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Uvodni slovo Séfredaktora

Vazeni ¢tenari,
mate pred sebou cislo, které je mimoradné silné. Obsahuje
16 odbornych prispévkii, to v tomto ¢asopise uz dlouho
nebylo. Nevim, jestli je to jen souhra okolnosti, nebo
zacCinajici trend zvysujiciho se zajmu o publikovani v tomto
Casopise. Pochopitelné bych si pral, aby to bylo to druhé.
Potom by stalo za to, ucinit dalsi pokus o zafazeni ¢asopisu
do databaze Web of Science. Naposled nas odmitli
s oduvodnénim, Ze pocet prispévki prubézné klesd. Tehdy to
byla bohuzel pravda. Ten pokles se sice zastavil, ale az na
dnesek nic moc.

V tomto Cisle je nékolik prispévki, které zaznély letos na
podzim na symposiu ODPADOVE FORUM 2025, jehoZ jsme
partnerem. V téchto pfipadech ale prisné hlidam, aby nedoslo k poruseni publikacni etiky. Text
v ¢asopisu nesmi byt stejny jako ten ve sborniku symposia. Musi byt vysledkové bohatsi, a jesté
lépe, kdyz je v anglictiné.

Zminény letosni roénik symposia se konal v Fijnu a nasledujici roénik ODPADOVE FORUM
2026 se bude konat jiz v dubnu, konkrétné 21. — 23. 4. 2026. Bude naroc¢né zajistit za tak kratkou
dobu dostatek kvalitnich prispévku, ale rozhodli jsme se to risknout, protoZe se chceme vratit
k osvédc¢enému jarnimu terminu, ktery jsme opustili kvili covidu. Variantou bylo jeden ro¢nik
vynechat, ale to se nam nechtélo.

Vérime, Ze se nam to podaf¥i a jiz na tom intenzivné pracujeme, mj. volbou zvyraznénych témat.
Tentokrat to budou VEDLEJSI PRODUKTY Z POTRAVINARSTVI, RADIOAKTIVNI ODPADY,
DRUHY ZIVOT DREVA a ODPADY Z RECYKLACE | VYROBY AUTOMOBILU. Zatimco prvé dvé
témata jsou osvédcena z minulych roc¢nikd, druha dvé jsou nadéjna proto, Ze se jim u nas moc
pozornosti nevénuje. Tak uvidime.

VSechny vas, kdo ctete tyto radky, zvu. Potrfebné informace najdete v 1. crkulari (Call for
papers) na konci ¢isla nebo na strankach Tydne vyzkumu a inovaci pro praxi a Zivotni prostredi
TVIP 2026, v ramci kterého se symposium ODPADOVE FORUM tradi¢né kona.

Ondfrej Prochazka

Editorial

Dear readers,

you have before you an issue that is exceptionally strong. It contains 16 papers, which has
not been the case in this journal for along time. 1 do not know if it is just a coincidence or the
beginning of a trend of increasing interest in publishing in this journal. Of course, | would like it
to be the latter. Then it would be worth making another attempt to include the journal in the
Web of Science database.

Last time, they rejected us on the grounds that the number of papers was continuously
decreasing. And that was unfortunately true then.Finally, | would like to remind you that papers
submitted for publication must be the author's own work and may not have been previously
published elsewhere or sent to another publisher at the same time. For more, see Publication
Ethics on www.WasteForum.cz.

Regards
Ondfrej Prochazka
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Pro autory

WASTE FORUM je Casopis urCeny pro publikovani plvodnich védeckych praci souvisejicich
s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadu a recyklace, jak by mohl
naznacCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci ekologickych zatézi atd. Vychazi pouze
v elektronické podobé a Cdisla jsou zvefejiiovana na volné pfistupnych internetovych strankach
www.WasteForum.cz.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému c&lenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro_autory. Ve snaze dale rozSifovat okruh moznych recenzentll zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publika¢ni jazyk je Cestina, slovenstina a angli¢tina. Preferovana je angli¢tina a v tom pfipadé je
nezbytnou soucasti ¢lanku na konci nazev, kontakty a abstrakt v ¢eském &i slovenském jazyce, pfiemz
rozsah souhrnu neni shora nijak omezen.

Vydavani C€asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim Casopisu, vybirame publikaéni poplatek ve vysi 1000 K¢ za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzdvérka nejblizsiho ¢isla ¢asopisu WASTE FORUM je 8. ledna 2026, dalsi pak 8. dubna 2026.

For authors

WASTE FORUM is an open access electronic peer-reviewed journal that primarily publishes
original scientific papers from scientific fields focusing on all forms of solid, liquid and gas waste. Topics
include waste prevention, waste management and utilization and waste disposal. Other topics of interest
are the ecological remediation of old contaminated sites and topics of industrial and municipal ecology.

WASTE FORUM publishes papers in English, Czech or Slovak. Papers submitted for
publication must be the author's own work and may not have been previously published
elsewhere or sent to another publisher at the same time. For more, see Publication Ethics.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form
to the e-mail address prochazka@cemc.cz. Manuscripts must be fully formatted (i.e. printer-ready) in
MS WORD. The file should have a name that begins with the surname of the first author or the surname
of the corresponding author.

All articles submitted for publication in WASTE FORUM undergo assessment by two independent
reviewers. The reviews are dispatched to authors anonymously, i.e. the names of the reviewers are not
disclosed to the authors. The paper, if it is of good quality and passes the review, is published no
later than 10 weeks after the editorial deadline.

All papers that was not subjected to a peer-review are labeled in a header of each page by the
text Not peer-reviewed and commercial papers.

Publication of the journal is not subsidized by anyone. Therefore, in order to cover the costs
associated with publishing the magazine, we charge a publication fee of CZK 1,000 or 50 USD per page
(excluding VAT). If the contribution is not published due to a negative result of the review process, this
amount is halved.

The deadline of the next issue is on January 8, 2026, more on April 8, 2026.
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Jozef JANDACKA, Milan MALCHO, Patrik NEMEC, Ludmila NOVA: Increasing the Efficiency of a Small Heat
Source by Reusing its Waste Heat

Increasing the Efficiency of a Small Heat Source by
Reusing its Waste Heat

Jozef JANDACKA, Milan MALCHO, Patrik NEMEC, Ludmila NOVA

Zilinska univerzita v Ziline, Strojnicka fakulta, Katedra energetickej techniky,
Univerzitna 8215/1, 010 26 Zilina, e-mail: patrik.nemec@fstroj.uniza.sk

Abstract

The biggest heat loss during the energy recovery of fuels in heat sources is the loss due to the
sensible heat of flue gases. This is waste heat removed in the flue gas, which reduces the efficiency of
the heat source by 20 — 40%. Solutions to problems with increasing the efficiency of heat sources bring
energy savings to the operator, reducing emissions and saving energy sources, which ultimately has an
impact on less waste generation. The standard way to increase the efficiency of heat sources is to
preheat the primary air by electric heating or by applying a heat exchanger to the flue gas pipe with
a controlled circulation of the heat carrier, which results in an increase in energy consumption and an
increase in energy costs. This article deals with the application of a gravity loop heat pipe in a fireplace
insert, which uses the waste heat of the flue gas to preheat the primary combustion air. The result of
such an application is a simultaneous increase in the temperature of the supplied air and a decrease in
the chimney temperature, which results in an increase in the efficiency of the heat source without the use
of additional energy. According to the obtained results, such a solution can increase the efficiency of the
heat source by 2 to 10% and contribute to the reduction of waste generation during the energy recovery
of fuels.

Klicova slova: waste reduction, heat recovery, increasing efficiency and sustainability, emission
reduction, heat source

Introduction

The current trend in energy is solving the question of how to best use the potential of the energy value
contained in fuels and how to deal with the given materials in such a way as to maintain a zero waste
economy (the so-called life without waste). It is also very important that the recovery of fuels produces as
few harmful substances as possible. The reduction of the formation of harmful substances during the
combustion of solid and liquid substances is possible by increasing the efficiency of the combustion
equipment. Depending on the thermal efficiency, the recovery of the fuel and the energy contained in it
also develops, and this contributes to the reduction of waste generation.

Total efficiency of gas boilers and fireplaces ranges from 70% to 95%". Devices that increase the
efficiency of the existing small heat source in a family home reduce energy consumption and financial
costs’. The thermal efficiency of combustion devices is influenced by many factors, such as fuel quality,
equipment construction and, last but not least, equipment operation. However, the temperature of the
flue gas and the temperature of the intake air have the most fundamental influence on determining the
efficiency of the combustion device®.

An increase in thermal efficiency can be achieved in several ways. Efficiency increase is possible, for
example, by using waste heat generated during combustion in a small heat source. For more efficient
use of thermal energy or of waste heat, exchangers are proposed, which are mounted on the outer or
inner surface of flues. Excess heat is removed by convection using flue gases, or it is radiated to the
surroundings through the walls of the combustion chambers. This waste contains sufficient energy
potential for the use of, e.g., heating, preheating of water, combustion air, or recovery systems”.

The standard way of increasing the efficiency of combustion devices is to preheat the primary air by
electric heating or by applying a heat exchanger to the flue gas pipe with controlled circulation of the
Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
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heat-carrying medium, which results in an increase in energy consumption and an increase in energy
costs. Heat recovery is a general term with a broad content that has a wide range of different
applications and solutions. The basic principle of the function is the transfer of heat between the flowing
air and the material of the heat exchanger”.

Another possible way is to use a heat pipe, which performs the same function as a heat exchanger.
The difference between a heat exchanger and a heat pipe is the principle of heat transfer. Heat transfer
through a heat pipe works on a physical principle, which is based on the changed state of the heat-
carrying substance®. The heat-carrying substance circulates in a closed system on its own due to
pressure changes. The device consists of two main parts (evaporator and condenser), which are
connected by pipes. In the evaporator, the heat-carrying medium is heated, thermal energy is supplied to
it, and its transformation into steam takes place, while in addition to the temperature, the pressure and
flow rate of the heat-carrying medium also change' ”. In the condenser, the heat-carrying medium cools
down, transfers thermal energy, and undergoes a reverse transformation into a liquid. With the help of
these physical phenomena, the heat-carrying medium flows; therefore, it is not necessary to install
a pump in this closed systém® *°.

Although heat pipes have been successfully applied in various industrial systems such as electronics
cooling, solar thermal collectors, and large-scale exhaust to air recovery units, applications for
preheating combustion air in small heat sources heating systems are rare. One of the few examples is
design an experimental gravity loop heat pipe device with tubular evaporator for preheating combustion
air of the fireplace insert’®. Existing research on preheating combustion air usually concerns two
methods of preheating air: recuperators and regenerators. Recuperators consist mainly of conventional
heat exchangers with forced circulation of the working medium.

Our approach, integrating a gravity loop heat pipe within a fireplace insert to recover flue gas heat for
intake air preheating, represents a novel, compact, and pump-free solution. The experimental device
presented in this work offers a practical, compact, and pump-free solution for small-scale residential
heating systems. It allows effective recovery of waste heat to preheat combustion air in fireplaces and
gas inserts, resulting in improved energy efficiency, reduced fuel consumption, and lower emissions.
This makes it suitable for retrofitting existing small heat sources in family homes, providing both
economic and environmental benefits.

Materials and methods

The experimental research was carried out on a gas fireplace insert with a power of 6 — 9 kW and an
efficiency of 80.0 — 87.1%. The original construction of the fireplace insert had an opening designed in
the upper part around the perimeter of the chimney, through which air is sucked into the combustion
chamber. Air is supplied from the bottom of the combustion chamber through a pipe leading through the
back of the fireplace insert. The modification of the fireplace insert for the application of a heat tube for
preheating the air consisted in placing its evaporative part in the combustion chamber and the
condensing part in the pipe supplying the air, so that it was above the evaporative part.

The waste heat delivered to the evaporator located in the upper part of the combustion chamber of
the fireplace insert is further transferred by vapours of the heat-carrying medium through the evaporation
pipe to the condenser. In the condenser, the steam transfers heat to the intake air and condenses. Due
to gravity, the liquid phase of the heat-carrying medium flows through the condensation pipe into the
evaporator, where it evaporates again. This process is constantly repeated, and thus the repeated
lowering of the temperature of the flue gas and the preheating of the intake air is ensured. A flat
evaporator prototype with a capillary structure (Figure 1) was designed for the heat pipe, the main task of
which is to evenly distribute the working substance in the evaporator in order to ensure evaporation from
the largest possible surface and greater heat transfer.

The capillary structure is made of several layers of glass-textile fabric and one layer of stainless steel
wire placed in the lower and upper parts for better steam removal and under two layers in the middle part
to create a larger space for liquid to enter the glass-textile layers. The liquid is distributed in the capillary
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structure from the centre up and down, and along the layers of the fiberglass. Due to the expected high
temperatures in the combustion chamber of the fireplace insert of around 350 — 400 °C, stainless steel
was used for the construction of the evaporator. Stainless steel perfectly resists high temperatures and
chemically aggressive environments thanks to its chemical composition, which consists of alloying
elements such as nickel, chromium, manganese, etc. This material is also suitable from the point of view
of compatibility with the chosen heat-carrying substance - water, with which they are well tolerated, and
when they are combined, undesirable chemical reactions such as, for example, corrosion do not occur.

Figure 1: Design of the evaporator and wick structure

For the production of the condenser (Figure 2), copper tubes with pressed aluminium fins were
chosen. Copper has good thermal conductivity and anti-corrosion properties in combination with water.
Ribbing on the outer circumference of the tubes increases the heat exchange surface and thus also
increases the amount of heat transferred from the condenser to the intake air at the inlet to the
combustion chamber.

et e

Figure 2: Design of the condenser

The experimental measurement was performed three times on both the original and modified state of
the fireplace insert at maximum power. Each measurement lasted one hour, during which the data were
recorded on the computer in 10-second intervals. The measurement in the original state consisted of
sensing the temperature in the combustion chamber of the fireplace insert, the temperature of the flue
gas in the chimney, the temperature of the air supplied to the combustion chamber by K-type
thermocouples, the parameters of the emission gases in the flue gas by the TESTO 350 measuring
device and the gas flow by the gas meter.

