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GENERAL DESCRIPTION OF THE DOCTORAL THESIS

Importance of the topic and problem statment

The greatest challenge of our time is climate change and limited resources, and addressing
these issues opens the door for a fundamentally new economic model. For this reason, the
European Commission approved the Europe's New Sustainable Growth Agenda and the new
Circular Economy Action Plan in March 2020 [1]. These are the fundamental provisions of the
European Green Deal, a plan to make sure that the climate, energy, transportation, and taxation
policies of the European Union (EU) are prepared to reduce greenhouse gas emissions by at
least 55 % below the 1990 levels by 2030.

The European Commission intends to make Europe the first region in the world to be carbon
neutral, enabling all areas of the EU economy to rise to the challenge and setting up the
framework for achieving the climate targets by 2030 in a just, economical, and competitive
manner. The Green Deal, the sustainable development plan of the European Commission, has
emerged as a significant economic turning point for the world community and, in fact, for all
industrial sectors [2]. It is important to consider environmental factors and the effects of newly
produced materials on the environment, particularly the crucial concerns of reducing
environmental contamination and the conservation and effective use of natural resources [3],
[4]. To accomplish the development of a sustainable economy, new technologies and solutions
for recycling these reusable raw materials are urgently required since the industrial processes
of'the war years produce growing amounts of waste materials and byproducts [5]. Research into
the recycling of industrial waste and byproducts to produce high value-added products, ranging
from agricultural waste materials to plastic trash, is currently being increased [6], [7].

Greenhouse gases (GHG) from materials extraction, building materials production,
construction and building renovation are estimated to account for 5-12 % of total EU GHG
emissions [8]. Efficient production and use of construction materials could reduce GHG by
80 % [9]. As this sector is responsible for 39 % of energy and process-related emissions and
acid rain triggers, the continuation of these greenhouse gas emissions at the same rate is bound
to create a critical situation [10]. Therefore, in all efforts related to global climate change and
cleaner production, the construction sector must be included as a key player [11].

It is estimated that the production of one tonne of Portland cement produces around one
tonne of CO2 GHG emissions, and that around 2—8 % of global energy consumption is directly
attributable to the Portland cement production process [12], [13]. It is therefore vital to
implement new alternative materials in the construction sector to ensure sustainability.

Sustainability is mostly discussed from an environmental perspective, but sustainability
encompasses several factors, including productivity, economic, environmental, and social
impacts [14], [15]. Among the various sustainable materials, geopolymers are being widely
studied, as they are able to reduce the environmental impact [16]. Geopolymers as third-
generation cements are considered as an environmentally friendly substitute for Portland
cement due to their relatively low CO» emissions and low combustion/environmental impact



temperatures. Various types of aluminosilicate materials — kaolinite, feldspar, agricultural,
industrial, and mining wastes and by-products such as fly ash, ground granulated blast furnace
slag, palm oil fuel ash and rice husk ash — can be used as raw materials for the production of
geopolymers [17], [18]. Geopolymers are being studied as materials for use in construction
because of their relatively high mechanical strength, good volumetric stability (no drying
shrinkage) and high resistance to open fire and high temperatures [19]-[21]. However, although
they have gained popularity, geopolymers differ in their structural design and technology from
traditional building materials (Portland cement and ceramics), making it important to
understand the influence of different factors on the properties of geopolymers.

The aim of the Doctoral Thesis

The aim of the research is to develop sustainable alternative building materials with low
environmental impact from industrial by-products using geopolymer binder technology.

The tasks of the Doctoral Thesis

1. Develop the geopolymer binder based on secondary raw materials — industrial by-products
containing metakaolin.

2. Investigate the effect of activation solution concentration on the properties of fresh
geopolymer binders, the physical and mechanical properties of geopolymer binders and the
mineralogical composition of the binder. Describe the relationships obtained.

3. Investigate the influence of the manufacturing conditions (temperature and mixing time) on
the properties of fresh and cured geopolymer binders. Describe the relationships obtained.

4. Produce porous geopolymer materials and investigate the effect of thermal post-treatment
on the physical and mechanical properties, mineralogical composition and structure of the
geopolymer binder and on the leaching of OH™ ions. Describe the relationships obtained.

5. Develop a solution to prevent the formation of zeolite crystals in the geopolymer binder,
which in the long term may contribute to a reduction in the mechanical strength of the
building material. Describe the relationships obtained.

6. Develop a geopolymer binder-based bio-composite and characterise its potential application
in construction.

7. Evaluate the sustainability of the developed building materials (binders and bio-
composites).

Scientific novelty of the research

The research has led to the development of a new geopolymer binder-based bio-composite
in line with the European Green Deal targets, suitable for use in construction. To bring such a
product into production, the relationships between the properties of geopolymer binders have
been investigated and scientifically elucidated during the Thesis research.



The temperature of the raw materials and the environment and the mixing time of the raw
materials are important for the stability of the properties of geopolymer binders. The initial
temperature of the geopolymer binder raw materials and the increased water ratio may alter the
workability of the fresh geopolymer mortar mix, resulting in material properties (material
density, structure, and mechanical strength) of the cured materials that may be significantly
different from those expected. Increasing the initial temperature (from 5 °C to 35 °C) and the
amount of additional water added can more than double the compressive strength of the
geopolymer binder after 28 days of curing.

To optimise the formulation of geopolymer binders and ensure that the final products have
the lowest possible environmental impact, it is necessary to select the optimum amount of
activation solution and the concentration of alkaline compounds in it. The use of unreasonably
high concentrations or excessive amounts of activation solution will not only degrade product
properties but will also place undue stress on the environment and contribute to wasteful
consumption of resources. During the geopolymerisation process, the unbound activation
solution may leach out of the product structure over time, causing not only an unaesthetic
appearance of the product but also environmental damage. Therefore, the leaching of OH™ ions
from the structure of geopolymer binders depending on the raw material used for its production
or the type of aluminium silicate source (i.e., metakaolin or a mixture of metakaolin and fly
ash) was investigated.

A method for limiting the formation of zeolites in the geopolymer binder structure has been
developed. By varying the silicon content of the activation solution, it is possible to reduce the
formation of new zeolite crystals in the geopolymer structure.

Based on the knowledge gained from the studies, bio-composites of the geopolymer binder
have been developed using hemp bundles. The result is a self-supporting, low-density (260—
400 kg/m®) thermal insulation material with a compressive strength of up to 0.48 MPa and a
thermal conductivity between 0.061 W/(m-K) and 0.077 W/(m‘K). The new construction
product has been subject to an environmental impact assessment and found to comply with the
European Green Deal guidelines.

The practical significance of the Doctoral Thesis

Traditionally, the production of geopolymer binders has been considered as a complex,
knowledge-intensive process, easily influenced by human factors. In addition, many countries
do not have standards governing the manufacture and use of geopolymers in construction.
However, from the perspective of the European Green Deal, geopolymer binders are an ideal
solution to ensure the sustainability of construction processes: geopolymer binders have
reduced CO; emissions compared to traditional binders, geopolymers can use industrial by-
products and waste, reducing the consumption of non-renewable resources, geopolymer binders
can be produced with reduced energy consumption compared to Protland cement. The
production of geopolymer binders from industrial by-products allows the production of binders
with early strength (Day 7) in compression up to 48 MPa and in flexure up to 18 MPa, which
is equivalent to the strength of conventional binders.



A geopolymer binder bio-composite has been developed using hemp buckets. The result is
a self-supporting, low-density (260-400 kg/m®) thermal insulation material with a compressive
strength of up to 0.48 MPa and a thermal conductivity between 0.061 W/(m-K) and
0.077 W/(mK).

Research methodology

The properties of the raw materials used in the Thesis are characterised by X-ray
fluorescence (XRF; PHILIPS PW-1004) and X-ray diffractometry (XRD; BRUKER-AXS D8
ADVANCE).

The viscosity of the fresh binder is determined using an SV-10 vibration meter and the flow
rate according to ASTM C 1437. The electrical conductivity is determined using a Mettler-
Toledo MPC 227 meter.

The structural development of the geopolymer binder was characterised by ultrasonic pulse
velocity (UPV) (Pundit 7). The density and mechanical strength of the material were tested
according to EN 1097-6 and EN 196-1. For the characterisation of the mechanical strength,
20 mm X 20 mm % 20 mm specimens tested with the Zwick Z100 universal testing system at a
testing speed of 0.5 mm/min were used in separate sections of the study. In the fourth section
of the experimental part of the study, the density of the material was determined for prismatic
specimens of 10 mm x 10 mm x 60 mm and the mechanical strength was determined according
to the Koch-Steinegger method. Water absorption by mass was determined as percentage mass
change. Open porosity by volume was calculated as the percentage of the absorbed water
volume divided by the dry volume of the sample. A Le Chaternier flask was used to determine
the true density of the material, and the total porosity of the material was calculated according
to ASTM C188. The pore size distribution was estimated using a Pore Master PM33-12
porosimeter. The mineralogical composition and qualitative phase distribution of the samples
were determined by X-ray diffractometry (XRD; BRUKER-AXS D8 ADVANCE), the
chemical bonds were characterised by Fourier transform infrared (FTIR; ATIMATTSON
FTIR-TM) spectra between 2000 cmi™ and 400 cm™'. A JEOL JSM 5400 scanning electron
microscope (SEM) with a LINK-ISIS energy dispersive X-ray analyser (EDX) was used for
micro-structural and elemental distribution analysis. Thermogravimetric-differential thermal
analysis (TG/DTG; Stanton Redcroft STA 781) was performed at 0-700 °C with a heating rate
of 5 °C/min. The pH of the geopolymers was determined using a portable pH/mV meter HI
991003. The resulting leachates were titrated to determine the OH™ group (OH™ mol/(L-g)) with
0.01 M HCL

The bio-fillers used were studied using a Veho Discovery Dx-3 USB digital microscope.
Their bulk density was tested by measuring the mass of 3 L buckets packed in a free-falling
container from a height of 20 cm. The particle size distribution is expressed in the ranges
<l mm, 1-5 mm, 5-10 mm, 10-15 mm, 15-20 mm, 20-25 mm, 25-30 mm, 30-35 mm, and
35-40 mm. The material density ofthe bio-composite material was tested according to EN 1602
and the compressive strength at 10 % strain according to EN 826 (Zwick Z100), the thermal
conductivity was determined using a Fox 600 heat flow meter. The structure of bio-fillers and



bio-composites was characterised by X-ray computed microtomography (ScancopCT50).
Samples (50 mm x 50 mm x 50 mm) were tested using a sample holder with a diameter of
73 mm and a height of 100 mm.

