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Introduction and Aim of Research

Today, cement is the most widely used artificial material. However, the cement industry
is one of the largest CO, emitters and also has a significant landscape destruction effect due to
the limestone mining; therefore it is increasingly under attack. There is a growing demand for
the development of binders that require different raw material sources and are able to bond
and set in a different way than the widely known and used classical hydraulic (cement)
binders. Promising solutions could be alkali activated cements (AAC) (or silicate-based
inorganic polymers), which cannot replace cements completely, but can offer serious
alternatives in some cases.

The competitiveness of AACs lies in the fact that they can be produced using any
powdery material (including various polluting industrial wastes and by-products) with
sufficient reactive Si, Al and Ca content. In addition, the matrix of AACs can bind other
wastes and thus can be an integral part of the circular economy model. The fact is not
negligible, that with the production of lightweight/foamed structural elements, individual
applications may also appear. As eco-friendly porous materials, AAC foams have
considerable potential in environmentally and economically relevant areas (e.g. thermal and
acoustic insulation, pH control, air and wastewater treatment) due to their favourable
production conditions and promising properties.

The primary goal of the research was to follow the “waste-to-profit" principle, which was
to be achieved in two ways. On the one hand, the aim was to convert industrial by-products
and waste materials by alkaline activation into higher added-value products whose mechanical
properties are competitive with those of traditional binders. On the other hand, the objective
was to demonstrate that multifunctional AAC foams with controlled properties can be
developed by foaming contaminant-free components, which can be used to reduce air and
water pollution and energy loss. By producing AACs based on CaO-poor and CaO-rich raw
materials (metakaolin and blast furnace slag) it is possible to find an alternative way to handle

the growing global environmental problems and to partially replace the traditional binders.



Experimental

The dissertation is focused on the identification of the problems limiting the practical
applicability of alkali-activated cements (AAC) produced and their possible solutions. Based
on a review of the relevant literature, it can be concluded that composites produced by the
combination of different waste materials show less good mechanical properties than their
"classical” binder-based composite counterparts. In addition to the source of aluminosilicate
used, the quality of the additive also has a significant influence on the properties of the final
product. In the case of combining blast furnace slag with crumb rubber from end-of-life tires,
the primary goal was to maximize the strength of the AAC based composites by choosing the
optimal crumb rubber/sand ratio, improving the compatibility between the AAC matrix and
the rubber particles and using fibre reinforcement. The effects of storage conditions, specimen
size and/or shape, and cyclic loading on the compressive strength were investigated, and the
resulting figures were compared with the relevant values of classic binders (Portland cement,
blast furnace slag cement). Based on the experiments performed, the best result is obtained
with the addition of 10 wt% sulphuric acid treated crumb rubber and 1 wt% of kaolin fibre
content. The physical properties of such materials are competitive with those of traditional
binders.

As eco-friendly porous materials, metakaolin-based AAC foams are not only fire-
resistant and chemically inert, but also have a high specific surface area and gas permeability.
However, for practical applications, the intense drying shrinkage and crack tendency
associated with the extreme water demand of the aluminosilicate source is a major concern. It
is essential not only to control the pore size and distribution but also to ensure the optimum
strength with high interconnected porosity; the contrast between the latter two features is
easily noticeable. In the second part of the experimental work, the foaming process was
carried out by the combined technique of saponification/peroxide decomposition/gelcasting
(SPG). The effects of H,O, concentration, the type and amount of stabiliser and the addition
of slag on physical properties were investigated. The foams were made free of organic matter
and cracks through the optimisation of technological parameters (heat treatment, washing and
firing). The high strength, lightweight and low thermal conductivity foams can be used as
thermal insulating materials to reduce the energy loss of buildings. Due to their high open
porosity and specific surface area, foamed AACs can function as catalyst supports in many

physicochemical applications.



New scientific results: thesis statements of the doctoral dissertation

1.

I have demonstrated that by using different waste materials (treated crumb rubber, blast
furnace slag, kaolin wool fibre), alkaline activation and optimizing the rubber/sand ratio, a
composite system can be developed with physical properties (compressive strength even
44.0 MPa) comparable to those of the second strength class cements specified in the
product standard (EN 197-1).

I have concluded that the strength values of waste-based alkali activated cements (AACS)
can be maximised by producing and storing specimens in a standard way and size
(EN 12390-2). The physical properties of such materials are competitive with those of
traditional binders. Moreover, the compressive strength of the developed AAC composite,
which contains 2.5 times more waste than the mortar produced from the CEM III slag
cement, exceeds the strength value stipulated by the standard for clinker-saving green

cement.

I have concluded that the compatibility problem between the rubber particles and the AAC
matrix could not be remedied either by the superplasticizer commonly used in the cement
industry or by hydrophilizing agents proven in the plastics industry. However, the
adhesion between the rubber particles and the matrix can be improved by chemical or
physical surface treatment of the rubber. The most significant increase in strength (55%
improvement compared to the initial value) can be achieved through sulphuric acid
treatment. The changes in material structure as a result of the treatment, as confirmed by
FT-IR studies, also contribute to the increase in strength of the composite by improving
the strength of the rubber particles (Shore A hardness measurement).

I have shown that waste-based AAC composites produced by combining sulphuric acid-
treated crumb rubber and fibre reinforcement can be used not only in static but also in
repetitive load applications, withstand cyclic loading well, and thus the resistance to
mechanical stresses can be significantly improved (44.0 MPa — 47.3 MPa, 8% increase in

strength).



5.

I have demonstrated that the combined technique of saponification/peroxide
decomposition/gel casting (SPG) can be used to produce foamed structural materials with
a designed porosity and optimum strength. The control of the pore structure can be
achieved by a combination of the foaming agent and various stabilizers; by using H,O,
solution and by varying the stabilising agent:peroxide (S:F) ratio, AAC foams with a

quasi-arbitrarily controllable open porosity (5.8-67.5 vol%) can be produced.

I have demonstrated that not only multifunctional foams with controlled properties can be
developed, but have also found a solution to prevent the drying shrinkage and consequent
severe cracking of the foams, due to the extreme water demand of the aluminosilicate
source. In doing so, | developed washing and heat treatment programmes. | have shown
that the pre-reduction of the organic matter content (by washing) is critical during the
firing of the samples, and that proper heat treatment accelerates the alkali activation
reaction, catalyses the decomposition of H,O, and promotes the saponification process,

which ultimately leads to an increase in the amount of interconnected and open pores.

I have found that the thermal treatment of AAC foams also includes their firing, which not
only serves as a method of organic matter removal, but also improves the relevant
physical properties, open porosity can be increased by 1/3 and compressive strength by up

to 6.5 times.

I have confirmed that bulk-type AAC foams have remarkable potential for multifunctional
applications and will meet most of the requirements set out for thermal insulation
materials and catalyst supports due to their favourable physical properties (compressive
strength 8.6 MPa, open porosity 77.7 vol%, bulk density 499 kg/m?, thermal conductivity
0.041 W/mK, specific surface area 4.3 m?/g).

| have demonstrated that the developed AAC foams themselves have photocatalytic
activity (without the binding of metal ions with semiconducting properties on their
surface), and have considerable potential in air and wastewater treatment processes due to

their pore structure and high specific surface area.
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