The measurement in the modified state consisted of sensing the temperature in the fireplace insert,
the temperature of the flue gases in the chimney, the temperature on selected parts of the heat pipe, the
temperature of the air supplied to the combustion chamber in front of and behind the condenser by
K-type thermocouples, the velocity of the flow of the supplied air by a thermoenemometer, the
parameters of the emission gases in the flue gas measuring by TESTO 350 device and gas flow by gas
meter.
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Figure 3 shows a scheme for measuring the efficiency of a fireplace insert with a heat pipe. Figure 4
shows a real experimental device together with measuring devices. In Figure 3, K-type thermocouples
are marked in red, the connection of individual measuring devices to the notebook, which records the
measured parameters, is shown in green, and parts of the heat pipe (evaporator and condenser) are
shown in purple.

evaporator

emision condenser 1"-. - temperature computer
dataloger dataloger /
emission probe | — — J
=) —F : [ T e
¥ N
1

gasmeter fireplace

Figure 3: Scheme of an experimental fireplace with a heat pipe
1 - temperature on the suction, 2 - temperature of the fireplace insert on the glass part,
3 -temperature of the fireplace insert on the back side, 4 - temperature of the hearth on the left side,
5 - temperature of the hearth in the middle, 6 - temperature of the hearth on the right side,
7 - temperature of the fireplace insert on the upper side, 8 - temperature of the fireplace insert on
the left side, 9 - temperature of the fireplace insert on the right side, 10 - temperature of radiation
into the space, 11 - temperature on the left side of the evaporator, 12 - temperature in the centre
of the evaporator, 13 - temperature on the right side of the evaporator

The efficiency of small heat sources with the combustion of gaseous fuel, related to the calorific value
of the gaseous fuel used Q _i, is calculated from the sum of the specific heat capacity of dry flue gases
and the specific heat capacity of water vapour contained in the flue gases, according to the STN EN 613
standard*?.

n =100 - (q1 + q2), [%] (1]

where: n is heating device efficiency [%], q; is specific heat capacity of dry flue gas [%], and q, is
specific heat capacity of water vapor in flue gas [%].

The specific heat capacity of dry flue gases depends on the average specific heat capacity of dry flue
gases, volume of dry flue gases, calorific value of the fuel burned and mainly on the difference in
temperature between the flue gases at the outlet of the heat source and the air at the inlet to the heat
source. The specific heat capacity of water vapour in the flue gases depends on the calorific value of the
fuel burned, the calorific value of the fuel burned and on the difference in temperatures of the flue gases
at the outlet of the heat source and the air at the inlet to the heat source.
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Figure 4: Real setup of the fireplace with heat pipe

The determination of performance of the fireplace insert is determined from the input power of the
fireplace insert, which is calculated according to the relationship:

Py = ok, [kW] [2]
P = VZP.(Q, [kW] [3]

where: Pv is heat source output [kW], P is heat source input [kW], n is thermal efficiency [%],
VZP is natural gas consumption [m®/h], Qi is calorific value of fuel [kWh/m?].

Results and discussion

The experiment aimed to increase the efficiency of a small heat source by applying a heat pipe to
preheat the air supplied to the combustion chamber. The expected results were verified by measuring
the original condition of the fireplace insert and after the fireplace insert was modified. Figure 5
graphically shows the temperature course of the individual measured parts of the gas fireplace insert in
its original state and figure 6 graphically shows the temperature course of individual measured parts of
a gas fireplace insert with a heat pipe. The graphs have two axes for better clarity of temperature curves.
On the main axis on the left, the temperatures on the surface of the fireplace insert are shown with
a dashed line. On the secondary axis on the right, the curves of the external temperature, the
temperature inside the fireplace insert, the temperature of the flue gases and the temperature of the
combustion air are shown with a solid line. The temperature curves on the original state of the fireplace
insert were recorded for 60 minutes. The temperature curves on the fireplace insert with a heat pipe
were recorded for only 15 minutes. After 15 minutes, the measurements were interrupted due to an
excess of pressure on the safety valve in the heat pipe set to 6 bar. The expected results were also
achieved within 15 minutes, when the temperature of the combustion air increased from 30 to 60 °C and
the temperature of the flue gases in the chimney decreased from 330 to 260 °C compared to the original
values measured on the gas fireplace insert.

Table 1 shows the most important research data on increasing the efficiency of the fireplace insert. By
comparing the measured and calculated most important values affecting the efficiency of the fireplace
insert, it can be clearly seen that after the application of the heat pipe, the temperature of the flue gases
in the chimney decreased by approx. 65 °C and the temperature of the supplied air increased by 31 °C.
The total temperature differences of flue gas and combustion air decrees about 100 °C, which had
a positive effect on increasing its efficiency by 3.4 %. These findings confirmed our expected

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 2 7 7



Jozef JANDACKA, Milan MALCHO, Patrik NEMEC, Ludmila NOVA: Increasing the Efficiency of a Small Heat
Source by Reusing its Waste Heat

assumptions of a positive effect of the application of the heat pipe on increasing the efficiency of the
fireplace insert.
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Figure 5: Temperature course during the operation of the origin fireplace insert

The work also included a heat balance of a small heat source during operation without and with
a heat pipe. The heat balance of a heat source without a heat pipe compares the input power of the heat
source with the power and total power losses, which consist of losses in the flue gases, through the walls
of the heat source to the surroundings, radiation of the surface of the heat source to the surroundings
and accumulation of the heat source material. In the case of a heat balance of a heat source with a heat
pipe, it is also necessary to consider the power dissipated by the heat pipe from the heat source to the
combustion air and the power losses of the heat pipe. The power dissipated by the heat pipe was on
average 824 W and the heat pipe losses were on average 73 W.

In practical applications, heat pipes have been successfully integrated into various industrial and
commercial systems, such as solar thermal collectors, electronic cooling, and large-scale waste heat
recovery. However, their use in small-scale residential heating devices remains limited, which presents
a promising opportunity for further implementation. The presented experimental device demonstrates
that gravity loop heat pipes can efficiently recover waste heat without additional electrical energy
consumption, which is advantageous compared to conventional heat exchangers that often require
pumps or fans.

From an economic perspective, increasing the thermal efficiency of small heat sources by
approximately 3.4% and power output by over 1 kW can translate into significant energy savings and
reduced fuel costs over time, especially in household heating. Although the initial investment in
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retrofitting with heat pipes may be higher than traditional solutions, the long-term operational savings and
reduced maintenance costs due to the passive operation of heat pipes provide an attractive return on
investment.

In further research, we would like to focus on improving the structural properties of the heat pipe, so
that it would be resistant to higher pressures and able to function for a long time.
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Figure 6: Temperature course during the operation of the fireplace insert with heat pipe

Table 1: Selected most important research data

Combustion air Flue gas Efficiency Heat output

temperature temperature [°C] [%0] [kW]
[°C]

original | measure 1 27.25 332.39 87.36 7.71
fireplace | measure 2 31.81 339.5 87.24 7.7
insert | measure 3 31.64 318.84 88.1 7.77
average 30.23 330.24 87.57 7.73
modified | measure 1 56.87 265.63 90.91 8.77
fireplace | measure 2 60.95 265.48 90.78 8.76
insert | measure 3 67.33 266.15 91.36 9.05
average 61.72 265.75 91.02 8.86
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Conclusion

Heat recovery through heat pipes for air preheating in small heat sources is not commonly used in
practice. Our long-term research dedicated to heat pipes and their applications has found another
application area in which the heat pipe could be used. By carrying out experimental measurements of
the small heat source with the application of a heat pipe, it was found that compared to the original state,
its thermal efficiency and performance increased. When setting the original state of the fireplace insert
on the highest level, the heat output, Pv = 7.73 kW, was measured, and the efficiency, n = 87.57 % was
calculated. With the same setting of the fireplace insert with the application of a heat pipe, the heat
output, Pv = 8.86 kW, was measured, and the thermal efficiency, n = 91.02 % was calculated. By
applying a heat pipe to the small heat source, its efficiency increased by 3.4% and power by 1.13 kW. As
with any heat pipe application, there is still space for improvement in the design of evaporators,
condensers or the use of materials in combination with heat transfer fluids. This often depends on the
manufacturers of heat sources and their options for placing such a device. If the structural designs of the
heat pipe parts, whose errors are often only proven during experiments, are improved so that they are
more resistant to pressure, there is a strong possibility of achieving better results.
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Zvysovanie uc¢innosti malych zdrojov tepla vyuzitim ich odpadového tepla
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Zilinska univerzita v Ziline, Strojnicka fakulta, Katedra energetickej techniky, Univerzitna 8215/1,
010 26 Zilina, e-mail: patrik.nemec@fstroj.uniza.sk

Suhrn

Najvécésou tepelnou stratou pri energetickom zhodnocovani paliv v zdrojoch tepla je strata citelnym
teplom spalin. Ide o odpadové teplo odvadzané v spalinach, ktoré zniZuje ucinnost zdroja tepla
0 20 — 40 %. RieSenia problémov so zvySovanim ucinnosti zdrojov tepla prinasaju prevadzkovatelovi
usporu energie, znizovanie emisii a Setrenie zdrojov energie, ¢o ma v konecnom dbésledku vplyv na
mensiu tvorbu odpadu. Standardnym spésobom zvy$enia Gdinnosti zdrojov tepla je predohrev
primarneho vzduchu elektrickym ohrevom alebo aplikaciou vymennika tepla do spalinového potrubia
s riadenou cirkulaciou teplonosného média, o ma za nasledok zvysenie spotreby energie a zvysenie
nakladov na energie. Tento ¢lanok sa zaobera aplikaciou sluckovej gravitacnej tepelnej trubice v krbovej
vioZke, ktora vyuZiva odpadové teplo spalin na predohrev primarneho spalovacieho vzduchu.
Vysledkom takejto aplikacie je sucasné zvySenie teploty privadzaného vzduchu a zniZenie teploty
komina, ¢o ma za nasledok zvy$enie ucinnosti zdroja tepla bez pouZitia dodatocnej energie. Podla
ziskanych vysledkov mézZe takéto rieSenie zvysit ucinnost’ zdroja tepla o 2 aZz 10 % a prispiet k zniZzeniu
tvorby odpadov pri energetickom zhodnocovani alternativnych paliv.

Kracové slova: znizovanie odpadu, spétné ziskavanie tepla, zvySovanie Gcinnosti a udrZatelnosti,
ZniZovanie emisii, zdroj tepla
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Summary

Volatile organic compounds (VOCs), which include a wide range of toxic compounds, pose
a significant threat to the environment and public health. Reducing their emissions is therefore an
important task for the industries in which they are produced. Given the need to process waste generated
by non-destructive technologies, destructive technologies are coming to the fore, especially those that
are not low-energy. These include catalytic decomposition and low-temperature plasma (non-thermal
plasma — NTP) technology. However, reactors used for the reduction of VOCs must be resistant to
corrosion caused by the passage of gaseous substances, they should be made of affordable materials,
and they should not negatively affect the efficiency of VOC decomposition.

One solution is to use micro-arc oxidation (MAQO) technology to treat the surface of reactor
components. The purpose of the experiments carried out on a laboratory NTP reactor with a replaceable
cathode was to compare the efficiency of acetone and toluene reduction using a reactor cathode made
of structural carbon steel, aluminium, and aluminium with a MAO surface treatment. During the process,
the efficiency of the reduction of selected VOCs and process parameters, including the energy intensity
of the process, were monitored.

The initial results of the experiments showed that the use of an aluminium cathode with a modified
surface has an efficiency comparable to that of the other cathode materials used and, in the case of
toluene reduction, it also exhibits lower energy consumption. The use of MAO technology to modify the
surface of the NTP reactor cathode appears to be a suitable alternative to the use of more expensive
and more corrosion-resistant construction materials (e.g. Ti and Ta).

Keywords: volatile organic compounds, non-thermal plasma, micro-arc oxidation

Introduction

With the gradual reduction of particulate matter, SOx, and NOx pollution, the reduction of volatile
organic compound (VOCs) emissions from various industries is becoming a focus of attention among
experts. Due to their higher saturated vapor pressure, volatile organic compounds have a boiling point
between 50 and 260 °C. Volatile organic compounds include several types of organic compounds,
mainly aromatic hydrocarbons, alcohols, aldehydes, esters, and organic acids. They are produced by
biological processes in nature’, but the main anthropogenic sources of VOCs are industrial processes,
primarily in the petrochemical and chemical industries, coke production, paint manufacturing, and
transportation etc.”. Most VOCs react easily with NO, to form ozone®“. VOCs as precursors of secondary
organic aerosol can create significant component of fine particular matter®. Secondary organic aerosol
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plays arole in the atmospheric particle load, influencing both air quality and climate dynamics®. In
addition to the negative impact on the environment, many VOCs are carcinogenic, affecting the central
nervous system, causing respiratory diseases etc.”™ . For these reasons, it is necessary to reduce their
concentration in the air.

The best way to reduce VOCs emissions is to prevent them from being generated in the first place.
There are two basic methods to reduce VOCs emissions: (a) non-destructive or (b) destructive
techniques. Non-destructive techniques include adsorption’®' absorption'?, membrane separation®®,
condensation' Effective for removing high-concentration VOCs, with activated carbon and zeolites being
commonly used.

These technologies are generally inexpensive, widely used, but on the other hand they have a number of
limitations. For example, for the adsorption the saturated adsorbent needs to be regenerated. However,
the high costs and challenges in adsorbent regeneration limit its practical use™?°. Landfilling used
adsorbent is not a solution either. Membrane separation its eminent cost as well as maintenance
requirements limit its widespread application'’ The condensation method is particularly suitable and
effective for removing evaporating solvents?.