Range of research

= To obtain geopolymer binders as activation solution using 8-10 M NaOH solution with
sodium metasilicate modification up to 20 % by weight.

= To obtain geopolymer binders with a material density of up to 1500 kg/m® and a
compressive strength of at least 8 MPa after 28 days curing.

= To obtain porous geopolymers with a material density up to 550 kg/m* and a total
porosity up to 79 % with an OH™ leaching from the structure not exceeding
0.025 mol/(L-g) over a period of 35 days.

* Bio-composites with material density from 260 kg/m® to 400 kg/m> and compressive
strength up to 0.5 MPa are obtained for the evaluation of the compatibility of the
geopolymer binder and plant-based bio-fillers.

Statements put forward for defence of the Thesis

= The rheology and mechanical strength of a geopolymer binder and the structural
properties at constant composition are determined by the initial temperature of the raw
materials and the mixing time of the binder.

= Industrial by-products (metakaolin and fly ash) are suitable raw materials for the
production of geopolymer binders with mechanical strengths up to 48 MPa in
compression and up to 18 MPa in flexure.

= The leaching of the geopolymer binder depends on the raw materials used and can be
reduced in the short term by thermal post-treatment.

= By modifying the composition of the geopolymer binder with a metasilicate solution, it
is possible to limit the formation of zeolites in the formed geopolymer binder structure,
thus preventing a decrease in mechanical strength in the long term.

= The geopolymer binders developed are a sustainable alternative to Portland cement,
which can be recommended as a binder for the production of environmentally friendly
self-supporting bio-composite products.

Structure and length of the Thesis

The Doctoral Thesis consists of an annotation, an introduction, four main chapters divided
into sections, conclusions and a list of references. Chapters 1-3 review the literature, which
forms the basis for the formulation of the aim of the dissertation and the tasks to be achieved.
Chapter 4 outlines the research methods and materials used, as well as the process of completing
the tasks and achieving the objective.



The Thesis contains 107 pages, 54 figures, 12 tables, and a reference list with 219
references. The Thesis is written in Latvian.

Aprobation of the obtained results

The results of the Thesis have been reported and discussed at 9 international conferences.
The results obtained during the Doctoral Thesis research have been presented in two
publications of conference proceedings and 12 publications of scientific journals, all indexed
in SCOPUS database, in total cited 256 times, hs-index — 7.

The results of the research have been presented at the following international conferences:
1. 6th International Conference “Advanced Construction”, Kaunas University of Technology,

Lithuania, 20 September 2018.

2. GeopolymerCamp 2019, Geopolymer Institute, France, 8-10 July 2019.

3. 4th International Conference “Innovative Materials, Structures and Technologies” IMST
2019, Riga Technical University, Latvia, 25-27 September 2019.

4. International Scientific Conference “Advanced Construction and Architecture 20207,

Kaunas University of Technology, Lithuania, 23-25 September 2020.

5. Riga Technical University 61st International Scientific Conference, Section “Construction
Science”, Riga Technical University, Latvia, 22 October 2020.
6. 2nd International Symposium on “Sustainable Construction”, University of Salerno, Italy,

2-3 October 2021.

7. Riga Technical University 60th International Scientific Conference, Section “Construction
Science”, Riga Technical University, Latvia, 28 October 2020.
8. 10th UBT Annual International Conference on Civil Engineering, Infrastructure and

Environment, University of Business and Technologies, Kosovo, 29—-30 October 2021.

9. 5th International Conference “Innovative Materials, Structures and Technologies” IMST
2022, Riga Technical University, Latvia, 28—-30 September 2022.
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CONTENT OF THE THESIS

1. European policy framework

In 1987, the Brundtland Commission defined the new concept of ‘“sustainable
development”. The report published by the Commission, Our Common Future [22], defines the
term as follows:

“Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.”

Over the years, this concept has become a guiding principle for politics and economics.
Thus, “sustainable development” must be addressed in industry, construction, agriculture,
energy, transport, and other human activities [23].

Activities related to construction and public projects are the single largest cause of natural
resource consumption in Europe (i.e., 31 %) [24]. The construction sector faces four main
challenges: greenhouse gas (GHG) emissions, energy consumption, reducing the use of non-
renewable resources, and waste management and recycling. Overall, three broad objectives of
sustainable construction have been identified to ensure sustainable construction practices (i.e.,
resource conservation, cost optimisation and human-centred design) [25].

In March 2020, the European Commission (EC) adopted a new Circular Economy Action
Plan and a new Sustainable Growth Agenda for Europe to build a climate-smart economy [1].
These are the key documents of the European Green Deal, which aims to ensure that the
European Union's (EU) climate, energy, transport, and tax policies are ready to reduce
greenhouse gas emissions by at least 55 % below 1990 levels by 2030. The EC's sustainable
development programme, the Green Deal, has become a major economic milestone for the
global community and, indeed, for all industries [2].

The EC aims to transform Europe into a global climate neutral leader and to require all
sectors of the EU economy to meet their climate targets in a fair, cost-effective and competitive
way by 2030. Reducing the overuse and waste of natural resources and promoting sustainable
growth are the key to achieving the EU's 2050 climate neutrality targets and stopping
biodiversity loss [26]. The circular economy is an integral part of the new EU industrial
strategy. A recent study shows that applying circular economy principles across the EU
economy could increase EU gross domestic product (GDP) by an additional 0.5 % by 2030,
creating around 700,000 new jobs [27].

The construction sector provides ~9 % of EU GDP, as well as direct (18 million) and
indirect job opportunities [28]. The construction sector consumes around 50 % of the world's
raw materials and 36 % of its energy, generating more than 35 % of all waste generated in the
EU [10], [29].

Sustainable construction is therefore a key objective of the EU's Circular Economy
policy — a regenerative economy that reduces the negative environmental impacts of the
construction sector. One way to achieve this is to promote the environmentally friendly
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production of building materials, using local resources, reducing energy and water
consumption, using waste and production by-products as raw materials [30].

2. Environmental impacts of the construction sector

Building materials are essential to modern society, but their production is clearly linked to
increased GHG emissions. The production of various materials has increased GHGs from 5 Gt
COs equivalent in 1995 to 11 Gt in 2015, i.e., a percentage increase from 15 to 23 % of the
increase in global emissions [9]. For the purposes of this calculation, materials are “solid
materials”, including metals, wood, structural materials, and plastics. Most of the emissions
associated with materials extraction and production come from bulk materials: iron and steel
(32 %), cement, lime, and gypsum (25 %), plastics and rubber (13 %), etc. (see Fig. 2.1)The
construction and industrial product groups each account for 40 % of the GHG emissions from
global materials production.

iron & steel, aluminium. and other metals 4.8 Gt

cement, lime. plaster, and otner non-metalic minerals 4.4 Gt

plastics and rubber1.5 Gt

wood production 0.9 Gt

Total
global
49 Gt

Total

global
35Gt

1995

2015

Fig. 2.1. Emissions from building materials production processes compared to the total
emissions for the period 1995-2015 [9].

The production of construction materials has a significant impact on the environment, from
the extraction of raw materials to the disposal of the finished product at the end of its life cycle.
To reduce the negative environmental impact of the production of construction materials,
a combination of the following strategic steps is needed: (i) use sustainable raw materials that
are renewable, recyclable or bio-degradable; (ii) reducing the amount of waste produced by
recycling or reusing production waste to protect the environment and save money; (iii)
optimising energy consumption by optimising energy-intensive production processes and
using renewable energy; (iv) assessing the life cycle of materials, considering the
environmental impact of materials throughout their life cycle; (v) applying environmentally
friendly standards to industrial buildings; (vi) educating the society, including professionals
(e.g., architects, producers, designers, construction managers).

According to the International Energy Agency's 2017 data, the largest part of the
construction sector's emissions come directly from the operation of buildings, i.e., 28.0 %.
Meanwhile, 22.7 % of emissions come from concrete, steel, and aluminium production, and
20.3 % from industry (materials production) [31].
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3. Innovative building materials with reduced environmental impact

By using low-carbon or carbon-neutral materials, incorporating alternative materials, and
using advanced technologies, the building sector can make significant progress in reducing
GHG emissions and reducing climate change. Most traditional building materials have an
increased negative impact on the environment during their life cycle. For example, familiar
insulation materials such as glass wool, rock wool, extruded polystyrene foam, and
polyurethane foam cause significant environmental damage both during the production process
and at the waste disposal stage [32].

Due to increasing environmental concerns as well as the depletion of natural resources,
geopolymer binders are seen as a valuable alternative to Portland cement. Compared to Portland
cement, the world's most widely used binder, both the extraction and the geopolymerisation of
geopolymer binders have up to 80 % lower CO> emissions [33]. Several researchers have
highlighted the potential of geopolymers for the production of sustainable building
materials [34]-[37]. L. N. Assi et.al. have summarised the available literature on geopolymers
as sustainable materials and potential alternatives to conventional Portland cement [36].
Geopolymers can be made from commercially available feedstocks as well as from lower
quality materials, industrial waste, and by-products (e.g., fly ash, blast furnace slag, etc.),
demolition waste and other types of waste [38]. Geopolymer binder is a relatively new
inorganic binder synthesised by mixing a reactive (i.e., amorphous, or vitreous) powder
containing aluminium silicates with an alkaline activation solution and curing at elevated
temperatures (approximately 60 °C to 90 °C) for a certain period of time.

Bio-composites containing plant-based fillers, such as hemp or flax shive, have become
increasingly popular in the construction sector as primary building materials over the last
decades, as they provide an environmentally and human-friendly environment [39], [40]. One
of the most common bio-composite materials used in construction is lime and hemp bio-
composite, which consists of by-products of industrial hemp production, i.e., hemp shive and
lime binder. During growth, hemp absorbs CO; by photosynthesis and carbon is sequestered in
the lime by carbonation, resulting in a carbon neutral or even negative material that stores up
to 130 kg CO2 ekv/m’ [41].

