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Waste treatment represents a significant challenge for society and
the environment, and its effective management is essential to
achieve a sustainable future. This paper focuses on the sorting,
analysis and composition of waste in the context of the circular
economy, emphasising the established legislative aspects and
separation goals in the European Union. The European Union
recognises the urgent need to change the linear model of
production and consumption to a circular economy in which
waste production is minimised, resources are used sparingly, and
product lifetime is prolonged with the environmental impact
being minimised. To achieve these objectives, the EU has adopted
ambitious legislation to improve waste management systems. In
our paper, we will focus on key legislative aspects. We analysed
how this legislation sets new targets and requirements for waste
separation, introduces extended producer responsibility schemes
and promotes recycling and resource recovery. As a result, we will
present the implementation of the determination of the average
waste composition from the perspective of the Czech Republic
and selected sub-regions. This paper will contribute to the
discussion on practical aspects of the circular economy and will
strengthen the awareness of the necessity of efficient waste

management for a sustainable future.
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1 Introduction

Waste is a key issue in the context of global environmental challenges, be it climate
change, biodiversity protection or sustainable development. Effective solutions to
this issue require a comprehensive approach that includes proper waste disposal,
active and especially effective recycling, systematic reduction of waste generation
and promotion of innovative product and packaging design. These steps lead to the

effective implementation of the circular economy approach.

The circular economy is an economic model that aims to maximise the use of
resources and minimise the generation of waste by designing, manufacturing, using
and recycling products, materials and resoutces so that they remain in circulation for
as long as possible. This approach stands in contrast to the traditional linear
economy where the standard model is to produce, consume and ultimately dispose

of waste.

The circular economy follows the so-called "closed cycle." Products should be
designed to be durable, repairable and, above all, easily recyclable. At the end of their
useful life, the materials from these products are reintegrated back into the
production process, which minimises the need for new raw materials and reduces
environmental impacts. Circular economy promotes ideas such as product sharing,
repair and reuse, to extend the life of products. This model is a key tool in the fight
against over-consumption, environmental degradation and waste accumulation. In
practice, it means transforming economic systems from linear waste to sustainable

and efficient use of resources.

The above parameters are precisely a key aspect of why it makes sense to address

waste composition and monitor potential usability of waste as a raw material.
2 Legislative approach
Legislation is a very important part because, in the case of waste, legislation

establishes targets and requirements that must be respected. For this paper, the

following documents will be analysed:

— Ditective (EU) 2018/851 of the European Patliament and of the Council.
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— Act No. 541/2020 (Czech law).

Directive (EU) 2018/851 of the European Parliament and of the Council of 30 May
2018 amending Directive 2008/98/EC on waste. This directive is fundamental in
terms of the management of waste management. The Directive sets targets for the

material recovery of municipal waste, which are defined as follows:

— A common EU target to recycle 65% of municipal waste by 2035 (55% by
2025, 60% by 2030 and 65% by 2035).

The Directive, for example, gives in Annex IV A as an example of an economic
instrument to implement the waste hierarchy the introduction of a volume-based
payment system, whereby generators pay for waste based on the actual amount of
waste generated and which encourages the sorting of recyclables at source and the

reduction of mixed waste.

Furthermore, the following key elements emerge from Directives (EU) 2018/849,
(EU) 2018/850, (EU) 2018/851 and (EU) 2018/852) adopted in May 2018

following inter-institutional negotiations between Parliament and Council:

— Common EU target to recycle 70% of packaging waste by 2030.

— Binding target to reduce landfilling to a maximum of 10% of municipal
waste by 2035.

— Ban on landfilling of separated waste, requiring separate collection of bio-
waste by 2023 and of textiles and household hazardous waste by 2025.

— Promoting economic instruments to discourage landfilling,

— Simplified and improved definitions and harmonised methods for
calculating recycling rates across the EU.

—  Specific measures to promote reuse and stimulate industrial symbiosis - a
by-product of one sector is used as a raw material for another.

— Mandatory extended producer responsibility schemes for producers to
market greener products and promote recovery and recycling schemes (e.g.
for packaging, batteries, electrical and electronic equipment).

—  Reducing the amount of biodegradable waste going to landfill to 75% of the
total weight in 1995 by 2010, 50% by 2013 and 35% by 2020.
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Act No. 541/2020 Coll. Waste Act

The EU requirements and objectives are subsequently implemented in the Czech
legislation within the framework of the Waste Act 541/2020 Coll. From 1 January
2030, it is prohibited to landfill waste with a dry calorific value higher than 6.5
M]/kg. These wastes, which can be classified as energy recoverable, also include
MSW. The calotific value of MSW can be around 9 MJ/kg in the raw state (up to 15
M]/kg on dry basis), which is well above the above limit. At the same time, as of the
same date, waste that can be effectively recycled in the current state of scientific and

technical progress cannot be landfilled.

The national requirements and targets for the management of MSW defined in Act
No 541/2020 Coll. on Waste also include the following requirements and targets
applicable to MSW:

— To increase the level of preparation for re-use and the level of recycling of
municipal waste to at least 55% of the total weight of municipal waste
generated in the Czech Republic by 2025.

— To increase the level of preparation for re-use and the level of recycling of
municipal waste to at least 60% of the total weight of municipal waste
produced in the Czech Republic by 2030.

— By 2035, increase the level of preparation for re-use and the level of
recycling of municipal waste to atleast 65 % of the total weight of municipal
waste produced in the Czech Republic.

— To dispose of no more than 10 % of the total weight of municipal waste
generated in the Czech Republic by landfilling in 2035 and subsequent years.

— Energy recovery in 2035 and in the years thereafter shall not exceed 25 %
of the total weight of municipal waste produced in the Czech Republic.

3 Certified methodology

This part is devoted to the analysis of the potential for material recovery from mixed
municipal waste. The potential will be evaluated based on the analyses and fieldwork
carried out, which led to the determination of the average composition. The overall

approach has been described in great detail within a certified methodology for the
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analysis and composition of municipal waste. This methodology was developed
within the framework of the TIRMSZP719 project (Kropa¢ 2020), where the
Ministry of the Environment of the Czech Republic (MoE) was the main supervisor,
and the fieldwork should be carried out according to this proposed guideline. A
relatively large number of entities in the Czech Republic are engaged in fieldwork,
among the most important are EKO-KOM a.s., Institute of Circular Economy z.0.

and others.

These subjects historically carried out fieldwork without the use of certified
methodology (it was not available) and used the procedures used in the research
project SP/2f1/132/08 "Research on the properties of municipal waste and
optimization of its use". These procedures were always adapted to the needs of the
subjects and the objectives set. This resulted in different structures from different
subjects, i.e. comparability and especially repeatability of results was eliminated in

case more than one subject was sampled.

Comparability and repeatability of results was the main requirement for the

design of the certified methodology.

The certified methodology further defines the following parameters:

—  Sampling (multi-level stratification, Somplak 2022).

— Minimisation of economic costs.

— Recommendations for the sampling and transport method.

—  Method of sorting, necessary documentation and overall administration.

—  The tool for evaluating the data obtained and establishing clear results with
the accuracy considered.

— Recommendations for laboratory analysis.

An integral part of the method is the so-called sorting module, which is divided into
three main categories of sorting. The MoE sets the requirement that the first two
levels are mandatory, and the third is recommended. The sorting module, e.g. at the
third level, can be modified according to the needs of the sampling objectives.
Specifically, this may be a more detailed specification of e.g. plastics or papers in
terms of fractional level, i.e. what is actually in the plastics in terms of e.g. PET
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bottles, hollow packaging, films, etc. This approach may be of particular interest
from the point of view of different processing facilities, where the potential that may
be present in e.g. separate collection can be estimated. An example of a sorting

module for all three levels is shown in Figure 1.

T_level TL level TIT_level Weight (g)
kst Cardboard
= Other - packaging paper
Paper B} ” ines and leaflets
Non Packaging Newspaper and office paper
Other
Plastic foils
3D plastic
. Transparent PET
Plastic Packaging Coloured PET
Ps
Other packnging plastic
Non Packaging
Fruit and vegetable
) Kitchen waste Residues from the preparation of fruit and vegetable
Bio residues from the preparation of frult and vegefabl
other food
Garden Bio
Wood
Glass Packagig
Non Packaging
B it
Metal Other packaging metals
Non Packaging Other non packaging metals
Clothes
Textil -
e other textle materials
Tetra Pak
C ite and TetraPak Others

Electrical equipment
Batteries and accumulators

Diapers and samitary waste
Minerals waste
Other waste Hazardous waste
Complex products
Others - without category

Fine fraction (below 40 mm)

Fine fraction (below 20 mm)

Ash
Other organic waste
Ash
Other organic waste

Fine fraction (below 10 mm)

Figure 1: Sorting module

Source: own.

3.1 Practical application of the methodology

The results presented in this paper are part of the results of the TIRSMZP719 and
CEVOOH projects. The results were obtained by implementing a sampling
programme by a certified methodology also developed within the TIRSMZP719
project. The main motivation for developing the methodology was mainly the

comparability and repeatability of the results.

The analyses aimed to establish the average composition of mixed municipal waste
in the Czech Republic in the detail given by the certified methodology and to obtain

a national tool comparable to similar tools for monitoring the composition of
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MMW! in other EU countries. Given the limited resources for carrying out the
analyses (fieldwork), a multi-stage stratification was adopted. The stratification is
voluntary within the certified methodology. First, all municipalities in the Czech
Republic (6 258 municipalities in total) were considered and then divided into
individual similarity groups (clusters or clusters). Small municipalities, and military
areas were excluded from the clustering (2 443 municipalities). Ten clusters were

created with the following characterization:

— C1 Cities - local "district" centres.

— (2 Regional towns and regional centres.

— C3 Towns with rural character.

— (4 District towns - tens of thousands of inhabitants.
— (5 District towns - up to ten thousand inhabitants.
—  C6 Rural municipalities A.

—  C7 Rural municipalities B.

—  C8 Rural municipalities C.

— (9 Rural municipalities D.

—  C10 Capital city of Prague.

From the above distribution, 10 representatives and 10 alternates were selected to
represent the characteristics (freely available information from the CSO?) of each
cluster. The selected representatives were contacted and cooperation on sampling
possibilities was agreed. Each representative was provided with the necessary
technical equipment (pedestals, 40-20-10 sieves, samplers, etc.) and space was
secured to carry out the fieldwork. Towards the end of the project, sampling also

took place in other locations (beyond the 10 selected representatives).

Sampling was based on the technical capabilities of each site, always involving the
collection of specific containers or the provision of specific collections. For these
purposes, the BinGen tool was used to randomly select containers in a given village.

Of course, the key was to have a complete list of bins so that random selection could

! Mixed municiapl waste
2 Czech Statistical Office - www.czso.cz/csu/czso/home
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take place. In localities where this information was unavailable, a street draw was

made from which samples (containers) were randomly taken.

PASSPORT SBERNYCH NADOB  |&2

PASSPORT SBERNYCH NADOB [
cecenman

mésto Krizanav, CZ0635 535926 méisto Kiizanov, CZ0635 595028

Kmosta: Smésn komunaini 6dpsd, SKO (20 0301) brezen 2022 omodis: Smésny komuraini ogged, SKO (20 &3 01)

biezen 2022

Kilzanov, Benssova namést 61
nichn 2404 fird. KO, v ez

Kiidanoy, Besssovo namésti 190

ot 101 jins. SKO, csamacsad

| seurtvipocn | iy
™
[P ——. x i
101
=

Generstor ndhodmyjch nadob v obci

i s f 1843

Figure 2: BinGen and export of selected bins

Source: own.
3.2 Waste composition for the Czech Republic

It is not recommended to carry out the analyses according to the proposed
methodology from compactor collection vehicles. If a mixed sample is to be
generated and a collection vehicle is used, it is strongly recommended not to separate
the waste. Compaction, significantly affects the results, i.e. moisture transfer,
contamination, ability to sort the individual components being monitored properly,

etc.

Based on the certified methodology, a sample of 1 100 I has been determined as a
representative sample. At the same time, a sample from the so-called bag sample

may be used, again in an appropriate proportion to the representative sample.

The total number of investigated (sub) samples was 635 with a total tonnage of 19.6
t. In the framework of the fieldwork, the sorting was carried out to level 111 (the
mandatory level according to the certified methodology is level I and II; level 111 is

recommended):
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Level I (first) sorting - 635 sub-samples, approx. 19.6 t.

Level II (second) sorting level - 631 sub-samples, approx. 19 t.
— I (third) sorting level - 609 sub-samples, approx. 15 t.

The sampling was carried out in Brno, Louka, Valasské Klobouky, Ttebi¢, Kfeckov,
Velké Popovice, Cetvené Redice, Kiizanov, Kralupy nad Vltavou, Hradec Kralové,
Polna and Prague. The length of fieldwork was about a year and covered all seasons

(taking into account seasonality), in the period 3/2020-8/2021 - fieldwork was
interrupted due to the COVID-19 pandemic.

__Paper; 6,75%

Fine fraction (below 40 mm); 1453%"

Gther waste; 21,09%_,

_ Plastic;7,32%

T _Bio; 28,37%

Bamteries and accumulators;

_Wood; 0,72%
“_Glass; 3,50%

Electrical equipment;

~ |
Texti ; 2,96%

Metal; 2,06%

Composite and TetraPak;

= Paper =Plastic =Bio =Wood wGlass wMetal mTextil u Compositeand TetraPak w Electrical equipment = Batteries and accumulators Otherwaste  w Fine fraction {below 40 mm}

Figure 3: Average composition of municipal waste

Source: own.

4 Analysis of material recovery potential

The average composition shows that the largest parts belong to the following
fractions:

—  Bio waste - approximately 29%.

Other waste - approximately 21% (significant dominance of sanitary waste)

— Fine fractions (aggregated) - approximately 25%.
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Paper - approximately 7%.
Plastic - approximately 7%.

Other commodities (categories) below 5%

Where specific components that are potentially material recoverable are concerned,

these are prioritised (synergies with separate collection):

Plastic

Paper

Glass

Metal

Textile

Bio

Batteries

Electrical equipment
Wood

From the above categories, a theoretical estimation of the potential from MMW that

can be redirected to separate collection or to other locations relevant to separate

waste collection will be made.

41

Plastic waste

Plastic waste is as standard collected separately in the form of a yellow bin. What

goes in the bin can vary in place and time, so it is necessary to see at each location

what can be put in the bin. The following items can be diverted in whole or in part
from the MMW:

Films - approx. 3.5% - the assumption for diversion is 1 - 1.5% (these are
films or bags in which waste is disposed of, it is assumed that waste bags
and sacks will always be present in the MSW as this is the primary packaging
for waste, therefore a conservative approach is set that approximately one-
third of films can be diverted)
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— 3D plastics - approx. 2% - the assumption for diversion is a total of - 2%
(3D packaging plastics, these are preferably hollow packaging or primarily
HDPE packaging, which can be easily diverted to the yellow bin)

— PET clear and coloured - approx. 1% - the assumption for diversion is an
overall amount of - 1% (PET beverage bottles can be completely diverted
to the yellow bin or the backup stream)

— PS—0.1% - the assumption for diversion is a total amount of approx. 0.1
% (polystyrene packaging can be completely diverted)

— Other Packaging - 0.1% (no assumption of direct diversion for other
packaging components, so the total is retained)

—  Other non-packaging - 0.4% - assumption for redirection is approximately
half - approximately 0.2% (here the assumption is that approximately one
half of the component can be redirected to the yellow bin, although it will
not be consistent with the packaging component share and EKO-KOM's

rewards)

The total diversion potential for plastics is about 3.5%.

Figure 4: Example of plastic waste after sorting

Source: own.

4.2 Paper waste

Paper waste is as standard collected separately in the form of a blue bin. The blue
bin is locally very similar in terms of packaging materials. An exception is
municipalities that also collect e.g. tetra-pack in the blue bin. The following
components can be fully or partially diverted from the MMW:
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— cardboard and cardboard (packaging part) - 2.5% - the assumption for

diversion is a total amount of - 2.5%.
— magazines and leaflets - 1% - the assumption for diversion is a total of 1%.
— Newspaper and office paper - 1% - the assumption for redirection is a total

amount of - 1%.

The total potential for redirection for paper is approximately 4.5%.

Figure 5: Example of paper waste after sorting

Source: own.
4.3 Glass waste

Glass waste is as standard collected separately in green (coloured) or white
(transparent) containers. The glass containers can be, for example, connected with
two inlets and an internal partition or they can be two separate containers. The

following components can be fully or partially diverted from the MMW:

—  Glass - packaging - 3.3% - the assumption for diversion is a total amount
of - 3.3%.
— Glass - non-packaging — 0.2 % - the assumption for diversion is a total

amount of 0.2 %.

The total potential for diversion for glass is about 3.5 %.
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Figure 6: Example of glass waste after sorting

Source: own.

4.4 Metal waste

Metal waste is as standard collected in a grey bin. The following components can be
tully or partially diverted from the MMW:

—  Ferromagnetic - 1% - the prerequisite for diversion is the total amount of -
1%.

—  Aluminium - 1% - the assumption for diversion is a total amount of - 1%

The total potential for redirection for metals is approximately 2%.

Figure 7: Example of metal waste after sorting

Source: own.

4.5 Textiles waste

Textile impacts are collected in separate containers or textiles can be taken to
collection centres or directly to the Salvation Army. There can be a small

complication with textiles in that some may fall outside the waste inventory. Given
p y ry.
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that it is a relatively heavy (by weight) component, it can be concluded that this
particular stream may have an impact on meeting recycling targets. At the same time,
it should be noted that from 1 January 2025 there is an obligation to ensure a separate
collection of textiles in all municipalities. In this respect, textiles can be considered

to be diverted entirely out of the MMW, approximately 3%.

Figure 8: Example of textile waste after sorting

Source: own.
4.6 Biowaste

Collection of bio-waste is highly variable. Some municipalities use bio-waste
collection in the form of home composting (waste enters the off-register waste
management system), or separate collection in the form of brown bins or a
centralised collection point for bio-waste or ad-hoc collections in case of seasonality.
Of course, there are also municipalities where no collection of bio-waste is yet in
place. Alternatively, it may be a combination of the above. The results of the
tieldwork carried out show that bio-waste represents almost a third of the total black
bin. A significant added value in diverting bio-waste from the black bin to the brown
bin is the introduction of a door to door system, which was also confirmed in the
tieldwork. It is indeed the introduction of a door to door system, the situation will
not be improved by providing e.g. home composters.

—  Fruit and vegetables - approx. 5% - these are whole pieces of fruit and
vegetables that can easily be diverted to material recovery, from a
conservative perspective it will be chosen that 80% will go outside the
MMW, i.e. 4%.
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—  Vegetable residues from fruit and vegetable preparation - approx. 8% - this
is one of the residues from the preparation of fruit and vegetables, this patt
is suitable for composting or use within the biogas station. It is assumed
that half of this component can be redirected, i.e. 4%.

— other food products - approx. 11% - this is the component mainly related
to food residues, which are preferably of animal origin. In this respect, a
pessimistic scenario will be set and no redirection will take place.

— from gardens and parks - about 6% - this is material that comes from
gardens and patks, i.e. primarily green maintenance. Here the assumption is
that the total stream can be diverted away from the MSW and in the form
of composting. Thus, the total flow will be redirected in the full 6%.

The total potential for diversion for BIO waste is about 14%.

Figure 9: Example of Bio waste after sorting

Source: own.

4.7 Batteries

Batteries are not collected separately in the Czech Republic in the form of container
collections. They are end-of-life products and can be disposed of in collection
centres or other designated places, e.g. shops and shopping centres (e.g. together
with fluorescent lamps). The whole category can be completely diverted from the

MMW, which reaches a value of about 0.1% in terms of average composition.
4.8 Electrical equipment
Similar to the battery category, electrical equipment is not collected separately in the

Czech Republic in the form of containerised collections. They are end-of-life
products and can be disposed of in collection yards or other designated places. The
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entire category can be completely diverted from the MMW, which is about 0.5% in

terms of average composition.

Figure 10: Example of electrical waste after sorting

Source: own.

4.9 Wood (furniture and similar material)

Wood, or it may be bulky waste, is collected in the Czech Republic under the
collection yard regime. These collection yards operate on the principle of either re-
use centres or energy recovery. The total stream of wood (treated only) can be
diverted out of the MMW stream, in full. This will be approximately 0.7%.

5 Conclusion

This paper summarises an approach to waste composition analysis, where a large
number of samplings were carried out throughout the Czech Republic (2020 - 2022).
A detailed analysis of the separation targets set and other important steps that are
key in waste management was analysed in the framework of legislation. It was
necessary to analyse the potentially recoverable materials contained in the mixed
municipal waste container. The research team carried out more than 600 samples

with a total weight of 20 t during two years of field research.

Based on practical experience, e.g. from sorting lines (Gregor 2018, CET), an
estimate was made to evaluate the potential amount of waste that can realistically be
diverted from mixed municipal waste. The potential was assessed rather
conservatively, especially focusing on the possibility of introducing a doot-to-door
system or e.g. collection of dry recyclables (Gregor 2018). From the expert
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assessment, it was evaluated that approximately 32% (by weight percentage) of
mixed municipal waste (black bin) can be effectively diverted into separated

components.