Destructive technologies convert organic substances in waste gas into non-harmful substances (CO,
and water) through chemical reactions. These technologies include biopurification'®*®, thermal
oxidation®® and advanced oxidation technologies (such as ozonation'?, deep oxidation®
photodegradation and catalytic degradation?, microwave-assisted catalysis technology®?). Thermal
oxidation converts VOCs into CO, and H,O at high temperatures (>1000 °C) and is effective for treating
high VOCs concentrations. However, its high energy consumption and the undesirable byproducts
formation limit its use?*?*. Photocatalytic oxidation operates at lower temperatures, making it a more
energy-efficient option and producing fewer harmful by-products. It is particularly suitable for treating
diluted VOCs streams (<1% VOCs). Its large-scale use is hampered by the long oxidation time®*%,
Alternatively, non-thermal plasma (NTP) and NTP combined with catalysis is widely deemed to have the
following merits: (1) Its energy efficiency is higher than that of thermal oxidation. (2) It operates at
atmospheric pressure and room temperature. (3) It can be easily integrated with various packing
materials. (4) It can be quickly switched on/off*"

NTP is a process involving low-temperature plasma formation, in which the energy of electrons
reaches 1 to 20 eV. At lower temperatures (close to room temperature), heavy particles such as ions,
excited atoms and molecules, and free radicals are formed. Substances in the plasma state usually have
the following physicochemical properties: 1) high temperature and high kinetic energy; 2) conductivity
similar to that of metals; 3) luminescent properties; and 4) chemical activity. The design of the NTP
reactor, known as in-plasma (IPC), includes a catalyst inside that can increase the production of active
substances during the discharge process and thus improve the efficiency of the VOCs reduction
process. A simpler NTP reactor does not contain any filling, and a controlled plasma discharge and
ozone are generated inside.

The equipment in which NTP is implemented is constructed from metallic materials and must be
corrosion resistant. It is often made of steel, titanium, or aluminum. However, even these materials have
a limited-service life in the aggressive environment of waste gases. Therefore, it seems appropriate to
apply a surface treatment that would improve the corrosion resistance of the materials. The solution to
this problem may be the use of micro arc oxidation (MAQ) technology. The essence of MAO technology
lies in the formation of a very thin, porous oxide layer with variable density as a result of the creation of
arc discharges in a liquid electrolyte. The resulting oxide layer is robust and its properties (e.g.,
thickness, porosity, corrosion resistance, etc.) can be adapted to specific application requirements
thanks to the adjustable parameters of the technology. This layer then significantly improves the basic
properties of the metal or alloy surface by increasing the material's corrosion resistance.?? In addition,
the MAO method is relatively inexpensive and environmentally friendly®.

The essence of the contribution is to verify the effectiveness of reducing selected volatile organic
compounds in a laboratory reactor with a cathode made of the perforated aluminum sheet, on which
a layer of oxide was created using MAO technology, and to compare the results with the effectiveness of
using the perforated aluminum or the carbon steel cathode.
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Experiments
Materials, methods, and equipment used

The design of the NTP laboratory test reactor allows for the replacement of cathodes in the form of
perforated metal sheets. The laboratory NTP reactor produces ozone as an oxidizing agent, which,
together with plasma discharge, decomposes VOCs. In addition to the electrode material, the entire
process is influenced by other parameters such as the electrical voltage used, power consumption
(generally source parameters), temperature, humidity, and gas flow rate. To verify the influence of the
NTP reactor cathode material, or its surface treatment, on the efficiency of VOCs decomposition,
cathodes in the form of perforated sheets made of classic carbon steel, pure aluminium, and aluminium
with MAO surface treatment were used.

The preparation of ceramic coatings on the surface of perforated sheets was carried out using the
MAO method on a semi-industrial unit with a 65 kW alternating current source (DEHOR-elspec.
Litvinov s.r.o., Czech Republic). This equipment allows the pulse parameters to be set independently
using appropriate electronic amplifiers, which provides great flexibility for preparing a specific coating
microstructure. The entire process takes place in a liquid electrolyte environment, the composition of
which also influences the chemical composition and properties of the resulting surface. Of the selectable
parameters of the technology (voltage, current, frequency, and duty cycle), the pulse duty cycle is the
dominant factor for regulating the characteristics of surface discharge. The entire surface treatment
process involves several steps:

* No. 1 Degreasing process (1M NaOH; 45 °C)

* No. 2, 3 Rinsing (distilled water, conductivity < 10 uS/cm)
* No. 4 Pickling (HNO; + HF)

* No. 5, 6 Rinsing (distilled water; conductivity < 10 yS/cm)
* No. 7 MAO process (electrolyte; pH = 12)

* No. 8, 9 Rinsing (distilled water; conductivity < 10 uyS/cm).

The surface of the perforated aluminium sheet was treated using a constant voltage of 450 V for 25
minutes. In the MAO process, the aluminium sheet was connected as the anode and a 2 mm thick
stainless steel sheet (1.4301) as the cathode. The experiments were carried out in an alkaline electrolyte
of 6 g/l NaOH, 12 g/l Na,SiO3 at a source frequency of 96 Hz. Higher electrolyte concentrations were
also tested, which, due to their high ionic conductivity, exhibited intense discharge with high heat
generation. For these reasons, the process parameters were selected with regard to the lower
concentration, or rather the ionic conductivity of the electrolyte (28 mS/cm).

The laboratory equipment is a set consisting of a VOCs source, from which air is extracted by a fan
through a plasma reactor and discharged into the atmosphere. The inlet pipe is equipped with an air
temperature and humidity sensor, a flow sensor, and the VOCs sensor for determining the concentration
of VOCs substances. The outlet pipe is equipped with temperature and humidity measurement, ozone
measurement, and a VOCs sensor. The plasma reactor itself is constructed as a "grid" of cathodes
arranged perpendicular to the air flow, made of metal rods in glass tubes, and as a counterpoint, one or
two symmetrical cathodes made of perforated sheet metal are inserted into one of the grooves in the
wall of the reactor frame. The reactor is connected to a high-voltage source, which is connected to an
oscilloscope and a wattmeter; the cathode sheets are grounded. The voltage of 17.5 kV was set for all
experiments. The Figure 1 shows laboratory reactor and aluminium lattice with MAO treatment and its
detail.

Images of surfaces and cross-sections of samples were measured using a JEOL JSM-7610F Plus
scanning electron microscope (JEOL, Japan) in secondary electron (SE) and backscattered electron
(BSE) modes. The chemical composition of the MAO coatings was determined using an energy-
dispersive X-ray spectrometer (EDS, ULTIM MAX 65 mm?, Oxford Instruments, England) connected to
the SEM.
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Figure 1: Reactor assembly with one cathode and aluminium perforated sheet with MAO
treatment (a) and its detail (b).

The phase structure of the samples was measured by powder X-ray diffraction (XRPD) using
a Rigaku Ultima IV diffractometer (Rigaku Corporation, Japan). X-ray diffraction patterns were obtained
under conditions using CuKa radiation at an accelerating voltage of 40 kV, a current of 40 mA,
a scanning speed/duration of 1°/min, a step width of 0.02°, and a scanning range of 10 — 100°. The
phase composition was evaluated using the ICDD PDF-2 2022 database.

Description of the experiment on the reduction of selected VOCs

The aim of the experiment was to compare the effect of the cathode construction material used on the
reduction efficiency. For this reason, the same optional parameters were maintained during the
experiments. Acetone (boiling point is 56.29 °C) and toluene (boiling point is 110.626 °C) were selected
for primary VOCs reduction experiments in the NTP laboratory reactor. The VOCs source was filled with
acetone or toluene, and the temperature was adjusted to cause the substance to evaporate, which was
then drawn in by a stream of air sucked in by a fan located at the end of the device. The stream passes
through a plasma reactor, which excites a plasma glow discharge in the gap between the cathodes.
During the experiment, a constant flow of air (312 m®hour) containing 1030+150 mg/m?® of acetone or
660+15 mg/m® of toluene entered the plasma reactor. The air then leaves the fan into the atmosphere.
By measuring the temperature, the concentration of VOCs at the inlet and outlet, and the amount of O3
at the outlet at a constant air flow, it is possible to evaluate the efficiency as the ratio of the difference
between the inlet and outlet values relative to the inlet value in %. VOCs measurements are performed
using a PhoCheck Tiger detector, lon Science Phocheck Tiger. From the measurements of the source
parameters of the plasma reactor, the power consumption of the source can be calculated and converted
to the amount of reduced VOCs substances. At the same time, the oscilloscope allows the recording of
so-called Lissajous figures, which characterize the behaviour of the plasma source.

Results and discussion

The X-ray diffraction analyse was proven that the ceramic layer prepared MAO technologies and the
layer of corundum was covered the aluminium cathode as shows Figure 2. Figure 3 shows the SEM
imagine of the ceramic layer prepared using the MAO technique, including a representation of the
thickness of the oxide layer. The ceramic surface is porous, which increases the surface area of the
cathode and can positively affect the reduction efficiency. The layer thickness is approximately 660 nm

(Figure 3b).
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Figure 2: Diffraction pattern of the aluminium cathode surface after MAO treatment.

Figure 3: SEM image of aluminium cathode surface (a) and the thickness of the layer (b) created
by MAO on the aluminium cathode. Magnification 2000x.

A comparison of the average reduction efficiency of three experiments with selected of selected
VOCs using an NTP laboratory reactor with different cathodes is shown in Figure 4. The comparison
shows that the aluminium cathode with MAO surface treatment does not reduce the decomposition
efficiency; in the contrary, in the case of acetone reduction, the presence of corundum on the cathode
surface has a slightly positive effect on the reduction efficiency. The reduction efficiency of selected
VOCs reached a maximum of 70% which agree with available studies that show efficiency ranges
70 — 85% without the presence of a catalyst, while at higher power and with an optimal catalyst
composition, efficiency of up to 90 — 96% can be achieved®*. The effectiveness of NTP in the
decomposition of acetone or toluene depends on the process conditions (type of plasma, presence of
a catalyst, gas composition, power, speed of flow gas)®. However, the use of catalytic effects in NTP
operating reactors increases the economic parameters of the process. The efficiency of the reactor used
in this work can be increased by optimizing the power parameters, which will be the next step before the
construction of a semi-industrial equipment.
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Figure 4: Reduction efficiency of acetone (a) and toluene (b) using laboratory reactor of NTP with
different cathode.

During all experiments, the volt-ampere characteristics of the plasma were measured at a constant
voltage (17.5 kV), and the plasma power was calculated. The energy consumed to reduce the
concentration of a given substance was calculated from the difference in acetone/toluene concentrations
in the unit air flow in front of and behind the reactor and the plasma power, and the results are shown in
Figure 5. The difference between the energy consumption of acetone and toluene decomposition stems
from the nature of the chemical compound. Reducing the acetone concentration in the air stream is most
energy-intensive when using a carbon steel cathode, while the process using the aluminium cathode and
the MAO-coated aluminium cathode is comparable. Conversely, the reduction in toluene concentration is
comparable for all electrodes used, taking into account standard deviations, but error bars calculated as
standard deviations showed that the decomposition process using the aluminium or the MAO-modified
aluminium cathodes proceeds under more stable electrical conditions. These results showed that the
process conducted at a stable voltage affects the plasma performance of individual electrodes and thus
the efficiency of the process.
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Figure 5: Energy consumption per unit quantity of decomposed acetone and toluene.

After completing the experiments, the surface of the electrodes was examined using an electron
scanning microscope; the results are shown in Figure 6. During the decomposition process, the surface
of the cathode made of the carbon steel (Figure 6a) was damaged most significantly. No significant
changes were observed on the surfaces of the cathodes made of aluminium and aluminium treated with
MAO technology. It is clear, that the carbon steel cathode is unsuitable for long-term use. Both cathodes
base of aluminium will be tested to corrosion resistance.
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Figure 6: SEM image of carbon steel (a), aluminium (b) and aluminium cathode modified MAO (c)
after NTP processes. Magnification 1000x.

Based on the results of corrosion tests on surfaces treated with MAO®*3 technology, it can be
assumed that aluminium cathode with treated surfaces will be more resistant to corrosion than
electrodes without surface modifications.

Conclusion

Reducing the VOCs concentration emitted from industrial operations is an urgent task for improving
the environment and quality of life of people living near industrial agglomerations in particular. Despite
existing technologies, it is necessary to increase their efficiency and applicability to specific types of
VOCs. A new alternative appears to be a combination of ozone oxidation and plasma discharges
generated in low-temperature plasma reactors. The efficiency of NTP is influenced by a number of
parameters, including the construction material of the reactor and the electrodes themselves, which must
also be resistant to the corrosive environment of gaseous substances. Corrosion resistance can be
improved by surface treatment of construction materials, e.g., using micro-arc oxidation technology.

The aim of the experiments, carried out under the same operating parameters, was to compare the
efficiency of acetone and toluene reduction in a laboratory NTP reactor using cathodes made of
structural carbon steel, aluminium, or aluminium treated with MAO technology. During the process, the
efficiency of the reduction of selected VOCs and process parameters, including the volt-ampere
characteristics of the process, were monitored.