New plant-based bio-composites with mineral binders offer potentially improved physical,
mechanical and thermal properties, low environmental impact, and recyclability [42]. The use
of a geopolymer binder for bio-composites might allow variations in material properties
depending on the type of amorphous aluminium silicate source used and the composition of the
activation solution [43]. Leaching is the main cause of geopolymer neutralisation. The
alkalinity of geopolymer mortars is much easier to reduce, regardless of external conditions,
compared to Portland cement mortars [44]. This is common in bio-composite materials, which
can lead to leaching of alkalis from the geopolymer matrix and interaction with bio-fillers.
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4. Experimental part

In the experimental part of the Thesis, geopolymer binders based on metakaolin obtained
as a by-product of industrial production were produced, to which fly ash and synthetic zeolite
additives were added in separate sections of the study. Their properties in fresh and cured state
have been investigated. The preparation of porous high-performance binders with a pore-
forming additive was carried out and the structural stability and OH™ leaching were investigated.
Under laboratory conditions, zeolite additives synthesised from industrial by-products were
added to the geopolymer binder, the effect of zeolite additives on the mechanical and structural
properties of the geopolymer binder was investigated, and the way in which the development
of zeolites in the binder structure can be controlled by an appropriate activation solution was
determined. A feasibility study has been carried out on the compatibility of the geopolymer
binder with the bio-filler hemp bagasse.

Raw materials

In this study, metakaolin powder (MK), obtained as an industrial by-product from the
production of other materials, was used as a source of aluminium silicate to produce
geopolymers. The most intense crystalline phase of MK is quartz minerals, while the specific
surface area is 892 m*/kg. MK consists of thin lamellar particles ranging in size from 1 pm to
20 pm. The main constituents of the MK are SiO; (46.10-53.74 %) and ALOs (37.2-44.47 %),
Fe>03 (0.45-1.10 %), CaO (0.20-0.21 %), K20 and Na,O (0.55-0.70 %), TiO2 (0.10-0.70 %),
MgO (0.10-0.20 %), and other compounds (0.38-13.8 %), LOI at 1000 °C 0.20-1.00 %.

Fly ash (FA) was obtained in Spain from the Teruel thermal power plant, which uses coal
as fuel. Before using FA, it was ground in a ball mill for 30 min, 75 % of FA < 45 um.
According to XRD, the fly ash is composed of glassy phase aluminium silicates and contains
small amounts of crystalline phases such as mullite (AlsSi2O13), hematite (Fe2O3), and quartz
(Si02). FA consists of SiO (39.03 %), ALO3 (27.06 %), Fe2Os3 (19.5 %), CaO (6.40 %), K2O
and NaxO (1.20 %), TiO2 (0.96 %), MgO (1.04 %), and other compounds (4.81 %), LOI at
1000 °C 2.25 %.

The alkaline medium for the reactions was provided by activation solutions. The main
component of the activation solution is sodium hydroxide flakes (Tianye Chemicals Ltd.)
dissolved in a certain amount of water to obtain a solution of a certain molarity. In the first
section of the study, 10M NaOH solution has been used as the base activation solution, but in
the other parts of the study, 4 activation solutions have been used, respectively A1 (§ M NaOH
solution), A2 (8 M NaOH solution, 10 % replaced by sodium metasilicate solution), A3
(8 M NaOH solution, 20 % replaced by sodium metasilicate solution), and A4 (sodium
metasilicate solution, 10 % replaced by NaOH flakes).

The additives used for the geopolymer binder are synthesised zeolites obtained under
laboratory conditions: zeolite additive C1 derived from fly ash and zeolite additive C2 derived
from metakaolin. NaOH solution was added to the metakaolin and fly ash to ensure
crystallisation of the zeolites. The zeolites Cl1 and C2 were obtained by conventional
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hydrothermal synthesis. The obtained zeolite powder was washed, filtered, and then dried at
45 °C. The resulting C1 contains crystals of the zeolite P1 ((NasAi6Si10032- 12H20). C2 is a non-
homogeneous structure with crystals of different size and shape, containing pseudo-cubic
crystals which are considered to be crystals of zeolite 4A (NagsAlosSiosO3s4-6H-0,
Si/Al= 1) [45], and cambial crystals which are hydroxyl-sodalite Nai 0sAl>Sii1,6807,44°1,8H>0,
Si/Al= 0.8) crystals [46]. Both P1 and 4A are among the most widely used zeolites [47]-[49]
and are also the most common by-products of geopolymerisation [50]—[52]. The main use of
zeolites 4A is for the exchange of Na?" with Ca®" in aqueous media and for the adsorption of
gas impurities in reactors. P1 zeolites have a relatively high ion exchange capacity and can
therefore be used to recover radioactive elements, heavy metals, and other environmentally
undesirable compounds from wastewater treatment.

Two commercially available bio-fillers have been used for the bio-composites: HS-A —
commercially available hemp shive grown and processed in Lithuania and obtained from
“Natural Fibre” Ltd, and HS-B — commercially available hemp shive grown and processed in
Latvia and obtained from “Latgale Agricultural Science Centre” Ltd. HS-A consists of longer
particles (up to 40 mm in the longest dimension), while HS-B consists mainly of particles with
a longest dimension of 25 mm. HS-B is dominated by particles of the 1-15 mm fraction
(88.8 %), but HS-A is composed of 50.8 % particles of the 1-15 mm fraction and the largest
particles account for 33.4 % of the composition. The hemp blades used have a bulk density of
80 kg/m® and a thermal conductivity of 0.043 W/(m-K) (HS-A) and 0.045 W/(m-K) (HS-B).

Test methods

The chemical composition of the powdered raw materials is analysed by X-ray fluorescence
(XRF) determined on a PHILIPS PW-1004 X-ray spectrometer. Their mineralogical
composition and qualitative phase distribution are determined using a BRUKER-AXS D8
ADVANCE X-ray diffractometer. Diffractograms are taken with CuKal, o2 radiation in the
range 5-60° (20).

The viscosity of the fresh binder is determined using a vibration viscometer SV-10 to
12000 mPa/s with an accuracy of 0.01 mPa/s. The flowability is determined immediately and
after 10 min and 20 min after mixing using the mini-slump test according to ASTM C 1437.
The electrical conductivity of the fresh binder is determined using a Mettler-Toledo MPC 227
meter (EC electrode InLab 730.0 mS/cm — 1000 mS/cm range).

The structural development of the geopolymer binder is evaluated by the ultrasonic pulse
velocity (UPV) method using a Pundit 7 instrument.

The material density and compressive strength are tested in accordance with EN 1097-6 and
EN 196-1. In the second section of the experimental part of the study, the compressive strength
of 6 parallel specimens (20 mm x 20 mm % 20 mm) of each geopolymer binder composition is
tested on Days 3 and 28 using different mixing times. The specimens are tested using a
Zwick Z100 universal testing system (ZwickRoell) at a testing speed of 0.5 mm/min. In the
fourth section of the experimental part of the study, the material density is determined for
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prismatic specimens of 10 mm x 10 mm X 60 mm and the mechanical strength is determined
according to the Koch-Steinegger method [53].

Water absorption by mass is determined as the percentage change in mass of dry samples
after complete immersion in water for seven days [54]. A Le Chaterier flask is used to determine
the true density, and the total porosity of the material is calculated according to ASTM C188.
The pore size distribution is estimated using a Pore Master PM33-12 porosimeter.

The samples have been pulverised at the determined age and their mineralogical
composition and qualitative phase distribution determined using a BRUKER-AXS
D8 ADVANCE X-ray diffractometer. Diffractograms are taken with CuKal, a2 radiation in
the range 5-60° (20). The chemical bonds in the obtained binders have been characterised by
Fourier transform infrared (FTIR) spectra obtained with an ATIMATTSON FTIR-TM
spectrometer in the range 2000 to 400 cm™'. FTIR samples have been prepared by mixing
300 mg of KBr with 1 mg of the test binder. A JEOL JSM 5400 scanning electron microscope
(SEM) with a LINK-ISIS energy dispersive X-ray analyser (EDX) is used to analyse the micro-
structure and elemental distribution of the geopolymer binder. Thermogravimetric-differential
thermal analysis (TG/DTGQG) is performed using a Stanton Redcroft STA 781 thermal analyser
0-700 °C at a heating rate of 5 °C/min.

To characterise the pH of the geopolymers in aqueous media and leaching, geopolymer
granules with a diameter of 2—4 mm (3.0 = 0.2 g) were immersed in 100 ml deionised water for
24 h. The samples were transferred to a new dose of deionised water (100 ml) every 24 h. A
portable pH/mV meter HI 991003 with sensor check was used to determine the pH of the
leachates. The resulting leachates were titrated to determine the OH™ group (OH™ mol/(L-g))
with 0.01 M HCl solution to pH 7.0.

A Veho Discovery Dx-3 USB digital microscope has been used to visually assess the bio-
fillers. A 3 L vessel (standard vessel for testing concrete aggregates) filled with particles free-
falling from a height of 20 cm is used to determine the bulk density of the bio-aggregates.

The bio-fillers used are studied using a Veho Discovery Dx-3 USB digital microscope.
Their burial density has been tested by measuring the mass of 3 litre buckets packed in a free-
falling container from a height of 20 cm. The particle size distribution is expressed in the ranges
<1 mm, 1-5 mm, 5-10 mm, 10-15 mm, 15-20 mm, 20-25 mm, 25-30 mm, 30-35 mm, 35—
40 mm. The density of the bio-composite material is tested according to EN 1602, the
compressive strength at 10 % strain according to EN 826 (Zwick Z100) and the thermal
conductivity is determined using a Fox 600 heat flow meter. The structure of bio-fillers and
bio-composites is characterised by X-ray computed microtomography (ScancopCT50).
Samples are tested using a 73 mm diameter and 100 mm height sample holder scanned at
70 pA.

4.1.The impact of the temperature and activation solution on the properties
of the geopolymer binder

The industrial-scale adoption of geopolymer-based materials and products in the
construction sector can significantly improve the sustainability of the construction industry. In
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order to promote the industrial acceptance of materials, it is important to identify the key
parameters that can significantly influence the workability and properties of a geopolymer-
based fresh binder. This is particularly important on construction sites where temperatures can
change rapidly during the day or vary widely depending on the season. The properties of the
activation solution and the geopolymerisation reactions are directly dependent on temperature.
The initial temperature of the geopolymer binder and the addition of water to the formulation
may alter the workability of the fresh mix, resulting in different properties of the cured materials
than expected.

Given that constant conditions are often not sufficiently addressed or not possible in
construction and other manufacturing plants, this section of the study investigates the effect of
temperature and activation solution concentration on the properties of fresh and cured
geopolymer binder.