This relatively large potential can effectively contribute to high separation targets
and appropriate waste handling/recycling.
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Building materials represent the possibility of prolonging the life Keywords:

waste rubber,
of waste materials. The key is to ensure that the products are alkali-activated m i

encapsulation of

suitable for their function. So we activated metakaolin with the
alkaline Na-silicate solution in the ratio that ensures the
prevention of efflorescence and high mechanical strength (Horvat
and Ducman, 2019). As the waste material (to be incorporated in
the aluminosilicate network (ASN) of the alkali-activated
metakaolin) ground waste rubber from electric cables was used in
the preselected mass ratios. Its inclusion in products, like paving
stones, can reduce stiffness, improve durability, dampen
vibrations, and reduce road noise. The mechanical strengths of
test samples with rubber present on the active surface or slightly
below were higher compared to samples where rubber was
encapsulated throughout the volume. Compressive strength was
higher when samples were irradiated with low powers of
microwaves while irradiation with higher powers led to the
foaming of alkali-activated slurry. The encapsulation quality of the
ground rubber was evaluated by SEM while the chemical
influence on ASN was determined by EDS, FTIR, and XRD.
Slipperiness change on the active surface of pavement stones
proved that the addition of the ground rubber enhanced the
walking safety of the product.
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1 Introduction

Rubber represents a major challenge at the end of its life cycle due to its enormous
quantities and recycling issues (Leong et al., 2023). Synthetic polymer (rubber) is
used for tires, electrical cables, etc., and is made by the cross-linking process
(vulcanization) (Coran, 2013). This crosslinking makes rubber more elastic (Flory,
n.d.), which makes waste rubber interesting for recycling in construction materials
as fillers (Nuzaimah et al., 2018). Its inclusion in various civil engineering products
could provide many benefits, such as reducing stiffness and brittleness, improving
the durability and longevity of the new composite material, dampening vibrations,
and reducing road noise (Mutalib et al., 2021) while extending the life of the rubber

and increasing the benefits to the users of the civil engineering product.

At the same time, the civil engineering and building industry consumes almost 70
my, of the mass of Mount Everest in raw materials yeatly and creates more than 30
my, of global waste (Miller, n.d.). One of the solutions in this industry is to replace
conventional materials, prepared from raw materials at high temperatures, like
cement, with alkali-activated material (AAM) which is synthesized at temperatures
lower than 100 °C and from materials that contain enough Si and Al in amorphous
content, either as raw or waste material (Ceénovar et al., 2019; Horvat et al., 2019a,
2019b, 2022a; Horvat and Ducman, 2019, 2020; Pavlin et al., 2021). Si and Al bind
with O into tetrahedrons which are connected through O-bridges. This formation
is called an aluminosilicate network (ASN) where the additional chemical bond of
Aland O is compensated by the presence of elements from the 15 and the 2°d group
of the periodic system (Skvara, 2007) which are introduced through alkalis.

Besides AAMs already having a lower impact on the environment when compared
to conventional materials, the use of energy for their synthesis can be additionally
lowered by replacing conventional (surface) heating with microwave irradiation
(volumetric heating) (Horvat et al., 2023, 2022b). With volumetric heating, final
mechanical strengths are reached in shorter times (Horvat et al., 2023), which
decreases the time of the product from synthesis to the market leading to lower costs

for the industry.
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Combining both materials for driving/walking surfaces, i.e. coarsely ground waste
rubber and AAM, would not just lower the impact on the environment but also
result in the product with a less slippery surface, a quieter ride, and longer service
life of the driving/walking surface, decrease the incidence of human falls and
dampen the impact on the vehicle shock absorbers and human/animal joints, leading
to higher quality life and better health.

In the paper, coarsely ground rubber was combined with alkali-activated metakaolin
slurry as part of the active surface or spread throughout the volume, which has not
yet been seen in the literature. The focus of the work was, besides testing
improvement of samples being less slippery, on the quality of the encapsulation of
the rubber in the ASN to avoid potential pollution through the back-spread of the

ground rubber into the environment, not to cause additional “micro-plastic” issues.
2 Methods — evaluation of the material

Chemical evaluation of precursor metakaolin (MK) was performed by X-ray
fluorescence (XRE; Thermo Scientific ARL Perform’X Sequential XRF) along with
the determination of the amount of organic compound and carbonates through loss
on ignition (LOI) for 2 hours at 550 °C and 950 °C, respectively.

Mineralogical analysis of MK, along with Rietveld refinement using external
standard (corundum, AlO3), was performed by X-ray powder diffraction (XRD;
Empyrean PANalytical X-ray Diffractometer, Cu X-Ray source).

The precursor was dried, milled, and sieved below 125 um for LOI, XRF, and XRD.
Results were reported in our previous work (Horvat et al., 2023, 2022¢) and also the
optimal mixture of MK and used alkali (Na-silicate solution, Geosil, 344/7, Woelner,
Ludwigshafen, Germany, 16.9% NayO, 27.5% SiO5). The theoretically determined
mass ratio (using software in MS Excel platform developed in project No. C3330-
17-529032 “Raziskovalci-2.0-ZAG-529032” and upgraded in the ARRS project
under Grant No. J2-3035) between MK and liquid alkali was 1:0.66, respectively.
However, for the synthesis, MK was used as received (particle size distribution was
evaluated by sieving through test sieves with mesh 5 mm, 4 mm, 2 mm, 1 mm, 0.4
mm, 0.125 mm, 0.09 mm, 0.063 mm).
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On rubber waste from old electrical cables, received coarsely ground below 2 mm
(particle size distribution was evaluated by sieving through test sieves with mesh 5
mm, 4 mm, 2 mm, 1 mm, 0.4 mm), thermogravimetric analysis and differential
thermal analysis (TG/DTA; STA 409 PC Luxx, Netzsch, Germany) were performed
in airflow from the room temperature to 1000 °C with a rate of 10 K/min to evaluate
the temperature of ignition where the majority of the material would have already
combusted. The rubber was ignited for 2 hours (LOI) at 550 °C (and at 950 °C) to
determine the amount of ignition residual loss coming from the inside of the cables
(conductive material, the metals, etc.), potential construction and demolition waste
(Si, Al, and alkali (earth) metals), and inorganic content present in the rubber
material. Rubber was evaluated by Fourier-transform infrared spectroscopy (FTIR;
PerkinElmer Spectrum Two, ATR mode) where larger particles of different colour

pigments were evaluated independently.

Besides FTIR performed on the rubber, it was performed also on MK powder, and
on the ASN (along with the non-reacted MK) gently scratched with the spatula from
the inside of the AAM (to exclude the rubber). For the XRD analysis of the ASN
(and non-reacted MK), AAM was gently crushed in the mortar with the pastel and
sieved below 0.4 mm to remove as much of the rubber as possible (XRD of the

rubber sieved below 0.4 mm was performed, too).

On not polished and not coated MK powder, rubber (ignited for LOI determination
and as received) and AAMs, scanning electron microscopy (SEM; Jeol JSM-IT500,
low vacuum conditions) with energy-dispersive X-ray spectroscopy (EDXS; Oxford

Instruments, Link Pentafet) was performed.

At 14 days of AAMs, geometrical densities along with mechanical strengths (bending
and compressive) were measured. For the evaluation of mechanical strengths
compressive and bending strength testing machine (ToniTechnik ToniNORM) was

used.
3 Methods — synthesis of the material
Rubber was used as an active-surface partial cover (S) or volumetrically (V) spread

in the alkali-activated metakaolin mixture (MKy) in mass ratios presented in Table 1.

For the one-surface partial cover, two different mass percentages of rubber were
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used, i.e. 1.7 mey, (Smin) and 5.3 mo, (Smax) calculated on the mass of the metakaolin
slurry while for volumetrically spread rubber, 9.0 my, of rubber was used (also

calculated on the mass of the slurry).

Table 1: Masses of the used ingredients.

Mixture MK [g] Alkali [g] Rubber [g]
MK, 50 33
Smin 50 33 0.7
Smax 50 33 2.2
\ 50 33 7.5

For the volumetrical distribution of the rubber, rubber particles were homogenized
with dry MK before being mixed with Na-alkali silicate solution until complete
wetting and moulded into silicone-urethane rubber moulds of prisms measuring
(2%2x8) cm?.

For the one-surface rubber cover of the prism (measuring (2% 2% 8) cm?), the bottom
of the mould (measuring (2% 8) cm?) was partially (Smin) to almost fully (Smax) covered
with coarsely ground rubber before fresh alkali-activated MK slurry was cast onto it.

Casted slurries were manually pressed to help rubber particles penetrate them.

Three different curing procedures of all mixtures presented in Table 1 were
evaluated: curing solely at room conditions (55% moisture, 22 °C) for 14 days,
irradiating fresh slurry with microwaves (frequency 2.45 GHz, inverter microwave,
i.e. microwaves are constantly on if chosen; Panasonic, NN-CD575M) for 1 min at
100 W (positively influencing the dissolution of reagents while dehydration is not
severely affected (Horvat et al., 2023, 2022b)) or for 1 min at 1000 W (physical
foaming of the slurry (Horvat et al., 2023, 2022b)), and additionally further curing

all volumetrically heated specimens at room conditions for 14 days.

Each prism was irradiated separately in the 1%t observed dosimetry maxima

(approximately 6 cm away from the centre) without any cover on the moulds.
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4 Methods — upscaling into pavement stones

Mixtures MKy, Smin, and Smax (800 g of MK was used per pavement stone) were cast
into moulds with a bottom surface measuring (20x20) cm?. Rubber was uniformly
spread either on the bottom of the mould or all over the top of the slurry. Rubber
in mixture Smax was uniformly spread over the mesh (cut into the PVC foil placed
directly onto the slurry) of 2 cm wide stripes that were 2 cm apart.

On the top of all casted mixtures with/without the rubber, PVC foil was placed onto
which stone measuring (20x20) cm? with a smooth surface and weighting 3 kg was
laid (the whole procedure up to placing the smooth stone is shown in the
Supplement in Figure S1). Besides the stone offering uniformly distributed pressure
onto the slurry, additional force, 2.5 kIN, was introduced with a compressive and
bending strength testing machine pressing onto the stone (HPM 25/5, Zavod za
raziskave materiala in konstrukcij Ljubljana). Pressure onto the layer of the rubber
is presented in Table 2 and depends on the placement of the rubber and the

masses/forces above it (forces presented onto the rubber sum up).

Table 2: Pressure onto the rubber.

Source of the pressure onto
the surface (20%20) cm?
Rubber on the bottom
Rubber on the top

Slurry 1.3 kg Stone 3 kg Additional force 2.5 kN
[kPa] [kPa] [kPa]
0.32 0.76 62.50

/ 0.76 62.50

Pavement stones were cured solely at room conditions and de-moulded 1 hour, 2
hours, 24 hours, and 48 hours after casting alkali-activated slurries. The stone on top
of the PVC foil was removed just before de-moulding.

Change in the slipperiness of the active surface of the pavement stone was tested
according to the SIST-TS CEN/TS 16165 Annex C to test the influence of the
addition of the ground rubber regarding the accident safety of the product.

The contact surface area at the test measures 95.76 cm? while for striped pavement
stone, the contact area splits into the contact area with AAM and the contact area
with rubber. If the pendulum slides over striped pavement stone perpendicular to
the stripes, the contact area with rubber is 45.60 cm? (50.16 cm? with AAM) but if
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the pendulum slides over striped pavement stone along the stripes, the contact area
with rubber is 50.40 cm? (45.36 cm? with AAM).

5 Results — materials used
Particle size distributions of MK and coarsely ground rubber along with their

photographs are presented in Figure 1. While MK has more than 90 m, of particles
below 0.09 mm, coarsely ground rubber has 80 mo, of particles bigger than 0.4 mm.
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Figure 1: (a) MK and (c) coarsely ground rubber, with their particle size distribution (b) and
(¢), respectively.

Source: own.

Thermal analysis performed on the rubber and used to determine the temperature
where the majority of the organic material is removed is shown in Figure 2. The
majority combusts up to 550 °C where rubber leftover becomes black. However, the

mass loss continues further on, leaving the material light grey (white) at 950 °C.
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SEM micrographs of MK and rubber are presented in Figure 3 and their EDXS
analysis is in Table 3 (areas of the acquisition on the rubber are in the Supplement
in Figure S2). From SEM micrographs of MK, it is clear that the precursor used in
the synthesis is a fine powder of uniform chemistry (the greyscale of the particles is
narrow). However, rubber is the complete opposite, i.c. besides the majority of the
rubber particles being tremendous for observation under SEM even at lower
magnifications (Figure 3 (bi/bs)). Its smaller fraction (Figure 3 (c)) shows severe non-
uniformity in size, shape, and chemistry, which is presented in Table 3 according to
the greyscale level of the waste rubber/”rubbet” particles and their shape. After
ignition at 550 °C, rubber showed severe deterioration (Figure 3 (di)) with few less
damaged areas (Figure 3 (di)). Nonetheless, it was easy to crush all larger rubber
particles into powder with just a gentle pressing with a spatula (Figure 3 (¢)). Ignition
of rubber at 950 °C left no undamaged parts of the rubber (Figure 3 (f)), and the
remaining rubber was easily crushed with a spatula to powder (Figure 3 (g)).

TG %] DTA [wimg]

T T T T 1 T T T
o 200 400 00 s00 1000 0 e 400 a0 800 1000

Figure 2: (a) TG and (b) DTA of coarsely ground rubber. (c, from left to right) Rubber before
ignition, rubber after ignition at 550 °C (crushed with a spatula), and after 950 °C (crushed
with a spatula).

Source: own.
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While MK consists mostly of Si and Al (and Fe, hence the orange-red colour of the
MK powder), coarsely ground rubber from electric cables is much more than just
organic polymer, i.e., it contains also conductive elements present in the metallic
wires of electric cables and also elements that are present in construction materials
surrounding electric cables in the walls. However, non-rubber materials (plates,
tibres), even metallic, are hard to find under SEM (Figure 3 (e-1)), which means that
their my, is low, but are all present and not affected by thermal treatment.
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(fi-1)

(gD (g-2)
Figure 3: SEM micrographs of (1) 50-times, (2) 500-times and (3) 3000-ground magnified (a) MK,
(b) coarsely ground rubber, (c) finer fraction of coarsely ground rubber, (d) rubber ignited at 550

°C which was (e) gently crushed with a spatula, (f) rubber ignited at 950 °C which was (g) gently
crushed with a spatula. (i, ii, iii) indicate additional micrographs on the same sample with the
same magnification.

Source: own.
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Thermal treatment of rubber at 550 °C removed 41.45 my, of organic material (LOI
at 550 °C for MK is just 1.29 my,) while increasing the my, of Cl (Table 3). However,
Si and Al present in ignited material, not encapsulated anymore by organic material
that does not react with alkali (Afshinnia and Poursaee, 2015), could now be at least
partially reactive in alkali and contribute to ASN formation. Thermal treatment of
coarsely ground rubber at 950 °C decreased mass by an additional 25.21 mo, (0.77
my, for MK), i.e., the whole mass loss at 950 °C was 66.31 my, (2.06 my, for MK).
Higher ignition temperature increased the amount of Cl, ie., Cl could not be
removed with thermal treatment up to 950 °C (it must be chemically bound in the
system).

FTIR measurements of MK, Geosil, and distilled water, all crucial in alkali-activated
synthesis, along with the larger rubber particles of different colours and rubber
ignited at 550 °C and gently crushed with a spatula, are presented in Figure 4. From
all materials present in the final product, alkali and MK contributed to the formation
of ASN, according to XRF and XRD analysis of MK (Horvat et al., 2023, 2022b),
to EDXS evaluation, and according to FTIR results, where not just for MK but also
for the alkali (Geosil), peak (pink circle in Figure 4) indicating the presence of Si-O-
Al and/or Si-O-Si bonds is present. FTIR of rubber ignited at 550 °C shows no
resemblance to rubber before ignition, leading to the conclusion that bonds in the
rubber degraded under temperature (as can be seen in SEM micrographs in Figure
3). As from EDXS results (Table 3), also from FTIR results of ignited waste coarsely
ground rubber, ignited rubber might have the potential to be used in alkali-activation
synthesis as a precursor or at least as a reactive filler because of the wide peak marked
in a pink square in Figure 4. If the peak is narrow and sharp, the peak would indicate
the presence of crystalline material. Because it is wide, however, it has the potential
to contain amorphous content consisting of a material having Si-O-Al and Si-O-Si

bonds which are crucial for ASN formation.

Worth mentioning is also that rubber ignited at 550 °C and 950 °C becomes severely
hydroscopic, i.e., droplets cover the surface of the powder pressed in the XRD
sample holder after being left at room conditions for a few days. The hydrophilic
nature of the ignited rubber can be seen also in Figure 4 where this effect was
additionally followed by FTIR on pulverized rubber ignited at 950 °C (Figure 4 (b))

while the material was exposed to room conditions during the FTIR measurement.
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Table 3: Average EDXS of MK and rubber in mass percentage (mv,) and atomic percentage (ay) without C, O, and elements below 0.1 mu.

Elements [mo.] Shade Si Al Na K Ca Mg Ti Fe Cu Zn Sn Ba Pb S Cl F
MK Uniform 14.8 | 133 0.1 0.2 0.5 4.4

White 0.4 0.9 0.5 0.9 0.1 3.6 | 215 ] 34 | 128 | 09 0.2 0.2

Light grey plates 11.0 | 4.8 0.5 3.8 1.1 8.0 0.2 1.0 0.3 0.1 0.2 2.9
Rubber fine Middle grey random 1.7 2.8 0.2 6.0 8.2 0.3 13 0.5 0.1 1.7

Dark grey plates 13 0.7 0.1 1.9 1.9 0.2 0.5 1.0 0.6 0.1 0.2 0.4

Middle gtey fibres 10.6 | 4.0 0.2 0.2 8.8 1.8 0.1 0.2 0.4 0.2 0.2

Light grey 0.4 1.1 3.8 1.1 0.2 0.1 7.3
Rubber coarse Middle grey 2.6 3.8 0.4 3.7 4.0 0.3 0.3 0.5 0.1 0.5 0.1

Dark grey 0.6 0.3 0.1

White 0.3 0.7 0.3 0.3 19.1 0.5 3.7 0.4
Rubber fine Light grey 3.3 5.4 0.1 0.4 35 10.5 0.3 0.1 0.6 0.5 0.1 5.0 0.1
550 °C Middle grey 2.4 3.7 0.1 3.9 2.1 0.1 0.2 0.5 0.1 5.5

Dark grey plates 0.7 21.2 0.2 1.0 1.0 0.2 0.6 1.1
Rubber coarse Light grey 13 2.9 7.2 0.8 0.2 0.2 1.2 0.5 10.6
550 °C Grey 2.3 4.1 0.1 3.8 1.3 0.3 0.3 1.6 0.3 3.1
Rubber coarse Light grey 1.0 1.1 0.2 147 | 9.6 0.2 0.3 0.5 02 | 21.6
950 °C Grey 7.4 7.4 0.2 0.8 178 | 0.9 0.4 0.6 3.0 0.2 5.8
Elements [av] Shade Si Al Na K Ca Mg Ti Fe Cu Zn Sn Ba Pb S Cl F
MK Uniform 9.5 8.9 0.1 0.1 0.2 1.6

White 0.4 0.8 0.3 0.9 | 0.05 1.6 7.8 12 2.9 0.1 0.1 0.2

Light grey plates 7.0 3.2 0.4 1.8 0.5 64 | 0.06 | 03 | 0.08 0.02 0.1 2.8
Rubber fine Middle grey random 1.1 1.7 0.1 2.7 5.7 0.1 0.3 0.1 0.02 0.8

Dark grey leafs 0.7 0.4 0.04 | 07 1.3 0.04 | 0.1 0.2 | 008 | 0.01 0.09 | 02

Middle grey fibres 6.7 2.6 0.2 0.1 3.9 13 | 004 | 008 | 0.1 0.1 0.2

Light grey 0.2 0.7 1.6 0.7 0.06 | 0.04 33
Rubber coarse Middle grey 1.5 2.2 0.2 1.5 2.7 0.1 0.07 | 0.1 0.01 0.3 0.1

Dark grey 0.3 0.1 0.08

White 0.2 0.5 0.2 0.1 5.5 0.1 2.1 0.2
Rubber fine Light grey 2.0 35 | 006 | 02 1.6 7.5 0.1 0.03 | 02 0.07 0.07 | 25 0.08
550 °C Middle grey 14 22 | 0.06 1.6 14 0.03 | 0.05 | 0.1 0.04 | 25

Dark grey plates 04 | 135 | 0.2 0.4 0.7 0.05 | 0.2 0.5
Rubber coarse Light grey 0.8 1.8 3.1 0.5 0.07 | 0.07 | 03 0.04 5.18
550 °C Grey 13 2.5 0.05 1.6 0.9 0.08 | 0.08 | 04 0.2 1.5
Rubber coarse Light grey 0.7 0.8 0.1 7.6 8.2 0.07 0.1 0.2 0.1 12.6
950 °C Grey 5.3 5.6 0.1 0.4 9.0 0.8 0.1 0.2 0.9 0.1 33
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Figure 4: FTIR of (a) MK, alkali (Geosil), distilled water, larger particles of rubber of
different colours, and rubber ignited at 550 °C and 950 °C. Circles denote peaks relevant to

ASN formation while square denotes a potentially relevant peak for ASN formation. (b) FTIR

of rubber ignited at 950 °C measured with shorter-longer exposure to room conditions

(bottom to upper curve respectively).