The initial results of the experiments showed that the use of an aluminium cathode with a modified
surface has a comparable efficiency to the other cathode materials used, i.e., approximately 70%. The
cathode made of aluminium and surface-treated aluminium using MAO technology did not show
significant surface damage after use in the NTP. It can be assumed that under long-term using, MAO
technology used to treat the surface of the NTP reactor cathode will be a suitable alternative to the use
of more expensive and anticorrosive construction materials (e.g., Ti and Ta). Optimization of the control
parameters of the NTP source will lead to an increase in the efficiency of VOCs decomposition, which
will enable the production of semi-industrial equipment that could be tested in real industrial production
conditions.
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Souhrn

Tékavé organické latky (VOC), zahrnujici celou Fadu toxickych sloucenin, jsou vyraznou hrozbou
nejen pro Zivotni prostredi a lidské zdravi. Jejich emise mohou zpusobovat sekundarni znecisténi
ozonové vrstvy a vytvaret fotochemicky smog, pfedevs§im v oblastech s regionalnimi zdroji znecisténi. Je
proto nezbytné vénovat pozornost sniZeni jejich emisi do ovzdusSi. Soufasné technologie
Zpracovani/odstranéni tékavych organickych latek Ize rozdélit na dva typy: technologie nedestruktivni
(zejména adsorpce, kondenzace nebo absorpce) a destruktivni, ve kterych se chemickymi reakcemi
VOC preméni na CO,, H,O a pfipadné dalsi méné Skodlivé slouceniny (napf. ozonizace, termicka
oxidace, katalyticky rozklad, nizkoteplotni plazma aj.). S ohledem na nutnost zpracovani odpadu
vzniklého nedestruktivnimi technologiemi se do poptfedi dostavaji destruktivni technologie a to zejména
ty, které nejsou energeticky narocné. Mezi né patfi katalyticky rozklad a vyuZiti nizkoteplotniho plazmatu
(NTP). Aplikace NTP je spojena s konstrukci reaktoru, ktery by mél odolavat korozi a pfitom mél
dostateénou uginnost rozkladu VOC. Re§enim miize byt volba vhodnéjsiho materialu neZ je konstrukéni
uhlikova ocel nebo vyuZiti korozivzdorné povrchové upravy povrchu pfi zachovani dostateéné ucinnosti
procesu. Jednou z technologii tupravy povrchu vybranych konstrukCnich materiald je technologie mikro-
obloukové oxidace (MAQ).

Cilem experiment(i provedenych na laboratornim reaktoru NTP s vyménitelnou katodou bylo porovnat
ucinnost redukce acetonu a toluenu pri pouZiti katody vyrobené z konstrukéni uhlikové oceli, hliniku
a hliniku s povrchovou upravou technologii MAO. Experimenty byly provedeny za konstatniho napéti
zdroje plazmatu a rychlosti proudéni vzduchu se znamou koncentraci acetonu nebo toluenu. V pribéhu
procesu byla sledovana ucinnost redukce zvolenych VOC | procesni parametry, véetné energetické
narocnosti procesu.

Prvotni vysledky experimentu ukazaly, Ze pouZiti hlinikové katody s upravenym povrchem
ma srovnatelnou ucinnost rozkladu vybranych latek (cca 70 %) jako zbyvajici pouZité materialy katody
a je srovnatelna s literarnimi ddaji. ZvySeni ucinnosti procesu Ize dosahnout optimalizaci volitelnych
parametrd, predevsim napéti zdroje plazmatu a rychlosti proudéni plynu. Vyuziti technologie MAO
k upravé povrchu katody reaktoru NTP se jevi jako vhodna alternativa k draZsim a korozivzdornéjsim
konstrukénim materialam (napf. Ti, Ta).

Kliéova slova: tékavé organické latky, nizkoteplotni plazma, mikro-obloukova oxidace
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Abstract

During the normal operation of a tokamak (JET, ITER, EU DEMO), the highly durable tungsten
armour on the inner surface of the reactor wears out. The sources of tungsten dust are investigated
along with an assessment of the mechanism of its formation. Because of the processes involved,
tungsten particles of different sizes are released. The tungsten material that is released is usually
tritiated. Normally, it is removed from the reactor in the form of dust and treated as waste material. This
valuable material should be separated from the radioactive tritium and recycled. To concentrate the
tungsten, while simultaneously removing the tritium, it is possible to either use the molten salt oxidation
technology or, alternatively, induction heating and melting, or a suitable combination thereof. This paper
describes experimental testing of tungsten dust extraction using both technologies. The goal of the paper
is to introduce the possibility that tungsten dust particles may be recycled using these methods, which
seem to be very promising for the processing and recovery of this valuable waste.

Keywords: Tungsten; Waste, Molten Salt Oxidation (MSO), Induction heating (IH), Size of particles
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1. Introduction

There are several open questions which need to be answered during the course of the conceptual
design phase of the EU DEMO. Certain construction materials are likely to be used. New, and hopefully
more suitable functional materials are under development. Materials have already been defined for the
construction of parts of the device, in particular tungsten and steel. However, the amount and
parameters of the waste dust generated inside the tokamak from these two materials can only be
estimated.

The wear on the inner surface of a tokamak is caused by various factors. These are, for example, due
to the kinetic energy of random neutral particles and their interaction with the construction and functional
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materials, neutron irradiation, high heat and electromagnetic loads that induce significant thermal and
mechanical stresses, as well as the combination or interaction of all these phenomena. All these
processes and phenomena change the local entropy of the system. Moreover, the release of particles of
different sizes, from single atoms, through clusters of atoms, grains, and even larger compact units has
been observed.

The main purpose of this work was to search the literature for significant data on dust waste
generation, select and merge it into information that is relevant to our experiments.

However, most of the work dealing with solid waste has not considered the entire basic chain
between the production of the equipment material and the disposal of the waste. Our effort was to fill this
gap by focusing more closely on the currently most important solid material stressed by fusion
equipment operation and which is a significant source of waste, tungsten.

The topic of the article is focused on the use of MSO (Molten Salt Oxidation) and IH (Induction
heating) technologies to reprocess tungsten dust from the fusion process. The research is directed
towards solving two problems. The first phase is the separation of radioactive tritium from tungsten. The
second phase is the reprocessing of the tungsten residue into a secondary raw material. In doing so, the
potentially high variability in the properties of tungsten dust cannot be overlooked, as mentioned in
various literature.

There are many unknowns with MSO and higher temperature induction heating and melting
technology. The variability of powdered tungsten waste causes considerable complications in defining
the parameters of both technologies. For these reasons, alternative technologies (for example, using
LASER) are not considered in the literature review.

1.1. Origin of defects of various tungsten material

Normal operation of a nuclear fusion reactor causes wear to the highly durable tungsten (W) armour
that results in the release of tungsten particles of different sizes. Some selected conditions and situations
that may affect the formation of defects, faults, and consequently free W dust are tested.

Most of the works cited and other works known to us in the field of dust-producing fusion, are usually
characterized by an interest in describing a single problem or a single device. Dust waste is usually
described because of the operation of a tokamak or part of this. By selecting the papers, we have cited,
the sources and origin of the dust, the change of material into waste, and the transformation of the waste
that is subsequently accumulated are generally put into context.

Materials used as plasma facing components in future fusion reactors will be subjected to complex
loading and various forms of interaction with low-Z species such as hydrogen isotopes and helium*. The
divertor components will be among the most intensely loaded, as they will have to transfer nominal heat
loads of up to 10 — 20 MW/m?. While the plasma facing surface is irradiated by highly energetic
deuterium, tritium and helium particles, coming from the burning plasma, the opposite side will be
exposed to a coolant at elevated temperature. If the situation is not comprehensively addressed, there is
a risk of damage or even destruction of the material.

The variability of tungsten dust is mainly related to the processes surrounding the formation of the
dust. Its properties vary depending on the origin and places of dust generation, its physical properties
and size also change throughout its journey in the fusion device. The source and quality of dust is
affected by high temperatures and other variables at its origin (magnetic and electric fields, neutrons,
gas pressures and composition, etc.). Dust sampling methods and techniques are equally important. For
example, sampling of cold parts of equipment during maintenance or repair of equipment provides
differences. Dust samples that have passed through the whole or part of the plant have a different quality
if they have been collected in a cool and solid form, for example during continuous gas cleaning.

The tungsten released from the surface of the plasma facing components is usually tritiated. It is
removed from the reactor as dust and is considered to be waste material. This valuable material? should
be separated from the radioactive tritium and recycled.
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The behaviour of W and W alloys in He gas at 720 °C was studied’. Pure W materials underwent only
minor surface modification. W alloys experienced oxidation, preferentially of the alloying elements. The
surface morphology of the ITER-qualified W, after helium exposure, was assessed. While the unexposed
surface was virtually featureless, small scattered ‘clusters’ or ‘nodules’ appeared on the surface after
exposure. They ranged from ~200 nm to ~2 um in size; the majority were smaller than 1 um.
Examination through EDS (energy dispersive spectroscopy) on a TEM (Transmission electron
microscopy) section indicated that the clusters were composed of tungsten only.

To overcome the intrinsic brittleness of tungsten, a tungsten fibre-reinforced tungsten-composite
material (Wf/W) is being developed®*. This composite addresses the brittleness of W by extrinsic
toughening through the introduction of energy dissipation mechanisms®®. These mechanisms are
independent of the intrinsic material properties such as ductility.

High-velocity dust impacts on the wall represent the mechanism of wall damage and dust destruction.
Normal W-on-W impact craters are studied’ at target temperatures ranging from -100 °C to +400 °C, and
impact speeds within 630 — 3100 m/s.

The release of W dust from compact surfaces can be initiated by mechanical and thermal processes.
In the work by?®, the surface cracking features of tungsten armour, under thermal shock loads in an edge-
localized mode (ELM), were investigated using computational fracture mechanics analysis. Based on the
results, the threshold loading for cracking was found to be between 0.3 and 0.6 GW/m? The predicted
threshold base temperature lies between 200 and 400 °C.

The study® summarizes the experimental results of pure heat load exposures, relevant to fusion, of
different tungsten products in electron beam devices, JUDITH 1 and 2. The results show that the
mechanical strength of the material has a significant influence on the formation and evolution of damage.
In particular, recrystallisation and melting/solidification will make the material more prone to thermal
shock and fatigue, accelerating the development of any damage.

The influence of the material characteristics of the raw powder on the resulting W part quality is
discussed in'® Thermal shock experiments on bulk W samples, produced using an additive manufacturing
process, using the JUDITH 2 electron beam facility are described. W material, consolidated by means of
laser powder bed fusion (LPBF), can survive highly intense thermal shock loads.

Damage to deformed double-forged pure tungsten has been studied in experimental simulations of
ITER-like transient events with relevant surface heat load parameters®'. The development of the surface
morphology of the exposed targets as well as the cracking and swelling on the surface is discussed.
Networks of micro- and macro-cracks develop on the surfaces of pure tungsten and tungsten-tantalum
alloys due to surface irradiation with a heat load above the melting threshold. Transmission electron
microscopy was used to determine which defects occur first during exposure and to compare the
different effects of the JUDITH 1 and 2 machines™®. No small-angle grain boundaries were formed, only
line dislocations.

Chemical vapor deposition tungsten (CVD-W) is a promising material for plasma-facing materials®.
Samples show good resistance to blistering and only a few micron-diameter blisters were observed at
the fluences. It is suggested that the microstructure of the columnar grain and the texture of CVD-W
samples help to suppress plasma-induced blistering, therefore reducing D retention. This can
significantly affect the generation of W dust.

The influence of grain orientation and surface temperature on the growth of helium bubbles on
a tungsten surface exposed to low-pressure helium plasma was investigated by a detailed Scanning
Electron Microscope (SEM) imaging before and after plasma exposure®. From the analysis of nano-
holes formed on the surface, the density and size of surface bubbles increase with higher temperatures
and depending on the grain orientation.

The role of thermal stress- driven dislocation and grain boundary migration including grain orientation
transitions on the tungsten surface under cyclic thermal shocks up to 1300 °C is studied in*®. The depth
of these grain orientation transitions can reach several tens of micrometres, while the resulting surface
roughness remains around 1 ym.
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1.2. Effect of hydrogen on tungsten damage

An estimation of the hydrogen isotope flux imposed on fusion reactor wall components is important for
material selection and to guarantee safe and economical operation of the reactor'. In all of the combined
material systems investigated, the influence of the interface, meaning the change in material, on permeation
flux is only minor compared to the much greater influence of the microstructure of the layer which strongly
affects the permeability. The W layer permeability is several orders of magnitude higher than that of bulk W.
Similarly, we can assume it has an effect on the movement of solid particles released.

The influence of grain boundaries (GBs) on the deuterium (D) transport and the formation of defects
in nanocrystalline tungsten (W) films, deposited on a W substrate, was studied’. The D transport and
retention was assessed through measuring the D depth profiles, after various exposure times, by nuclear
reaction analysis (NRA) using an *He ion beam. The D concentration in the damaged area was highest
in the sample with the smallest grain size. This shows that in nanocrystalline tungsten, irradiated at
27 °C, the grain boundaries (GBs) do not improve the radiation resistance. Papers'®*® describe a similar
effect on tungsten and hydrogen capture induced by exposure to a mixture of deuterium and tritium.

1.3. Dust formation and accumulation

The primary source of dust is the areas within the equipment that are exposed in such a way that the
surface of the material will be disturbed*®?. The quantity and quality parameters of the dust are affected
by various mechanisms and processes, and these are discussed. Surface defects and structural
changes of a preheated (550 °C) tungsten plate after exposure to a plasma flux were studied®. Heating
of the base of the tungsten plate, above the ductile-brittle transition temperature, made it possible to
control the temperature gradient on its surface under pulsed plasma exposure but did not eliminate
cracking of the surface. However, this significantly minimizes the amount of dust liberated from the
surface of the tungsten plate under the influence of the plasma flux and almost no dust was observed.
On the surface of the preheated tungsten plate, after exposure to the plasma flow, cracks with a width of
no more than 1 ym were found and craters and blisters were also observed.

Neutron irradiation induced defect formation and recovery experiments have been extensively performed
on tungsten®?, Therefore, the activation energies required for interstitial, vacancy, cluster formation and
migration are probably the most studied and accurate data available on irradiated tungsten. On the other
hand, the macroscopic effects and mechanical properties have never been extensively investigated in
detail®*. Consequently, a large amount of technical data on a wider range of temperatures and doses, such
as data on fracture mechanics, fatigue or creep, and radiation-induced cavity swelling, is still not available. It
has been demonstrated that the high heat flux and thermal shock performance of tungsten and tungsten
materials is due to a very complex interaction between a number of parameters which comprise, among
others, loading conditions, thermal and mechanical properties, and microstructure.