Preparation of samples

The geopolymer binder samples are prepared according to the compositions given in
Table 4.1. The ratio of metakaolin (MK) to 10 M NaOH is constant for all compositions
(1.00/0.25). The activation solution (AS) is prepared by adding distilled water to 10 M NaOH
and stirring for 30 min with a magnetic stirrer.

First, all the starting materials have been kept at 5 °C, 15 °C, 25 °C, and 35 °C for 24 h. The
geopolymer binders are prepared at room temperature, i.e., +20 £ 2°C, by stirring for 3 min
with a mechanical stirrer at 140 rpm. The physical and mechanical properties of the three
selected compositions (MKO0.6, MK1.0, and MK1.4) have been determined. The prepared
binders have been filled into metalic moulds (70 mm x 70 mm % 70 mm) covered with
polyethylene film to ensure humidity and immediately placed in a preheated climate chamber
at 80 °C for 24 h. During the curing, the UPV of the samples has been determined. After 24 h
of curing in the climate chamber, the samples have been exposed, labelled and measured, and
the samples continued to cure at room temperature, i.e., +20 = 2°C.

Table 4.1
Mixture design of produced samples
Raw materials, mass part Total ..
Composition  Metakaolin Water / solution Liquid/
10M NaOH Waters 10M NaOH K MK
(MK) molarity

MKO.6 0.15 0.6 8.7 0.40
MKO.8 0.20 0.8 8.3 0.45
MK1.0 0.25 1.0 8.0 0.50
MK1.2 1.00 0.25 0.30 1.2 7.7 0.55
MK1.4 0.35 1.4 7.4 0.60
MK1.6 0.40 1.6 7.1 0.65
MK1.8 0.45 1.8 6.9 0.70

Results

The viscosity of both the 10 M NaOH solution and distilled water depends directly on the
temperature of the respective liquids (see Fig. 4.1). Increasing the temperature from 5 °C to
35 °C causes a significant (i.e., fivefold) decrease in the viscosity of the 10 M NaOH solution
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(i.e., from 33.0 mPa-s till 6.5 mPa-s). For distilled water, the viscosity decreases twice as the
temperature is increased from 5 °C to 35 °C.
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Fig. 4.1. Viscosity of 10 M NaOH solution and distilled water at different temperatures.

In order to evaluate more objectively the effect of activation solution temperature on the
properties of the geopolymer binder, the electrical conductivity and viscosity of fresh
geopolymer binders have been determined (see Fig. 4.4).

Diluting a 10 M NaOH solution with distilled water increases the degree of dissociation,
which in turn causes an increase in electrical conductivity (see Fig. 4.2 a)). Increasing the
water/10 M NaOH solution ratio increases the electrical conductivity of the geopolymer binder.
The dissolution process is affected by temperature, i.e., increasing the temperature of the
solution increases the number of ions in solution and increases the degree of dissociation caused
by the activation of the electrolyte molecular bonds [193]. As the bonds become more flexible,
they are more easily ionised, resulting in a higher concentration of ions in solution. The data
show that the electrical conductivity of the geopolymer binder is significantly affected by the
binder temperature. Geopolymer binders with the lowest initial temperature (i.e., 5 °C) have the
lowest electrical conductivity. Increasing the water/10 M NaOH solution ratio (from 0.6 to 1.8)
decreased the ionic content of the binder by 30 % and increased the electrical conductivity of
the binder from 90 mS to 120 mS. The highest increase in electrical conductivity was found for
the binders containing a higher water/10 M NaOH solution ratio, so the amount of water in the
geopolymer binder plays a role in increasing its electrical conductivity.

As can be seen in the graph (Fig. 4.2 b)), the viscosity of the geopolymer binder decreases
with increasing water/10 M NaOH solution ratio. Consequently, a correlation between the
electrical conductivity and viscosity of the geopolymer binder can be observed. A higher
viscosity of the geopolymer binder leads to a lower ionic mobility and consequently a lower
electrical conductivity [60]. The highest viscosity is observed for a geopolymer binder with an
initial temperature of 5 °C. A significant decrease in viscosity (i.e., approximately a factor of
two, from 350 mPa-s to 170 mPa-s) is observed for geopolymer binders with a water/10 M
NaOH solution ratio of 0.6 to 1.2, respectively. The viscosity of the geopolymer binder
increases with increasing NaOH concentration in the activation solution. This is due to the
higher OH™ concentration [61]. If the water/10 M NaOH solution ratio is greater than 1.2, the
decrease in viscosity of the binder is negligible.

19



Increasing the initial temperature of the binder also increases the ionic mobility and
electrical conductivity of the activation solution [62], which causes an increase in the degree of
dissociation in the solution, resulting in a decrease in the viscosity of the solution and the degree
of hydration of the ions. The viscosity of the geopolymer binder decreases as the initial
temperature of the binder increases. Since the water/10 M NaOH solution ratio and the initial
temperature of the binder affect the ionic concentration and viscosity, these parameters can be
used to control the workability of the geopolymer binder.
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. 4.2. Impact of water/10 M NaOH solution ratio on the properties of a geopolymer binder:
a) electrical conductivity; b) viscosity.

Another parameter of the workability of a binder is the flowability, which is determined by
a mini-slump test and is related to the flow stress and plastic viscosity of the binders [63], [64].
Increasing the water/10 M NaOH solution ratio causes an increase in the spread diameter (see
Fig. 4.3), and this behaviour is observed regardless of the initial temperature of the geopolymer
binder. The values of the spread diameter of the geopolymer binder depend on the electrical
conductivity and viscosity of the binder. The smallest spread diameter (10.4-16.0 mm
depending on the water/10 M NaOH solution ratio) is observed for the geopolymer binder with
an initial temperature of 5 °C (see Fig. 4.3). At 10 min and 20 min after the incorporation of the
geopolymer binder, the behaviour of the binder spread diameter as a function of the
water/10 M NaOH solution ratio remained unchanged. A significant increase in the spread
diameter is observed when the temperature of the geopolymer binder was increased to 25 °C
and 35 °C (Fig. 4.3 ¢) and d)). Increasing the water/10 M NaOH solution ratio has a significant
effect on increasing the electrical conductivity and viscosity of the geopolymer binder
(Figs. 4.2) and increases the spread diameter of the geopolymer binder. At a water/10 M NaOH
solution ratio of 1.8, the spread diameter of the geopolymer binder at 25 °C and 35 °C was 16—
20 cm, respectively, which is too high for optimum incorporation of the geopolymer binder.

The optimum outlet diameter of the geopolymer binder for quality embedment is 14 cm.
Geopolymer binders with lower alkali concentrations in the formulation may have difficulty in
embedding due to their relatively high flowability. There is a clear behaviour towards a decrease
in the spread diameter of the geopolymer binder over time (10 min and 20 min after binder
incorporation). This indicates that the formation of primary geopolymer gel structure is more
intense in binders with higher initial temperatures (25 °C and 35 °C) and thus higher electrical
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conductivity during the first 20 min after mixing. Optimal flowability is observed for the
geopolymer binder with a higher water/10 M NaOH solution ratio and lower initial temperature
(i.e., 5 °C and 15 °C), but by increasing the initial temperature of the geopolymer binder (i.e.,
to 25 °C and 35 °C) optimal flowability can be achieved by reducing the water/10 M NaOH
solution ratio.
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Fig. 4.3. Impact of water/10 M NaOH solution ratio on the flowability of the geopolymer

binder immediately, 10 min and 20 min after binder mixing; a) initial geopolymer binder

temperature 5 °C; b) initial geopolymer binder temperature 15 °C; c) initial geopolymer
binder temperature 25 °C; d) initial geopolymer binder temperature 35 °C.

The time evolution of the geopolymer binder structure has been characterised using UPV
and depends on the water/10 M NaOH solution ratio and the initial binder temperature (see Fig.
4.4). As the water/10 M NaOH solution ratio decreases, the ultrasonic pulse of the geopolymer
binder moves faster in the material structure. Increasing the initial temperature of the
geopolymer binder from 15 °C to 35 °C after the first 2 h of curing at 80 °C increases the UPV
values 1.5-1.8 times. Apparently, this is due to the higher electrical conductivity (Fig. 4.2),
accelerating the geopolymerisation reactions. After four to 6h of curing at elevated
temperatures, a significant change is observed for the geopolymer binder with the lower
water/10 M NaOH ratio. The UPV increases threefold to 1359 m/s for M0.6-35, 880 m/s for
MO0.6-15 and 720 m/s for M0.6-5. For the geopolymer binder with a higher water/10 M NaOH
solution ratio (i.e., 0.14), the UPV is significantly lower: 600 m/s (M1.4-5), 430 m/s (M1.4-35)
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and 330 m/s (M1.4-15). Not only the increased amount of water in the activation solution used
for the geopolymer binder, but also the low initial temperature of the geopolymer binder has a
negative effect on structure formation, prolonging structure formation and leading to lower
UPV values. By selecting the optimum initial geopolymer binder temperature and water/10 M
NaOH solution ratio it is possible to reduce the curing time of the samples at elevated

temperatures.
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Fig. 4.4. Ultrasonic pulse velocity (UPV) changes in time of geopolymer binders with
different water/10 M NaOH solution ratios and different initial binder temperatures.

Mercury porosimetry is used to characterise the porosity of the geopolymer binder
(Fig. 4.5). The pore size distribution has been determined for four compositions: M0.6-5 and
M0.6-35, as well as M1.4-5 and M1.4-35. According to the results obtained (Fig. 4.5), the pores
of M0.6-5 are mainly in three diameter ranges: 0.01 pm to 0.1 um, 0.3 pm to 0.5 um and 1.0
pm to 4.0 pm. The total pore volume of M0.6-5 reaches 0.280 cm®/g. In contrast, M0.6-35,
made at a higher initial temperature of 35 °C, has only two predominant pore diameter ranges:
0.01 pm to 0.1 um and 0.3 pum to 0.5 um. The total pore volume of M0.6-35 reaches 0.267
cm’/g. It can therefore be concluded that as the initial temperature of the geopolymer binder
increases, the overall porosity decreases, as does the proportion of pores with diameters >1 pm.
As can be seen from the graphs, the predominant pore size ranges for M1.4-5 can be divided as
follows: 0.05 um to 0.5 um and 0.8 pm to 8 um. The total pore volume of the geopolymer
binder M1.4-5 reaches 0.381 cm?®/g, which is 36 % higher than the total pore volume of M0.6-
5. Meanwhile, M1.4-35 has a total pore volume of 0.358 cm’/g, which is 44 % higher than
M1.4-5. A higher water/10 M NaOH solution ratio in the geopolymer binder then results in a
higher overall porosity of the geopolymer binder and a larger predominant pore size. The higher
pore size and pore volume are closely related to the viscosity of the fresh binder.
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Fig. 4.5. Pore size distribution of the geopolymer binder: a) M0.6-5; b) M0.6-35; ¢) M1.4-5;
d) M1.4-35.