Source: own.
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Figure 5: XRD of (a) MK, rubber as received, rubber sieved below 0.4 mm and rubber ignited
at 550 °C and 950 °C crushed with a spatula, and XRD of (b) rubber solely.

Source: own.
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The longer the exposure, the more prominent the water peaks (between 3000 cm!
and 3500 cm?, and 1550 cm™? and 1700 cm), ie., the bottommost curve was
performed first (this curve is also shown in Figure 4 (a) while FTIR of rubber ignited

at 550 °C was measured after longer exposure to room conditions).

XRD of MK and rubber (as received, fraction smaller from 0.4 mm, ignited at 500
°C and 950 °C) is shown in Figure 5. While waste coarsely ground rubber was not
optimally prepared for XRD measurement (milled and sieved below at least 125 pm),
it still showed crystal structure. However, its fraction, smaller from 0.4 mm, had
more and more prominent peaks. While some peaks are in common with rubber

ignited at 550 °C and 950 °C, the difference between all rubber patterns is noticeable.

6 Results — laboratory scale AAM

The curing procedure (treatment solely at room conditions, or also with microwaves
with lower/higher power)) did not affect the adhesion of the rubber to alkali-
activated metakaolin slurry but the amount of the rubber did (Figure 6). While the
amount of rubber used for Smax Was too big (excess rubber is easily removed before

using the product), the amount of rubber in Smia could still be increased.

(®)

Figure 6: 14-day-old samples with the surface distribution of the rubber before and after
mechanical tests. Left to right: Smin/Smax cuted solely at room conditions, Smin/Smax cured
with microwaves for 1 min at 100 W, Syin/Smax cured with microwaves for 1 min at 1000 W.

Source: own.

In the case of the use of a bigger amount of rubber particles (Smax), slurry did not
come in contact with all the rubber particles while in the case of a smaller amount

of rubber particles (Smin), tubber particles got at least partially encapsulated into the
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alkali-activated metakaolin slurry leaving no option for the rubber particles to be
redistributed back to the environment (if the alkali-activated material does not get
affected by aging and weather). However, this means not only that the amount of
uniformly distributed rubber particles is important but also the force with which

slurry (with certain rheological parameters) is pressed onto the rubber particles.

While curing with microwaves at 1000 W, slurry pulled the rubber even deeper inside
into the prism, but at the lower energy of microwaves, the depth of the rubber
particles was influenced solely by the pressure while moulding. This means that
adhesion forces between the alkali-activated metakaolin slurry and rubber particles
were strong enough for the rubber to move with the slurry while it was physically
foamed (microwave irradiation at 1000 W) (Horvat et al., 2023, 2022b) and in this
way, rubber did not negatively influence the newly formed bonds in the alkali-

activated material.

As in the case of the surface distribution of the rubber particles, it is also in the case
of their volumetric distribution (Figure 7), i.e., the adhesion of the rubber particles
with metakaolin slurry, regardless of the curing, was satisfactory. It is almost
impossible for the rubber particles to be distributed back into the environment, even
more, cutting alkali-activated metakaolin foam on its sides (slurry cured with
microwaves at 1000 W, 3 prism from the left in Figure 7) did not pull rubber
particles out from the alkali-activated foam but cut them just as the alkali-activated
foam’s skeleton was cut (most right prism in Figure 7 (a)).

(@)

Figure 7: 14-day-old samples with the volumetric distribution of the rubber before and after
mechanical tests. Left to right: V cured solely at room conditions, V cured with microwaves
for 1 min at 100 W, and V cured with microwaves for 1 min at 1000 W.

Source: own.
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Mechanical strengths (compressive and bending) and the geometrical densities of
14-day-old samples are shown in Figure 8. Densities are affected by the addition of
the rubber particles but this effect is lesser when compared to non-foamed (curing
at room conditions and with microwaves at 100 W) and foamed (microwave
irradiation at 1000 W) alkali-activated metakaolin. Compressive strength is higher if
samples were cured with microwaves at 100 W due to enhancement in the
dissolution of ingredients, and the smallest if samples were cured with microwaves
at 1000 W due to the foaming effect (Horvat et al., 2023, 2022b). A logical decrease
in compressive strength occurs when rubber is volumetrically spread while the not-
expected higher compressive strength happens in the surface addition of a higher

amount of rubber particles.

SEM micrographs of AAMs with a focus on the encapsulation of the rubber in the
AAM with volumetrically spread rubber are shown in Figure 9. In samples cured at
room conditions and at 100 W for 1 min, all rubber particles were at least partially
covered with random-shaped, sharp-edged particles of a similar grey shade as the
ASN and also as the non-reacted parts of MK. Those particles are found also in the
holes where rubber particles were located (Figure 9 (b-1)).

The sample that was treated at 1000 W for 1 min (Figure 9 (c)), which was enough
for the sample to foam and completely harden, was enough also for the
encapsulation of the rubber by completely trapping it in the AAM but had just a few
rubber particles that had a new layer on their surface, i.e., under SEM, they were very
hard to find (Figure 9 (cj)). On the other hand, for samples treated solely at room
conditions or at 100 W for 1 min, rubber without a significant amount of less organic

particles on its surface was hard or impossible to find.

Semi-quantitative chemical analysis, EDXS, of the ASN and rubber is presented in
Table 4 (arcas of the acquisition of the signal are shown in the Supplement Figure
S3). As elemental composition in the ASN can be compared among samples cured
with different procedures, so can be elemental composition acquired on the rubber
with the greyish surface, which is just a bit darker grey than ASN itself. However,
particles present on the surface of the rubber are chemically comparable to ASN and

not to the rubber with the greyish layer.
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Figure 8: Mechanical strengths and geometrical density of 14-day-old samples.

Source: own.
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(c-1) (ci-2)
Figure 9: SEM micrographs of AAMs with volumetrically spread rubber (V) cured at (a)
room conditions, (b) at 100 W for 1 min, and (c, c;) 1000 W for 1 min where micrographs are
(1) 50-times and (2) 500-times magnified.
Source: own.

Table 4: Average EDXS of AAM in mass percentage (my) and atomic percentage (av,)
without C, O, and elements below 0.1 my.

Elements [my] Si Na K Ca | Mg Ti Fe Cu Zn W Cl
ASN V Ty 20.3 7.0 0.1 0.4 0.5 1.0 0.1
%:‘bb“ layer V 2.6 10 01 {2013 ] 01| 03| 03| 01 0.6
ASN V 100W 20.0 54 0.1 0.3 0.3 2.2 0.3
Rubber layer V N _ ’ N
100W 4.2 1.3 0.1 0.5 0.2 0.3 0.3
Particle on
rubber V 100W 16.1 6.1 0.1 0.8 0.4 1.0 0.1
ASN V 1000W 16.3 8.8 0.5 0.4 1.0
Rubber layer V _ . N _

) )
1000W 7.8 5.5 0.2 1.9 0.3 0.5 0.3 0.1
Rubber dark V
1000W 03 0
Elements [av] Si Na K Ca | Mg Ti Fe Cu Zn W Cl
ASN V Ty 13.5 57 | 005 | 0.2 0.2 0.3 0.06
%:‘bb“ layer V 15 07 | 005 | 08 | 09 | 004 | 009 | 008 | 003 03
ASN V 100W 13.1 43 | 005 | 0.1 0.1 0.7 0.03
Rubber layer V h ’ -
100W 2.4 0.9 0.05 0.2 0.2 0.08 0.07
Particle on
rubber V 100W 10.3 4.7 0.06 0.3 0.1 0.3
ASN V 1000W 10.4 6.8 0.2 0.1 0.3
Rubber layer V ) ) -
1000W 4.7 4.1 0.09 0.8 0.1 0.1 0.07 0.06
Rubber dark V
1000W 02 02
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FTIR of all AAMs (while trying to exclude the rubber at the sample preparation),
presented in Figure 10, shows similar behaviour for AAMs cured in the same manner
no matter the addition of the rubber. The higher the energy input into the curing,
the lower the presence of the water (peak between approximately 3000 cm! and
3600 cm!, and peak with minima around 1640 cm) and the shift of the minima of
the “ASN” more towards the MK (to the left), i.e., away from the “ASN” peak of
the alkali.

For XRD measurement AAMs were crushed in mortar with pastel and sieved below
0.4 mm to remove at least larger rubber particles. All patterns are similar (Figure 11),
showing impact from MK, which means that at least the majority of the rubber
particles were successfully removed, i.e., they were removed beyond detection. As
reported before, curing at room temperature solely or also with microwaves does
not affect alkali activation on a crystalline level (Horvat et al., 2022c). The same does
not addition of rubber.

Smin To
— /\.\’ S 100W
——8,,, 1000W
//L‘V\ Smax To
\ Sy 100V
— s, 1000W
VT,
—V 100W
—V 1000W

Transmittance [a.u.]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [em™]

Figure 10: FTIR of AAMs (Smin, Smax, V) cured at room conditions (Ty), and for 1 min at 100
W or 1000 W. Vertical dotted lines represent “ASN” peak minima for MK (left) and alkali
(right).

Source: own.
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Figure 11: XRD of AAMsS (Smin; Smax, V) cured at room conditions (Ty), and for 1 min at 100 W
or 1000 W.

Source: own.

7 Results — pilot products

Upscaling of material presents additional challenges that can not be spotted on a
laboratory scale, i.e., the path to perfect pavement stones is presented in Figure 12,
and the Supplement in Figure S1. If de-moulding was too early (Figure 12 (a)), the
bottom surface of the AAM was rough, with bubbles and the pavement stone was
curved. If samples were de-moulded at least 2 hours after moulding (Figure 12 (c)),
“slurry” was already hardened enough and could not be inflicted by the gentle de-
moulding. However, samples that were de-moulded 24 hours after casting the slurry
into the moulds were completely hardened and could not be inflicted by de-

moulding at all.

Besides pavement stones having no curvature, if de-moulding was done later, the
constantly present load on top of the slurry resulted in pavement stone having a

smooth shiny surface where there were no (or hardly any) bubbles seen (Figure 12

(®))-
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(e) ®
Figure 12: (a) MK, de-moulded after 1 hour, and (b) after 24 hours, both pressed with
“stone”. (C) Smax With rubber particles on the bottom and pressed with the highest used force,
de-moulded after 2 hours. De-moulded after 24 hours (d) Smax With rubber particles on the
top and pressed with “stone”, (€) Smin With rubber particles on the top and pressed with

“stone”, (f) Smax with PVC stripes on the top covered with rubber particles and pressed with
the smooth stone.

Source: own.

If the coarsely ground rubber was uniformly sprinkled on the bottom of the mould,
putting the highly viscous slurry over rubber particles changed their distribution into
random, i.e., highly dependent on the moulding procedure (Figure 12 (c)). If the
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pressure inflicted onto the casted slurry was too high, the slurry started escaping the
mould next to the smooth stones placed on top of the slurry (placement of the stone
is shown in Figure S1). Nonetheless, in this stage, it was still possible to correct the
future pavement stone, i.e., the slurry was just put back into the mould, covered with

PVC again, and with smooth stone that offered constant pressure onto the slurry.

To maintain a uniform distribution of the rubber particles over the entire surface, it
was necessary to sprinkle coarsely ground rubber on top of the formed and already
moulded slurry precisely and evenly (the procedure is shown in the Supplement in
Figure S1). While the amount of rubber used in the Smin sample was fully integrated
into the pavement stone (Figure 12 (e)), the amount of rubber used in Smax was
exceeded. From the difference between used and fallen-off rubber, the amount of
the integrated rubber into the slurry while being pressed by 0.76 kPa is approximately
0.11 g/cm?

To evaluate the hypothesis behind this work that the addition of the coarsely ground rubber
onto the surfaces of alkali-activated pavement stones enhances walking safety, slipperiness was
evaluated on not curved pavement stones in dry and wet conditions and is presented
in Table 5. The lower the angle of the measurement, the lower the friction and the
higher the slipperiness. Taking into account, that the wet walking surface defined as
slippery for areas with a higher frequency of users (hospitals, shopping centres) is
35°%r lower, and for all other areas 25°, the alkali-activated MK without rubber
(mixture MKy) is highly slippery for all areas. However, the minimal addition of the
coarsely ground rubber used in this work (Smin) is enough to consider the pavement
stones to be non-slippery for areas with lower frequencies, but it is still not good
enough for high-frequency areas. For those areas, the maximal addition of the
rubber used (Smax) Was satisfactory, especially if the rubber was placed with a pattern
(stripes) and not uniformly all over the surface. The result in the wet conditions was
similar for striped pavement stone when tested parallel or perpendicular to the
stripes, i.e., 5 Sy, (surface percentage) bigger rubber contact surface (more rough
area) for pendulum sliding over pavement stone parallel to the stripes was an

insignificant difference for the overall coefficient of the friction.
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Worth taking into consideration is also that all the pavement stones prepared with
the maximal amount of the coarsely ground rubber did not have perfectly smooth
surfaces (hills and valleys), i.e., movement of the pendulum could have been

additionally hindered by it and not solely by the addition of the rubber.

Table 5: Angle reached by a pendulum which slid over the surface of the pavement stone.

Sample gﬁ?e ]Wet
MK, 638 | 14.6
Smin tubber up 64.0 27.4
Smax tubber up 57.2 36.4
Smax rubber down and bigger force 67.8 | 57.8
Smax tubber up and striped — parallel 54.4 45.4
Smax rubber up and striped — perpendicular 68.6 | 45.6
8 Conclusions

The hypothesis that the coarsely ground waste rubber spread onto the surface of
alkali-activated slurry can give to the alkali-activated material’s surface enhancement
in being non-slippery was proven in this preliminary work. However, the optimal
amount of addition of the rubber particles should be evaluated in further work, as
well as the most optimal pattern of the rubber on the pavement stone’s surface, and
forces that offer good encapsulation of the rubber and the highest possible friction

in the wet conditions.

Besides that, coarsely ground waste rubber has a high potential to be used on the
surface of alkali-activated materials if ignited at 550 °C or 950 °C. While showing a
high hydroscopic effect, it could be used as a precursor in alkali activation and not

just as a filler.
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Supplement

(2) (b)

@ ®

Figure S1: Pavement stone-making procedure.
Source: own.

EDXS areas of the acquisition of the signal from rubber are shown in Figure S2 and
are labeled according to Table 3.
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Figure S2. Locations of EDXS analysis performed on (b) coarse rubber and (a) fine rubber,
and on rubber ignited at 550 °C (d) without and (e) with the gentle crushing of ignited
rubber, and (f) ignited at 950 °C. Areas of the acquisition are labeled according to their

greyscale and shape.
Source: own.

EDXS areas of the acquisition of the signal from ASN and rubber incorporated in
the AAM are shown in Figure S3.
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Figure S3: Locations of EDXS analysis performed on AAM cured (a) solely at room
conditions, (b) at 100 W for 1 min, and (c;, c;) at 1000 W for 1 min.
Source: own.
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Fungal micellar membranes, which consist of cellulose, chitin, and
proteins, are one of the important and largest groups of
microorganisms. Micellar structures are promising biological
materials with great advantages, because they can be adapted very
well to different cultivation parameters, are biodegradable and
their production is relatively inexpensive. Their fibrous structure
makes them very promising for biotechnological and cosmetic
applications, but also for various industries such as packaging and
construction. The therapeutic mushrooms Ganoderma lucidum
and Pleurotus ostreatus were used for the production of micellar
membranes. In addition, the morphological, chemical, and
hydrodynamic properties were also investigated. Micellar
membranes were successfully obtained from both therapeutic
mushrooms. By optimizing the growth parameters, it was possible
to achieve the highest yield and the highest water absorption
capacity of the micellar membranes with advantageous

characteristics.
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1 Introduction

In recent years, the preparation of smart biological materials, sustainable and
environmentally friendly products for biomedical applications has become
increasingly important (Silva et al. 2021). Various natural, sustainable resources, such
as lignin, cellulose, pectin, protein products, etc., are the most important resources
for the production of biopolymeric materials. These are environmentally friendly,
biodegradable and renewable materials, with many other important characteristics
(Baranwal et al. 2022). However, the main problems in obtaining these biopolymer-
based materials are the high costs of the development process and purification.
Furthermore, production must be accompanied by a high yield of products (Perera
et al. 2023).

Therefore, the synthesis of polymeric vital substances (carbohydrates) from
biological resources such as fungi (mushrooms) represents an innovative approach,
as it is simple, economical, high-yielding and less time-consuming (Martinez-Medina
et al. 2021; Sivaprasad et al. 2021).

The micellar structures originating from fungi, which consist mainly of cellulose,
chitin and proteins, represent one of the largest groups of microorganisms (Manan
et al. 2021). The mycelium is the vegetative part of the fungus and consists of a large
group of interwoven hyphae. Micellar structures are important biological materials
with many advantages. They can adapt to different growth conditions, are
biodegradable and their production is associated with low costs (Majib et al. 2023).
Their fibrous structure makes them unique and promising for use in various
biological fields. A major advantage of using micellar films over bacterial cellulose
membranes is the final purification process, as this step only requires heat treatment
of the film (Antinori et al. 2021; Haneef et al. 2017).

Micellar membranes based on medicinal mushrooms are fibrous and self-growing
polymeric biocomposites with acceptable properties. They have the ability to
strongly mimic the extracellular matrix of human tissue. Micellar structures are
potential bioscaffolds, which is why their use in tissue engineering is particularly
promising (Alaneme et al. 2023; Khamrai et al. 2018). The desired properties of
coatings or wound healing patches include protection of the wound by limiting the
loss of body fluid, reduction of water loss from the patches, compatibility with tissue,
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and high mechanical strength, which can be achieved by a film of micellar structures
(Verma et al. 2023).

The aim of the study was to obtain micellar structures from Ganoderma lucidum and
Plenrotus ostreatus, which are important representatives of medicinal mushrooms. In
order to achieve the highest yield of micellar structures and the maximum water
absorption capacity, various growth parameters were optimized. A scanning electron
microscopy (SEM) analysis was performed to determine the morphological
characteristics of the micellar structures and to measure the diameter of the pores
and hyphae. Fourier transform infrared spectroscopy (FT-IR) was used to
investigate the presence of chemical functional groups on the surface of micellar
membranes. In addition, the hydrophilicity/hydrophobicity of the surface of the
membranes was evaluated by determining the contact angle. The kinetics of swelling

were also investigated. Figure 1 presents the experimental design of the study.

9 >

» P N

Dried micellar
o Obtained micellar s brans after o
membrane

freeze-drying and
sterilization under L
UV light Characterization of
micellar membrane

Cultivation of
medicinal mushrooms
in liquid medium

Morphological
characterization

Chemical
characterization

Hydrodynamic
characterization

Figure 1: Experimental design

Source: own.
2 Materials and methods
2.1 Preparation of mycelium membranes
The freshly prepared fungal culture of P. ostreatus and G. lucidum was transferred to

the liquid growth medium in the Etlenmeyer flasks and incubated at 27 °C under

static conditions. After complete growth, the resulting micellar membranes were
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removed from the culture medium and purified by subsequent washing with
deionized water. The micellar membranes were subjected to a freeze-drying process.

They were then sterilized under UV light.
2.2 Water uptake capacity

To determine the water uptake capacity, the micellar membranes were cut into pieces
of 10 mm diameter. The dry membranes were first weighed and then immersed in
deionized water at room temperature. The membrane pieces were removed from
the water and placed on blotting filter paper to remove the excess, unabsorbed water
molecules on the membrane surface. The percentage of swelling was calculated using

Equation 1:

% of swelling = w- 100 D

dry

where wye: represents the weight of wet micellar membranes, and wqy represents the

weight of dry micellar membranes.
2.3 Scanning Electron Microscopy Analysis

SEM analysis was performed using a scanning electron microscope (FE, SEM
SIRION, 400 NC, and FEI) to examine the morphology of the dried mycelial
membranes. The diameter of the hyphae and the diameter of the pores in the
membranes were determined. Before analysis, the membranes were coated with a

layer of gold.
2.4 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was performed to determine the presence of chemical functionalities
on the surface of the obtained micellar membranes. The spectra were detected over
a 4000-500 cm—1 range and recorded by the FT-IR spectrophotometer (Perkin
Elmer 1600 Fourier transform infrared spectroscopy).



N. Kucuk et al.: Production of Micellar Structures From Medicinal Mushroonss 57

2.5 Determination of hydrophobicity/hydrophilicity of membranes

The hydrophobicity or hydrophilicity of the surface of the micellar membranes was
determined by measuring the contact angle with a digital camera Basler Acal300-
200um connected to a computer with a CCTV lens (Tamron, Japan) using the Open
Drop algorithm. The membrane samples were illuminated, then the water
absorption in the membrane was recorded with a camera. The contact angle was

measured using the Image] program.

3 Results and discussion

Micellar membranes were successfully prepared from the two selected therapeutic
mushrooms P. ostreatus and G. lucidum. After harvesting, the mycelium was
completely inactivated to stop its growth, one of the most important properties for
possible use as a potential bio-scaffold. Freeze-dried mycelial membranes were
sterilized under UV light. The mycelial membranes were spread on potato dextrose
agar (PDA) plates and did not regrow. Both fungal strains appeared inactive after
UV light treatment.

