materials obtained from local raw materials.

It was found that the indicators of corrosion resistance of geopolymer materials (changes in mass and strength) correspond to changes in
their phase compositions after immersion in various aggressive solutions. In all cases, geopolymer materials showed higher resistance
to aggressive solutions compared to OPC.

Key words: Geopolymers; OPC, aggressive solutions; corrosion resistance; thermally modifiedclayey

rocks.
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INTRODUCTION

Population growth worldwide increases the de-
mand for building materials, especially for Portland
cement, which remains an energy-intensive and
polluting production [1, 2]. Global production of
Portland cement is 4.6 billion tons per year. During
the production of 1 ton of cement, 0.78 tons of CO,
are emitted into the atmosphere by flue gases [3].
This makes cement companies one of the main pro-
ducers of greenhouse gases, which account for 8%
of the world’s CO,. In order to cope with the envi-
ronmental crisis associated with the production of
Portland cement, the trend to search for new envi-
84

ronmentally friendly building materials has signifi-
cantly expanded over the past few decades, either
by partially replacing cement with materials with
pozzolan properties [4, 5], or by completely replac-
ing cement, for example, with geopolymers [6, 7].

Geopolymers are considered environmentally
friendly materials due to lower CO, emissions com-
pared to analogues from Portland cement.

Using modern research methods, it has been
proven that geopolymer concrete was an ancient
form of concrete, which was rediscovered in the
second half of the 20th century by Joseph Davi-
dovich. He developed the concept of geopolymer-
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ization and gave a new insight into this class of inor-
ganic polymers. Davidovich developed the concept
of geopolymer (Si/Al inorganic polymer) to better
explain these chemical processes and the resulting
material properties.

But even earlier, in the late 50s of the twentieth
century, V. D. Glukhovsky [8] was the first to dis-
cover the possibility of manufacturing binders from
low-base calcium or calcium-free aluminosilicates
(clays) and solutions of alkali metals. He called
these binders “soil cements” and “soil silicates” to
reflect their similarity to natural minerals.

Fundamental research in this direction was car-
ried out by V. D. Glukhovsky and his collaborators
[9], as a result of which a new class of alkaline or
alkali-activated cements (AAC) appeared. Many
large infrastructure projects have been built in
Ukraine using “alkaline cements” [10, 11].

A geopolymer is a material obtained by alkaline
activation of aluminosilicates at ambient tempera-
ture or slightly elevated temperature, having an
amorphous or semi-crystalline polymer structure
with Si*" and AI** cations, tetrahedrally coordinated
and linked oxygen bridges [1, 2]. During hydration,
geopolymers give a product that is predominantly
calcium silicate hydrate.

Geopolymers have a number of properties com-
pared to Portland cement: high compressive and
flexural strength, low shrinkage, low permeability;
high resistance to fire and aggressive environments.
Due to these properties, geopolymers can be used in
many areas: ceramics [12], concrete [13], insulation
[14], stabilization and sorption of hazardous waste
[15], etc. They depend on many factors, including
nature and chemical mineralogical composition of
raw materials.

Despite the fact that the processes of structure
formation of geopolymer and other binders have
not been studied well enough, these binders are
considered as a promising resource-saving alterna-
tive to Portland cement. Studies have shown that a
significant advantage of geopolymers is their high
strength, density, water resistance, heat and heat re-
sistance, and corrosion resistance [16-18]. Howev-
er, today, the advantage of using these materials is
only the possibility of using a huge amount of accu-
mulated industrial waste all over the world.

Despite the fact that the processes of structure
formation of geopolymer and other binders have
not been studied well enough, these binders are
considered as a promising resource-saving alterna-
tive to Portland cement. Studies have shown that a
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significant advantage of geopolymers is their high
strength, density, water resistance, heat resistance
and corrosion resistance [16-18]. However, today,
the advantage of using these materials is only the
possibility of using a huge amount of accumulated
industrial waste all over the world.

For the widespread introduction of geopolymers
in construction, it is necessary, along with other
properties, to study their durability, as well as their
behavior in aggressive environments, i.€., corrosion
resistance.

Sulfate and chloride corrosion of building ma-
terials is one of the most significant types of cor-
rosion. It manifests itself when building structures
are exposed to saline sea and ground waters, atmo-
spheric air with an increased content of sulfur com-
pounds, as well as acid rain [18].