4.2. Effect of binder mixing time on the properties of geopolymer binders

The requirements for geopolymer materials vary from industry to industry. For example,
geopolymer materials used in construction must have good adhesion to aggregates and
reinforcement and be able to withstand a variety of impacts on them (e.g., mechanical and
chemical impacts). As geopolymer-based materials and products become more and more
popular and attractive from an industrial production point of view, it is essential to have a better
understanding of the main factors influencing the properties of this material during its
production. As the structure and synthesis of geopolymers differ significantly from traditional
building materials (e.g., Portland cement and ceramic manufacturing technology), it is
necessary to investigate the influence of various factors, such as the type of activation solution,
on the final material properties. One of the most typical and commonly used geopolymer
activation solutions is NaOH-based activation solutions. By modifying NaOH solutions with
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sodium metasilicate solution, it is possible to influence the material's workability and the
properties of the cured material.

This section of the study investigates the influence of the type of activation solution (i.e.,
sodium hydroxide solution and sodium metasilicate solution modified sodium hydroxide
solution) and the mixing time of fresh binder on the properties of fresh and cured geopolymer
binders.

Preparation of samples

Three series of geopolymer binders (3 mixtures per series) have been studied (see
Table 4.2), metakaolin (MK) has been mixed with three activation solutions (A1, A2, and A3,
respectively) using 3 different activation solution/metakaolin (AS/MK) ratios of 0.5, 0.6, and
0.7. The activation solutions were prepared and kept at room temperature (20 °C + 2 °C) for
3 h before the geopolymer binder was made. The powdered FC was dosed and mixed with a
certain amount of the selected activation solution according to Table 4.2. The samples were
stirred for 1, 3, 5, and 7 min to evaluate the effect of the stirring time. Immediately after mixing,
the moulds (20 mm x 20 mm x 20 mm) were filled with the prepared geopolymer binder and
the flowability of the geopolymer binder was determined in parallel. The samples were placed
in sealed plastic bags and kept at room temperature (20 °C + 2 °C) for 1 h, after which they
were cured at 85 °C for 24 h. After reconstitution, the samples were further cured at room
temperature (20 °C = 2 °C) until Day 3, when a portion of the samples was tested, and the
remaining samples were then further cured in air and water media at room temperature (20 °C
+ 2 °C) until Day 28.

Table 4.2

Mixture design of produced samples

Raw materials, mass part . . .
> p Main oxides ratios,

Main oxides, %

_ Activation solution masas %
¥4
s (AS)

Composition E AS/MK S Q %
E 3 S 2 = Z 7z
= Al A2 A3 = X § < ~ =
s < =) g <
= 2 @ <

MK-0-0.5 1.0 0.5 0.5 38.2 23.8 13.4
MK-0-0.6 1.0 0.6 0.6 35.8 22.3 12.5 1.6 2.9 1.8
MK-0-0.7 1.0 0.7 0.7 33.7 21.0 11.8
MK-10-0.5 1.0 0.5 0.5 40.2 23.8 14.0
MK-10-0.6 1.0 0.6 0.6 37.7 22.3 13.1 1.7 2.9 1.7
MK-10-0.7 1.0 0.7 0.7 35.4 21.0 12.4
MK-20-0.5 1.0 0.5 0.5 42.1 23.8 14.7
MK-20-0.6 1.0 0.6 0.6 39.5 22.3 13.8 1.8 2.9 1.6
MK-20-0.7 1.0 0.7 0.7 37.2 21.0 13.0

Results

To characterise the flowability of the geopolymer binder, the dispersion diameter of the
fresh binder has been determined and the results are shown in Figure 4.6.
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Fig. 4.6. Spread diameter of fresh geopolymer binder depending on the mixing time.

The spread diameter of geopolymer binders with an AS/MK ratio of 0.5 ranges from
9.85 cm to 11.65 cm, with an AS/MK ratio of 0.6 from 13.70 cm to 16.65 cm and with an
AS/MK ratio of 0.7 from 18.30 cm to 22.10 cm, depending on the type of activation solution
and the duration of mixing. As activation solutions A2 and A3 are obtained by modification of
an 8 M NaOH solution with a sodium metasilicate solution, both A2 and A3 have a higher
viscosity compared to activation solution A1l. This contributes to the different fluidity between
binders with the same AS/MK ratio but different activation solutions. The additional
metasilicate solution in the activation solution reduces the fluidity of the fresh binder. The effect
of mixing time on the fluidity of the geopolymer binder depends on the AS/MK ratio: as the
AS/MK ratio increases, the effect of mixing time becomes more significant.

The resulting geopolymer binder presents material density between 1303 kg/m® and
1552 kg/m® depending on the composition and the mixing time of the fresh binder. The material
density depends on the AS/MK ratio as well as on the type of activation solution used.

The results for the compressive strength of the geopolymer binder are shown in Fig. 4.7.
The samples for each composition (Table 4.5) were tested on Day 3 (after air curing) and on
Day 28 (after air curing and after water curing).
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Fig. 4.7. Correlation between flowability (spread diameter) of fresh geopolymer binder and
compressive strength after curing on Day 3.

Geopolymer binders were obtained with compressive strengths at Day 3 ranging from
3.6 MPa to 13.5 MPa. Comparing all three series, it can be argued that the addition of sodium
metasilicate to the 8M NaOH solution reduces the compressive strength on Day 3 to 22.7 %
when 10 % of the 8M NaOH solution is replaced by sodium metasilicate and even to 53.4 %
when 20 % of 8M NaOH is replaced by sodium metasilicate. The sodium metasilicate solution
consists of NaxO, reactive (or amorphous) SiO2 and H20, all three of which are required for the
geopolymerisation reaction. As shown in Table 4.2, the different AS/MK ratios do not change
the ratio of the major oxides but affect the total amount of major oxides in the composition.
Higher amounts of reactive silica and sodium in the geopolymer binder can lead to the
formation of zeolites as by-products of the reaction, thus damaging the structure of the material
during crystal formation; zeolites and geopolymer gel require the same major oxides and
zeolites can form faster than geopolymer gel, thus less major oxides are available for the
geopolymerisation reaction.

According to the obtained results, fresh geopolymer binders must be mixed for at least
3 min. It can be concluded that the geopolymer binder made with activation solution Al (§M
NaOH) shows the highest compressive strength and the geopolymer binders with an AS/MK
ratio of 0.7 show the highest flowability, which is important for workability, e.g., during bio-
composite production.

4.3. Leaching of geopolymer binders

When a building material comes into contact with its environment (air, water, etc.), it is
possible that the more unstable compounds in its structure can engage in chemical reactions. In
the case of geopolymer binder-based products, there is a risk that the material structure contains
free alkali compounds which, when in contact with water, may leach onto the surface of the
material. The long-term behaviour of the materials must be clearly predictable to be used in
construction.
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This section of the study investigates the leaching of geopolymer binders into the aquatic
environment over a long period of time and develops recommendations to limit leaching. As
the binder is relatively dense, the surface area of the geopolymer binders was increased by
adding the pore-forming additive hydrogen peroxide (H20Oz) to characterise the leaching. By
increasing the surface area, free alkali can more easily escape from the material structure and
the effect of variables on free salinity can be more accurately determined, minimising the
influence of measuring instruments and human error on the results.

Preparation of samples

To fully evaluate the maximum degree of leaching, a pore-forming additive has been added
to the geopolymer binder to increase the surface area. Hydrogen peroxide (H>0O>) has been used
as the pore forming additive. The compositions produced can be seen in Table 4.3. Two
compositions were produced: one based on metakaolin, and one based on a mixture of

metakaolin and fly ash.

Table 4.3
Mixture design of produced samples
Main oxides, mass %
Raw materials, mass part {01 glyminium ~ from activation i
silicate source solution ratio
) g w0
Composition & < 3 £, S o) Q
= = g8~ E=z o o ) o = s S
T ¢ 2 52 3 = F 3 I % &
s k4 i -t @R =z Zz @n ) =) Qo
'ﬁ > 13 - S 7 b -
ERC <
£ g
27.77 2298 21.26  *3.33 %2.63
MK_0 1.0 0.0 092 0.015 b8.73  ©1.28
B €19.92  °17.31 °1.23 243  °1.98
2843 21.58 136 *4.45 2327
FA+tMK 0 04 0.6 0.5 0.015 %6.60 0.
B 7 €23.60 °14.42 7 °1.70  °3.72  °2.18

a — from bulk composition; b — from activator, ¢ — reactive oxide concentration determined by acid

attack [65].
All raw materials had been kept at +5 °C for 24 h before sample preparation to slow down

the reaction between H>O; and the activation solution and to allow additional time for the binder
to be mixed and placed in the moulds. The ratio of activation solution to solids (AS/S) has been
chosen according to the results of previous studies to find the optimum consistency of fresh
binder to ensure complete incorporation of H>O; into the formulation and maximum porosity
of the resulting material. The amount of activation solution used varies for the aluminium
silicate source (i.e., metakaolin or a mixture of metakaolin and fly ash) to ensure optimum
binder workability. As shown in Table 4.3, the AS/S ratio for the metakaolin-based geopolymer
binder is 0.92, whereas for the geopolymer binder based on a mixture of metakaolin and fly ash
it is 0.57, which is due to the different granulometry and morphology of the source material
particles.

First, the powdered raw materials are dosed and homogenised, and then an appropriate
amount of activation solution is added. The mixture is stirred with a mechanical hand mixer for
1.5 min on low speed and 1.5 min on high speed. After a homogeneous binder paste is obtained,
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the pore forming additive H>O: is added, and the mass is mixed for a further 10 seconds at low
speed. The resulting binder is immediately filled into moulds (40 mm % 160 mm % 160 mm),
covered with polyethylene film, and left at room temperature (20 °C + 2 °C) for 30 min while
the H>O; reacted, and the material formed a porous structure.