The maximum yield of micellar membranes with favorable properties and the
highest water uptake capacity was achieved by the combination of selected
cultivation parameters. The best characteristics for micellar membranes of G. Jucidum
were obtained with malt extract medium and of P. ostreatus with glucose medium.
The composition of the optimal media (malt extract medium and the glucose
medium) is shown in Table 1. Complete growth of the mycelial membranes of G.
ucidum and P. ostreatus was achieved after 14 days and 21 days at a constant

temperature of 27 °C under static conditions.

Table 1: The composition of the optimal medium.

Growth medium Chemical Concentration (g/L)
. Malt extract 10.00
Malt extract medium Veast extract 200
Glucose 49.20
. Yeast extract 4.90
Glucose medium KH,PO, 0.88
MgSOy - 7 H0O 0.50
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The average diameter of the mycelial membranes obtained was measured with a beak
scale. In general, the membranes of G. /ucidum were slightly heavier and thicker than

those of P. ostreatus.

SEM examinations determined the average diameters of hyphae and pores. The
micellar structures of P. ostreatus resulted in a larger average diameter of the hyphae.
However, the membranes of G. lucidum were found to have a larger average pore

diameter.

Using FT-IR analysis, no significant differences in the chemical functionalities of the

micellar structures were detected when different liquid growth media were used.

Table 2 presents characteristics of the obtained micellar membranes grown in the

optimal medium for both medicinal mushrooms used.

Table 2: The characteristics of the obtained micellar membranes grown in the optimal

medium for the individual medicinal mushroom.

Characteristics G. lucidum P. ostreatus
Average diameter of the 0.94 0.77
membrane (mm)

Average diameter of the 043 131

hyphac (um)

Average diameter of the

pores in the membrane 40.30 25.10

(um)

Hydrophilicity/ . ) .
hydrophobicity Hydrophobic sutface Hydrophilic surface

O-H stretching, CH> asymmetric stretching, CH, symmetric
stretching, amide I (3-sheet), amide II, C-H bending, PO» asymmetric
Present functional groups | stretching, C-C stretching + C-O stretching + C-H deformation,
C-OH stretching, C-O stretching, C-C stretching, glucan $-anomer
C-H bending

The water absorption capacity of the membranes of the two medicinal mushrooms
was also investigated. The results of the time-dependent swelling profile are shown
in Figure 2.

The time-dependent swelling profile for the micellar membranes from both selected
therapeutic mushrooms was comparable. However, the micellar membranes of P.
ostreatus were found to have a higher water uptake capacity (> 600 %) than the
membranes of G. lucidum (500 %) after 24 hours.
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Figure 2: Percentage of swelling of micellar membranes.
Source: own.
4 Conclusion

Micellar membranes from therapeutic fungi are self-growing biocomposites with
suitable characteristics. The micellar structures obtained from therapeutic
mushrooms are promising fibrous, self-growing polymeric biocomposites. They
have favorable properties for potential use in various industries such as packaging
and construction. In addition, micellar structures can also be functionalized with
different bioactive compounds, which can be successfully used for various cosmetic
and biomedical applications, as they mimic the extracellular matrix of human body
tissue.

They are a particularly promising platform for tissue engineering applications,
especially for wound healing and innovative skin materials. To the best of our
knowledge, only mycelium extracts and their derivatives have been used and tested
for various applications, e.g. in cosmetics and biomedicine, but not the membranes

themselves as functional materials.
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Lately, biologically active materials are an extensive topic of
research and the employment of bacterial cellulose membranes
(BCMs) as carriers has proven to be one of the more interesting
applications, especially in the biomedical, cosmetic, food, and
pharmaceutical fields. However, bacterial cellulose itself is not
antibacterially effective, which is one of the most desired
property. To increase its applicability, BCMs can be modified or
enriched with biologically active compounds. While humanity is
striving for an extensive strategy for the transition to circular
economy, the food wastes present a sustainable and renewable
source that can be processed into value-added products. The
production of BCMs by cultivation of Komagataeibacter hansenii was
carried out. BCMs were further enriched with bioactive
compounds obtained from avocado seeds using ethanol as a
solvent. The developed BCMs have shown great potential with
their antibacterial activity against Escherichia coli and Staphylococens
anrens for further applications in biomedicine, cosmetic, food, and

pharmaceutical industries.
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1 Introduction

The claim for sustainable biologically active materials has remarkably increased in
recent times, due to their characteristics that make them appropriate as an extensive

potential for applications in biomedical, cosmetic, food, and pharmaceutical fields.

Komagataeibacter hansenii is one of the acetic acid bacteria which produce bacterial
cellulose (BC). Under the static conditions, at the air-liquid interface, BC membranes
(BCMs) are formed, exhibiting three dimensional open fibrous network structure
(Fatima et al. 2023). By means of its hydrophilic nature, nontoxicity, flexibility,
biocompatibility, good bartier and mechanical properties, BC have been extensively
researched and used (Bodea et al. 2020). The porosity and high specific surface area
ensures high liquid absorption capacity (Zheng et al. 2020). It was already applied
as a base for artificial blood vessels, implants, stents, part of the drug delivery
systems, and mostly as a wound dressing material (Swingler et al. 2021; Rajwade et
al. 2015). Most frequently, BC dressings are based on wet form, as it provides
suitable moisture degree, which is advantageous for healing of the wounds (Nuutila
and Eriksson 2021).

However, one of the most sought-after characteristics of advanced biologically
active materials is antimicrobial activity, which BC itself lacks. Therefore, BC is
commonly modified with divergent antimicrobial agents, such as metal/metal oxide
nanoparticles, antibiotics, and organic compounds (e.g., amino acids, curcumin,
chitosan,...) (Zielinska et al. 2022; Krasowski et al. 2021; Moritz et al. 2014).

As the occurrence of drug-resistant bacteria is increasing rapidly (Xuan et al. 2023),
there is a constant search for antimicrobials. Plants produce a wide range of
phytochemicals, being a rich source of different active compounds (Bergonzi et al.
2022). On the other hand, huge waste of food commodities and by-products
occurred due to improper food handling at every step of post-harvest. Plant extracts,
obtained from different food wastes are hence a promising alternative, as they prove

to be a renewable resource that can be processed into products with added value.

Avocado seeds (AS) are one of the underutilized inedible parts of fruit, which are
discarded and present enormous quantity of waste biomass. AS are rich in

biologically active substances such as polyphenols, acetogenins, triterpenoids, and
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others (Jimenez et al. 2021). In our recent study (Kupnik et al. 2023), AS extracts
exhibited significant antimicrobial activity against 13 out of 15 tested
microorganisms, which often pose a problem in antimicrobial resistance, are
transmitted by food or are colonized during food packaging. High concentrations of
antimicrobial compounds, i.e., hesperidin, 2,3-dihydroxybenzoic acid, and vanillin,
were found in AS extracts, which can synergistically contribute to high antimicrobial

properties of AS extracts.

Therefore, the objective of presented study was to produce BCMs enriched with AS
extract in order to prepare effective biocomposites for potential antibacterial

applications in divergent fields and industties.
2 Methods
2.1 Production of BCMs

First, for the growth and production of BCMs, Hestrin and Schramm medium was
used. The HS medium was prepated as followed: 2.0% (w/v) glucose, 0.5% (w/v)
peptone, 0.5% (w/v) yeast extract, 0.27% (w/v) Na;HPOs, and 0.15% (w/v) citric
acid with the pH of 6.0. The inoculum was prepared by transferring K. hansenii in 50
mL of HS medium. The suspension was then shaken with 150 revolutions per
minute at 27 °C for 48 hours. The suspension was used to inoculate prepared flasks
with 100 mL of production media, followed by static cultivation at 27 °C until
membranes were formed. Obtained BCMs were gathered, washed with dH>0 and
submerged in 1.0 M NaOH solution for 2 hours at 80 °C in order to remove
impurities and microbial cells from membrane. BCMs were then repeatedly washed
with distilled water to obtain neutral pH in washed liquid.

2.2 Preparation of ethanolic AS extracts

AS were detached from the ripe avocado fruits and washed with water. AS were cut
into little pieces and dried at room temperature. Dried AS were then ground and
subjected to Soxhlet extraction method. Approximately 25 g of dried AS were
extracted using 150 mL of ethanol as a solvent in Soxhlet extractor. Extractions were

carried out for approximately 6 hours or until four recycles were completed. Rotary
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evaporator at reduced pressure and 40 °C was used in order to evaporate the solvent.

Obtained AS extracts were stored at -20 °C until their further usage.
2.3 Enrichment of BCMs with AS extract

The Soxhlet AS extract solutions were prepared in concentrations of 10 and 100
mg/mlL, respectively. The BCMs were immersed in prepared AS extract solutions
for 48 hours. In order to facilitate the diffusion of the extract into the BCMs, the
magnetic stirrer with 150 rpm was used. After adsorption process, enriched BCMs
with AS extract were soaked over a filter paper for removal of excess extract

solution.
2.4 Antibacterial activity

Antibacterial effectiveness of prepared BCMs was evaluated against Gram-negative
bacterium E. ¢co/i and Gram-positive bacterium . aureus. The agar diffusion method
was used, following the protocol detailed in our previous study (Kupnik et al. 2021)
with some adjustments. Briefly, 100 uL of prepared bacterial suspension was spread
evenly on suitable agar plates, according to selected bacteria. Next, 1X1 cm pieces
of BCMs were laid on the inoculated agar plates. Prepared agar plates with samples
were incubated at optimal growth conditions for E. w/i and S. aunrens (37 °C, 24
hours). Pure BCM was used as a negative control. The indicator of the antibacterial

effectiveness was the inhibition zone (measured in mm) formed around sample.
3 Results

BCMs were produced in HS medium and harvested after 21 days of fermentation.
Procedure and final BCMs enriched with AS extract are presented in Figure 1.

A result of immersing pure BCMs in prepared AS extract solutions were orange-
colored BCMs. This is due to perseorangin, a pigment present in AS, which is a
result of a polyphenol oxidase-dependent reaction (Hatzakis et al. 2019).

Furthermore, BCMs enriched with AS extract were assessed for their antibacterial

activity using agar diffusion method. The collected results are presented in Table 1.



K. Kupnik et al.: Bacterial Cellulose Membranes Enriched With Bioactive Compounds From

Avocado Seeds 65

’ e Y
‘Soxhlet extraction of

BCM formation after 21 days of
incubation at 27 °C in
HS production medium

Figure 1: Procedure of production and enrichment of BCMs with AS extract

Source: own.

Table 1: Zone inhibition of enriched BCMs against E. coli and S. aureus

1. BCM + 10 mg/mL AS extract | 2. BCM + 100 mg/mL AS extract
17 £ 3 mm 22 £ 2 mm
17 £ 1 mm 21 £ 1 mm

E. coli
S. aureus

As expected, BCMs immersed in AS extract solution with a higher concentration
(100 mg/mlL) showed better antibacterial effect than BCMs immersed in AS extract
solution with a concentration of 10 mg/mL. Entriched BCMs inhibited the growth
of E. coli by an average of 17-22 mm, and . aurens by 17-21 mm.

Figure 2 shows inhibition zones of BCMs against E. co/i.

The result of the research showed prosperous development of antibacterially
effective BCMs enriched with AS extracts.

Figure 2: Inhibition zones against E. coli

Source: own.
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4 Conclusions

Based on obtained results, the BCMs enriched with AS extracts, with exceptional
antibacterial activity, showed a great possibility for their further use in biomedicine,
and in the field of food packaging, cosmetic, and pharmacy.

Noteworthy, the utilization of waste avocado seeds enables and encompasses a
broader strategy towards a circular economy as the volume of waste could be greatly
reduced. Additionally, a renewable resource could be exploited for conversion into

the presented sustainable value-added antibacterial biocomposites.
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In building constructions, the tendency towards an ever-better
material directs us to composite materials. In this work, we
prepared an organic-organic and organic-inorganic composite
material by incorporating fire retardants, ammonium
polyphosphates, and 2,4,6-triamino-1,3,5-triazine, into a
polyurethane network and an aluminosilicate network (ASN) of
alkali-activated material. Polyurethane foams (PUR) are well-
known materials that, due to their properties, such as low weight-
to-strength ratio, low electrical and thermal conductivity,
flexibility, and relatively simple preparation process, are used in
various industries, also in the construction industry, e.g., for
thermal insulation of windows and doors or fixing and sealing
joinery. Opposite, the ASN of alkali-activated metakaolin,
successfully paves the way for new applications, such as high-
temperature protection. In this paper, these interactive properties
of prepared composites are studied using thermal testing and
mechanical analysis. It was found that inhibitors significantly
increase the fire resistance of PUR systems while they slightly
reduce the mechanical properties. Incorporating polymer flame
retardant into ASN in building products, such as facade panels,
can decrease the mechanical properties but can offer the non-
flammable building envelope not get heated from burning
surroundings, i.e., not becoming a convection heat source, but

rather represent a fire-distinguisher for flammable materials.
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1 Introduction

Presently, organic halogenated compounds are industrially used fire retardants for
various materials as they are required in low concentrations, typically 0.5-1 mv,
(HBCD use in EPS for Building Applications, ICL-IP Europe BV, 06/07/2014).
However, halogenated fire retardants are phased out (HBCD banned since 20164b,
currently used alternatives are also organic halides) due to their proven or suspected
hazardous effects on the environment and health (Covaci et al., 2006). On the other
hand, halogen-free fire retardants are more environmentally friendly with very low
toxic potential and are not yet industrially viable. The most frequently studied
halogen-free fire retardants are inorganic, IHF-FR (nano oxides, layered clays,
hydroxides, etc.), phosphorus-containing compounds, and nitrogen-rich
compounds. Those are used as synergistic agents to improve fire retardant properties
as their dominant fire retardant mechanism is associated with the dilution of
flammable gases, cooling the fire zone, the formation of an effective protective layer
during combustion, or the presence of adsorption-desorption sites for combustion
gases (Laoutid et al., 2009). Their inclusion in various construction products, such
as polyurethane foams and alkali-activated materials, could provide many
advantages, such as reducing stiffness and brittleness, improving the durability and
longevity of the new composite material, while at the same time increasing the
benefits for the users of the construction product, and due to environmental
soundness, it allows manufacturers to recycle the material after its life more easily.
This is especially beneficial in the building and construction industry to lower its
negative environmental footprint, ie., the building and construction industry
annually consumes nearly 70 my, of Mount Everest's mass of raw materials and
generates more than 30 my, of the world's waste (Miller et al., 2023 and Dyrud et al.,
2023).

Polyurethane foams are materials known for a long time in the market. Their use has
increased over the years due to their unique properties, such as low weight-to-
strength ratio, low electrical and heat conductivity, better environmental and fire
safety, flexibility in the method of application, quick and easy use due to the fast
hardening reaction, and relatively easy process of preparation. Due to the listed
properties, polyurethane foams are used in various industries, including
construction, e.g., for thermal insulation of windows and doors or fixing and sealing

joinery. They can even be used as an insulating material on walls and roofs. By
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decreasing flammability, ie., by incorporating halogen-free fire retardants
ammonium polyphosphates and 2,4,6-Triamino-1,3,5-triazine, the environment and

the fire safety of the whole community can become significantly more protected.

On the other hand, flame-retardant polymeric materials can be used as additives in
alkali-activated materials which are not as well-known on the market as polyurethane
foam. Alkali-activated materials are very thermally stable and non-flammable but to
achieve better mechanical properties, such as reducing stiffness, polymer materials
can be added to them, thus showing better properties/flexibility. The selected
polymers for forming the composite with alkali-activated materials are flame-
retardant polymers with the desire to have as little influence as possible on the
inflaimmability of alkali-activated materials when included in the aluminosilicate
network (ASN). Nevertheless, both the PUR and AAM composite systems can
exhibit poorer compatibility with the selected polymers, which harms their
dispersion in the matrix, which is why studies were made in this presented research

work.

In the present research, we tested two completely different construction-industrial
materials, polyurethane foam (PUR) and a non-combustible potential substitute for
types of cement, mortars, and ceramics, i.e., alkali-activated material (AAM) based
on metakaolin and Na-silicate solution where alkali-activated slurry was additionally
cured in its early stage by microwaves at 100 W for 1 minute to increase the amount
of the ASN. We studied the influence of the used halogen-free fire-retardant
polymers — ammonium polyphosphates (APP) and 2,4,6-triamino-1,3,5-triazine
(TATA) on the composite systems PUR-APP, PUR-TATA and AAM-APP, and
AAM-TATA.

2 Methods — evaluation of the input material

To be able to evaluate the effect of the added flame retardants APP and TATA on
all four composite systems PUR-APP, PUR-TATA and AAM-APP, and AAM-
TATA separately, we had to study both the input raw materials and analyze the final
composites in detail. Both flame retardant additives used were commercially
available. First was ammonium polyphosphate, Exolite AP 422 (APP) supplied by
Clariant (Mutenz, Switzerland). It is a white fine powder, non-hygroscopic, non-
flammable, halogen-free, with a bulk density of 700 kg/m?3, and a melting point of
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~240 °C. The second used fire retardant material was 2.4,6-Triamino-1,3,5-triazine
(TATA) supplied by Sigma Aldrich (St. Louis, MO, USA). It is white powder, with
a bulk density of 800 kg/m3 and a melting point of ~354 °C. As the basic
polyurethane foam for the preparation of new composite materials, we have chosen
commercially available the two-component polyurethane foam "Tekapur Polefix"
(PUR), supplied by TKK d.o.o. (Stpenica, Slovenia). The Tekapur Polefix contains
component A, which is a polyol with several hydroxyl groups and triethyl
phosphates, and component B, which is polymethylene polyphenyl polyisocyanate.
Chemical evaluation of the metakaolin (M), a precursor used to prepare the AAM
material (noted as Mix 5, reference), and also the AAM composites (AAM-APP
noted as Mix 6 and AAM-TATA noted as Mix 7) was performed by X-ray
fluorescence using XRF (Thermo Scientific ARL Perform'X Sequential XRF) and
by determining the amount of organic compound and carbonates, from the loss on
ignition (LOI) for 2 hours at 550 °C and 950 °C, respectively. To determine the
quantitative mineralogical composition of used MK, mineralogical analysis was
carried out by Rietveld refinement, using corundum AlOs3 as an external standard,
on X-ray powder diffraction (XRD, Empyrean PANalytical X-ray Diffractometer,
Cu X-Ray source) patterns. The precursor was first dried, milled, and further sieved
below 125 um for LOI, XRF, and XRD. Results were reported in published
scientific research (Horvat et al., 2023 and Horvat et al., 2022c), as well as the optimal
mixture of MK and used alkali (Na-silicate solution, Geosil, 344/7, Woelner,
Ludwigshafen, Germany, 16.9% NaxO, 27.5% SiO»). The theoretically determined
mass ratio (using software in MS Excel platform developed in project No. C3330-
17-529032 “Raziskovalci-2.0-ZAG-529032” and upgraded in the ARRS project
under Grant No. J2-3035) between MK and liquid alkali was 1:0.606, respectively. For

the synthesis, however, MK was used as it was received.
We performed some additional analysis on the incoming raw materials, as follows.

For both powder fire retardant input raw materials, scanning electron microscopy
(SEM; Jeol JSM-IT500, low vacuum conditions) was performed at 500-x
magnification (BED-S, Sta.-PC 60 and 20 kV). The differences in size and shape are

shown in Figure 1.
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Figure 1: SEM analysis of fire retardants APP (left) and TATA (right).

Source: own.

APP powder is slightly larger than TATA powder, has more rounded edges, and is

more regular in shape while TATA has a very wide distribution of irregularly shaped

particles.
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Figure 2: FTIR spectrum of input materials.

Source: own.

Additionally, FTIR and XRD analysis for all input materials that compose the final
PUR and AAM composites were evaluated. Those input materials were APP, TATA,
Mix 5 (AAM without additives, reference), and pure PUR (noted as PUR 0,
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reference). FTIR was performed by Fourier transform infrared spectroscopy (FTIR;
PerkinElmer Spectrum Two, ATR mode) — it is represented in Figure 2. XRD was
performed by X-ray powder diffraction (XRD; Empyrean PANalytical X-ray
Diffractometer, Cu X-Ray source) — it is represented in Figure 3.
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Figure 3: XRD pattern of powder raw materials.

Source: own.

Both analyses were later used to determine the effect of the addition of selected fire
retardant additives on the prepared final PUR and AAM composites.

3 Methods — preparation of the composite material

Due to the completely different nature of AAM and PUR materials, which were used
as base, support materials for preparing our new composites, we also had to
incorporate the fire-resistant polymer materials, APP and TATA, respectively, in a
slightly different procedure.