Limits on dust and the tritium-inventory are an integral part of the ITER safety case and are fixed at 1 kg
for tritium, 1,000 kg for easily mobilized dust and 11 kg (beryllium)/76 kg (tungsten) for dusts on hot
surfaces®. For a reliable estimate of the dust inventory, an inspection should focus on areas within the
container that have a greater probability to contain large concentrations of dust. It is usually argued that
gravitational movement will tend to lead to the accumulation of dust particles on the floor of the vacuum
vessel.

The experimental determination of the pull-off force for tungsten dust adhering to tungsten surfaces is
described in?®. The experimental pull-off force is nearly two orders of magnitude smaller than the
predicted force from the contact mechanics models but is in strong agreement with the Van der Waals
formula for spherical micron dust of various sizes. A theoretical explanation refers to the nanometre-
scale surface roughness effects for rigid materials such as tungsten.

The shape and size distribution of the waste dust is influenced by the entire cycle of abrasion and
wear of the materials. The physicochemical properties, phase composition, isotope abundance and ratio,
radiation types and intensity, and mineralogical composition change. All the processes and ways in
which dust may be generated are important. For this reason, the particle sizes range from clusters of
atoms up to millimetres®.
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1.4. Summary of the consequences of the processes involved in the generation of
W dust waste

The action of normal fusion reactor processes on compact primary tungsten material results in the
generation of waste tungsten. Depending on the location of action of each process, the previously
compact surface will range from disruption to varying depths to release of particles from the surface.
Typically, a local combination of various physical, chemical, or radiological phenomena will occur that
affect the compactness and integrity of an otherwise very resistant material.

Important physical and physicochemical phenomena include heat and thermal expansion, effects of
temperature changes (crystallisation, phase transformation of components, formation of cavities),
diffusion (especially of vacancies or gases), surface chemical reactions (hydrogen and metal),
adsorption and desorption. Radiological phenomena include the transformation of isotopes by neutrons®®
and other radiation.

This result is grains of different sizes, shapes and dimensions. Grains have a variety of internal
porosity and surface quality in micro dimensions. The surface of grains is not compact and has a large
variation in imperfections. All of this influences the behaviour of the materials during further processing
and reprocessing. It can be assumed that some material properties are imported from the initial
production of the structural material before incorporation into the reactor. Other properties or parameters
of the waste materials are related to the long-term stresses of sub-processes in a particular area or part
of the fusion plant. The diversity of the appearance of (so far potential) waste dusts is shown in many
publications in documented images, for example®****"?® |t can be assumed that a significant part of the
waste dusts will have very similar appearance, diverse properties and behaviour when produced by
ITER or EU DEMO facilities in the future.

2. Experimental methods for the reprocessing of tungsten waste dust

Within the EUROfusion project, various alternatives for the reprocessing of tungsten waste dust are
being tested as part of the development and design of the EU DEMO. In view of the above literature,
tungsten dusts of different grain sizes were used for the baseline tests.

Compact samples of tungsten dust with different granulometric compositions were prepared by
pressing them into the shape of a small cylinder. Test pellets were prepared from tungsten particles with
a grain size of 20 ym, 0.4 — 0.8 mm and 1 — 2 mm. A laboratory hydraulic press BSML 21 with a press
force of 250 kN was used.

At the Research Centre Rez (CVR), tests are being carried out using the Molten Salt Oxidation
technology or alternatively by the Induction Heating and Melting technology or a combination of them?.
During the tailored sintering processes, the raw compacts will be densified to a degree that is sufficient
for subsequent thermomechanical processing. The sintering of tungsten can be carried out between
2000 and 3000 °C under flowing hydrogen, or in a vacuum at similar temperatures, either by direct
sintering (self-resistance heating) or indirect sintering (resistance element heating systems). The testing
is performed in a vacuum chamber at increased temperatures. The samples will be further examined to
determine the diffusible hydrogen volume. Based on the results, a decision can be made on possible
recycling of tungsten dust particles generated by the proposed EU DEMO.

2.1. Molten Salt Oxidation

Molten Salt Oxidation is a technology that utilizes flameless oxidation in salt melt®. It is an alternative
to the conventional treatment, i.e., the decomposition of hazardous and radioactive waste. The waste is
directed below the surface of the molten salt together with an oxidizing agent (O,, air) if the W dust
contains organic waste or another combustible component. For the process operation to be optimal, it
needs to take place at the interface of the three phases. The principle underlying the technology is the
reprocessing of suitable materials through the distribution of the materials into their liquid and gaseous
phases. At a pre-defined elevated temperature, solid and liquid materials are caught within the alkaline
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molten salt and separated from the gaseous products. Heavy metals and radionuclides are captured
within the salt, which can then be reprocessed.

-0

Figure 1: Scheme and photo of the MSO laboratory apparatus, 1 - propellant (Air),
2 — pellet dosing device, 3 — reactor vessel, 4 - water bubblers, 5 - vacuum pump,
6 — ventilation.

The scheme of the MSO laboratory apparatus is shown in Figure 1, where inlet No. 1 is for dosing
tungsten waste, inlet No. 2 is intended for air. Water-soluble gases are captured in bubblers No. 4, and
vacuum pump No. 5 facilitates the flow of gases and vapours from reactor No. 3. The water from the
bubblers is analysed. The content of the deuterium water was analysed by Attenuated Total Reflection
Fourier Transformed Infrared Spectrometry (ATR-FTIR). The tritiated water contents was analysed by the
Liquid Scintillation Counting method (LSC).

Various grain size fractions of tungsten dust and their mixtures are tested, ranging from the very fine
fractions (below 20 um) through medium sizes (0.4 — 0.8 mm) to grain sizes of 1 — 2 mm. These tungsten
samples are used either directly untreated or treated to contain either deuterium water or tritiated water in
defined amounts. The samples are dosed continuously or in batches of grams into the reactor.

The details surrounding the hydrogen tests with deuterium and tritiated tungsten are beyond the scope
of this article. However, it should be emphasized that no hydrogen remains with the tungsten in the molten
salt at the end of the MSO process.

For our reactor tests, carbonates of alkali metals (Na, K, Li) or their mixtures are used. These salts are
melted at different monitored temperatures and tungsten dust samples are dosed into these salts in
different ways. An example of test parameters is the use of Li,CO3; maintained at 800 °C, the grain fraction
of tungsten dust dosed continuously or in batches of units of grams. 180 g of carbonate alkali salts were
used. The temperature was maintained for 30 min followed by a rapid cooling.

Preliminary tests showed that all the metallic tungsten that was dosed could be converted to oxides and
oxide hydrates during the MSO process. Nevertheless, the passage of tungsten grains through the molten
salt was observed.

In separating the trapped tungsten products from the carbonate salt, the alkaline carbonates were
separated first. This was done in such a way that neither the solid W nor the tungsten salts were lost. This
was a procedure that alternated between washing with water and washing with suitable acids (HCI, H,SO,,
HNO3). The dissolved products were evaporated and precipitated. The solid product with tungsten was
collected. The removed soluble salts were checked for tungsten content. The separated tungsten solid
phase was washed several times with demineralized water and, in the final stage, dried.

X-ray Diffraction (XRD) analysis of the samples that underwent the MSO process was performed.
A PANalytical X'Pert Pro powder diffractometer was used for the measurements.
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A Scanning Electron Microscope SEM Lyra 3, from Tescan, and an Energy Dispersive X-ray
Spectrometer (EDX), from Oxford Instruments, were used to verify the particle size distribution in the
sample. Tungsten with a declared patrticle size in the range of 0.5 — 2 ym was used for the tests. This is the
smallest fraction of tungsten that has undergone the MSO process and all washing steps. Baseline
measurements*® were recorded. The sample was prepared according to the SUJB certified methodology®.
The following parameters were used for the measurements: Depth-mode, accelerating voltage of 25 kV,
current of 1 — 5 nA at beam footprint <50 nm, working distance of 9 mm. A backscattered electron (BSE)
detector was used during the measurements.

2.2. Induction heating

Cold crucible induction melting is an innovative process that can be used to melt high temperature
reactive materials®. A water-cooled segmented crucible is used instead of a ceramic crucible to avoid any
kind of reaction between the charge and the crucible. A magnetic field, generated by an external coil,
penetrates the slits of the crucible and induces currents which melt the charge through Joule heating.

Induction heating can be performed using a direct or indirect method. With direct induction heating,
joule losses are generated directly in the object that is being heated. Indirect induction heating entails
heating an element which can be heated by induction and transferring that heat by conduction to the
workpiece. Various methods of induction heating are used to achieve high temperatures in many types of
materials, for example in metallurgy or semiconductor preparation®. It is also used in the study of the
interactions of materials with radioactive molten corium*® and in studies of the behaviour of highly refractory
materials, where it can be used to describe phase phenomena at high temperatures®.

Sintering of tungsten powders can take place at relatively low temperatures (1000 — 1200 °C) in a suitable
atmosphere. The study®’ describes sintering without alloying additives using a closed reaction space and
water saturated with hydrogen and steam.

The advantage of induction heating is the possibility of reaching very high temperatures (above 2000 °C)
at which all the hydrogen, for example from tritiated waste, can be released in a suitable atmosphere.

Tests of direct and indirect heating in a cold crucible with powdered tungsten were carried out.

Different types of samples were prepared: with the addition of demineralized water, with the addition of
tritium water, and without any water addition. Furthermore, samples prepared at ENEA Frascati were also
tested. These samples were prepared using tungsten dust into which hydrogen was incorporated at high
pressure and temperature (with a final concentration of 15 ppm of hydrogen). The sample in the carbon
crucible was heated indirectly by IH in an inert argon atmosphere. At a temperature of about 1300 °C the
hydrogen was removed.

The crucible was heated by electromagnetic induction, and the sample directly heated. In order to avoid
oxidation of the tungsten, the operation took place in an argon-inert atmosphere. The sample was produced
by compressing a mixture with a grain size of 20 ym to 2 mm. It was sintered at 1730 °C by direct induction
heating, with a layer of ZrO, present around the sample to form a safety crucible and prevent oxidation by
the surrounding atmospheric air.

3. Test results
3.1. Results MSO

The powdered tungsten underwent the MSO process and was used during the powder dosing trials at
the CVR facility. A significant portion of the sample was oxidized in the process and dissolved in the
carbonate melt.

The inputs and outputs from experimental work with tungsten fractions in molten salts are shown in
Table 1. The solid product was obtained after dissolving the cooled carbonate salt from the MSO reactor
and separating the solutes by decantation and washing.
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Table 1: Inputs and outputs of solid components of experimental work with tungsten fraction in
molten carbonate alkali salts

. 0.4-0.8 1-2 0.4-0.8 1-2 0.4-0.8 1-2
Fraction W | £20 um mm mm <20 um mm mm <20 um mm mm
N3.2CO3; 950 °C L|2C03, 800 °C K2C03, 980 °C
Input W (g) | 20.697 | 20.104 | 20.384 19.60 20.00 20.00 20.047 | 20.505 | 20.251
Metal W (g) | 0.631 8.852 10.199 3.101 19.322 | 19.432 1.328 9.395 12.963
WO3;.xH,0 13.724 2.553 5.428 18.277 0.755 5.358 15.191 4.339 0.412
(9)

Depending on the process setup, 30 to 80% solid tungsten accumulates at the bottom of the reactor.
A maximum of 97.1% was measured.

The degree of tungsten oxidation and metal W loss are proportional to the granulation: directly
proportional to the total surface area of the grains but inversely proportional to the individual grain diameter,
as can be seen in Table 1. However, with appropriate dosing and oxidation conditions, 100% of the solid
tungsten can be dissolved. For further work, it is advantageous to capture solid tungsten, which can be
reprocessed, for example, by induction heating.

An XRD analysis of metal W grain size 20 ym treated by MSO is shown in Figure 2.

The solid products were used for further measurements. A summary of the basic measurements on the
Lyra 3 scanning electron microscope is given in Table 2. Figure 3 shows tungsten grains with the sizes of
0.4 to 0.8 mm from a sample that underwent the MSO process. It is the solid residue left after the removal
of the water-soluble salts. Figures 4 and 5 show examples of fine tungsten particle clustering, where an
irregularly shaped particle is expressed as the equivalent circle diameter (ECD) of the same area. The
spread-out particles also tend to form more complicated clusters of some stability, as seen in Figure 6.
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Figure 2: XRD analysis of metal W grain size 20 um from the MSO reactor. The molten salt was
Li2C03 at 800 °C.
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Figure 3: A photograph of the final sample of W with a grain size from 0.4-0.8 mm with molten
Li,CO; using Raman spectroscopy.

Table 2: Summary of basic measurements of the smallest fraction of tungsten.

Areal | Area?2
Analysis time (min) 39 38
Number of particles detected and analysed 54 42
Field area (um?) 1600 | 1600
Total analysed area (um?) 40700 | 58500
Total area of particles analysed (um?) 41.7 42.3
Proportion of detected patrticles from the analyzed area (%) | 0.1 0.07
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Figure 4 and 5: Tungsten particle size distribution in analysis area 1 (left) and analysis area 2

(right).
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Figure 6: A cluster of tungsten particles shown in the BSE mode; the photograph is
complemented by measurements of the radii of individual particles that make up the cluster in
the image.

3.2. Results of induction heating of tungsten powder

Several types of heating (direct, indirect) of samples in different atmospheres were performed.
Compact samples were prepared from different types of tungsten powders.

A view of the cold crucible and induction system before and after heating the sample is shown in
Figure 7. The sample is heated directly by electromagnetic induction in an argon-inert atmosphere. The
cold crucible for the W sample was coated with a layer of zirconium oxide.