The samples cured for 20 h at 85 °C. After curing, half of the samples have been heat treated
(i.e., heated at 200 °C for 3 h) to investigate the effect of elevated temperature on the leaching
of the samples. The specific temperature (200 °C) has been chosen based on the results of
previous studies. Monolithic cubes (40 mm x 40 mm x 40 mm) and pellets (2—4 mm) of the
samples obtained before and after heat treatment were prepared. The cubic samples have been
obtained using a sawing machine, and the pellets have been obtained by mechanical grinding
and sieving through 2 mm and 4 mm sieves. After the mechanical test, the samples have been
powdered for further tests (i.e., true density, XRD, FTIR, and DTA/TG tests).

Results

In this section, porous geopolymers with material densities of 460-550 kg/m’, water
absorption up to 60 % and total porosities in the range 76—79 % have been obtained. As shown
in Table 4.4, the material density of the geopolymer decreases after heat treatment, although no
volumetric changes are observed for the samples. Therefore, the change of material density as
a result of the heat treatment is attributed to the evaporation of free water in the material
structure or degradation of hydration products, as discussed further in the study under DTA/TG
results. The water absorption of the metakaolin-based geopolymers (MK-0) is 58 % =+ 1 %,
while for the samples containing a mixture of metakaolin and fly ash (MK + FA-0) as a source
of aluminium silicates it is close to 53 % * 4 %.

Table 4.4
Physical properties and compressive strength of produced samples
Material Water Open Total Compr. Compr.
Composition  density, absorption,  porousity, pourosity, strength on strength on
kg/m’ % % % Day3,MPa __ Day 10*, MPa
MK-0 490 + 15 58+ 1 29+2 77+2 0.41 +0.04 0.46 +0.03
MK-200 460 + 8 60+ 1 32+1 79+1 0.41 +0.03 0.49 £ 0.04
MK+FA-0 550+ 17 53+4 25+1 76+ 1 0.73 +0.05 0.82 +0.05
MK+FA-200 520 +15 59+3 28+1 77+£1 1.03 +0.02 1.21 £0.04

* Samples cured in air for the first three days, in water for the last 7 days.

As shown in Table 4.4, the compressive strengths of the porous geopolymers on Day 3 vary
from 0.4 MPa to 1.0 MPa, depending on the type of aluminium silicate source and heat
treatment. The heat treatment does not affect the compressive strength at Day 3 of the
metakaolin-based porous geopolymers, both MK-0 and MK-200 have a compressive strength
at Day 3 of 0.4 MPa. Ten day old samples cured in water for the last seven days show a 12—
20 % increase in compressive strength. For materials intended to be in contact with water during
service, it is vital that the water environment does not reduce their mechanical strength. As the
results show an increase in strength, it can be assumed that the geopolymer structure continues
to evolve as water dissolves the free alkali in the structure and thus promotes its reaction with
unreacted AlOs and SiO4> [66].
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The macrostructure of the porous geopolymers before heat treatment is shown in Fig. 4.8.
As can be seen in the figure, the samples are characterised by a non-homogeneous porous
structure with a maximum diameter of up to 2.00 mm.

As can be seen in Fig. 4.9, different types of crystals can be detected on the porous surface.
In the MK _0 sample, irregular dodecahedral crystals with diameters ranging from 3.0 um to
7.0 um are found in the pore surface. The mineralogical composition of these crystals could not
be determined by XRD, probably due to their size and low concentration. According to
literature data [67], these crystals are defined as analcite crystals. The surface of the
MK + FA_0 pore is covered by deformed cubic crystals with a diameter of 1.5-20 um (defined
as zeolite 4A) and spherical crystals with a diameter of 1.0-3.0 pm, defined as chabazite
according to the XRD results

20.0KV¥30 A

Fig. 4.8. The macro-structure of the obtained porous geopolymers investigated by SEM at
30 times magnification.

The TG/DTG analysis has been performed to characterise the effect of temperature on the
porous geopolymers produced. The resulting TG/DTG curves of the geopolymers are shown in
Fig. 4.10. The graph focuses on the changes observed between 25 °C and 200 °C; the peak of
the DTG curve at 129 °C reflects the water loss of MK 0, which accounts for 11.5 % of the
mass loss, and 8.9 % for MK+FA 0 at 127 °C, respectively. The mass loss of the geopolymers
between 25 °C and 150 °C is due to the evaporation of physically bound water from the porous
structure [68] and to the different ratios of activation solution to dry starting material used in
the sample preparation. MK 0 contains 1.5 times more water coming from the activation
solution than MK+FA 0.
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Fig. 4.9. Microphotographs of the pore surface of the obtained porous geopolymers.
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Fig. 4.10. TG/DTG analysis of the obtained porous geopolymers.

The results of the leaching test show that the obtained geopolymer achieves pH > 10 for up
to 30 days (see Fig. 4.11). The metakaolin-based geopolymers provide a continuous decrease
in pH up to Day 30 in aqueous media (i.e., from pH 11.1 to 10.5), the metakaolin and fly ash
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blend-based geopolymers show very similar results, pH 11.4 (Day 1) and decreasing to 10.5 on
Day 30. Heat treatment during the test period (30 days) has no effect on the leaching of the
geopolymers. According to Table 4.3, it can be stated that the samples based on metakaolin
contain 1.5 times less alkali than the samples based on a mixture of metakaolin and electrostatic
precipitators, and the presence of different types and amounts of zeolites is observed in the
samples (Fig. 4.9). During the first days of the test, the pH is maintained by the free alkali in
the pore solution; as the free alkali decreases, the pH in the aqueous medium is maintained by
the zeolites and geopolymer gel present in the structure, thus ensuring a gradual release of alkali
from the material structure.
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Fig. 4.11. The pH changes of the obtained porous geopolymers in aqueous media over time.

As shown in Fig. 4.12, the heat treatment affected the leaching properties of the samples,
depending on the composition (Table 4.3). The amount of OH™ ions leached from the
geopolymer structure depended on the type of aluminium silicate source (metakaolin or mixture
of metakaolin and fly ash) used as a starting material for the samples. After 30 days of leaching
MK 0 leaches 0.019 OH™ mol/(L-g), while MK + FA 0 leaches 0.025 OH™ mol/(L-g) (Fig.
4.12 a). The chemical composition of the aluminium silicate sources provides different
Si02/AL0; ratios (Table 4.3), which may affect the leaching of OH™ from the material structure.
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Fig. 4.12. a) The cumulative leaching rate of OH™ ions; b) OH ions leached in the first testing
week compared to the total leached OH™ ions over 35 days; c) the total amount of OH™ per
each 5 test days.

A significant effect of heat treatment on leaching properties (Fig. 4.12) was found for the
metakaolin-based samples. Comparing the amount of leached OH™ over a 30-day period, it
decreases by 26 % (i.e., from 0.019 mol/(L-g) to 0.014 mol/(L-g)) in the heat-treated samples,
but the pH correction in aqueous media remains similar (Fig. 4.28). This means that the pH
correction efficiency is higher in the heat treated samples and, given that the amount of alkali
used to prepare the samples is the same, the correction will be longer lasting compared to the
untreated samples. MK + FA 0 and MK + FA 200 showed an 8 % reduction in the total
leached amount of OH™ ions: 0.025 (MK + FA 0) mol/(L-g) — 0.023 (MK +FA _200)
mol/(L-g) after 30 days in aqueous media.

Leaching of OH™ from the geopolymer structure after heat treatment at 200 °C for the first
week is less intense; it is uniform and lasts longer, which is important if the material needs to
be prepared for a stable pH environment. According to Figs. 4.12 a) and 4.12 c), the leaching
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of metakaolin-based geopolymers may continue after a period of 30 days and is close to linear
in nature.

The increased amount of leached OH™ ions depends not only on the presence of free alkali
(i.e., Na") in the material structure, but also on the zeolites and geopolymer gel formed during
the geopolymerisation process. The test results show that zeolites 4A and analcite can prolong
and even out the leaching of OH™ ions over time; MK 0 and MK + FA 0 show a more
equivalent rate of OH™ leaching over 30 days. In addition to the chemical composition, the
formation of zeolite can also be controlled by pressure, temperature, synthesis time and pH of
the activation solution [71]. In this case, the time, temperature, and pressure are constant for all
samples, but the amount of sodium silicate is different. The raw materials (chemical and
mineralogical composition) influence the type of zeolites formed during geopolymerisation.
The effect of heat treatment on leaching depends mainly on the amount of activation solution,
leaching depends largely on the chemical composition of the samples.

4.4. Formation and evolution of zeolites in geopolymer structure

Geopolymers are similar in properties to natural zeolite minerals — unlike zeolite minerals,
the geopolymer gel is semi-amorphous. If crystals of zeolites start to form in the geopolymer
gel under certain conditions, the mechanical properties of the geopolymer binder can be
significantly reduced, not only during the curing process but also during the lifetime of the
geopolymer product. As the zeolite crystals grow and reach a critical size, internal stresses are
generated and the structure of the geopolymer materials can be weakened or even destroyed.
The formation of zeolites in the structure of geopolymer materials has been relatively well
studied, but there is less research on the conditions that limit the formation of zeolites. It is
known that the formation of zeolites depends on the composition of the geopolymer binder and
the curing conditions, and different zeolites can be formed in the geopolymer binder structure,
such as Na-A, hydroxyl dodalite, zeolite X, fauhasite, etc. [72]-[76]. There are no clear-cut
methods to control and limit the formation of zeolites in geopolymers, so it is not possible to
guarantee that the properties of the geopolymer binder remain constant over time.

In this section, the formation of zeolites in a geopolymer binder is initiated by adding
artificially synthesised zeolites, which act as crystallisation centres in the material structure,
and by providing conditions maximally favourable for the development of zeolite crystals. The
aim is to identify the reasons for the enhanced development of zeolites in the geopolymer binder
structure.

Preparation of samples

Table 4.5 shows the geopolymer compositions produced in this section of the study. All raw
materials used were stored at +5 °C for 24 h before sample production. The ratio of activation
solution to dry starting material of 0.92 was chosen in accordance with the results of previous
delight studies to ensure optimum consistency and incorporation of fresh geopolymer binder.
As shown in Table 4.5, two batches of samples have been produced: a low-silica activation
solution A2 (8 M NaOH solution, of which 10 % has been replaced by sodium metasilicate
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solution) and a high-silica activation solution A4 (sodium metasilicate solution, of which 10 %
has been replaced by NaOH flakes).