Preparation of PUR samples: The appropriate amount of PUR component B
(polyisocyanate) and a flame retardant, APP or TATA, were weighted into a mixing
vessel and mixed with a high-speed mechanical stirrer at about 1400 rpm for 10 min
to obtain a homogeneous mixture (PUR 0 was without flame retardants and served

as reference). After that, the appropriate amount of component A (polyol) was
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poured into the mixture which was further homogenized with a stirrer at 1000 rpm
and transferred into a mold with enough free space to enable the full expansion of
the foam during curing. The foams were stored for 72 hours at room conditions T
=23 °C £ 2 °C (noted as T0) and relative humidity 50% % 15% in accordance with
1SO 291:2008. The structure and resulting performance of polyurethane foams are
driven by the stoichiometry of the polymerization reaction which is directly impacted
by applied monomers, additives, their chemical composition, and the ratio between
the polyols and isocyanates (Hejna et al., 2017, Amran e tal., 2021, Fink e tal., 2018).
The ratio used in PUR 0 between polyol and isocyanate was according to the
manufacturer’s recommendations. Therefore, the mixing weight ratio was 1:1.22.
The reference PUR foam (PUR 0) with the addition of APP was designated as PUR
1 and the foam with the addition of TATA was designated as PUR 2. From
preliminary research, we found that a maximum of 30% of the fire-retardant additive
can be included in the system based on the total weight of the A + B component so
that the fire-retardant powder is homogeneously mixed into the B component. In

Table 1 the masses of the used ingredients for PUR samples are given.

Table 1: Masses of the used ingredients for PUR samples.

Specimens Comp. A (g) Comp. B (g) APP (g) TATA (g)

PUR 0 32.7 40.0 0.0 0.0
PUR1 32.7 40.0 21.8 0.0
PUR 2 32.7 40.0 0.0 21.8

Preparation of AAM samples: MK with added defined amounts of APP and TATA,
respectively, was previously homogenized with a laboratory vibrating ball mill
(MixMill MM20, Danfoss, Slovenia). The mechanical grinding process
(homogenization) took place at room temperature for 3 minutes at a frequency of
30 Hz. 3 hardened stainless steel balls with a diameter of 0.8 mm were used in a 50
mm? stainless steel drum. Then, the powdered raw materials (finely homogenized
MK with the addition of APP and finely homogenized MK with the addition of
TATA) were mixed with a Na-silicate solution and water, as shown in Table 2, until
the material was completely wet at 1000 rpm. The amount of added water was
determined experimentally to reach sufficient wetting of all solid powders in the

mixture.
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Table 2: Masses of the used ingredients.

Mixture

Mix 5

Mix 6
Mix 7

MK [g]  Alkali[g] APP [g] TATA [g]
74.9 33.0 0.0 0.0 7.5
50.0 33.0 24.9 0.0 30.0
50.0 33.0 0.0 24.9 75

The mixtures were put into molds made of silicone-urethane rubber. The presented
mixtures in Table 2 were evaluated after the curing procedure, which was irradiating
fresh slurry with microwaves (frequency 2.45 GHz, inverter microwave, Panasonic,
NN-CD575M) for 1 min at 100 W (positively influencing the dissolution of reagents
while dehydration is not yet severely affected (Horvat et al., 2022b) and additionally
further curing at room conditions for 14 days).

Geometrical densities along with mechanical bending and compressive strengths
were measured after 14 days of curing of AAMs in the conditioning room. For the
evaluation of mechanical strengths, the compressive and bending strength testing
machine (ToniTechnik ToniNORM) was used.

4 Results — composite materials

As mentioned in the "preparation of the composite material" section, AAM and
PUR materials are very different. In Figure 4 and Figure 5 below, therefore, we
present a visual representation of our test samples. Observing the pictures, we can

get a sense of the visual appearance and internal texture of the samples.

S X0 e 5 by e
Ltirt e 0SB ‘;____”é, St e B

Figure 4: Prepared PUR samples from left to right: PUR 0, PUR 1, and PUR 2.

Source: own.



B. Musit; B. Horvat: Influence of Ammoninm Polyphosphates and 2,4,6-Triamino-1,3,5-
Triazine on the Mechanical-Physical Properties of Polyurethane and Alkali-Activated Materials

Figure 5: Images of sample Mix 5, sample Mix 6, and sample Mix 7 (from left to right).
Source: own.

Figure 5 shows how much APP affects the structure formation of the Mix 6 sample.

To show the visual difference between our test samples in even more detail, we also
made the SEM analysis of prepared and hardened mixtures of both PUR (Figure 6)
and AAM composites (Figure 7). The PUR images were taken at magnification 40x
(BED, NOR, Std. PC 60 and 20 kV).

Figure 6:. SEM images of prepared, hardened samples (from left to right) PUR 0, PUR 1, and
PUR 2.

Source: own.

It can be seen in the pictures, that both flame retardant additives affect the formation
of the skeletal network of polyurethane foam as the pore sizes of PUR 1 and PUR
2 significantly decreased.

In Figure 7, SEM images of AAM composites are presented with a scale of 100 pm,
recorded at 150x magnification (BED, NOR, Std. PC 60, and 20 kV). The marked
places in Figure 7 show the cracks in the material.
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Figure 7: SEM images of prepared, hardened samples (from left to right) Mix 5, Mix 6, and
Mix 7.

Source: own.

In all three cases, cracks appeared in the hardened samples Mix 5, Mix 6, and Mix 7,
with the largest visible in Mix 6 and the smallest in Mix 7. In Mix 5, cracks are due
to dehydration while bubbles are due to the mixing of ingredients (there was no gas
formation in the chemical reaction of alkali and MK) where some air bubbles got
permanently caught. The highly porous structure in Mix 6 is due to the reaction of
APP with alkali, which leads to the release of health-harmful gasses and prolongation
of curing. The least porous material, according to SEM, is Mix 7 where TATA was
added. TATA did not react with alkali but just filled the empty spaces in the ASN

network where it got well encapsulated and stored for the case of fire.

AAM materials are known as very good temperature-resistant materials. Therefore,
we tested their response to elevated temperatures. Each sample was cured at room
temperature (T0) and then treated at several temperatures at 250 °C, 500 °C, 750 °C,
and 1000 °C (laboratory oven Memmert for temperature 250 °C and for higher
temperatures furnace Protherm). After the temperature treatment, mechanical
strength was evaluated. The remaining broken pieces show the response to

temperature. They are shown in Figure 8.

The thermal behaviour of polyurethane foam is also important because the PUR
foams are insulators. Therefore, their thermal insulation and flammability are
important. In Figure 9, you can see the response to fire of PUR 0, PUR 1, and PUR
2 according to the UL-94 HB standard.

In Figure 9, we can see that in PUR 0, the line is no longer visible after 30 seconds
of burning while in the case of PUR 1 with the fire-retardant additive APP and in
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the case of PUR 2 with the flame-retardant TATA, the line was still visible after 30
seconds of burning. TATA in PUR 2 works even better because, in the case of PUR
1 with APP additive, we see that the sample started to sag.

Figure 8: From top to bottom, samples of Mix 5, Mix 6, and Mix 7 are shown in temperature
treatments from left to right: T0, 250 °C, 500 °C, 750 °C, and 1000 °C.

Source: own.

The thermal conductivity of the PUR specimens was determined in a homemade
heat flow setup. The dimensions of the specimens were (100 mm x 60 mm x 10 mm)
x 1 mm. Thermal conductivity was determined on the specimens inserted in between
cold and hot plates with temperatures of 15 °C and 25 °C, respectively. The thermal
conductivity of the specimens ate as follows PUR 0 (36.5 mW/mK), PUR 1 (36.4
mW/mK), PUR 2 (35.6 mW/mK). Presented values correspond well to the
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apparent densities of the specimens as a higher density (also visible from SEM
images of PUR 1 and 2 composites) of the cellular insulation generally contributes
to increasing its thermal conductivity. The apparent densities of the PUR specimens
were determined according to ISO 845:2006. The densities of the PURs are as
follows: PUR 0 (46.70 kg/m?), PUR 1 (62.61 kg/m?3), and PUR 2 (60.04 kg/m?). The
densities of PUR 1 and PUR 2 are comparable and about 30% higher than PUR 0
(Music et al., 2022).

Figure 9: A Horizontal burning test of PUR 0, PUR 1, and PUR 2 samples (from left to right),
after 30 s of burning.

Source: own.

The interesting behaviour of AAM composites with increasing temperature was also
observed through the distribution of pore sizes and the change in skeletal density.

The pore distribution and skeletal density of the AAM materials were measured by
mercury intrusion porosimetry (Micromeritics autopore IV, mercury porosimeter,
Series 9500). The pore distribution of heat-treated AAM samples is shown in Figures
10-12.

In Figure 10, it can be seen that the size of the distribution of pores moves towards
higher values. The changes at about 250 °C are attributed to the dehydration of the

material (water leaves the material and on this account the pores increase). As
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expected, the bigger differences in the "size of the pores" occurred at 1000 °C which
we attribute to the larger cracks that appeared in the material (see Figure 8).
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Figure 10: Pore size distribution of Mix 5 samples at different temperature treatments.

Source: own.

—— 6 mix
250 °C

169 ——s00°c
_ 750 °C
__@1,4— —1000 °C
£
w
>
=104
=
£ 084
5
+= 06
£
g
_|O.4—

\
02
0.0 5 ,L

T T T T T 1
0.001 0.01 0.1 1 10 100 1000

Pore size diameter [um]

Figure 11: Pore size distribution of Mix 6 sample at different temperature treatments.

Source: own.
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In Figure 11, we can see that the original sample Mix 6 at T0 is much more porous
than the sample Mix 5. Therefore, it is possible to observe here that with increasing
temperature, there is a significantly smaller shift of the peaks to the right towards
larger values of the pore size distribution than at sample Mix 5. In Figure 8, we can
see that in the case of Mix 6, there were much greater visual differences after
temperature treatment, which was also reflected in the mechanical properties

presented in the rest of the article.
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Figure 12: Pore size distribution of Mix 7 sample at different temperature treatments.

Source: own.

Figure 12 shows that at lower temperatures, the pores are smaller and the material
is more stable. At around 250 °C, the effect of dehydration of the material is known
and the pores partially increase while at ca. 500 °C, the process of thermal
decomposition begins and complete decomposition of TATA occurs at slightly

more than 700 °C which is also expressed in the increase in the distribution of pores.

It can be seen from Figures 10-12 that the smallest pores in the AAM composite
material are formed by Mix 5 while the largest is by Mix 6.

We also observed the behaviour of PUR composites after the addition of fire
retardant additives, as we changed the pore size distribution (Figure 13), total
porosity (Figure 14), and skeleton density (Figure 15) with it.
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Figure 13: Pore size distribution of PURs at different fire retardant additives.
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It is expected that in PUR 1 and PUR 2 the total porosity decreases, as the fire

retardants fill the empty pore spaces, which are the largest in PUR 0.

This also changes the skeletal density, which we measured both for PURs

composites (Figure 15) and for AAM composites (Figure 16).



84 6™ INTERNATIONAL CONFERENCE ON TECHNOLOGIES & BUSINESS MODELS
FOR CIRCULAR ECONOMY: CONFERENCE PROCEEDINGS

1.0
m  Skeletal p [kg/1]
®  Bulk p [kg/]
0.8 u
0.6
2
a
0.4
n
n
0.2
° ° °
0.0 T T T
PUR-0 PUR-1 PUR-2

Figure 15: Skeletal and bulk density of PURs at different fire retardant additives.
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In Figure 15, we can see that while the bulk density remains the same, the skeletal
density changes strongly with fire retardant additives.

It can also be seen that the increasing temperature impacts the densification of the

material skeleton. The skeletal density is shown below in Figure 16.
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Figure 16: Skeletal density of Mix 5, Mix 6, and Mix 7 at different temperature treatments.

Source: own.
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As expected, Mix 5 exhibits the highest skeletal densities (Mix 5 is without organic
compounds) while the skeletal densities of Mix 6 and Mix 7 samples are comparable

and lower.

However, observing the measurements shown, we have seen that the addition of
flame retardant materials affects the physical and mechanical properties of the

composites. So, we additionally measured the bending and compressive strength.

The compression and bending behaviour of the PUR specimens were determined
on a universal test machine Zwick Z030, Zwick Roell Group, Ulm, Germany.
Compression properties were determined according to EN 826:2013. The test
specimens were compressed between the two plates of the universal test machine.
At a constant rate of 0.5 mm/min, they were applied to the specimen till failure
occurred. Bending behaviour was determined according to the requirements of
EN12089:2013. The specimens were tested in three-point bending mode in a
universal test machine. At a constant rate of 0.5 mm/min, failure occurred. The
compressive and bending properties of the specimens are summarized and
presented in Table 3. The (om (MPa) represents compressive strength and op (MPa)
bending strength.

Table 3: Mechanical properties of PURs.

Specimens om (MPa) op (MPa)

PUR 0 335+ 19 293+ 6
PUR 1 220 £ 11 260 £ 9
PUR 2 314 + 16 253+ 19

The compression and bending strength of the AAM samples were determined on a
laboratory test machine (and were measured with ToniPRAX (ToniTechnik, Berlin,
Germany) at a force rate of 0.05 kN/s). The compressive and bending propetties of
the AAM samples are presented in Figures 17 and 18.

Strengths were also measured on PUR samples. We measured using a Durometer
device, according to EN ISO 868:2004. Durometer hardness is a dimensionless
quantity. It represents a relative comparison of hardness between different but
similar classes of materials where hardness is measured at the same durometer scale.

A Shore A hardness tester (Zwick, Ulm, Germany) was used.
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Shore hardness measurements also showed differences between the samples with
the pristine pure PUR 0 sample once again having higher hardness (Shore A
Durometer Hardnesses around 30) than PUR 1 (Shore A Durometer Hardnesses
around 16) and PUR 2 (Shore A Durometer Hardnesses around 16 Hardnesses

around 14) where an organic flame retardant additive was added.

The changes due to the added APP and TATA which were manifested in the
different formation of the network structure in PUR 0, PUR 1, and PUR 2 (which
we saw in Figure 1 and the different pore sizes in Figure 2) also impact the hardness
of the materials due to polymer additives. Of course, the influence of APP and
TATA on the flammability of PUR materials was also expressed in the XRD analysis.
Below, Figure 19 shows the XRD pattern of all three PURs, the original PUR 0,
PUR 1, and PUR 2.

PUR O
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——PUR2
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Intensity [a.u.]
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Figure 19: XRD patterns of PUR samples.

Source: own.

Also, the chemical influence of APP and TATA addition on AAM is evident from
the FTIR spectrum (Figure 20).
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Figure 21: XRD pattern of the sample Mix 5 at different temperature treatments.

Source: own.

If we compare the FTIR spectrum of the powdered raw materials in Figure 2 and
the FTIR spectrum of the AAM composite materials in Figure 20, we can see that
there is no induced chemical reaction at room temperature in cases of Mix 5 and
Mix 7 while in the case of Mix 6, we can see that the change is occurred (even during

the mixing of the APP with alkali the gases released).
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The XRD pattern presented in Figure 21-23 shows that with increasing temperature

in samples Mix 6 and Mix 7, there were changes in curves while in Mix 5 there were

no changes.
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Figure 22: XRD pattern of the sample Mix 6 at different temperature treatments.
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In Figure 21, the XRD pattern of Mix 5, it is seen that there are no changes up to
1000 °C and the material is very temperature stable. In Figure 22, the XRD pattern
of Mix 6, it is seen that at temperatures T0O and 250 °C, we cannot see the presence
of APP which was dissolved in an alkali solution. At 500 °C, we can see the
beginning of the mineralogical changes in sample Mix6 which are even more visible
at temperatures 750 °C and higher. In Figure 23, the XRD pattern of Mix 7, the
presence of TATA is seen up to 500 °C. We can also see the appearance of new
compounds at 750 °C and 1000 °C (similar to the pores size distribution behaviour).

5 Conclusions

In the present work, two polymer additives that are used as flame retardants are
included in two completely different materials by chemistry, final properties, and the
purpose of use. In PURs, which are used as insulating materials, fire-retardant
properties were increased while in AAM materials which are non-flammable, fire-
retardant material that does not react with alkali got well encapsulated in the ASN

where it is permanently stored for the case of the fire in the surrounding materials.

Flame retardants reduced the strength and stress in the PUR polymer matrix.
Additives APP and TATA still maintained satisfactory mechanical properties of
PURs although the hardness of PUR 1 and PUR 2 weakened and both, TATA and
APP, significantly reduced inflammation.

The mechanical properties of AAM composites with APP and TATA are inferior
compared to pure AAM, especially for APP. The combinations of fire retardant
powders and AAM reduce the density. Flame retardants have expectedly better and
greater positive effects on PUR than AAM.
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1 Introduction

The current state of computational support of multimodal transport is insufficient.
Models are simplified and do not always include all important parts of the logistics
chain. One can often come across models that are not connected to real
infrastructure and using only parameter for distance without considering e.g. slope
or different route class (Jiang J. et al 2020) or include only general types of transport
systems (Jiang C. 2022) which is not possible to modify without changing the
calculation. Many simplifications result in inaccuracies that affect the evaluation
quality. It is also necessary to distinguish between models that focus on mathematical
optimization versus models that focus on technical-economic evaluation. The first-
mentioned models, i.e. models or modelling approaches focusing on mathematical
optimization, can be found more often in the literature. Techno-economic models

are difficult to find on the level that is detailed enough for the universal use case.

In terms of multimodal transport, the models very often focus on the evaluation of
emission production, especially CO», when comparing individual types of transport
(Kirschstein, Meisel 2015) and not cost evaluation. If the models consider cost
evaluation, their frequent shortcoming is only a simplified calculation, i.e.
consideration of constant values of transport costs for individual modes of transport
independent of the route, often given in the unit [€/tkm] (Christensen, Labbé 2015).
This is addressed (Gregor, Somplak, Pavlas 2017), which considers individual factors
(vehicle type, consumption, route, loaded weight, etc.). As a result, compared to the
previous approach, transport costs are not constant, but a variable value defined by

different parameters.

(Niérat 2022) deals with the comparison of road and intermodal transport from the
Dutch ports of Dunkirk and Zeebrugge to Dusseldorf and follows on from article
(Hintjens et al. 2020). The authors make a critical reflection on some decisions and
assumptions - overestimation of the intensity of traffic, underestimation of the costs
of the intermodal chain - which in the compared article leads to a more significant
decrease in the costs of intermodal transport compared to road transport. On the
contrary, in the following article, intermodal transport is only a few percent cheaper
than the purely road variant - this is due to the inclusion of the costs of
transshipment of containers in the port, the transfer from road to rail transport and,

above all, the inclusion of costs for the last section of the journey - transfer from rail
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to road transport and delivery of cargo to the destination within the urban
agglomeration — this final transfer was completely omitted in the referenced article.
Here it's noticeable how important it is not to neglect the individual steps of the
logistics chain, which can subsequently lead to a significant advantage of a certain
type of transport. In terms of the model, simplifications were considered in both
articles — the costs were determined on an annual basis and for a specific transport

system — so one cannot speak of the universality of the model.

As it follows, a minimum of articles, models, or tools are devoted to complex
multimodal transportation from the point of view of cost and technical evaluation.
Probably the most overlooked patt of the models is the transportation system
specification, which is mostly generic, with no possibility of variability for the needs
of the user. This problem occurs especially in the case of rail transport, which is
evaluated rarely in the mentioned models and, if so, its specification lacks more
detailed parameters. A critical feature of the models is the inclusion of all parts of
the logistics chain — if even small parts are omitted, the results may be distorted,
which may favour a certain type of transport. Therefore, creating an advanced
techno-economic model of multimodal transport, which can evaluate in detail the
technical, economic, and environmental demands of a given logistic chain is

required.
2 Techno-economic model

The work aims to create a universal techno-economical model of multimodal
transport (i.e. "TE model") with a focus on road and rail transport. Other modes of
transport can be added if needed. The model in main form is created for users with
basic knowledge of logistics but it also supports going deeper into the details if users
have the knowledge to set the model correctly. The model can evaluate the whole
chain as well as individual parts of the logistics chain so it can also be used for

comparing different scenarios or individual types of transport.
The research showed key areas which the model should consider. Those areas are:

—  Wide database of transport systems for road and rail transport

— Inclusion of all key parts of the logistics chain
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— Infrastructure network based on real infrastructure

— Determination of the theoretical consumption of the transport system

— Determination of relevant elements for the evaluation of emission
production (CO,, NOx, solid particles, etc.)

—  Detailed assessment of technical and economic parameters

The model supports the use of two main types of transport — intermodal transport
where the goods are loaded in a single transport unit for a whole transport so there
is no manipulation with goods as itself (e.g. intermodal container is used) and
"classic" type of transport when it is necessary to handle the goods every time in

case of changing the transport mode.

The user will be able to evaluate the current situation (e.g. the use of purely road
transport) and the newly proposed one, where it will be, for example, the use of
multimodal transport for transport from point A to point D. The example will be
shown for waste transport. After collecting the waste in point A, the road transport
will be used to point B, where the waste will be transferred into an intermodal unit
and then loaded onto a railway wagon. Rail transport will be used from point B to
point C. The last step will be to transfer it to a road vehicle again and from point C
to point D road transport will be carried out. The transport scheme is in Figure 1.

® > ® >©

At foa transfer rail transport transfer roac
collection transport station transport

facility

Figure 1: The example scheme of multimodal transport

Source: own
The model is composed of sub-models that include:

— Road transport
— Rail transport
— Transfer station

— Handling equipment
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Transshipments between different modes of transport are a key part of the logistics
chain. The transshipment can be done simply with the use of handling equipment
on the paved area, e.g. next to the track at the railway station. When transferring a
large volume of goods frequently with adjusted the entire system, it is worth using a
stationary transfer station. Most often it's done for transshipment of intermodal

containers.