Geopolymer concrete based on low-calcium fly
ash has, according to [19], high sulfate resistance.
Samples exposed to sodium sulfate solution for
one year showed no visible signs of surface de-
terioration, cracking, or flaking. The compressive
strength values remained the same as before the
samples were immersed in an aggressive environ-
ment.

According to [20, 21], the leading cause of the
destruction of reinforced concrete structures is the
destruction under the action of carbonation and
chloride ions that cause corrosion of reinforce-
ment. They do not directly affect concrete and
contribute to the corrosion of reinforcement in
concrete. Atmospheric carbon dioxide reacts with
calcium hydroxide, causing a decrease in pH in the
pore space. As a result, the protective properties
of concrete in relation to reinforcing steel are re-
duced. Chloride ions can penetrate into concrete
through aggregate, mixing water or accelerating
additives. However, in practice this rarely happens
due to strict restrictions on the content of chlorides
in concrete. As a rule, chlorides penetrate concrete
from the outside, or from seawater, as well as due
to the use of de-icing salts. Carbon dioxide and
chlorine compounds, as well as other aggressive
substances can cause the destruction of concrete
only in the presence of water.

The mechanism of chloride penetration and
diffusion of CO2 from the environment together
with the movement of water in concrete plays an
important role in the destruction of concrete. These
phenomena are the key factors that determine the
durability of concrete based on Portland cement and
geopolymer concrete.
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As many researchers note, geopolymers have
less acid resistance than sulfate resistance: the max-
imum decrease in the characteristics of geopolymer
materials after 1 year of holding samples in a 2%
solution of sulfuric acid did not exceed 3%, which
was quite insignificant compared to the complete
destruction of control samples based on Portland
cement [19]. The degree of damage associated with
acid exposure is directly proportional to the concen-
tration of acid in the immersion solution.

For a number of years, we have carried out re-
search on the production of geopolymer materials
using local raw materials. Technologies have been
developed for obtaining geopolymer materials us-
ing thermally modified clay rocks of Georgia, on
the basis of which geopolymer materials of various
compositions have been synthesized [22, 23, 24].

This article presents the results of studies of the
corrosion resistance of these materials.

EXPERIMENTAL PART

2.1. Materials

For the study, a geopolymer materials was used,
made on the basis of clay rocks of Georgia (argil-
lite and low-melting clay) modified at 700 °C and
granulated blast-furnace slag of the Rustavi Metal-
lurgical Plant.

An alkaline activator NaOH, Na,CO,, and Na-
,S10, was used as a mixing liquid.

2.2. Methods

A NETZSCH derivatograph with STA-2500
REGULUS thermogravimetric and differential
thermal analyzer (TG / DTA) was used for thermo-
gravimetric analysis. Samples were heated to 1000
°C, in a ceramic crucible, heating rate 10 °C / min.
Reference substance a-AlO,.

The X-ray phase analysis was carried out using
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a Dron-4.0 diffractometer (‘“Burevestnik”, St. Pe-
tersburg, Russia) with a Cu-anode and a Ni-filter.
U=35kv. [=20mA. Intensity - 2 degrees / min. A =
1.54178 A.

2.3. Geopolymers preparation

Temperature modification of argillite and clay
was carried out by heating the material in a muffle
furnace to a temperature of 700 °© C with exposure at
a maximum temperature of 1 hour.

Geopolymer materials were prepared as follows:
granulated blast-furnace slag and modified argillite
or clay in a ratio of 80:20, were ground together in
a laboratory ball mill to a specific surface area of
8000-10000 g/cm?. Dry substances were added to
the resulting powder in a certain amount: NaOH or
Na,CO,, or Na SiO,, or their mixture, which were
mixed well for 5 minutes. Water was added to the
dry mixture to obtain a dough of normal consis-
tency. Samples were molded with a size of 2 x 2 x
2 cm. The molds, together with the samples, were
wrapped in a plastic film to prevent the binder from
drying out and were immediately placed in a heat
treatment chamber. Heat treatment of geopolymer
materials was carried out at 80°C for 24 hours. The
samples were randomly cooled in the chamber until
they reached room temperature.