Table 4.5
Mixture design of produced samples
Raw materials, mass part
Composition zeolite activation solution
metakaolin (MK)

P1 4A A2 A4
M-R-A2 1.0 0.92
M-P-A2 0.9 0.1 0.92
M-A-A2 0.9 0.1 0.92
M-R-A4 1.0 0.92
M-P-A4 0.9 0.1 0.92
M-A-A4 0.9 0.1 0.92

First, the dry raw materials were dosed and the powder mixtures are homogenised. Then
the appropriate activation solution was added and the mixture mixed slowly for 1.5 min and
rapidly for 1.5 min with a mechanical hand mixer. After obtaining a homogeneous paste, it was
formed into moulds (10 mm x 10 mm x 60 mm) which, after filling, were covered with a
polyethylene film and left at room temperature (20 + 2 °C) for 30 min. The moulds placed on
2 cm high spacers were then placed in closed containers filled with water to ensure 100 %
humidity. The closed containers were kept in a drying oven at 85 °C for 20 h to ensure curing
of'the geopolymers without rapid evaporation of water from the porous structure and favourable
conditions for the zeolites. After curing, the containers were removed from the oven, opened
and left until they reached room temperature of 20 = 2 °C (i.e., ~1 h). Then, the samples were
demoulded and labelled. The geopolymer samples were kept in a climate chamber (+20 °C and
100 % humidity).

Results

Geopolymer binders with material densities ranging from 1230 kg/m> to 1670 kg/m® have
been obtained (see Fig. 4.13). As shown in the graph, the amount of silica in the activation
solution has an effect on the material density, while the zeolite additives have no effect on the
material density.
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Fig. 4.13. Material density of the obtained geopolymer binder.

Similarly, the type of activation solution also affects the strength characteristics. The
compressive strength ranges from 10 MPa to 48 MPa, while the flexural strength ranges from
3 MPa to 18 MPa (Fig. 4.14). Although the addition of C1 and C2 does not have a significant
effect on the material density of the resulting geopolymer binder, there is an effect on the
compressive strength. As shown in Fig. 4.14, the addition of zeolites to the geopolymer binder
causes a decrease in compressive strength when using activation solution A2 (low silica), but
the addition of C1 causes an increase in compressive strength when using activation solution
A4 (high silica). Since C1 also acts as a filler in the case of M-P-A2 and M-P-A4, so that the
MK and C1 particles can form a denser structural “package”.

a) 60 b) 25 T

= B onDay 7 1 @ onDay 7

& 50 = 20 T

3 B onDay 200 E T @ onDay 200

=40 1

2 S 157

= = T

£30 E T

: ERUE

g z 1

£10 g 0

£ Z B

5 0 2 = 0 ;. 2

PSSR FF AR

RO G R RO RGN I Y

Fig. 4.14. Compressive strength and flexural strength of obtained geopolymer binders.

As shown in Fig. 4.14, the samples produced with the A2 activation solution present a
compressive strength of 10 MPa to 12 MPa on Day 7, while the samples produced with
activation solution — 43 MPa to 48 MPa. The effect of the zeolite additive on the compressive
strength is relatively insignificant, but the compressive strength can be increased up to four
times by changing the activation solution.

The flexural strength, like the compressive strength, depends mainly on the activation
solution used. As shown in Fig. 4.14, the flexural strength of the geopolymer binder with
activation solution A2 is between 3 MPa and 4 MPa, while the geopolymer binder made with
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activation solution A4 has a flexural strength of 14—-18 MPa on Day 7. Although the addition
of C1 to the geopolymer binder with activation solution A4 contributes to a slight increase in
compressive strength, the results show a decrease in flexural strength.

XRD was used to characterise the geopolymerisation results. All X-ray diffractograms show
elevations of 20-30 degrees on a 20 scale (Fig. 4.15). The elevation in the metakaolin
diffractogram of 15-25 degrees is characteristic of amorphous aluminium silicates. It shifts to
the left as a result of geopolymer gel formation [77]. According to the diffractograms obtained,
geopolymerisation has occurred in all geopolymer binder compositions.
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Fig. 4.15. X-ray diffractograms of the obtained geopolymer binders: a) with low-silica
activation solution (activation solution A2); b) with high-silica activation solution (activation
solution A4).

Metakaolin is characterised by an amorphous phase and crystalline SiO; or quartz (Fig.
4.15). As can be seen from the diffractograms, the mineralogical composition depends on the
type of activation solution usedThe reference composition M-R-A2 contains zeolites 4A
(NagsAlosSiosO334-6H0), but the reference composition M-R-A4 does not form new crystalline
compounds during geopolymerisation according to X-ray diffractometry.

Zeolites 4A are observed in M-P-A2, while no effect of Pl on the mineralogical
composition is observed. However, A4 influences the mineralogical composition, as shown in
Fig. 4.15, in the geopolymer binder with added 4A (i.e., M-A-A2), the formation of zeolite 4A
is more intense during the geopolymerisation process than in the reference sample M-R-A2. In
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this case, the zeolites in 4A act as crystallisation centres, and thus the 4A in M-A-A2 contributes
to the more intense development of crystalline phases. The use of activation solution A4, i.e.,
with a high silicon content, prevents the formation of reaction by-products or new crystalline
compounds during the geopolymerisation process.

The presence of zeolites in the composition may improve the mechanical strength of the
geopolymer binder, but too many zeolites in a homogeneous semi-amorphous geopolymer gel
structure may contribute to a weakly bonded geopolymer structure, which may lead to a
reduction in strength. As crystallisation continues between Day 7 and Day 200, a decrease in
strength is obs.

To characterise the structural changes of the raw material during the geopolymerisation
process, FTIR spectral curves have been taken for both the metakaolin and the obtained binders
(Fig. 4.16 and Table 4.6). The transmittance spectra of metakaolin are characterised by two
intense main peaks, at 1087 cm!, characteristic of asymmetric stretching vibrations of the T-O
(where T is Si or Al) bands, and at 456 cm, indicative of bending vibrations of the internal T-
O bands [79]. After the geopolymerisation process, the peak at 1087 cm™' shifts to 991—
1023 cm™! due to the formation of the geopolymer gel [79], [80]. This peak for the samples
made with activation solution A4 corresponds to a higher wavenumber after the
geopolymerisation process (1020-1023 cm™') than for the samples made with activation
solution A2 (991-1001 cm™) due to the Si/Al ratio decrease [80], [81]. Peaks at 558-564 cm™!
are characteristic of stretching vibrations of tetrahedral aluminium [81], [82]. As shown in
Fig. 4.16, for the low-silica activation solution samples (i.e., samples M-R-A2, M-P-A2, M-A-
A2), these peaks are more intense than for the high-silica activation solution samples (i.e.,
samples M-R-A4, M-P-A4, M-A-A4). Considering that M-R-A2, M-P-A2 and M-A-A2 contain
a significant amount of zeolite 4A and M-A-A4 contains a small amount of zeolite 4A, no
zeolite compounds were found in M-R-A4 and M-A-A4. Therefore it can be argued that the

vibrational peaks at 558-564 cm!

of the ligaments in the samples obtained after the
geopolymerisation process have become markedly more intense due to the vibration of the
double tetrahedral rings in the zeolite grid [73]. All samples demonstrate internal T-O bond
bending vibrations at 453-457 cm! after the geopolymerisation process. An asymmetric
stretching vibration of the C-O bonds, characteristic of sodium carbonate in terms of the nature
and position of the spectral curve, appears at 13811464 cm™! [79], but the bending of the C-O
bonds in the plane occurs at 852—877 cmi”' [83]. The bands at 1631-1645 cm™' are indicative

of O-H band bending vibrations in H>O molecules [84], [85].
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Fig. 4.16. FTIR transmittance spectra of metakaolin and obtained geopolymer binders: a) with
low-silica activation solution (activation solution A2); b) with high-silica activation solution
(activation solution A4).

Table 4.6

Position and interpretation of peaks in the FTIR transmittance spectra of metakaolin and
obtained geopolymer binders

Composition X
Interpretation Ref.
MK | M-R-A2 | M-P-A2 | M-A-A2 | M-R-A4 | M-P-A4 | M-A-A4
16310 16430 1639° 1639° 16420 | 1645 | 1637* | vaO-H(H:0) 841, [85]
1403— | 1381— | 1395- | 1382- | 1393 | 1387- .

- 1459 1464° 1450 1455 1455 1457 | 3 CO(COs) (79]
1087° 9972 991 1001 10220 10200 | 10230 v T-O 801, [81]
; 852 849P 857 8770 869 874> | v, C-0 (COs) [83]

799 799¢ 799¢ 799¢ 799¢ 799¢ 799¢ Vi Si-0 [79]
693 | 696-720° | 698-722% | 699-717° | 695-713b 39125 3912; V4 Si-0-Si [79]
566¢ 5588 5610 5590 5620 5640 5625 V4 AL-O-Al [73[1255? 11,
456° 4570 4570 4570 4530 4570 4530 V4 Si-0 [791, [80]

a —high intensity; b — low intensity; ¢ — very low intensity.

Three compositions (M-A-A2, M-P-A4, and M-A-A4, respectively) were selected from the
prepared samples (Table 4.5) to study their micro-structure by scanning electron microscopy

(SEM) (Fig. 4.17).
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Fig. 4.17. Microphotomicrographs of the structure of the obtained geopolymer binder.
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The geopolymer binder M-A-A2 has the lowest material density of the three binders shown
in Fig. 4.17. Due to the low silica activation solution (i.e., A2), M-A-A2 does not contain
sufficient reactive SiO, from the sodium metasilicate containing activation solution to enter the
system but uses an increased amount of water to evaporate during the curing process. For this
reason, the microstructure of M-A-A2 is not monolithic and there are voids between the
particles, resulting in a lower density of the material (Fig. 4.13). The micro-structure of the
material at 3000, 5000, and 20000 times magnification is shown in Fig. 4.17. An
inhomogeneous structure was observed in M-A-A2 by SEM at 3000 times magnification. The
metakaolin platelets have not fully reacted with the activation solution during the
geopolymerisation process to form a monolithic geopolymer gel but have reacted to form a gel-
like coating and have retained their lamellar morphology. Meanwhile, the structure of M-A-A4
consists essentially of a homogeneous geopolymer gel in which unreacted metakaolin platelets
are “incorporated” here and there. In the M-P-A4 structure, clusters of pseudo-hexagonal
lamellae are observed, which, according to the literature, correspond to crystals of the kaolin
mineral [86].