A wide range of different transshipments can be encountered within the logistics
chain. It s, therefore, necessary to focus on individual aspects that are important for
the given transshipment. For example, the transfer of bulk materials using a wheel
loader has significantly different technical specifications and costs than the transfer
of liquid components from tanks or the use of a stationary transfer station for

transferring containers.

Due to the scope of the article, the sub-models for transfer stations and handling
equipment will not be analysed in detail in this article. The focus will be mainly on

road and rail transport.

The main sub-models are the ones for road and rail transport. Both models are
created with the same structure and layout so it’s user-friendly. Both models are also
designed with the same input and output parameters. This ensures the possibility of
easy connection of both models and the possibility of easy comparison of both types
of transport. The structure of both models is shown in Figure 2.

Input parameters

Technical evaluation

Transport system Transport route

Economic evaluation

Fix costs Variable costs Labor costs

Output parameters

Figure 2: Structure of sub-models

Source: own
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The models have numerous input parameters, e.g. the sub-model for road transport
has 98 parameters and the one for rail transport more than 110. Many of those
patrameters are based on research and it's not necessary to change them often. But
it's still possible because they affect evaluation. Also number of parameters is
changed automatically based on a selection of the transport system or pre-set data

or limits. The key input parameters are:

— Starting point

— Destination point

— Type of transport system

—  Bulk density or transported weight per cycle [kg/m3, t]

— Transported weight per year or weight which is needed to be transported
[t/yeat, t]

Main output parameters are:

— Total annual costs [€/yeat]

— Costof1ton [€/1]

—  Costs per 1 tonne-kilometre [€/tkm]

—  Number of cycles per year [-]

— Theoretical utilization of the transport system  [%0]

— Annual mileage [km/yeat]
[

— Reworked weight in one cycle (loaded weight)
2.1 Integration to the optimization tools

The model can be integrated into optimization tools. It is possible to use it as a
whole, i.e. with a complex detail, but this increases the computational requirements,
which is not desirable in most cases. Otherwise, the model can be simplified by
setting aside selected parameters that will change for the task and consider the rest
of the parameters as constants. Subsequently, the entire model is reduced to one

equation.

The model also be used for pre-processing or post-processing. The typical approach

can be:
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— pre-calculations by TE model (e.g., all routes combinations - price, time,
etc.) — input to optimization task

— optimization task (e.g., position of transfer stations and necessary supply
routes)

— refinement of the output from the optimization task with use of TE model
3 Database of transport systems

Defining the transport system is an important part of the model. Since the model is
universal, the database for road or rail transport includes a variety of different
elements from which the final transport system can be set up. An important note is

also that users can add elements of the transport system to the database.

The database for road transport considers:

— Passenger car

— Van

—  Semi-trailer tractor
— Rigid chassis

—  Semi-trailer

—  Trailer

— Container

—  Custom rigid cargo bodies

The database for rail transport considers:

— Locomotives
—  Electric
—  Diesel

—  Goods wagons
— Flat/intermodal wagon
—  Open/covered wagon
— Tank wagon

— Intermodal containers
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Each of the parts listed above includes many different real types with technical
parameters given by product lists or companies. For example, each of the
locomotives in the database is not only defined by general parameters such as weight,
number of axles, etc. but also has given a traction characteristic (Figure 3) with which

the model calculates.

350
300
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200

150

Traction force [kN]

(1] 20 40 60 80 100 120 140 160
Velocity [km/h]

——AC 25 kV-max ——AC15kV-max ——DC3kV-max DC 1,5 kV - max

——AC 25 kV - normal —AC 15 kV - normal—DC 3 kV - normal ——DC 1,5 kV - normal

Figure 3: Traction characteristics of Siemens Vectron locomotive

Soutce: own based on Siemens’s product list

The database makes it possible to select individual parts of the transport system and
to assemble the final one in a modular way so it means that every different setup will
have different parameters such as empty weight, different possible payload, each
locomotive has different traction characteristics, power and so on. This guarantees
that the model will calculate with accurate data. In terms of intermodal transport, i.c.
intermodal containers, the database currently contains ISO containers, Innofreight

system and ACTS system (Abroll Container Transport System).
4 Infrastructure network and route evaluation
Infrastructure is based on real data for both road and rail transport. Currently, the

model includes infrastructute for the Czech Republic but it's possible to add other
countries (and update the model with the specifics of operation in the given country).
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However, since both types have their specifics, the next chapters will describe

infrastructure in more detail.
4.1 Road transport

Road infrastructure is quite complex. Since the main focus of the model is for freight
transport and not all roads are passable for trucks, it was possible to reduce the
complexity of the network. All municipalities (6,254) can be considered as a
benchmark. After proper evaluation, the smallest municipalities were taken out and
the points of interest were added (Waste-To-Energy power plants, landfills, large
production complexes outside the municipalities, etc.). With that, the database

contains 1,132 points.

The real network was reduced with the condition that it's possible to connect all
those points for different categories of vehicles. However, there are points where
it's not possible to get by some categories of vehicles (large vehicle/truck) because
there is some barrier (load capacity of the bridge, low underpass height). The

categories were based on weight and size:

— Category 0: passenger car

— Category 1: max 3.5 t, max 2.5 m
— Category 2: max 10 t, max 3.2 m
— Category 3: max 26 t, max 4 m

— Category 4: max 48 t, max 4 m

The output network consists of 230,835 sections which respect intersections, turns,
etc. Each section is defined with multiple parameters such as length, route class,
slope, if there is tunnel or bridge, etc. As Figure 4 shows, the network is still quite

complex and detailed.

Since the infrastructure considered in the model is not 1:1 with real infrastructure,
the route evaluation in the model allows the user to add e.g. the last section from
the destination point based on the network (the added section is defined only with

length) and thus make the calculation more precise. The model also allows ignoring
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included infrastructure and defining the transport route manually based on length
for each route class.

Road network

21250000
PR 2
—_——

Figure 4: Road infrastructure

Source: own

A sample evaluation for different categories of vehicles is shown in Figure 5. It’s
noticeable that there are barriers for higher categories, and it is therefore necessary
to use a different transport route, usually a longer one, which leads to different

results in the overall evaluation.

Evaluation of transport routes for different categories of vehicles . 5 -
— Category 1,2

— Category 3 El
~— Category 4

1:1 250 000
o w5 e 75

0
== —___———— [}

Figure 5: Evaluation of transport routes for different categories of vehicles

Source: own
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It is also possible to evaluate route with multiple segments or circular route (Figure
6, Figure 7). The load factor can be different for each segment allowing to calculate
loading/unloading at multiple stops.

1:2 700 000

0 1530 60 90 120
[ = = e L]

Figure 6: Circular route

Source: own

Elevation profile of the transport route

Attituge (m.s.)]
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Figure 7: Elevation profile of the transport route

Source: own

4.2 Rail transport

Since the rail infrastructure is not as complex as the road one, the model incorporates
full real infrastructure. The only limitation for now is that the double track is
considered a single track. In some sections, this can make a difference in a different
speed profile in the curves on each track. However, this should be addressed in the

next update of rail infrastructure considered in the model.
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The rail infrastructure includes 2,755 points with 4,118 sections. This apparently low
number is due to the original division of the individual interstation sections with
regard to the slope of the track, not the individual curves on the track. As it was
mentioned before with a2 number of tracks, this should be addressed as well in the
next update of infrastructure. Each section has 28 parameters that the model can
use for the calculations, such as the length of the section, maximum speed, road

class, normative length of the train, etc. Rail infrastructure is in Figure 8.

Rail network

Figure 8: Rail infrastructure

Source: own

Based on the defined transport system, the model will evaluate the limiting
parameters and conditions (length of the train, axle load, traction power of the
locomotive, etc.). The user can also limit some sections of the infrastructure, for
example, due to the closures. Then the model will find the best transport route based

on the conditions.

Part of the evaluation is the calculation of speed profile and energy/fuel
consumption. This calculation considers multiple parameters such as the traction
characteristics of the locomotive, load of the train, slope of the track, multiple
resistances of the train, etc. The calculation is quite complex and again, due to the
scope of the article, it won't be described in detail. The sample evaluation of the
speed profile is in Figure 9, force diagram in Figure 10. Calculated consumption is
in kilowatt hours [kWh] or litres [1].
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Speed profile as a function of distance

— Speed limit —— Calculated speed

180
160

140

100

Speed [km/h]

0 20 40 60 80 100 120 140 160

Distance [km]

Figure 9: Speed profile as a function of distance

Source: own
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Figure 10: Force diagram, source: own

Source: own

Since the model and rail infrastructure do not consider cutves on the track it's
noticeable that in the speed profile, there are no drops in speed caused by lower
maximum speed in curves (there are speed drop caused by slope of the track). It's
going to be addressed in the next update of infrastructure with higher detail.
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5 Emission production

The production of emissions is an often talked about topic these days. There is a
significant effort to reduce produced emissions, as transport is a significant air
polluter and there are many ways to calculate emissions production. The one which
is used in the presented model is based on fuel/energy consumption calculated by
the model and values of emission factors given by ,,EMEP/EEA air pollutant
emission inventory guidebook 2023" published by the European Environment
Agency (EEA), an agency of the European Union. An example of emission factors
given by the guidebook is in Table 1 for NOx and Particulate matter (PM). Emission
production for COz is given by the combustion equation, respectively the emission
factor for the fuel.

Table 1: Emission factors for NOx and PM

NOx PM
Vehicle category Fuel [g/kg fuel] [g/kg fuel]
Mean Min Mean Min

Petrol

Passenger car Diesel
LPG

Light commercial Petrol

truck < 3,5t Diesel

Heavy duty vehicle = Diesel
>35t¢ CNG

Motorcycle Petrol

Source: https://www.cea.europa.cu/publications/emep-eea-guidebook-2023/part-b-sectoral-guidance-

chapters/1-energy/ 1-a-combustion/1-a-3-b-i/ view
6 Economic balance

Before describing the costs, it is important to mention the time component of the
entire evaluation. Based on the evaluation of the transport route, the time that the
given transport will take from start to finish is determined - loading, transport,
transhipment, further transport, unloading, etc. This time can be compared with the
working time of the entire transport system in one day or a whole year. Thanks to
this, a percentage representation of the evaluated transport to the total working time
is calculated. This parameter can be described as the theoretical utilization of the

transport system and it's important for the calculation of economic balance.
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Costs can be divided into fixed and variable costs. Labour costs are set aside. Fixed
costs are mainly the costs of purchasing or renting transport systems, their
maintenance (annual technical controls, regular and irregular maintenance) and
insurance together with road tax. Maintenance costs are set at a fixed amount per
year - assumed regular maintenance or they can be evaluated based on total mileage

which is nowadays quite typical in rail transport.

The model also considers the lifespan of each part of the transport system. For
example, the typical lifespan of a semi-trailer truck is around 6-7 years, locomotive
around 30 years. During the expected lifespan of the project under consideration,
e.g. 20 years, the company will need to buy a new truck three times. The locomotive
only once with the possibility of doing larger modification at half of the lifespan.
Those differences for each transport type are considered in the model and are

evaluated for each part of the transport system.

Variable costs include tolls and fees, tire costs based on annual mileage and operating
costs. The toll fee is determined based on road class and toll sections. The biggest
part of variable costs are operating costs. These are mainly determined by the
consumption of fuel or electricity (rail transport), oil and AdBlue liquid, which is
necessary to reduce emissions from exhaust gases. In the case of rail transport, these
are also the costs of the transport route (similar to a toll) but are paid on the entire

railway network.

The last big part is labour costs. These are considered on a simplified approach.
Labour costs for the crew play a primary role. The remaining labour costs
(administrative and operational overheads) are considered constant but can be

developed based on more detailed information.

The economic balance considers several other parameters. Costs can be evaluated
for the purchase or rental of transportation systems and their use only for evaluated
transportation. The second option is the evaluation of costs based on the theoretical
utilization of the transport system, which enables the percentage expression of costs
to be determined with regard to the time required for the evaluated transport. With
this approach is possible to combine multiple evaluated transports for one transport

system.
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6 Case study

The output of this article is a conference poster describing the main characteristics
of the model, its usage and incorporating the model into optimization tasks. Thus,

the presented study case is described briefly.

The presented model was used to design and evaluate the logistics chain for supply
of heating plant in Olomouc which aimed to switch from coal to a mixture of
biomass (20 kt/yeat) and alternative solid fuel (RDF) (80 kt/year). As patt of the
evaluation, suitable transport systems were proposed, for which theoretical
breakpoints were determined. Figure 11 shows a comparison of road and rail
transport for the transport of 20 kt/year of biomass and 80 kt/year of RDF. Due to
the significantly larger quantity (and also bulk density, thus higher weight) in the case
of RDF, rail transport has a lower price than road transport from 280 km as opposed
to 490 km in the case of biomass.

= =Rail - 20 kt/year Road - 20 kt/year = Rail - 80 kt/year Road - 80 kt/year
100
90
20 kt/year
® @
8 70
8
S 60
o
%
a 50
8
= 40
30 80 kt/year
20
10
o]
0 100 200 300 400 500 600

Distance [km]

Figure 11: Theoretical breakpoints

Source: own.

Furthermore, localities with sufficient production of both commodities were
selected and an evaluation was carried out for road and rail transport. Two main
scenarios (1 — biomass from single location, 2 — biomass from 4 locations) were

further divided into two variants in terms of locations of producers. Variant 1 was
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carried out fully by rail transport, in variant 2 rail transport was used for RDF and

road transport for biomass.

—  1a— RDF: Bielsko-Biala (Poland); biomass: Zdirec nad Doubravou
— 1b — RDF: Linz (Austria); biomass: Zdirec nad Doubravou
— 2a — RDF: Bielsko-Biala (Poland); biomass: Doloplazy, Bouzov, Vsetin,

Otaslavice

— 2b—RDF: Linz (Austria biomass: Doloplazy, Bouzov, Vsetin, Otaslavice
Table 2 shows the resulting prices of the entire logistics chain for each variant. The
cheapest option is option 2a, where RDF is transported from Bielsko-Biala (rail

transport) and biomass is transported from 4 regional locations (road transport).

Table 2: Transport prices of individual variants

Variant = Price [€/t]

1a 20,2
1b 20,85
2a 19,83
2b 20,48

7 Conclusion

The techno-economic model presented in the article aims to focus on problematics
in detail and addresses many areas which are insufficiently covered in models
presented in current research. The model can be used to evaluate a wide range of
transports, both from the point of view of the carrier and from the point of view of
the contracting authority, which wants to know the costs of transport before starting

negotiations with carriers.

Another use of models is in combination with optimization tools, where the techno-
economic model can be used for pre-processing, or to refine the results of given
optimizations. It can also be simplified and directly integrated into the optimization
tool and help with the precision of optimization right away.
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Due to high demand and increasing prices of wood-based
cellulose, alternative sources of lignocellulosic biomass are gaining
on their importance. Among them are invasive alien plants (IAP)
that currently are being discarded (burned or composted) in spite
the fact that they can be converted to useful products. For
packaging of large home appliances, currently expanded
polystyrene (EPS) is used. By exchanging EPS with cellulose-
based (from IAP biomass) packaging, the circular nature of the
packaging will be improved. Within the first stage of the LEAP
project the potential of IAP biomass for conversion to cellulose
and its use for production of foam formed packaging materials is
being studied — various IAP have been evaluated in terms of their
potential use for cellulose production, cellulose quality and key
mechanical parameters. The data gathered is being used in
computer assisted design and construction of packaging for large
home appliances. A preliminary LCA analysis on the use of
alternative raw materials as a source for cellulose production has

also been performed.
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1 Introduction

For the industrial packaging of heavier products such as big home appliances, most
often the protective elements, made of expanded polystyrene (EPS), are being used.
The main role of this protective packaging is to provide mechanical protection of
the packed product including shock absorption during transport and handling.
Having good shock absorption properties and being a lightweight material EPS has
proven itself as a good solution for this purpose. However, in terms of material itself
there are some drawbacks using EPS based packaging — its non-biobased origin, its
poor recyclability and non-biodegradability. According to EUMEPS the recycling
rate of EPS in Europe is around 32 %, making EPS packaging a challenge in terms
of circular economy, so solutions for its exchange with more sustainable materials

are being developed.

One of possible solutions is the use of cellulose fibre based packaging for production
of foam formed protective elements. Compared with EPS based packaging the
protective properties of cellulose based packaging are not as good as those of EPS
packaging, so additional research of material properties and packaging design is

needed.

In terms of material sources for cellulose production invasive alien plants (IAP)
represent a good alternative to wood. While there is generally a shortage of wood-
based cellulose on the global scale, raw material from IAP is widely available as
according to EU Regulation 1143/2014 it must be removed from the environment
in order to protect the biodiversity. Currently this biomass after cutting is being
discarded by burning or composting, hence losing significant quantities of valuable
cellulosic fibre material. By converting IAP into cellulosic fibre material new
alternative source of cellulose from currently unused biomass will be gained, opening

additional possibilities for its use in fibre-based packaging.

Within the LEAP research project various types of IAP are being studied in terms
of their potential use for cellulose production, cellulose quality and key mechanical
parameters for production of foam formed packaging. By exchanging EPS-based
packaging with cellulose-based packaging from IAP biomass, the circular nature of
the packaging will be improved while using the raw material from alternative, not

wood-based source.
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2 Materials and methods
2.1 Data on collection process for IAP

The data on existing processes for collection of IAP was gathered via questionnaire
sent to the providers of public services. The questionnaire contained questions on
frequency of IAP collection, type of collection process and treatment of IAP
biomass after collection. Data was statistically evaluated and a general process
scheme of collection process was designed. Furthermore a proposal for an improved
collection process was made and comparison in terms of environmental impact was
performed using the SIMAPRO software tool.

2.2 Evaluation of IAP potential for cellulose production

For the evaluation of IAP potential for cellulose production the IAP biomass was
subjected to the kraft pulping process where after solubilizing extractives, lignin and
hemicellulose, cellulose fibre materials were isolated by filtration, according to the
procedure described in work by Kapun ez a/. The chemical structure, mechanical,
optical and morphological properties of were determined and compared to those of
bleached eucalyptus pulp and unbleached softwood pulp. For the first series of
evaluations, biomass originating from the stems of Japanese knotweed (Fallopia

Japonica) was selected.
2.3 Preparation of samples / prototypes

Cellulose pulp obtained by the kraft pulping process was used for preparation of
standard test specimens that will be used for the performing the compression test of
cellulose based protective packaging. The specimens were prepared by wet moulding
process using pulp dispersion with 1 % solids content, where the solids composition
was: 26 % commercial softwood pulp, 26 % commercial hardwood pulp, 35 % IAP
pulp, 9 % inorganic fillers, 3 % cationic starch and 1 % sizing agent. The same pulp

with addition of foaming agent was used for preparation of foam formed prototypes.
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3 Results and discussion
31 Collection systems for IAP

Based on the results of the questionnaire it has been established that 72 % of public
service providers have an established system for collection and removal of IAP. For
removal process to be effective also the correct seasonal timing is crucial — only 44
% of public service providers collect and remove the IAP regularly (more than three
times a year), while about one third performs the removal once a year and 22 % on

request only.

After the IAP are removed from the environment proper handling of this biomass
is extremely important. By using proper handling methods (such as incineration in
incineration facility or burning on collecting site) potential spreading of IAP is
prevented, while using improper handling (e.g. landfilling or composting) can
potentially facilitate the spreading (Invasive Species Council of BC, 2021). In terms
of handling methods one third of public service providers incinerate the collected
TAP biomass, while one third handover the IAP biomass to landfill and 26 % use

composting as IAP biomass treatment.

For potential industrial use of IAP biomass also the purity (in terms of material type)
of collected biomass is important. It is desired that IAP are collected separately from
other (native) plants and in case of areas where IAP are already the predominant
species a separation by IAP species would be preferrable. Currently slightly more
than a half of public service providers is removing and collecting IAP separately
from native plants. However separate collection of individual IAP species is not
performed by any of them as there is not enough data (including cost benefit
analysis) on utilisation of IAP biomass for production of useful products such as

pulp and paper or fibre-based packaging.

Within the evaluation of collection systems also a new system for collection of IAP
has been proposed. Compared to existing collecting systems, where all streams are
being collected centrally in one facility and then discarded by incineration or
composting, in the new system the separation of IAP is done already on site during
harvesting, followed by individual treatment of IAP material streams consisting of

separation of wooden parts (stalks) from other residues (roots, leaves) and grinding
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the wooden parts into wood chips which are being used as raw material for

production of cellulose pulp.

harvesting of central collection
mixed biomass (mixed biomass)

| grinding I drying

[ composting ] [ incineration ]

compost energy

Figure 1: Process scheme of existing IAP collecting system

Source: own.

BM stream 2
[ separate harvesting manipulation of individual
of biomass types I | blomasslstreams I BM stream 2
i BM stream 1
separation of wooden drvin
parts from residues wooden ving
parts (80 %)
[ composting ] [ grinding /chipping ]
compost (20 %) (wood)chips for pulp
production (80 %)

Figure 2: Process scheme of proposed new IAP collecting system

Source: own.