In order to test for corrosion resistance, geo-
polymer materials were immersed in aggressive
solutions: H,SO4 (concentration 2% and 5%), HCI
(concentration 2% and 5%) and Na, SO, (concentra-
tion 5%).

RESULTS AND DISCUSSION

Table 1 shows the chemical compositions of clay
rocks: argillite from the Teleti deposit (No.1) and
clay from the Gardabani deposit (No.2).

Table 1. The chemical composition of clay rocks, mass. %

No. LOI SiO, ALO, | Fe,O, | MnO, CaO | MgO SO, Na, 0 | KO
1 7.01 47.19 | 15.90 13.36 0.10 6.30 4.10 1.39 2.86 1.30
2 10.60 | 52.84 | 15.07 6.47 - 7.06 2.49 1.36 1.19 2.17

In Fig. 1 shows X-ray patterns of the studied
clay rocks where the presence of clay minerals
is recorded (14.66 - 14.96, 7.14, 4.25, 3.66, 2.86,
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2.327 A); quartz (3.34 A); feldspar (3.87 A), calcite
(3.03 A).
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Fig. 1. X-ray patterns of clay rocks: a - argillite, b - clay

According to the data of differential thermal
analysis (Fig. 2), the endo-effect at 100-150°C is
present on all DTG curves, which corresponds
to the removal of physically bound water. In the
temperature range of 650-850°C, an endo-effect is
observed, which is obviously connected with the

91°C

destruction of the crystal lattice of clay minerals
and their transition to the active amorphous form
(metakaolin). On this basis, the temperature of
700°C was chosen for the thermal treatment of
clayey rocks.

100 200 300 400 500

600 700 800 900 1000

Fig. 2. DTG curves of clayey rocks: a- argillite, b - clay

The assessment of the corrosion resistance of
geopolymer materials was carried out according to
the change in the mass and strength of the samples
after 180 days their immersion in aggressive
solutions, which were 2% and 5% solutions of
H,SO, and HCI, as well as a 5% solution of Na,SO,.

For the purpose of comparison, Ordinary
Portland Cement (OPC) was tested, sealed with
ordinary water, which was immersed in the same
aggressive  solutions.

Asshown by the testresults (Table 2), geopolymer
materials have a higher acid resistance and sulfate
resistance compared to OPC, which is in good

agreement with the data of other studies [25, 26].
According to the authors of [27], the high corrosion
resistance of geopolymer materials is explained
by the absence of Ca(OH), in their composition, a
compound that is the main cause of the destruction
of Portland cement concrete.

Composition No.*27 showed lower results in
corrosion resistance, which is obviously due to
the fact that this composition was not subjected to
heat treatment. It is known that the heat treatment
of geopolymers accelerates the processes of
polymerization and pozzolanization [28, 29], which
increases their resistance to aggressive solutions.
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Compositions No.6 and No. 7 were also clay component - a source of metakaolin, which
characterized by lower mechanical strength and provides the geopolymer structure with a high
corrosion resistance, since they do not include a degree of polymerization.

Table 2. Compositions of geopolymer materials and the results of their corrosion resistance

. Alkaline Weight loss of samples (%) after 180 Loss of strength of samples (%) after 180
Composition of . i L . Strength . L i
No the zeopolvmer activator days immersion in solution before days immersion in solution
‘ BEOPOYMEL | omposition, |  HzSOs HCl NaSO:« | H2SOx HCl NazSOx
(%) testing, MPa
(%) 2% 5% | 2% | 5% 5% 2% | 5% | 2% | 5% 5%
Slag Clay NaOH (4) +
*11 i 1.49 | 217 | 2.67 | 477 0.62 97.5 6 8 9 11 1.8
80 20 Na2Si0s(10)
Slag Argillite | NaOH (4) +
27 . 025 | 1.32 | 0.15 | 3.91 0.63 92.5 7 11 10 15 1.9
(80) (20) Na»SiOs (10)
Slag Argillite NaOH (4) +
=27 . 7.34 | 950 | 453 | 129 0.64 65.0 12 25 17 29 2.6
(80) (20) Na:SiOs(10)
Slag | Argillite NaxCOs
*15 1.15 | 249 | 1.72 | 55 0.22 88.0 7 12 11 17 15
(80) (20 (15)
Slag Argillite NaxCOs
*25 1.38 | 292 | 0.75 | 5.88 0.87 82.0 8 11 10 17 2.1
(80) (20) (7)
Sl
*6 (135) - Na:SiOs(10) | 4.53 | 6.97 | 534 | 9.94 2.29 77.0 15 26 24 37 3.3
Slag NaOH (4) +
*7 - . 5.81 | 9.18 | 3.22 | 9.06 2.53 75.0 19 23 22 31 4.2
(100) Na»Si0s3(10)
Ordinary Portland Cement (OPC) 18.11 ek 27.7 ek 32.8 73.0 62 ik 70 ik 80