Figure 7: A view of the induction system before heating (left) and after heating (right), the
middle picture shows the CC control system.

Figure 8 shows a cross-section of a sintered tungsten sample. During the heating process, some
grain bonding and grain growth occurred. The final sintered material is compact and very strong.

Direct induction heating in an air atmosphere was also performed. A coating of oxides began to form
on the surface of the sample. After cooling, the surface colors were stable. Depending on the ambient
conditions, especially air flow, cooling time and temperature, they were blue or yellow in color. With
prolonged exposure to air oxygen, the oxide formation proceeded to the depth of the sample.
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Figure 8: Cut through the sintered tungsten sample.

Figure 9 shows the result of tungsten oxide formation in a wide range of color shades from green to
blue and ochre. The variability in color is related to the cooling behavior of the sample in air.

Figure 9: Variable color of tungsten oxides after direct induction heating in air, pressed
tungsten powder

4. Discussion of experiments
4.1. Discussion MSO

It has been found that going through the MSO process does not always result in full oxidation of
tungsten. The input fractions of W and the output components, which were metallic tungsten and
hydrated tungsten oxide, were monitored. Comparison of the mass of solid products in MSO processes
shows the possibility of passing tungsten grains without dissolution. They have resistance to highly
aggressive molten salts at the appropriate temperature. The granulation affects the degree of tungsten
oxidation.
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The material that gravitationally settles and accumulates in the lower part of the reactor is tungsten
grains completely depleted of hydrogen (tritium) content. With a suitable combination of process
parameters and molten salt composition, it will be possible to achieve higher yields of solid tungsten
grains. This will be influenced mainly by the temperature, viscosity, wettability, and surface tension of the
molten salt. It will also depend on the grain size and as yet unspecified quality of the grain surface. The
cited and other literature mentions a variety of qualitative parameters and is still ambiguous on this issue.

It will also be affected by the way the waste material is fed into the MSO process. There are also
noticeable differences for different molten alkaline carbonate salts.

4.2. Discussion IH

The IH technology seems to be very promising for the compaction of waste tungsten dust. Care must
be taken to avoid oxidation of the metal. Logically, it is suggested to carry out heating with excess
hydrogen (tritium) in the sample environment. It is likely that the tritium present in the sample may not be
sufficient to prevent oxidation. Oxidation is also prevented by working in an inert gas or vacuum
environment, which offers opportunities to perform further experiments leading to an optimal setup of the
whole process.

5. Conclusions

The work is an introduction to the complex and up to know only marginally addressed issue of fusion
waste. Our intention was to determine some parameters for further research on the treatment of
tungsten waste generated during fusion. During the research work, some sources of W dust were
identified. The places or origins of their probable production were monitored mainly with respect to the
future EU DEMO devices. A possible mechanism for the formation of this valuable waste is also
indicated.

This work describes experimental tests carried out on tungsten dust using both the MSO and
induction heating methods in a cold crucible with tungsten dust. The changes in tungsten grains after
both types of experiments were evaluated. The samples tested are close to the predicted EU DEMO
tungsten waste dusts that were described in the literature review, with emphasis on grain size and
shape.

Both technologies can separate tungsten from tritium very efficiently. Using MSO technology, tritium
is captured in the form of tritiated water. Bubbling in water has a very high capture efficiency. No tritium
in the cooled carbonate salt or residual tungsten is indicated at the end of the test. The suitability of
using carbonates (Na, K, Li) is well demonstrated.

If the tungsten is not oxidized during the use of the MSO technology, solid tungsten will accumulate at
the bottom of the reactor, depending on the density difference between the salt and grains of tungsten.
Through appropriate dissolution processes, this tungsten can be separated from the salt, cleaned and
further processed. Pure tungsten can also be obtained from used salts with soluble and oxidized forms
of tungsten using suitable physicochemical processes.

When using the IH technology, it is necessary to remove the tritium gas from the process either in
vacuum or in a mixture with an inert gas, depending on the setting of the IH technology parameters. The
first option is to treat the tritium in a similar way to the treatment of gases leaving experimental
tokamaks, where the tritium is separated from the other gases. The second option is to oxidise the
escaping tritium appropriately, capture it in the form of tritiated water and prepare it for reprocessing as
a liquid.

The sintering of tungsten dust grains by induction heating results in their aggregation and a further
increase in grain size. The sample is compact and much stronger than after pressing.

To verify the efficiency of hydrogen (tritium) removal from tungsten dust, it will be necessary to work
with higher concentrations of hydrogen bound in tungsten and at different temperatures. Research into
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both technologies will continue and will focus on optimization of the process flow. This will include
function even assuming yet undefined waste variability but also the possibility of linking the two
technologies in a future potential plant.

Knowing the more precise parameters of the waste that will be produced by ITER and EU DEMO will
allow both facilities to adapt quantitatively and qualitatively to fusion waste.

The possibility to recycle tungsten dust particles using these individual methods (IH and MSO) or
a combination of them appears to be very promising as a method to treat this valuable waste so that it
can be reused separately as both high-quality raw materials (tritium or tungsten).
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Wolframovy prach jako dulezity odpad z jaderného fazniho reaktoru

Jaroslav STOKLASA, Lucie KARASKOVA NENADALOVA
Centrum vyzkumu ReZ s.r.o. Hlavni 130, 250 68 Husinec-Rez

Souhrn

Jsou zkoumany zdroje wolframového prachu z procesu fluze a posuzuje se mechanismus jeho vzniku.
V dusledku probihajicich procest se v zafizenich souvisejicich s jadernou fazi uvolriuji ¢astice wolframu
rtuznych velikosti. Tento cenny odpadni material by mél byt oddélen od radioaktivniho tritia a recyklovan.
Ke koncentraci wolframu pri sou¢asném odstranéni tritia je mozné pouZit bud technologii MSO (oxidace
v roztavené soli), nebo alternativné indukcéni ohiev a taveni, pfipadné jejich vhodnou kombinaci.

Kli¢ova slova: wolfram; odpady, oxidace v roztavené soli (MSO), indukéni ohfev (IH), velikost ¢astic

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 306



Zuzana HONZAJKOVA, Marek SIR, Jiti HENDRYCH, Pavia TOMASOVA, Marek DOLEZEL: Membrénové
destilace pfi nizkém teplotnim gradientu a testovani komeréné dostupnych membran

Membranova destilace pri nizkém teplotnim gradientu a
testovani komercéné dostupnych membran
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Souhrn

V ramci této studie byla zkoumana efektivita membranové destilace s pfimym kontaktem (DCMD) pfi
tak nizkych teplotnich gradientech (AT = 25 °C — 45 °C), kdy by mohlo byt pro ohfev vyuZito odpadni
teplo a tim podstatnym zpusobem snizeny provozni naklady procesu. Byly provedeny tfi série
experiment(: prvni a druha série testovala vliv teplotniho gradientu (AT) a membranové podlozky
Polynetex green 300 g/m? na permeacni vykon membrany, pficemz byly porovnavany konfigurace
s podlozkou i bez ni. Treti série srovnavala permeacni vykony sedmi rtiznych komerénich membran.
Vysledky ukazaly, Ze membranova podlozka vyznamné zvySuje permeacni vykon (o 35 — 60 %)
a zamezuje deformaci membran. Bylo potvrzeno, ze MD je efektivni i pfi nizkych AT, testované
membrany (vyjma M2) dosahovaly jiz pri AT = 25 °C permeacnich vykont srovnatelnych s reverzni
osmozou (20 — 27 I/(m?2h)). Testovani membran ukazalo znacné rozdily v jejich permeacnich vykonech,
které jsou pri zvySeni teplotniho gradientu jesté vyraznéjSi. Nékteré membrany (napf. M3) jsou pres
vy8Si permeacni vykony doprovazeny vy3$§imi tepelnymi ztratami, coz snizuje jejich specificky permeacni
vykon vztaZeny na spotfebovanou energii.

Kli¢ova slova: Membranova destilace, permeacni vykon membran, nizké teplotni gradienty

Uvod

Membranova destilace je tepelné Fizeny separaéni proces, ktery vyuziva hydrofobni membranu
k selektivnimu transportu vodni pary z teplého vstupniho roztoku do chladnégj$iho proudu permeétu’.
Z technologického hlediska nejjednodussi a také nejCastéji vyuzivana je konfigurace membranové
destilace s pfimym kontaktem zkracené oznaCovana jako DCMD (anglicky Direct Contact Membrane
Distillation), kdy je vstupni roztok i permeat v pfimém kontaktu s membranou. Na obou stranach
membrany je vodny roztok a para se tvofi pouze ve vrstvé membrany, kondenzace permeatu je pak
kontrolovana teplotou membrany na vystupni strané.

Membranova destilace pfredstavuje separaCni technologii, jejiz aplikace byla v minulosti primarné
spojena s odsolovanim moiské vody. Vyjime¢na ucinnost této technologie dosahujici az 100% retence
netékavych kontaminantl v€etné organickych latek, ji v sou€asnosti €ini vysoce perspektivnim feSenim
pro &isténi Sirokého spektra prdmyslovych odpadnich vod?®. Nachazi uplatnéni napfiklad pfi &isténi
odpadnich vod s obsahem kovd®, odpadnich vod z textilniho pramyslu®®, petrochemického primyslu’
ajinych odpadnich vod s vysokym obsahem organickych latek® véetné farmaceutik®. Velmi vysoka
ucinnost odstranéni iontd tézkych kovl &ini tuto technologii vhodnou k pro dekontaminaci ddlnich vod
nebo pramyslovych odpadd™. S vysokou Uginnosti také dokaZe odstranit radioaktivni ionty z nizko-
radioaktivnich odpadnich vod™. Technologii membranové destilace Ize také vyuzit pro zkoncentrovani
solanek a zpracovani odpadnich vod s vysokou salinitou, které jsou pro konvenéni reverzni osmozu
obtizné zvladnutelné kvali problémim s tlakem', Ize také vyuzit jako dogistujici koncovku k reverzni
osméze, kdy MD se pouziva pro &isténi koncentratu z RO’. U komunalnich odpadnich vod DCMD
ucinné odstrariuje vétSinu kontaminantd véetné dusi¢nanu a fosfatl, omezena je jen mira odstrafiovani
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amoniaku'®. Péry membran jsou dostateéné malé, aby zamezily priniku bakterii, vird a dalich
mikroorganismd, coz zaji$tuje mikrobiologicky bezpeénou vodu bez nutnosti dodate¢né dezinfekce™.

Efektivita celého destilacniho procesu je zavisla na teplotnich podminkach, na uspofadani membrany
v modulu a specifikaci samotné membrany. K membranove destilaci se vyuZivaji membrany, vyrabéné
z hydrofobnich polymert nej¢astgji PTFE, PVDF s péry o velikosti 0.2 — 0.45 ym*®. Sou&asny trh nabizi
Sirokou $kalu membran, které se vsak liSi jak svymi permeabilnimi charakteristikami, tak i mechanickou
stabilitou. Vzhledem k této diverzité je vhodné pfed aplikaci v praxi provést experimentalni hodnoceni
membran v laboratornim méfitku s cilem identifikovat membrany s optimalnim vykonem a odolnosti pro
specifické aplikace™®.

Sir§i pramyslové uplatnéni membranové destilace je v soudasné dobé limitovano primarné vysokymi
energetickymi naroky'’. Navzdory této ekonomické bariéfe je podstatné zdGraznit, Ze membranova
destilace umozriuje provoz i pfi nizkych teplotach, to otevira potencial pro efektivni vyuziti
nizkopotencialniho tepla, coz by mohlo vyrazné redukovat provozni naklady a zvysit tak ekonomickou
atraktivitu této separaéni metody*®*°.

Experimentalni ¢ast
Laboratorni membranova destilacni jednotka a membranovy modul

VSechny nize popsané experimenty probihaly na destilaéni membranové jednotce, jejiz 3D model je
znazornén na obrazku 1.

Rozvody teplého i studeného media jsou svareny z PPR potrubi o priiméru 20 mm. Proudéni
vstupniho roztoku a permeatu zajistuji bezucpavkova €erpadla s magnetickou spojkou Watek M15, ktera
splfiuji pozadovana kritéria teplotni a chemické odolnosti. Pratok medii je sledovan pomoci pritokomért
a nastavovan pomoci ventill umisténych na vstupni i vystupni strané& membranového vyméniku.

Nadoba pro vstupni roztok je vybavena topnou patronou s termostatem aby bylo mozné bé&hem
experimentd udrzovat konstantni zvolenou teplotu nastfiku v rozsahu 30 — 80 °C. Chlazeni permeatu je
zajisténo externim kryostatem pres trubkovy vyménik, ktery je umistén v zasobni nadobé pro permeat.

Méfeni provoznich parametru (teplota, pritok, tlak a vodivost) zajiStuje méfici technika Greisinger.
MéFici Cidla jsou osazena pfimo do PPR potrubi vzdy pfed a za membranovym vymeénikem. Pro
odecitani malych hmotnostnich pfirGstki permeatu byly pouzity vahy Radwag wic 30/F1/K s vazivosti
30 kg a presnosti 0,5 g. Hodnoty naméfené hmotnosti a dalSich provoznich parametri jsou béhem
experimentld automaticky ukladany ve zvolenych €asovych intervalech pomoci zaznamového softwaru
pfimo do pfipojeného PC.