For both processes presented in figures 1 and 2 an LCA evaluation has been made
by the SIMAPRO software using the ReCipe calculation method. The results show

relative improvement (reduction) of environmental impact when using the new
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(modified) collecting system for IAP. Main improvements of environmental impact
are seen in terms of reduced CO; and SO, emissions, reduced use of fossil energy,
reduced water eutrophication and improved biodiversity. However it should be
noted that, compared to the original process, the new process is giving intermediate

products intended for further use and does not generate energy.
3.2 Potential of IAP for cellulose production

By using the kraft pulping process for treatment of wood chips from Japanese
knotweed a fractionation of the IAP biomass into five main components (cellulose,
hemicellulose, lignin, wood extractives and ash) has been performed. This was
followed by determination of fibre morphology and main mechanical properties of
obtained pulp. The results and a comparison to bleached eucalyptus pulp and
unbleached softwood pulp are presented in tables 1 and 2.

Table 1: Composition of biomass from Japanese knotweed in comparison to eucalyptus and

softwood

Japanese knotweed Eucalyptus Softwood
cellulose (%) 35 54 57
hemicelluloses (%o) 37 21 25
lignin (%) 27 26 26
extractives (%) 1,5 5 5

>

ash (%) 25 09 0.9

Table 2: Fibre and pulp properties of pulp from Japanese knotweed in comparison to
bleached eucalyptus pulp and unbleached softwood pulp

Eucalyptus Softwood
(bleached) (unbleached)
fibre length (mm) 0,670 0,876 2,07
fibre diameter (um) 19,7 14,88 27,74
cell wall thickness (um) 6,86 3,77 4,95
fines (%) 6,58 4,41 413
fibrillation (%) 1,58 1,33 1,04
drainability (°SR) 17,5 14,5 12,5
tensile index (Nm/g) 33,91 19,24 20,51
tear index (mNm?/g) 4,05 1,8 7,55
burst index (kPam?2/g) 1,68 0,67 1,04

>

stiffness (mN) 70,6 80,3 70,9

Japanese knotweed
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In terms of material composition Japanese knotweed contains similar portion of
lignin as eucalyptus or softwood. The cellulose content is 35 %, however the
difference (compared to eucalyptus or softwood) is compensated by significantly
higher hemicelluloses content. Along with lower extractives content the ash content

is more than double compared to eucalyptus or softwood.

In terms of fibre and pulp properties cellulose from Japanese knotweed can be
positioned between the eucalyptus and softwood cellulose. Fibre length, diameter
and fibrillation are more similar to those of eucalyptus, while the mechanical
properties of pulp are more like those of softwood pulp.

In spite lower cellulose yield after pulping, it is viable to use Japanese knotweed for
pulp production, considering the properties of pulp that are comparable to those of
standard pulp used for paper production.

3.2 Samples and protypes

For the second stage of the research various samples for compression testing of
cellulose based packaging products have been produced by the wet moulding
process. The results of compression tests will be used for material modelling and
design of protective packaging. Additionally, the production process for foam
forming has been tested with samples of foam formed packaging material being
produced. These samples will also be tested for their performance as potential

packaging material for protective packaging.

Figure 3: Samples of wet moulded and foam formed packaging materials

Source: own.
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Biological wastewater treatment plants are used to purify water,
but they also generate large quantities of sewage sludge and other

sewage sludge,

solid residues. Sewage sludge and the residues on screens have a

CO; atmosphere,

promising energy content. The article deals with the N atmosphere,
characterization of two different samples from small wastewater Pt
treatment plants, the dewatered sewage sludge and the material
remaining on a fine screen after the removal of sand particles and
mineral oils. The added value of the waste produced is studied
using the torrefaction process. To establish torrefaction, a pilot
process was developed in which various waste materials were
processed and the effects of different process parameters, such as
the influence of different atmospheres and temperatures on the
quality of the biofuel, were studied. The raw samples and the solid

products of the thermal treatment were analyzed.
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1 Introduction

Wastewater treatment is a major challenge, and it is important that wastewater
treatment plants function propetly in order to reduce water pollution. Biological
treatment of wastewater also produces a by-product, namely sewage sludge and
residues on screens. Sewage sludge and screen residues have a promising energy
content (Petrovic et al. 2023).

Nowadays, the question often arises as to how this sludge can be treated efficiently.
One promising method is torrefaction, a low-temperature pyrolysis process that
produces products with a higher energy density that can be used for energy purposes.
The process of torrefaction is one of the thermochemical conversion routes that
improves the properties of the feedstock, eliminates pathogenic organisms and

produces an environmentally acceptable energy source with similar properties to coal
(Ivanovski et al. 2022).

Therefore, torrefaction of activated sludge (SS2) and cellulosic material (RS) was
performed. Mass and energy yield (MY, EY), energy density (EF), energy- mass co-
benefit index (EMCI) and high heating value (HHV) were determined.

2 Methodology

Two samples were analyzed during the torrefaction process. The sewage sludge
sample (SS2) was taken after the dewatering process. The second sample (RS) is
waste collected with fine rakes and contains mainly cellulosic and biological waste.
This waste is collected in a special container and separated from the sludge. The
sample of sludge and cellulosic waste was dried in a dryer at 50 °C to a constant mass
before starting the experimental work. The dried samples were then grinded in a
water-cooled MultiDrive basic M 20 mill from IKA to achieve homogeneity of the

samples.

The torrefaction analyses were carried out in a Carbolite tube furnace (Figure 1a)
with a tube diameter of 90 mm. The sample was weighed and placed on a special
tray as shown in Figure 1b. The tray has four zones separated by perforated metal.
Torrefaction was performed at 250 °C and 350 °C under N atmosphere with a flow
rate of 11/min. The inert gas was previously heated to 50 °C. The temperature was
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measured in four zones during the experiment. The concentrations of the exhaust
gases, such as methane, carbon dioxide, carbon monoxide and oxygen, were
measured at the exit of the furnace. After torrefaction, the samples were cooled and
weighed. The experimental calorific value of the raw and processed samples was

determined using an IKA C 6000 calorimeter.

Figure 1: a) Carbolite tube furnace b) The tray with material

Source: own.

The torrefication efficiency (MY, %) was calculated by Eq. 1:
MY (%) = =% - 100 )
my

my—torrefied sample mass (kg)

n,— non torrefied sample mass (kg)

Energy yield (EY, %), energy efficiency (EF) and energy co-benefit index (EMCI)
were determined by Eq. 2-4:

_ _ HHV,
EY (%) = (MY HHVO) @
HHV —torrefied sample (M]/kg)
HHY/,— non torrefied sample (M]/kg)
EF = 0% 3)
HHV,,

EMCI = EY - MY 4
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3 Results

Samples SS2 and RS are shown in Figure 2. From left to right are the samples SS2
in N atmosphere torrefied at two different temperatures (250 °C and 350°) and the
raw sample (Figure 2a). The same order applies to the RS samples (Figure 2b).
Sample SS2 is dark after treatment as well as the raw dewatered sludge, while samples
RS have a light color as well as the raw sample (Figure 2b), due to cellulose residues

content.

The temperature is a very important parameter in the torrefaction process as it
influences the mass and energy vield as well as the energy efficiency. When the
torrefaction temperature was increased from 250 °C to 350 °C, the mass and energy
yields decreased for all samples. It follows that the higher the torrefaction
temperature, the lower the MY and EY. In terms of energy efficiency, however,
better results were obtained for the RS samples.

Figure 2: a) SS; and b) RS after treatment and raw material

Source: own.

Figure 3 shows the changes in temperature and gas composition during torrefaction.
The temperature was constant during the experiment and fluctuated slightly around
250 °C and around 350 °C. It was found that the SS2 samples extracted the most
COz in Ny atmosphere. This suggests that the fluctuations in CO» concentration are
a measure of the progress of torrefaction, while the time between the increase and
decrease in CO, concentration corresponds to the time during which the
torrefaction process takes place in the material. The extraction of the individual gases
from the sample was not affected by the temperature fluctuations. However, the RS
sample showed that temperature affects the extraction of organics, with more CO
and CO; extracted at higher temperatures. The oxygen contained in the material is

released during torrefaction in the form of volatiles and other organic compounds
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(Doddapaneni et al., 2022), which explains the high content of CO» in the gas phase.
The content of other gases was negligible.

The mass yield was influenced by the temperature in such a way that a better
torrefaction yield was achieved at lower temperatures than at higher temperatures.

Tre
7 [%]
4¢3

Trd

1200 1600

—c0: co —0:

Figure 3: Measurements of temperature and exhaust gas composition during the torrefaction
for sample a) SS2 at 250 °C, b) SS2 at 350 °C, c) RS at 250 °C and d) RS at 350 °C

Source: own.

Table 1 shows all calculated indexes. The highest MY and EY were achieved at
250°C, while EMCI was higher at 350°C for both samples. Other studies have
reported a wide range of mass yields up to 80 %, depending on feedstock type,
composition, and operating conditions (Huang et al., 2017).

Table 1: Calculations for mass yield, energy yield, energy efficiency and factor EMCI

EMCI

sample, atmospehere, T,

volumne flow

[%0]

1 I3 1.00
2 SS., N2, 250 °C, 1 L/min 75.33 92.24 11.79 16.91
| SS,, N, 350 °C, 3 L/min 57.44 85.04 10.86 27.60
' RS 10.00

Bl RS, N, 250°C, 1 L/min 80.95 92.30 11.40 11.35
@ RS, N>, 350 °C, 1 L/min 35.44 4793 13.52 12.49
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Figure 4 shows that the highest mass yield was calaculated at 80.95 % at 250 °C with
1 L/min flow for RS samples treated in N, atmosphere.

100.00

80.95
80.00 75.33

60.00

MY [%]

57.44
35.44

1

$5,250°C1L/min SS;350°C1L/min ®RS250°C1L/min & RS350°C1L/min

40.00

20.00

0.00

Figure 4: Mass yield (%) for SS2 and RS in N atmosphere

Source: own.

Figure 5 shows the calculated values for all treated SS2 and RS samples. Regarding
HHV the highest HHV was calculated at 23.32 MJ/kg for RS sample in N
atmosphere at 350° C and 1 L/min flow and 17.81 MJ/kg for SS2 sample.

HHV [MJ/kg]

WSS, W SS;, N2, 250 °C, 1 L/min WSSz, Ny, 350 °C, 1 L/min
RS MRS, Ny, 250°C, 1L/min @RS, Ny, 350 °C, 1 L/min

Figure 5: High heating values for SS2 and RS samples

Source: own.

4 Conclusions

Based on the results obtained on the heating values, we concluded that sludge and
RS are suitable for combustion and could be used as biofuel. Both samples have
high HHV values, but the cellulosic material has even higher values.
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This is an important finding as more sludge and waste are produced each year and
are simply disposed of in landfills. It is important that the resulting products are
propetly used as a secondary resource in wastewater treatment. Given the problems,

these resources are underused and demand more attention.
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1 Introduction

This article deals with energy optimization of municipalities, specifically in the field
of buildings. The European Union policy [1, 3] gave a sign of gradual pressure to
reduce the energy intensity of the operations. However, the coronavirus pandemic
and the war in Ukraine have accelerated the issue - these incidents have brought to
light how the current European concept of energy is tied to fossil resources. The
need to secure transitional fossil gas from countries other than the current majority
Russia [2], to rebuild the energy mix in favour of renewables, and to decentralise
previously robustly centralised sources of electricity has inevitably caused energy
supply prices to jump. In addition, from 2025 onwards, the tariff structure in the
Czech Republic is expected to be rebuilt to better reflect the impact of renewables
on the resulting balance of the electricity system. These influences are forcing
municipalities to tebuild from the base the current approach to their energy system.
By making energy carrier payments a minority share of municipal budgets until
recently, municipalities have not been motivated to optimise their buildings
conceptually. By this is meant the implementation of energy management in
accordance with CSN EN 500001 and the renovation of buildings based on techno-
economic grounds. For buildings, the heat loss through the building envelope and
the performance and type of heat and cooling source are very closely related. For
this reason, insulation with a constant thickness of polystyrene cannot be applied
uniformly to all buildings, which is the idea of many municipal representatives of a

sufficient energy solution.

Therefore, this article discusses the data sets that cities should track. This is a first
step in the energy optimization of cities, because any further strategies need to be
based on data that cities do not normally collect. These are data describing the
building envelope and the technologies used that have an impact on energetics. Such
datasets should provide a robust basis for municipalities to make energy optimisation

decisions.

An important note is that the term "energy production and consumption" will be
used here. While it is clear that energy is only converted, this terminology is used

here because of its familiarity and not its factual correctness.
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2 Methodology

The information on the current state of municipal energetics is obtained from the
experience in the regional and district level municipalities of the South Moravian
Region and from the questionnaire survey of the Union of Towns and Municipalities
of the Czech Republic [4]. The South Moravian Region is a good reference region
because on the one hand it contains very prosperous localities close to Brno, which
is the second largest city in the Czech Republic. On the other hand, this region also
includes relatively undeveloped areas in the south of the Czech Republic.

The analysis covered the current situation in the field of building energy
management in municipalities of 5,000 - 30,000 inhabitants. The lower limit of 5,000
inhabitants was set because the smaller municipalities have a minimum of buildings
under management - usually a municipal office, a fire station, a school and a
kindergarten in the maximum version. This minimum of buildings can usually be
secured by a more responsible mayor without extensive record keeping.
Municipalities over 30,000 inhabitants have a contributory organisation that
conceptually manages their energy. For municipalities in the range of 5,000- 30,000
inhabitants, existing practices were examined, both in terms of collecting and
handling data on energy and water consumption and the technical condition of
buildings. Based on these analyses, key datasets and practices were proposed to begin

effective energy management.

The result of the research was that the majority of municipalities of the surveyed size
do not systematically keep energy-related data. In most cases, knowledge of
municipal assets is dispersed among a relatively large number of people in different
departments (investment, finance, property, planning). Also, municipalities do not
have professional management. If municipalities have their own energy manager, in
most cases he/she is of very low professional level. Thus, the data is not approached
conceptually and no linkage between them is observed (e.g. correlation between
energy consumption and heat leakage). This article therefore provides a list of areas

that municipalities should track in order to lay the basis for energy management.
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3 Data collection areas
3.1 Energy consumption

Municipalities should register the consumption of energy in their utilities and
subsidiaty organisations. This includes consumption of electricity, gas and heat from
central heating supply. These data should be recorded at least five years back and for
average years - ie. years not affected by the coronavirus pandemic or the war in
Ukraine, as these events had a significant impact on energy consumption.
Furthermore, it is advisable to register consumption at the finest granularity
appropriate to the type of measurement used. Unfortunately, in the Czech Republic,

quarter-hourly measurement is not yet commonplace.
This evidence plays a key role for a number of reasons:
3.1.1  Invoice control

Although it may not be obvious at first look, the value of the meter and the invoice

do not always match. It is therefore necessary to compare the two values.
3.1.2  Monitoring the impact of the actions implemented

If any changes are made to the buildings (e.g. reduction of heat transfer through the
structure or removal of thermal bridges), the impact of the changes can be accurately
quantified through the energy consumption records. These savings can then provide

an motivation to continue such actions.
3.1.3 Influencing the consumption profile

If the installation of renewable energy sources is intended, then in the case of the
majority of photovoltaics in the Czech Republic it is possible to predict the
production trend of this source quite accurately. In order to maximise the economic
and environmental impact, it is necessary to ensure as far as possible that the
production of the source and the consumption of the energy are coeval. Therefore,
in these situations, it is necessary to take the consumption profile of the planned

consumption points (community energy), identify the possibilities of influencing it
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in favour of the photovoltaic production curve and design the sizes and locations of
photovoltaic plants accordingly. In the Czech Republic it is uneconomical to
oversize photovoltaic power plants. Firstly, it increases the purchase price and
secondly, the market is not interested in unused energy. In many cases, the
distribution system is overloaded and does not even have the technical capacity to
transfer the energy. These phenomena occur because the Czech electricity grid is
already relatively saturated with photovoltaics and there is an excess of such energy

in the grid during sunny periods, which has a number of other effects.
3.2 Envelope of the building
3.21 Energy efficiency of the building (Energy class)

To identify the energy efficiency of a building, a specialized technician performs a
physical inspection of the building - factors such as insulation, windows, heating,
ventilation, and more are measured and evaluated. In addition, the building's annual
heating and cooling energy consumption is determined. Based on the calculations
and measurements, the building is assigned to an energy class from A (low energy
consumption, high energy efficiency) to G (high energy consumption, low energy
efficiency). The result is presented on the energy label in the form of a graphic
symbol with a letter indicating the class. This visual presentation facilitates a quick
look at the energy efficiency of the building. The energy performance certificate also
usually contains recommendations for improving the energy efficiency of the
building. These can be specific suggestions for insulation, window replacement,

heating upgrades, etc.
3.2.2 Thermal bridges

A thermal bridge is an area in a building structure where the thermal resistance of
the material is lower than in surrounding areas. This means that heat can more easily
leak or enter the building through this area. The most common places where thermal
bridges occur are the connections of walls to the floor, ceiling or other walls, the
connections of windows and doors, where pipes or electrical lines pass through
insulation, and the corners of the building. Consequences of thermal bridges include
increased energy consumption, condensation that promotes mould growth and lack

of comfort due to uneven interior temperatures.
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3.2.3 Heat transfer through the envelope

Assessing heat loss through the building envelope involves monitoring several key

parameters for each part of the structure (walls, floors, roofs).

— Walls, floors, ceilings

The thermal conductivity of the material affects how quickly heat passes through the
wall. The thickness and type of insulation is also analysed, as well as its potential
compatibility with the building - taking into account the risk of moisture gain.

*Green roofs and walls - Vegetated surfaces on roofs and walls that can help with

insulation and reducing heat loss.

— Building envelope penetrations

For the energy optimization of window and door frames, glass and sealing quality,
various values and parameters are monitored that can affect the energy efficiency of
a building. Here are the key values and parameters that should be monitored:

Heat transfer coefficient

This parameter indicates the thermal transmittance of a window or door system. A

lower value means better insulation properties.
Seals

The quality of the sealing of window and door frames is a key element in preventing

air leakage and minimising leakage.
Dimensions and positioning

Dimensions and placement can affect the amount of sunlight and natural lighting,

which impacts overall energy efficiency.
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3.3 Technologies

The technologies influencing municipal building energy can be diverse and depend
on the specific conditions and strategies of each city. These technologies are mostly
related to heating, ventilation, domestic hot water and energy production and
management. It is important for the city to record their type, performance, scheduled
revision dates and date of acquisition.

3.3.1  Air exchange

Air exchange in buildings can take place in a variety of ways, some of which include:

— Native ventilation

Takes advantage of temperature differences between the outside and inside

environment to move ait.

— Mechanical ventilation
Involves the use of fans and fan systems to actively exhaust air and bring in fresh

air. It can be implemented using heat recovery systems to reuse the thermal energy

from the exhaust air.

— Hybrid or combined systems

The combination of natural and mechanical ventilation allows optimised air
exchange depending on the outdoor conditions and the requirements inside the
building.

— Underpressure or overpressure conditions

Creating negative pressure or positive pressure conditions in designated areas of the

building can control the direction of air exchange.
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3.3.2 Use of renewable energy sources

The use of renewable energy sources is also a big topic in the energy optimisation of
municipal buildings. This strategy relies in particular on the installation of solar
photovoltaic panels, solar thermal systems and heat pumps. In this way, urban
buildings contribute to environmental protection, reduce greenhouse gas emissions
and increase their energy self-sufficiency. The implementation of these renewable
technologies and innovative solutions brings economic savings, promotes
innovation and contributes to the sustainable development of the urban

environment. Municipalities should therefore register:

— Type of system and their consumption.

— The amount of energy produced by these technologies.

— Elements of smart technologies and automation - systems that control energy
consumption according to predicted production, temperature settings, heating
settings, etc.