* Curing mode: heat treatment at 80 ° C for 24 hours.
** Curing mode: in air at 20 ° C for 28 days.
**Samples collapsed.

o
=
"

According to the authors [27, 30], the corrosion
resistance of geopolymer materials is also due
to the fact that there are no high-base calcium
hydroaluminates in their hardening products that a
cause sulfate corrosion, and there is also no free
lime, leaching of which occurs in soft waters.
Therefore, geopolymer concretes are superior in
corrosion resistance even to sulphate-resistant b
concretes based on Portland cement.

According to [26], if metakaolin is mixed
with a certain amount of NaOH solution or
NaOH + Na,SiO, solution, and then cured at
temperatures below 100°C, it is possible to
obtain a solid substance having a lattice structure
of aluminosilicate resembling a zeolite material
having high mechanical strength. This is what d
happens when geopolymers are hardened according
to the curing mode: heat treatment at 80 °C for 24
hours (Table 2 - compositions Ne*11, *27, *15, *25).

For X-ray phase analysis composition No.*27
was chosen, which was synthesized from 80% slag
and 20% argillite (Table 2) and activated with a
solution of NaOH + Na,SiO,.

Fig. 3. X-ray patterns of sample No. %27: a -
before immersion in an aggressive solution, b - after
180 days of immersion in 5% H2S504 solution; c -
after 180 days of immersion in 5% HCI solution, d-
after 180 days of immersion in 5% Na2SO4 solution
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The X-ray diffraction patterns of the geopolymer
material show a certain process. The main phases of
the material before its immersion in an aggressive
solution (Fig. 3a) are: X-ray amorphous phase and
diffraction lines of quartz (3.33 A), feldspar (3.19
A), calcite (3.03 A) and slag (2.86 A).

After 180 days immersing of the material in a
5% H,SO, solution (Fig. 3b), the phase composition
remains the same, but the amount of the X-ray
amorphous phase decreases, as does the intensity of
the diffraction lines of calcite (3.03 A). The same
picture is observed after immersion of the material
in a 5% HCI solution: a decrease in the amount of
the X-ray amorphous phase and calcite (Fig. 3c¢).

As the authors of [31] believe, the main reason
for the loss of concrete strength in an acid solution
is the degradation of the geopolymer matrix, which
is reflected in a decrease in the intensity of the X-ray
amorphous phase in X-ray patterns 3b and 3c.

Another process is observed when the material is
immersed in a 5% Na,SO, solution (Fig. 3d). Here,
the phase composition and phase ratios remain
almost on par with the initial material.

So, as our studies have shown, geopolymers
obtained from local raw materials have a high
resistance to aggressive solutions, which is in good
agreement with the data of other researchers whom
we have cited.

Geopolymers are environmentally friendly
materials, and the technology for their production
belongs to green technologies.

If geopolymer materials displace, or at least
reduce the production of OPC, this will allow to
obtain resource-saving and environmental effects
by replacing carbonate raw materials, which during
firing loses almost half of its mass when emitting
carbon dioxide polluting the environment.

CONCLUSIONS

Corrosion resistance of geopolymer materials
obtained on the basis of local raw materials depends
on the composition of the aggressive solution:

1.  The higher the concentration of the
aggressive solution, the greater the loss of
weight and strength.

2. Geopolymer materials are less stable in HCI
solutions than in H,SO,, and rather stable in
Na,SO, solution.

The indicators of corrosion resistance of
geopolymer materials (change in mass and strength)
after immersion in various aggressive solutions
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correspond to changes in their phase compositions.

The corrosion resistance of geopolymer
materials is always higher than the OPC under equal
conditions of aggression.
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