Membranovy modul byl specialné navrzen pro uc€ely testovani riznych membran, proto byl
zkonstruovan tak aby se dal snadno rozebrat a membrany vyménit. Modul se sklada ze dvou identickych
desek, které jsou po obvodu spojeny Srouby. Skrz desky jsou vyvrtany otvory slouzici pro natok a vytok
vstupniho roztoku a permeatu. Vnitini prdhledné okénko je tvofeno z plexiskla, na vnitini strané jedné
z desek je vyfrézovana drazka pro tésnéni, pomoci kterého je membrana napnuta mezi dvéma deskami.
Mezi membranou a sténou modulu je z kazdé strany 0,5 cm Siroky volny prostor pro proudéni vstupniho
roztoku a permeatu. Tento prostor je v pfipadé pouziti nelaminovanych membran nutné vyplnit vhodnou
podlozkou, ktera zamezi deformaci membran vlivem proudéni. V ramci provedenych experimentu byla
jako podlozka pouzita polyesterova tkanina Polynetex green 300 g/m?. Pracovni plocha membranového
modulu je stanovena tak, aby tok permeatu byl dostateCny pro zamySleny sbér dat. Aktivni plocha
membrany v membranovém modulu ma rozméry 16 x 9 cm tj. 0,014 m?.
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1 - nadoby vstupni vody a permeatu, 2 - ¢erpadla, 3 - membranovy modul (vyménik), 4 - kryostat, 5 - el. zdroj,
6 - rozvadéc, 7 - vahy, 8 - pocita¢ se zaznamovym softwarem

Obrazek 1: 3D model laboratorni membranové destilacni jednoty

Popis experimentu

Celkem byly provedeny tfi série experimentl. Prvni a druha série experimentl byla zaméfena na
testovani vlivu provozni teploty na permeaéni vykon membrany a posuzovani vlivu instalace
membranové podlozky na efektivitu procesu. Treti experimentalni série byla zacilend na porovnani
permeacnich vykonu komeréné dostupnych membran pfi nizkém teplotnim spadu.

Pribéh jednotlivych experimentd pro vSechny tfi série stejny. Po pocateCnim ustaleni parametrd
probihala destilace vramci jednoho experimentu vzdy po dobu 3 hod. V ramci v8ech tfi sérii
experimentd byly kontinualné zaznamenavany nasledujici procesni parametry: teplota, tlak vstupu
a permeatu pfed modulem a za modulem, pratok a konduktivita vstupu a permeatu. Dale byla
kontinualné zaznamenavana hmotnost permeatu a vstupniho roztoku. Jako pratok permeatu byl
zhodnocen hmotnostni pfiristek permeatu za jednotu €asu. Pritok vstupu byl v pribéhu experiment(
udrzovan v rozmezi 2 — 2,1 I/h a rozdil tlakd (pystup — Ppermeat) 100 — 110 mbar. Pomoci méfi¢e SOLIGHT
DT26 byla zaznamenavana spotifeba energie na ohfev, jejiz hodnota byla potom pouzita v pfepoctech
permeaéniho vykonu na jednotku kWh.

Testovani vlivu provoznich teplot a membranové podlozky

V ramci téchto experimentt byl testovan vliv riznych teplotnich gradientd na permeacni vykon
membrany s cilem ovéfit efektivitu membranové destilace i pfi nizkém teplotnim spadu. DalSim cilem
experiment( bylo také otestovat vliv instalace membranové podloZky (tkanina Polynetex green 300 g/m?)
na efektivitu procesu. K tomuto ucelu byly tyto teplotni experimenty provedeny v uspofadani jak
s pouzitim podlozky, tak i bez podlozky. PFi experimentech byla jako fixovany parametr vyuzita
membrana M1, ktera je dostatecné pevna a Ize ji tedy v modulu instalovat i bez podlozky. Jeji pevnost je
dana tim, Ze je vyrobena jako kompozit, kdy aktivni vrstva (PTFE membrana) je nanesena na podplrné
polyamidové vrstvé. Ostatni, tj. nekompozithi membrany nelze bez podlozky pouzit, protoZze diky jejich
nizke tloustce dochazi velice snadno k jejich mechanickému poskozeni.
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V ramci prvni série bylo realizovano Sest rliznych teplotnich testd bez vyuziti membranové podlozky,
druha experimentalni série zahrnovala pét rGznych teplotnich testl s implementaci membranové
podlozky. Pro minimalizaci nahodné chyby a ovéfeni replikovatelnosti dat byla kazda konfigurace tfikrat
opakovana, coz vedlo k celkovému poctu 18 experiment v ramci prvni série a 15 experimentl v ramci
druhé série

Teplotni parametry byly pfi obou sériich experiment( voleny tak aby byly proméreny teplotni intervaly
AT = 15, 25, 35 a 45 °C. Pro generovani téchto gradientt byly aplikovany specifické kombinace teplot
vstupniho roztoku 40, 50, 55 a 60 °C a teplot permeatu 15 a 25 °C.

Testované membrany

V ramci treti série experimentl byly provedeny testy s cilem porovnani permeacnich vykonu riznych
komeréné dostupnych membran pfi nizkém teplotnim spadu. Charakterizace jednotlivych membran,
které byly pro ucely experimentl oznaceny M1 az M7, je uvedena v tabulce 1.

Tabulka 1: Specifikace testovanych membran

membra vyrobce obchodni velikost poru material
na nazev pm
M1 Huan Feng MFMPT4140 0.22 -0.45 PTFE - laminovana
M2 Porex PM21M X PTFE
M3 Donaldson Tetratex 1303 0.45 PTFE
M4 Donaldson Tetratex 1333 0.2 PTFE
M5 Darlly Hangzhou X 0.22 PTFE
M6 Darlly Hangzhou X 0.45 PTFE
M7 Micro Membrane Filters FX20D0808 0.22 PTFE - laminovana

X - parametr nebyl u membrany specifikovan

Pro testovani membran byly vybrany dva teplotni intervaly vstup/permeat 55/20 °C (AT = 35 °C)
a 50/25 °C (AT = 25 °C). V8echny tyto experimenty byly provedeny s pouzitim membranové podlozky,
tj. polyesterové tkaniny Polynetex green 300 g/m®. Celkem bylo testovano sedm riznych membran,
kazda membrana byla testovana ve dvou raznych vysSe uvedenych teplotnich profilech, kdy kazdy test
byl opét trikrat opakovan. Celkem bylo tedy provedeno 42 experimentd.

Vysledky a diskuse
Testovani vlivu provoznich teplot a membranové podlozky

Hodnoty naméfeného permeacniho vykonu pfi rlznych teplotnich gradientech jsou nize graficky
vyhodnoceny. Jednotlivé obrazky vzdy porovnavaji vysledky experimentl bez podlozky a s podlozkou.
Hodnoty permeacnich vykonU uvedené v grafech jsou vzdy prumérem hodnot ze tfi opakovani
experimentu.

Na obrazku 2 jsou grafy srovnavajici zavislost permeacniho vykonu na AT pfi experimentech bez
podloZky a s podloZkou. Je zde patrna linearni zavislost permeacniho vykonu na AT v proméfenych
intervalech AT 15 — 45 °C. P¥i pouziti membranové podlozky rist permeacnich vykond strméjSi nez
v pfipadé experimentl bez podlozky. Zde je vidét, Zze diky instalaci podlozky doslo k vyraznému narastu
permeacnich vykonu a to o 35 — 60 % napfi¢ vSemi teplotnimi experimenty.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 31 0




Zuzana HONZAJKOVA, Marek SIR, Jiti HENDRYCH, Pavia TOMASOVA, Marek DOLEZEL: Membrénové
destilace pfi nizkém teplotnim gradientu a testovani komeréné dostupnych membran

700 700

45 (60-15)
600 600

500 45(70-25) 500 35(60-25)

400 400

35(60-25)

25(50-25)
300 300

25(50-25)

permaccni wykon mifh
permeaéni vykon mli/h

200 200

15(40-25) 15 (40-25)

100 100

AT (°C) AT(*C)

Obrazek 2: Permeacni vykon dosazZeny pf¥i riznych AT béhem experimentu
A - bez podlozky, B - s podloZzkou (membrana M1)

V pfipadé, kdy je permeacni vykon vztazen a jednotku spotfebované energie (kWh) viz obrazek 3, Ize
v ramci experimentl bez podlozky vidét postupné snizovani rozdill v naristu permeacniho vykonu se
vzrastajicim teplotnim gradientem AT. To je dano vétSimi tepelnymi ztratami a tim padem vzristajici
spotfebou energie. Dochazi zde vlivem prohybani membrany ke zmenseni permeatového prostoru
v modulu, ¢imz je negativné ovlivnéno proudéni a dochazi tak k ohfivani proudu permeatu a tim ke
snizeni AT a snizeni permeaéniho vykonu. V pfipadé pouZiti podloZky jsou také diky zapocitanym
tepelnym ztratam rozdily v narlstu permeacéniho vykonu mensi ale ne tak vyrazné jako bez podlozky.
PodloZka ma tedy pfiznivy vliv na cely proces a to i z hlediska energetické naroénosti.
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Obrazek 3: Permeacni vykon vztazeny na jednotku spotifebované energie dosazeny pri
ruznych AT béhem experimenti A - bez podlozky, B - s podlozkou (membrana M1)

Na obrazku 4 vykresluje ploSny graf vztah mezi naméfenou odezvou (permeacni vykon) a dvéma
spojitymi proménnymi (teplota vstupu a AT). Oproti standardnim sloupcovym grafim tento typ zobrazeni
umoziuje analyzovat zavislost permeaéniho vykonu nejen na AT, ale i na aplikované vstupni teploté.
Kfivka kontury zobrazuje dvourozmérny pohled, ve kterém jsou body, které maji stejnou hodnotu
odezvy, spojeny, &imz vzniknou obrysové &ary. Barva plochy potom odpovida velikosti permeacniho
vykonu, ¢im tmavsi barva tim je permeacéni vykon vétsi.

Z konturovych diagramu je zfejmé, Ze hodnota permeacniho vykonu neni determinovana vyhradné
teplotnim rozdilem (AT), nybrz je ovlivnéna i absolutni teplotou vstupniho roztoku. Bylo pozorovano, ze
permeacni vykon roste s rostouci teplotou vstupniho roztoku, a to i pfi konstantni hodnoté AT. P¥i
porovnani metod navyseni AT bylo zjisténo, Ze zvySeni permeacniho vykonu dosazené zvysenim teploty
vstupu je vyraznéjSi nez pfi navySeni AT dosaZené snizenim teploty permeatu. Porovnani obou
diagramu opét explicitné demonstruje, Ze aplikace podlozky vedla k navySeni hodnot permeacniho
vykonu v celém rozsahu testovanych teplotnich podminek experimenta.
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Obrazek 4: Plosny graf permeacniho vykonu v zavislosti na aplikovanych teplotach — vlevo
bez podlozky, vpravo s podlozkou

Data z provedenych testl prokazuji, Zze zvolena polyesterova tkanina Polynetex green 300 g/m? se
ukazala byt ucinnou podporou membrany. Béhem testovani bylo i vizualné potvrzeno, Ze podlozka
zamezila prohybani a deformaci membran. Dulezité je také zjisténi, Ze v experimentech s podlozkou
nebyl pozorovan narust tlakové ztraty v modulu, to znamena, Ze proudéni poréznim materidlem
podlozky zlstalo optimalni a byl trvale zajistén dobry pratok kolem membrany. Tato podlozka je tedy
vhodna pro nasledujici experimenty, jejichz prioritou bude srovnani permeacnich vykonu ruznych
membran.

Namérené permeacni vykony potvrzuji, Zze membranova destilace miaze byt efektivné provozovana i
pfi velmi nizkych teplotnich intervalech. Jiz pfi AT = 25 °C bylo pfi experimentech dosazeno
permeacniho vykonu 310 ml/h, coz pfi pfepoctu na aktivni plochu membrany odpovida permeaénimu
vykonu 22 l/(m®h). To je hodnota srovnatelna s reverzni osmézou, kde je dosahovano pramérnych
permeadnich vykond od 10 — 30 l/(m%h)®. Vyuziti odpadniho tepla je diky nizkym poZadovanym
teplotam vstupniho roztoku velmi realné.

Na obrazku 5 jsou konfidenéni intervaly naméfenych hodnot se spolehlivosti 95 %. Z hlediska
statistiky je vhodné alesporn deset méfeni pro kazdy experiment, aby byl interval co nejmensi
nejpresnéjsi, &im mensi je podet méfeni, tim byva interval spolehlivosti $ir§i**. Pfestoze bylo v ramci
experimentd provedeno opakovani pouze tfikrat a jednotlivé experimenty byly provadény s rdznym
personalnim obsazenim a v rGzné dny, jsou konfiden&ni intervaly na obrazku 5 stfedné Siroké, coz
svedC¢i o dobré spolehlivosti naméfenych dat. V grafu A i v grafu B je patrny jasny rostouci trend
permeacniho vykonu se zvySenim AT.
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Obrazek 5: Konfidencni intervaly namérenych hodnot permeacnich vykont — experimenty
A - bez podlozky, B - s podloZkou
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Vysledky testovani membran

Sloupcové grafy na obrazku 6 srovnavaji dosazeny permeacni vykon pro jednotlivé testované
membrany (M1 az M7) pfi teplotnich gradientech AT = 25 °C a AT = 35 °C. Tyto gradienty reprezentuji
dva provozni stavy s dostateChym permeacnim vykonem, odvozené z predchozich teplotnich
experimentl. Permeacni vykon je zde normalizovan na jednotku uzitné plochy membrany a je vyjadien
v l/(m?.h). Uvedené hodnoty pfedstavuji priiméry ze tfi nezavislych experimentalnich opakovani.

teplotnich gradientech. ZvySeni AT na 35 °C nevedlo v pfipadé této membrany k signifikantnimu narlstu
permeacniho vykonu.

Pfi AT = 25 °C dosahly membrany M1, M5, M6 a M7 relativné vyrovnanych permeacnich vykonu.
Vy&Si permeacni vykon v tomto rezimu byl zaznamenan u membran M3 a M4.

Pfi vyS8Sim teplotnim gradientu (AT = 35 °C) jsou rozdily v permeacnich vykonech membran
vyraznéjsi nez pfi AT = 25 °C. Membrany M1 a M5 dosahly srovnatelného permeacniho vykonu
s membranou M4. V8echny tfi uvedené membrany v8ak zaostavaji za membranou M3, ktera dosahla
nejvyssiho permeacniho vykonu v celém souboru testovanych podminek.