— Storage elements - batteries, water storage.
3.3.3 Heating and hot water production

This subchapter achieves a slight overlap with the chapter about renewables. This is
largely due to the fact that this chapter deals with the largest energy consumers in
buildings and there is an attempt to replace them with renewable options.
Municipalities should again register the input power, type, age and revision

requirements for heat sources, for example:

—  heat pumps

— gas-fired boilers

— solid fuel boilers

— central heating supply

— technologies using electricity (boilers, electric boilers, foils)
— cogeneration units

— waste heat recycling - waste heat exchangers
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34 Lighting

Municipal lighting can be divided into indoor lighting and public lighting, which is
evaluated according to energy consumption per 1 light point. Municipalities should
register the technical condition of lighting and target the use of LED technology.
The interesting thing is that cities can provide their public lighting for power balance
services - in case of surplus energy in the network, this lighting would be lit even in

the daytime and it would be one of the financial revenues for the city.
4 Conclusion

In the context of increasing pressure on municipal energy efficiency in the European
Union, triggered not only by the coronavirus pandemic and the conflict in Ukraine,
but also by the drive to gradually shift to renewable energy sources, it is becoming a
key step for cities to rethink their approach to energy. This paper highlights that the
current lack of procedures and the absence of systematic data management related
to energy in municipal buildings hinders effective energy management. In the first
part of the paper, the necessity of collecting and reporting data related to energy
consumption and energy performance of buildings was presented. The information
obtained will not only allow for an informed and conceptual planning of urban
energy renewal, but also for controlling the effectiveness of implemented actions
and the adequacy of energy expenditure. The next part of the paper focuses on
specific areas of data collection on the building envelope, focusing on energy
performance, thermal bridges and heat transfer through the envelope. Identifying
and monitoring these factors are key to developing an effective building energy
optimization strategy that leads to savings and improved energy efficiency. Finally,
the technologies responsible for hot water, lighting, heat, electricity, heat recovery
and air exchange were discussed. Proper inventory of system types, their
performance and smart technologies allows municipalities to plan strategically and
use available resources efficiently. Overall, effective data collection and use are key
tools for municipal energy management. Municipalities that systematically register
and analyse their energy indicators are better equipped to make informed decisions
and successfully transition to a more sustainable energy model in line with current

European guidelines and requirements.
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The need to reduce energy consumption and the carbon
footprint generated by firing ceramics has stimulated research to
develop sintering processes carried out at lower temperatures
(ideally not above 300 °C) and high pressures (up to 600 MPa),
the so-called cold sintering process (CSP) (Grasso et al., 2020,
Maria et al., 2017). To evaluate the applicability of CSP to clays,
we focused on two representative clay minerals, kaolinite and
illite, and on the natural clay material obtained from a Slovenian
brick manufacturer. The selected clay materials were
characterized on the basis of mineralogical-chemical
composition (XRD, XRF) and particle size distribution (SEM
analysis, PSD, BET). The powders of clay minerals and natural
clay material were first sintered in a heating microscope to
determine the sintering conditions and then in a laboratory
furnace at 1100 °C for 2 hours and additionally at 1300 °C for
kaolinites. The effect of compression of the initial powders on

their final properties was also investigated.
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1 Introduction

The cold sintering process (CSP) is a process in which an inorganic powder is
densified in the presence of a transient liquid phase as a phase fraction between 1-
10% by volume (Maria et al., 2017). The main goal of this process is to reduce the
energy consumption, processing time, cost and carbon footprint generated by
conventional sintering processes (Galotta et al., 2021, Grasso et al., 2020). CSP was
developed at Pennsylvania State University by Prof. Clive Randall and his research
team (also known as the Randall’s method) and first applied for a patent in 2015
(Galotta et al., 2021, Grasso et al., 2020).

The low temperature (< 300 °) C and high pressure (up to 600 MPa) of CSP enable
a considerable reduction in the energy and costs required for the consolidation of
ceramic powder. The low temperature is not only advantageous from an energy
point of view, but also because it drastically reduces the possibility of unwanted
phase transformation during the sintering process (Galotta et al., 2021, Grasso et al.,
2020, Guo et al.,, 2016). The synergy between the externally applied pressure, the
limited temperature and the added liquid phase enables the successful production of
dense materials in a short time with a large energy saving compared to other sintering
techniques. Although cold sintering is already widely used, the densification

mechanisms are not yet clearly understood (Galotta et al., 2021).

In order to compare the CSP approach with clays, a reference study was first carried
out on the conventional sintering of kaolinite, illite and natural clay material so that
the success of the samples produced with CSP could be evaluated later. Kaolinite
and illite are common clay minerals found in nature and used for various applications
(Gianni et al., 2020, Zhang et al., 2022). Kaolinite is of particular interest as it
undergoes dehydroxylation to an amorphous state (forming metakaolin), which is
stable over a wide temperature range (Michot et al., 2008). The natural clay material
used for the production of clay bricks was taken from the production line just before

the molding stage to ensure an industrially suitable clay sample.



S. Tominc et al.: Characterization and Mechanical Properties of Sintered Clay Minerals 161

2 Materials and methods

Representative clay mineral kaolinite-low defect (KI) (Warren Country Georgia
USA, KGa-1b, 125 grams/unit), kaolinite-high defect (Kh) (Warren Country
Georgia USA, KGa-2, 125 grams/unit), illite (I) (ilite-smectite mixed layer (70/30
ordered), Slovakia ISSCz-1, 50 grams/unit) and representative natural clay material

(Cl) from the Slovenian brick manufacturer were selected.

For chemical analysis, samples were sieved below 125 um and dried at 105 °C. The
loss on ignition (LOI) was determined at 950 °C. A fused bead was then prepared
with a mixture of sample and flux (50% lithium tetraborate/50% lithium
metaborate) at a ratio of 1:10 (0.947 g: 9.47 g) and heated at 1100 °C. The chemical
composition was determined using an ARL PERFORM'X wavelength dispersive X-
ray fluorescence spectrometer (WDXREF; Thermo Fischer Scientific Inc., Ecublens,
Switzerland) with a Rh-target X-ray tube and UniQuant 5 software (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Mineralogical analyses were performed using a
Bruker AXS D4 Endeavor (Bruker, Bilelrica, MA) X-ray diffractometer equipped
with Cu Ko radiation with a step size of 0.04° from angles 5-70°. The XRD patterns
were solved using EVA software.

The specific surface area was determined by the Brunauer—Emmett—Teller (BET)
method using a Micromeritics ASAP-2020 analyzer (Micromeritics, Norcross, GA,
USA). The shape and size of the clay mineral particles were determined by field
emission scanning electron microscopy (FE-SEM, Catl Zeiss ULTRA Plus,
Oberkochen, Germany). The particle size distribution (PSD) of the samples was
measured by laser diffraction granulometry using a Sync + FlowSync laser grain size

analyzer (Microtrack MRB) in wet dispersion (dH>O) measurement mode.

Prior to sintering, the densification characteristics of the samples were recorded
using a heating microscope (Hesse Instruments, Osterode am Harz, Germany). The
densification curves were recorded up to 1200 °C for Cl, 1280 °C for Il and 1400 °C
for Kh and Kl with a heating rate of 10 °C/min. Kaolinite, illite and natural clay
material were then ground to a grain size below 63 um and pressed uniaxially at a
pressure of 150 MPa to form 10 mm thick pellets with a diameter of 10 mm. The
samples were sintered in a laboratory furnace PLF 160/9 (Protherm, Ankara,
Turkey) at 1100 °C and 1300 °C for 2 hours with heating/cooling rates of 150 °C/h.
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The open porosity of the sintered clay materials was determined by mercury
intrusion porosimetry (MIP). Small representative pellets with a diameter and height
of 10 mm were analysed immediately after sintering using the Micromeritics®
Autopore IV 9500 instrument (Micromeritics, Norcross, GA, USA). The
compressive strength was measured using a ToniTROL compressive strength testing
machine (ToniTechnik, Berlin, Germany) at a force rate of 1.2 kN/s.

XRadia CT-400 tomography (XRadia, Concord, California, USA) was used to
determine the pellets produced with CSP. The spatial resolution per pixel was 22.5
um, equipped with a 0.39x optical objective. The voltage and current were set to
80kV and 87 pA respectively. 1600 projection images with an exposure time of 1
second per projection were captured through the charge-coupled device (CCD)
camera. Avizo software (Thermo Fisher) was used for density-based segmentation

and 3D reconstruction.
3 Results and Discussion
31 Characterization

XRF analysis of the clay minerals and natural clay material showed that they are
mainly composed of ALOs, SiOz and FexOs, with minor contents of CaO, MgO,
K>0 and TiOs. The average values of the primary oxides measured by XRF, LOI at
950 °C (Figure 1) and BET are given in Table 1.

70 - LOl WALLO; MSi0, M Fe,0s
60 -
50

40 A

wt%

30

20 A

10 A

Kl Kh 1 cl

Figure 1: Comparison of LOI and primary oxides by XRF analysis

Source: own.
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Table 1: BET, LOI at 950 °C and chemical composition of the clays in terms of primary

oxides (wt%), measured using XRF.

BET LOI

Sample A1203 SiOz F6203 (o7:10) MgO Kzo TiOZ

m2/g) (950 °C)
Kl 14.05 40.48 | 42.15 0.98 0.02 0.06 0.04 1.92
Kh 14.31 4113 | 4258 0.19 0.03 / 0.01 1.44
Il 8.95 17.84 | 66.44 0.83 0.20 1.56 3.81 0.10
Cl 9.94 16.46 59.38 5.97 3.21 1.67 2.34 0.03

The phase composition of the samples was analyzed using powder XRD. Figure 2
shows that the kaolinites Kl and Kh have a XRD pattern typical of kaolinite.
However, Kl has more pronounced reflections in the range 2 ® =19-24° than Kh,
indicating a higher degree of crystalline order. The Hinckley index for Kl is 0.98,
while for Kl it is 0.41. XRD analysis of Il and Cl showed that the clay also contains
quartz (Q), while Cl also contains zeolite (Z), illite (I), muscovite (M), kaolinite (K)
and calcite (C).

Kh

Intensity /a.u.
=

Figure 2: X-ray diffraction patterns of selected samples

Source: own.

In the next step, we examined the microstructural features of the samples using the
SEM. We observed the presence of kaolinite “booklets”, ie. micron-sized
morphological structures composed of numerous platelets typical of the mineral
kaolinite (Balan et al., 2014), as well as fine kaolinite particles (Figure 3a, b), curled
illite leaves (Figure 3c) and large particles of natural clay material (Figure 3d).
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Figure 3: SEM images of a) Kl, b) Kh, c) Il and d) C1

Source: own.

In addition, the measurement of PSD showed that the fineness of the clay minerals
was greater in Kl and Kh than in Il and CI (Figure 4).
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Figure 4: Cumulative distribution (% passing, based on volume) of selected samples

Source: own.
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In order to determine the optimum sintering temperature, the densification behavior
of our samples was measured using a heating- stage microscope. The relative
shrinkage (%) of the samples as a function of temperature is shown in Figure 5. Cl
reaches the peak of the densification rate at 1160 °C, Il at 1250 °C, while the onset
of densification of Kl and Kh occurs at higher temperatures and the maximum rate
is reached at 1320 °C for Kh and 1400 °C for Kl In accordance with the
densification behavior, the sintering temperature was set at 1100 °C for all samples
and at 1300 °C for Kl and Kh.

Relative shrinkage (%)

Kl
Kh

0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)

Figure 5: Relative shrinkage of the Kl, Kh, Il and Cl as a function of temperature

Source: own.

3.2 Mechanical properties

In the last step, we addressed the mechanical properties of the sintered clay minerals.
At a sintering temperature of 1100 °C, the densification of Cl and 1l is intensive,
while a higher temperature was required for Kh and Kl. The compressive strength
was measured on five pellets of each sample after sintering at 1100 °C and at 1300
°C for Kl and Kh. The results ate shown in Table 2 and Figure 6.

The total porosity of the samples sintered at 1100 °C was between 11 and 40%. The
porosity of the kaolinites was significantly lower with increasing sintering
temperature up to 1300 °C. At 1300 °C, Kh and Kl showed significantly lower
porosity (~4-5%), which is consistent with the higher mechanical strength and
density of these samples.
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Table 2: Geometric density, bulk density and porosity, measured with MIP, and compressive
strength of selected samples, sintered at 1100 and 1300 °C.

Temp. Bulkdensity Geom. density Porosity Comptessive strength

Sample o) (g/cmd) (g/cmd) %) (MPa)
Kl 1100 1.66 1.45 39.5 5.6 20
1300 2.58 2.57 4.6 340.9 + 36.8
Kh 1100 1.81 1.75 31.1 35.5+ 8.0
1300 2.68 2.68 4.3 74.0 £ 36.8
11 1100 2.21 2.19 13.9 160.5 + 6.2
Cl 1100 2.26 2.27 11.0 303.3 £ 31.9
350+ 24
— p (MPa)
3001 =#=p(g/cm3)
E 2.2
§ 250 =
) E
E 200+ 20 E
é 1501 18 8
E
< 100
1.6
50
0 1 el 14
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Figure 6: Compressive strengths and bulk densities of clay materials after conventional
sintering at 1100 °C for 2 houts

Source: own.

The porosity values and the bulk density of the samples, measured with the MIP,
are listed in Table 2. The pore size distribution ranged from 0.01 to 100 um, as

shown in Figure 7.
= 07
-
E 06
s
3 05
E 0.4 Kl
g 03 ——Kh
] " —1
E 0.2 J\ —Cl
4 01 \
E , /}:ﬁ{ \\ B .
0001 001 0.1 1 10 100 1000

Pore size Diameter (um)

Figure 7: Differential mercury intrusion porosimetry of sintered clay minerals

Source: own.
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In addition, a series of samples will be prepared using CSP under different conditions
in the typical range of CSP. Preliminary results show that the Cl pellet was
successfully prepared using CSP at a temperature of 240 C, a pressure of 500 MPa
and a processing time of 3 minutes (Figure 8).

Figure 8: 3D view with cross-section of the Cl pellet prepared using CSP at a temperature of
240°C, a pressure of 500 MPa and a processing time of 3 minutes

Source: own.

4 Conclusions

In this study, selected clay minerals and the natural clay material were characterized
and then conventionally sintered at 1100 and 1300 °C for 2 hours to compare their
mechanical properties with those of clays prepared with CSP. After sintering at 1100
°C, the highest compressive strength was obtained with Cl, which also had the
highest density (2.27 g/cm?) and the lowest porosity (~11%). Illite with comparable
density (2.21 g/cm’) and porosity (~14 %) achieved a twice lower compressive
strength (161 MPa), while kaolinite showed significantly lower compressive
strengths with values from 6 to 36 MPa. The lower values for the compressive
strength of kaolinite can be attributed to the fact that the optimum sintering
temperature was not reached at this temperature. After sintering at 1300 °C, the low-
defect kaolinite achieved the highest compressive strength (341 MPa) with low
porosity (4.6 %) and high density (2.58 g/cm?). In a preliminary analysis, we have
also shown the promising results of CSP.
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B-Lactam antibiotics have been extensively employed in bacterial Keywords:

B-lactamase,

treatment ever since penicillin's groundbreaking discovery.
Despite the proliferation of antibiotics in the pharmaceutical ’
sector today, bacteria often evolve defense mechanisms. Chief secondary structure
among these is the production of $-lactamase enzymes, which
degrade B-lactam antibiotics, representing a prevalent form of
antibiotic resistance. Additionally, these antibiotics exhibit
limited biodegradability, with only 20% breaking down naturally.
Hence, finding effective methods to mitigate the presence of 3-

lactam antibiotics is crucial in combating antibiotic pollution.
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1 Introduction

Numerous industries use enzymatic processes as opposed to conventional chemical
catalysts, because they are specific in chemical transformations, rapid and save
reagents and energy (Becker et al. 2021; Choi et al. 2015). Enzymes are used to
catalyze highly selective and effective chemical reactions in terms of saving energy.
Despite free enzymes possessing some drawbacks, regarding poor operational
stability and low resistance to process conditions, they are highly applicable in
industrial processes on a large scale. To overcome such limitations, the main research
is focused on protein engineering solutions. However, the most common technique
widely used for enhancing enzyme activity and operational stability is immobilization
onto various supports. Immobilized enzymes are more resistant for harsh and
unfavorable reactions conditions due to the interactions between enzymes and their
catrier structure. Such conditions as pH, high temperature and ionic strength can
destabilize and alter molecular structure and performance of a certain biocatalyst.
Additionally, posing as an interesting alternative is the use of physical factors, such
as magnetic field, which could stimulate and affect enzyme activity with its catalytic
properties. With a potential effect of magnetic field on the enzyme reaction catalysis
can change and alter enzyme’s kinetics. When external magnetic field is applied in a
reaction catalysis, it can affect molecular structure of the enzyme, thus modifying its
catalytic properties. Furthermore, exposing enzymes to magnetic field can also affect
kinetic energy of unpaired electrons, that are being released in catalysis, which can
impact biological processes and chemical reactions (Emamdadi et al. 2021; Wasak et
al. 2019; Magazu and Calabro 2011; Liu et al. 2010).

3-Lactamic antibiotics are one of the most common drugs used in treating bacterial
infections, since their efficiency is in their ability to inhibit important reactions,
which are involved in cell wall formation. Penicillin (PEN) is an antibacterial agent,
that belongs to the 3-lactam antibiotics, which have strong antimicrobial activities.
Hence, it is extremely used in clinical practices worldwide. The use of PEN can also
cause allergic reactions and lead to death, even more it can lead to development of
PEN-resistant bacterial strains. Since PEN antibiotics are widely used in the dairy
industry for treating various bacterial infections, the continual abuse of PEN has
been reported and documented. PEN antibiotics show limited stability in hydrolysis
and can therefore cause formation of different degradation products (Li et al. 2014).

As such degradation products can cause allergic reactions as well, some enzymes
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can catalyze and degrade antibiotics with the advantage of excellent catalytic features,
high biocompatibility and eco-friendly performance (Yang et al. 2021). Such
enzymes are B-lactamases, which are produced by bacteria that play an important
role in their resistance to 3-lactam antibiotics due to their hydrolyzation of 3-lactam
ring (Wang et al. 2021).

With increasing antibiotic pollution and consequently avoiding bacteria developing
defense mechanisms, the urge for developing methods for successful antibiotic
removal are in place (Feng et al. 2021; Wang et al. 2021; Yang et al. 2021). Therefore,
any new methods for enhancing enzymatic activity, operational stability and
tolerance to pH and temperature of 3-lactamase are being investigated. In our study,
we investigated the PEN degradation ability of free B-lactamase. As the PEN
degradation study showed promising results, the enzyme was also treated with

magnetic field to achieve improved catalytic activity and stability.
2 Materials and Methods
2.1 Enzyme preparation

Enzyme B-lactamase was studied in solution and powder form. When investigating
the effect of magnetic field on its activity in powder form, 1 g of B-lactamase was
used. When investigating the effect of magnetic field on its activity in a solution, 1 g

of B-lactamase was dissolved in 1 mL of deionized water.
2.2 Degradation of PEN with $-lactamase

The degradation process was performed in batch reactor containing PEN solution
with 0.1 mg/mL concentration. When B-lactamase was added, the reaction was
performed at room temperature for 24 hours. The remaining PEN concentrations
were monitored via HPLC (Agilent) with an Eclipse XDB C18 column, consisting
of parameters: column temperature 30 °C, flow rate 1.0 mL/min, mobile phase
consisting of methanol and phosphate, injection volume was 20 pL. The degradation

was detected at a wavelength of 225 nm.
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Figure 1: Schematic illustration of PEN degradation in a batch reactor using -lactamase
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2.3 Effect of magnetic field on B-lactamase activity

The effect of treatment with constant magnetic field with 50 mHz frequency was
studied on the activity of enzyme B-lactamase. The activity of B-lactamase was
investigated in forms of a solution and powder, while the effect of exposed time (2

and 20 min) was studied, as well.
24 B-lactamase activity assay

B-Lactamase activity was assessed spectrophotometrically. The reaction that
contained 570 pL of B-lactamase enzyme in 50 mM HEPES buffer was initiated with
30 pL of substrate nitrocefin. -Lactamase activity was monitored by measuring the

increase in absorbance at 482 nm for 1 min at room temperature.
3 Results
31 Enzymatic degradation of PEN with p-lactamase

The catalytic performance of 3-lactamase for degradation of PEN was determined
in water solution at room temperature. As shown in Figure 2, PEN degradation
with B-lactamase was determined using enzyme concentration of 0.01 mg/mL. PEN
concentration was 0.1 mg/mL. From the results shown in Figure 2 we can observe
that the degradation of PEN with enzyme B-lactamase was slowly improving. After
10 min 10% of PEN degraded and after 6 and 24 hours 18% and 22% degradation
of PEN was observed, respectively.
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Figure 2: PEN degradation by enzyme B-lactamase after incubation for 24 hours.

Source: own.

3.2 Effect of magnetic field on B-lactamase activity

As the enzyme shows great promises in degradation studies, it will be immobilized
onto nanostructured carriers and used for applications, where it can easily be
separated with the use of an external magnetic field. Hence, we investigated the
impact of a continuous magnetic field on the activity of B-lactamase in both solution
and powdered forms. Our analysis revealed that magnetic treatment did not
deactivate the enzyme; instead, it preserved its activity with only minimal loss
compared to the non-exposed enzyme. The peak activity of the treated enzyme in
powdered form under a constant magnetic field was attained after 20 minutes,
resulting in a 96% retention rate, while for the enzyme in solution form, the highest
activity was achieved after the same duration, with a retention rate of 99% (Figure

3).

Time [min]
Epowder  Msolution

150

—_
o
[e]

Enzyme activity [%]
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Figure 3: Enzyme activities of B-lactamase in powder form and in solution after constant
magnetic field treatment.

Source: own.
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Based on the findings, it can be concluded that the enzyme's activity is influenced
by the frequency of exposure, potentially leading to alterations in its structure when
subjected to a magnetic field. It is widely acknowledged that electromagnetic fields
have the capacity to dynamically impact proteins and the ions within their
composition (Wasak et al. 2019; Liu et al. 2010). The observed outcomes could stem
from the distinctive structural characteristics of the enzyme and its catalytic function.
The magnetic field's ability to modify physiochemical properties, such as
conductivity or dielectric constant, may contribute to changes in the enzyme's
structure. This factor is crucial for maintaining the stability of the enzyme's three-
dimensional structure and its catalytic efficacy. The interaction between an external
magnetic field and the enzyme's three-dimensional arrangement could trigger

structural adjustments, thereby influencing the geometry of the enzyme's active sites.
4 Conclusions

Utilizing magnetic fields to regulate enzymatic activity appears to hold significant
promise for enhancing the catalytic performance of enzymes. This approach not
only boosts the enzymatic efficiency but also enhances the operational stability of
the enzymes. Our research demonstrates that exposing 3-lactamase to an external
magnetic field can effectively modify its activity, maintaining its functionality without

any adverse effects on enzyme performance.
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