4.5.Compatibility of geopolymer binders and bio-fillers

To improve the sustainability of geopolymer-based materials, geopolymer binders can be
combined with environmentally friendly fillers, i.e., plant-based fillers or bio-fillers obtained
as by-products. Bio-based fillers such as hemp shives, flax shive, oat husks and wood chips
obtained as by-products of production are considered as sustainable fillers to produce
alternative materials. Hemp shive has become a common filler for bio-composites due to its
porous structure and suitable thermal properties. This section of the study focuses on the
suitability of geopolymer binders for the production of bio-composites.

Sample preparation

A metakaolin-based geopolymer binder has been chosen for the biocomposites, which is
made using an 8M NaOH solution (A1). For the bio-composite samples, the geopolymer binder
first is mixed and then covered with a polyethylene film and left for 1 h. A specific amount of
the geopolymer binder (i.e., 2.0 wt%, 3.0 wt% or 4.0 wt%) is added to the wet hemp shive
(1.0 wt% dry hemp sihve mixed with 1.0 wt% water) and mixed manually until a homogeneous
structure is obtained (~5 min). The resulting fresh material is filled into moulds and covered
with a polyethylene film, after which the sample is compressed to the required height (50 mm)
using threaded rods, rod washers and spacers. The material is pressed under pressure for 30 min
and then placed in an oven at 85 °C for 24 h.

Results

Figure 4.18 shows the material density and compressive strength results of the obtained
geopolymer binder-based bio-composite material. The bio-composite has a material density
ranging from 261 kg/m?® to 403 kg/m®. As can be seen in Fig. 4.18, the material density depends
on the geopolymer binder/hemp shive ratio, while the type of hemp shive has no significant
effect on the material density. Increasing the geopolymer binder/hemp shive ratio by a factor
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of two (i.e., from 2.0 to 4.0) increases the material density by 54.4 % for BC-A and by 52.3 %
for BC-B.

The obtained bio-composites show a compressive strength of up to 0.48 MPa on Day 28.
As shown in Fig. 4.18 a), the bio-composites with a geopolymer binder/hemp shive ratio of 2.0
have a compressive strength lower than 0.10 MPa. As expected, increasing the ratio of
geopolymer binder to hemp shive increases the compressive strength of the resulting bio-
composite. The bio-composites with hemp shive A show slightly higher compressive strength
compared to the bio-composites with hemp bundle B.

The thermal conductivity of the obtained bio-composites, depending on the geopolymer
binder/hemp shive ratio, is shown in Fig. 4.18 b). Bio-composites with thermal conductivities
ranging from 0.061 W/(m-K) to 0.077 W/(m-K) were obtained. Decreasing the geopolymer
binder/hemp shive ratio decreases the difference between the bio-composites with different
hemp shive (hemp shive A and hemp shive B, respectively). On the other hand, the highest
geopolymer binder/hemp shive ratio (4.0) results in a difference of 0.003 (0.074 BC-A-4 and
0.077 BC-B-4), which falls within the measurement error tolerance.

In the case of hemp shive A, when incorporated into geopolymer binder-based bio-
composites, the thermal conductivity increases by 42 % at a geopolymer binder/hemp shive
ratio 0f 2.0 and by 72 % at twice the geopolymer binder/hemp shive ratio. Meanwhile, for hemp
shive B, the thermal conductivity increases by 36 % to 71 %.

T 2
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Fig. 4.18. Properties of the obtained bio-composites depending on the geopolymer
binder/hemp shive ratio: a) material density and compressive strength; b) thermal
conductivity.

L. Liu et. al. have developed geopolymer-based bio-composites with material density
ranging from 290 kg/m® to 320 kg/m?, compressive strength of 0.07—1.7 MPa, and thermal
conductivity of 0.099-0.120 W/(m:K) [65]. Meanwhile, another alternative bio-composite
solution has been proposed by N. Belayachi et al. — gypsum-based bio-composites with material
density ranging from 184 kg/m’ to 456 kg/m’, compressive strength of 0.004-0.071 MPa and
thermal conductivity of 0.058-0.086 W/(m-K) [75]. Comparison of the results obtained in other
studies available in the literature shows that the bio-composites produced have an improved
thermal conductivity at equivalent material densities.
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Figure 4.19 illustrates the macro-structure of the resulting geopolymers. As can be seen
from the micro-CT images, the hemp shive in the material is not oriented in the same direction.
The hemp particles are uniformly coated with a geopolymer binder, which provides the
mechanical strength of the material, and there are voids between them, which, combined with
the porous structure of the hemp particles, provide the low thermal conductivity.

Fig. 4.19. Structure of the obtained bio-composites.

The environmental advantages of natural fillers derived from agricultural waste by-products
include biodegradability, renewability, recyclability, composability, and the potential to reduce
greenhouse gas emissions. The use of these fillers has the potential to reduce the emissions
produced by insulation materials currently on the market, as well as to reduce agricultural waste
and make it part of the circular economy [87].

4.6. Sustainability assessment of the developed building materials

The GHG emissions of Portland cement, the most commonly used binder in construction,
are 0.866 kg CO» eq per kg, while the GHG emissions of the geopolymer binders developed in
the study range from 0.458 kg to 0.759 kg COz eq. According to the data, the type of activation
solution has a significant effect on the GHG emissions of the geopolymer binders. The choice
of 8 M NaOH as the activation solution results in geopolymer binders with GHG emission
reductions ranging from 37 % to 43 %. However, replacing the 10 % 8 M NaOH with a sodium
metasilicate solution results in a 2 % reduction in GHG emissions, i.e., between 35 % and 41 %.

The choice of alternative binders can reduce the consumption of non-renewable resources
by 64-86 %, depending on the composition of the geopolymer binder chosen. The non-
renewable resource consumption in the production of geopolymer binders is primarily
determined by the aluminium silicate sources used. The choice of a metakolin-based
geopolymer binder with an activation solution/dry raw material ratio of 0.92 as an alternative
to Portland cement can reduce the non-renewable resource consumption by 81-82 %.
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The developed and investigated bio-composites with a material density of 260 kg/m® were
compared with commercially available building materials such as hard rock wool and foamed
glass. In order to make the comparison as objective as possible, the materials are compared with
the same U-value of 0.105 W/(m*K). According to the results, the production of bio-
composites developed in the study use 4.6 times more fossil resources than the production of
the rock wool, while 1.5 times less than the production of the foamed glass. Also in terms of
GHG emissions, rock wool is a more environmentally friendly option (i.e., 2.4 times lower
GHG emissions), while the production of foamed glass has 2.4 times higher GHG emissions
compared to the developed bio-composites.
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CONCLUSIONS

By varying the initial temperature of the geopolymer binder, the Na/Si ratio, the water/alkali
ratio and the mixing time, the workability, physical and mechanical properties of the
geopolymer binder can be controlled. By varying one or more of these factors, significant
improvements in the properties of the geopolymer binders can be achieved.

Increasing the initial temperature of the raw materials from 5 °C to 35 °C causes changes
in the workability of the binder and the curing process. The flowability of the fresh geopolymer
binder increases by 14.3 % for the binders with a water/10 M NaOH ratio of 0.6 and by 28.2 %
for the binders with a water/10 M NaOH ratio of 1.4. The compressive strength of geopolymer
binders made from raw materials with an initial temperature of 5 °C and an activation solution
with a water/10 M NaOH ratio of 1.4 increases by a factor of 1.7, and with 0.6 by a factor of
2.0 (after 56 days). Increasing the initial temperature of the raw materials to 15 °C and 35 °C
has less effect on the strength after 56 days, i.e., 1.3 times for geopolymer binders with an
activation solution of water/10 M NaOH of 1.4 and 1.7 times with 0.6.

By modifying the mixing time of the binder and the optimum SiO2/AL>Os ratio, activation
solution to metakaolin ratio (AS/MK), the spread diameter and mechanical strength of the
geopolymer binder can be controlled. The optimum SiO2/Al,O3 ratio of 1.6 and activation
solution to metakaolin ratio (AS/MK) of 0.7 can provide a fresh geopolymer binder with a
flowability (spread diameter >180 mm) and compressive strength at Day 3 >7 MPa. 3 min of
mixing of the metackolin-based geopolymer binder is the optimum mixing time in terms of
flowability and compressive strength of the cured geopolymer binder.

The activation solution has a significant effect on the compressive strength of the
geopolymer binder. By reducing the amount of water in the activation solution, the density of
the metakaolin-based geopolymer binder material increases relatively slightly (i.e., from
1510 kg/m® to 1530 kg/m®), but the compressive strength increases threefold (i.e., from 5.1—
6.7 MPa to 16.3-20 MPa). The initial raw material temperature affects the early bond strength
and the rate of strength increase at constant geopolymer binder composition but does not affect
the final strength.

In order to ensure a stable structure of the geopolymer binder and to minimise leaching of
salts when the material comes into contact with water, it is recommended to use metakaolin-
based raw materials for the geopolymer binder. Heat post-treatment at 200 °C significantly
reduces the risk of salinisation.

The density, mechanical strength, mineralogical and structural properties of the resulting
geopolymer binder material depend on the type of activation solution used (low or high silica
content) and the likelihood of the formation of zeolite crystals in the geopolymer structure. The
chemical composition of the raw materials (aluminium silicate sources) as well as the
Si02/Na;O and AlbO3/NaO ratios in the raw materials determine the rate of formation, type,
size and amount of zeolites in the geopolymer structure.

To limit the formation of zeolite crystals in the geopolymer structure, it is recommended to
use an activation solution with a high silicon content, so that crystalline compounds do not form
in the geopolymer binder structure during curing but the geopolymer gel continues to develop.
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Replacing Portland cement, which is widely used in construction, with alternative
geopolymer binders can reduce GHG emissions by 12-47 % and non-renewable resource
consumption by 64-86 %.

For geopolymer binder-based bio-composites, the ratio of geopolymer binder to hemp shive
shall be at least 3.0 for a compressive strength >0.05 MPa and at least 4.0 for >0.25 MPa. The
type of hemp shive used shall not significantly affect the properties of the geopolymer binder-
based bio-composites produced. The geopolymer binder can be used in combination with hemp
shive to produce bio-composites, resulting in a self-supporting building material with a material
density of 260400 kg/m>, compressive strength up to 0.26 MPa, and a thermal conductivity of
0.061-0.077 W/(m-K).
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