S vyjimkou membrany M2 dosahuji ostatni membrany vysoké efektivity. Jejich permeacni vykony jiz

pfi AT = 25 °C dosahuji hodnot 20 — 27 I/(m%.h), coz jsou hodnoty srovnatelné s permeadénim vykonem
reverzni osmozy, ktery se pohybuje v rozmezi 10 — 30 I/(m%.h)%.
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Obrazek 6: Permeacni vykon testovanych membran pfi AT = 25 °C a AT = 35 °C
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Obrazek 7: Permeacni vykon testovanych membran pfi AT = 25 °C a 35 °C vztazeny na
jednotku spotrfebované energie

Pfepocet permeacniho vykonu na jednotku spotfebované energie (kWh), viz obrazek 7, poskytuje
vysledky, které reflektuji i tepelnou vodivost testovanych membran.
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NejnizSi permeacni vykon (I/kWh) vykazuje pfi obou sledovanych teplotnich gradientech membrana
M2. Pfi AT = 25 °C dosahuje nejlepsich vysledkll membrana M3. PFi vy$Sim teplotnim gradientu (AT =
35 °C) je permeacni vykon membrany M3 statisticky srovnatelny s vykony membran M1 a M4.

U membran M2, M3 a M7 nedoSlo pfi vySSim teplotnim gradientu (AT = 35 °C) k tak vyraznému
nartstu permeacniho vykonu (I’kWh) jako u membran M1, M4, M5 a M6. To nastifuje rozdily v tepelné
vodivosti membran. Membrana M3 sice dosahuje nejlepSich permeacnich vykonu pfi AT = 25 °C,
nicméneé pfi navyseni tohoto gradientu na AT = 35 °C byl pozorovan mensi relativni nartst permeacniho
vykonu v porovnani s ostatnimi membranami. Podobny jen byl pozorovan i u membran M2 a M7.
Z experimentl tedy vyplyva, ze tyto membrany maiji vysSi tepelnou vodivost, ktera vede ke zvySenym
tepelnym ztratam zplasobenym teplotni polarizaci. Teplotni polarizace je jev, pfi kterém dochazi ke
shizeni teploty na povrchu membrany na strané teplého vstupniho roztoku a naopak ke zvySeni teploty
na strané studeného destilatu ve srovnani s teplotou ve stfedu kapalné faze. ZvySeni AT na 35 °C vede
u membran s vysSi tepelnou vodivosti k intenzivnéj$i teplotni polarizaci a s tim spojenému narUstu
tepelnych ztrat, jehoz dusledkem je narust energetické naro¢nosti na ohfev vstupniho roztoku. Proto je
narast permeacniho vykonu normalizovaného na jednotku spotfebované energie (kWh) u téchto
membran (M2, M3, M7) minimalni.

Zavery

Provedené experimenty potvrdily dostatenou ucinnost membranové destilace s pfimym kontaktem
(DCMD) i pfi nizkych teplotnich gradientech, coz naznacuje potencial pro vyuziti odpadniho tepla jako
primarniho zdroje energie pro ohfev vstupniho roztoku.

Podstatnym zjisténim je prokazatelny pozitivni vliv membranové podloZky z polyesterové tkaniny
Polynetex green 300 g/m?, ktera nejenze vyrazné zvySila permeacni vykon (o 35 — 60 %), ale také
zlepsila stabilitu membrany zamezenim jeji prohybani a deformaci. Tyto vysledky zdurazhuji dilezitost
optimalizace membranového modulu pro dosazeni maximalni efektivity a provozni spolehlivosti procesu.

Testovani rdznych membran odhalilo zna¢né rozdily v jejich permeacnich vykonech a tepelné
vodivosti. Z hlediska kombinace vysokého permeacéniho vykonu a nizkych tepelnych ztrat se jako
nejvhodnéjsi ukazaly membrany M1 a M4, naopak membrana M2 vykazovala vyrazné nejhorSi vysledky.
Tyto poznatky podtrhuji potfebu systematického testovani a selekce membran v laboratornim méfitku
pfed jejich uvedenim v praxi. Pro zajisténi maximalni energetické uc€innosti destilacniho procesu je
nezbytné volit membrany s optimalnim pomérem mezi vysokym permeacnim vykonem a nizkou
tepelnou vodivosti.

Podékovani
Tato prace vznikla s podporou projektu TH03030240.
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Summary

In the framework of this study, the efficiency of direct contact membrane distillation (DCMD) was
investigated at such low temperature gradients (AT = 25 °C — 45 °C) that waste heat could be used for
heating, thus substantially reducing the operating costs of the process. Three series of experiments were
carried out: the first and second series tested the influence of the temperature gradient (AT) and the
Polynetex green 300 g/m? membrane support on the permeation performance of the membrane,
comparing configurations with and without the support. The third series compared the permeation
performances of seven different commercial membranes. The results showed that the membrane
support significantly increases permeation performance (by 35 — 60%) and prevents membrane
deformation. It was confirmed that MD is effective even at low AT; the tested membranes (with the
exception of M2) achieved permeation performances comparable to reverse osmosis (20 — 27 L/(m?*h))
already at AT = 25 °C. Membrane testing showed considerable differences in their permeation
performances, which are even more pronounced with an increase in the temperature gradient. Some
membranes (e.g., M3), despite higher permeation performances, are accompanied by higher heat
losses, which reduces their specific permeation performance relative to the energy consumed.

Keywords: Membrane distillation, waste heat utilization, membrane permeation performance
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Souhrn

V praci bylo na zéakladé relevantnich technickych norem navrZeno experimentalni usporadani
laboratorniho respiracniho testu uréeného pro ovéreni proveditelnosti aerobni bioremediace
kontaminované zeminy. Na tomto zarizeni byl proveden 42-denni respiracni test, kde vstupni
kontaminovany material pfedstavovala zemina s uméle pfidanym dodekanem. V ramci testu byla
sledovana jednak varianta aerobni bioremediace s pouze pfidanymi Zivinami a dale varianta aerobni
bioremediace s pfidanymi Zivinami a soucCasné také degradujicimi mikroorganismy. Pribéznym
sledovanim produkovaného oxidu uhli¢itého a provedenim dalSich doplrikovych analyz byl ziskan
rozsahly soubor experimentalnich dat, na jehoZ zakladé byla néasledné sestavena rovnice kinetiky
biodegradace pfitomného dodekanu. Rovnice byla poté pouZita pro odhad ¢asové naroénosti dosaZeni
hypotetického sanacniho limitu.

Kli¢ova slova: biodegradace, horninové prostredi, kontaminace, zemina, respiracni test

Uvod

Termin ,laboratorni respiraéni test” je v SirSim ramci technické péce o Zivotni prostiedi obecné
pouzivan pro oznaceni analytické procedury, jejimz prostfednictvim je kvantifikovana biologicka stabilita
organického materialu v aerobnich podminkach. Pfi omezeni na tuhé zvodnélé matrice je tento termin
odborné verfejnosti znamy ze dvou oblasti - 1) hodnoceni charakteristik zemédeélské pldy a 2) hodnoceni
biologické rozloZitelnosti odpadt '“. V prvni z uvedenych oblasti jsou respiraéni testy pouzivany
napfiklad pro posouzeni rozlozitelnosti organického podilu v pudach, vyzralosti kompostu nebo jinych
aplikovanych produktl, pfipadné dostupnosti fyziologicky vyuzitelného dusiku. Ve druhé oblasti (pfi
znatném zjednoduseni) slouzi respirani testy k rozliSeni odpadu biologicky stabilniho od odpadu
s vyznamnym podilem organické slozky a malou biologickou stabilitou. Vysledek respiracniho testu tak
napfiklad umozni nebo naopak znemozni uloZeni uritého odpadu na skladku s niz§im stupném
technického zabezpeceni. Pro prvni uvedeny pfipad jsou k dispozici pfedpisy a metodiky vychazejici ze
zakona 334/1992 Sb. (ochrana zemédélského pudniho fondu). Druhd oblast je potom legislativné
zakotvena zejména zakonem 541/2020 Sb. (zakonem o odpadech). Technické podrobnosti
laboratornich respiraCnich testl jsou u obou vySe uvedenych a legislativné zakotvenych oblasti
specifikovany az do urovné technickych norem.

Mimo dvé vySe vymezené oblasti a citované legislativni podklady je ovSem termin ,respiracni test"
pouzivan v ramci napravy ekologickych zatézi vazanych na horninové prostfedi, specificky potom
v pripadé lokalit kontaminovanych organickymi biodegradovatelnymi latkami.
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Teoreticka cast

V Ceské republice neni k dispozici specificky zakon pro oblast napravy ekologickych zatéZi a termin
,ekologicka zatéz“ zde tedy nema legislativné zakotvenou definici. Obecné je pfijiman vyklad MZP CR °,
ktery timto terminem oznacuje zavaznou kontaminaci horninového prostiedi, ke které doslo nevhodnym
nakladanim s rizikovymi latkami (v€etné aktualnich havarijnich situaci). Zjisténa kontaminace je
povaZovana za ,starou ekologickou zatéz“, pokud vznikla pfed platnosti zakona o velké privatizaci
(zadkon ¢&. 92/1991 Sb.) nebo puvodce kontaminace jiz neexistuje ¢i neni znam. Z Cisté technického

pohledu neni ale mezi obéma terminologickymi variantami zadny rozdil.

Ceska republika se vyznaduje mimoradné vysokym poétem lokalit nesoucich ekologickou zatéz, coz
je disledkem dlouhodobé intenzivni primyslové ¢innosti soustfedéné na relativné malém Gzemi.
Prazkum provedeny jiz pfed dvéma dekadami v ramci 38 evropskych statt © (véetné &lenskych zemi EU)
identifikoval pfiblizné 342 000 lokalit s prokdzanou kontaminaci a vice nez 2 500 000 potencialné
kontaminovanych mist. Celoevropsky primér poctu prokazatelné kontaminovanych lokalit na 10 000
obyvatel je zde uvadén hodnotou 2,46, pro samotnou Ceskou republiku potom hodnotou 13,2.
V systému evidence kontaminovanych mist (SEKM) bylo v dobé pfipravy tohoto textu k dispozici vice
nez 16 000 zaznam@ . Vyznamna &ast z vySe uvedenych poétd lokalit je kontaminovana ropnymi
latkami a aromatickymi nebo polyaromatickymi uhlovodiky, pfi jejichz odstrafiovani byva typicky
vyuzivan proces aerobni bioremediace °.

Pfi absenci zakonem podloZenych limitnich hodnot kontaminace horninového prostiedi je pro kazdou
lokalitu nezbytné v pfipravné fazi napravného opatfeni vypracovat expertni stanovisko - tzv. analyzu
rizika, kde je stanovena a zdlvodnéna mira, do které je zapotfebi pfitomnou kontaminaci odstranit
(tzv. sanaéni limit). Rozhodnuti o napravé pak vyda Ceska inspekce Zivotniho prostfedi pfi vyuZiti
nékterého z pfibuznych zakonu, nejCastéji zakona &. 254/2001 Sb. (§ 42). V praxi byva ale bohuzel
bézné, Ze se stanoveny sanacni limit ukaze byt v pfedepsaném Case technologicky nedosazitelny
amusi byt zvySovan, pfipadné dochazi ke zméné pouzité sanacCni technologie. Problémy
s dokon€ovanim napravnych opatfeni jsou v odborné vefejnosti znamé a reflektuje je napfiklad také
NKU 8. Jednim z dosud opomijenych nastrojii ke zvy$eni spolehlivosti zavérii rizikovych analyz je podle
autortl tohoto textu zasadni opomijeni laboratornich sanacnich testu.

K otazce laboratorniho zkoumani bioremediacnich procesu bylo jiz publikovano znaéné mnozstvi
textd, jejichz kritické zhodnoceni bylo autory tohoto textu prezentovano na jiném misté °. Pouze tedy ve
zkratce Ize uvést, ze za cile laboratornich bioremediacnich testu je typicky povazovano 1) prokazani
pFitomnosti degradujicich mikroorganismu; 2) posouzeni toxickych u€inkd pfitomnych kontaminantd vigi
degradujicim mikroorganismim; 3) urCeni spektra potfebnych ZzZivin a stanoveni jejich mnozstvi;
4) posouzeni pfipadnych rizik pfi aplikaci zivin na dané lokalité. Naplnéni téchto cild vyzaduje nemalé
a nikoli kratkodobé usili multioborového tymu s velmi dobrym a drahym vybavenim. Nad ramec vySe
specifikovaného a obecné uznavaného smyslu laboratornich bioremediaénich testl ovSem existuje jesté
dal$i diléi cil, ktery byva v literatufe reflektovan jen zcela okrajové '°'3. Timto cilem je prokazani
technologické proveditelnosti napravného opatfeni v idealizovanych laboratornich podminkach
a nastrojem pro jeho dosazeni je pravé laboratorni respiracni test.

Pro sestaveni laboratorni aparatury a nastaveni podminek respirac¢niho testu a jeho vyhodnoceni Ize
vyuzit nékolik technickych norem. Podrobny popis zakladnich principl laboratornich testll aerobniho
rozkladu organickych latek v zeminach pfinasi norma CSN EN I1SO 11266 '*. Zde jsou specifikovany
pozadavky na 1) vybér, vzorkovani a popis zkuSebni zeminy; 2) zplsob umélé kontaminace;
3) nastaveni podminek laboratorniho testu (teplota, obsah vody, doba, monitoring); 4) zpusob
vyhodnoceni vysledkl. Sou€asné tato norma ponechava znacny prostor ohledné konkrétniho provedeni
testu. Presnéjsi technicka voditka k provedeni testu aerobniho rozkladu organickych latek poskytuje
norma 1SO 14239 *°, ktera specifikuje Sest mozZnych laboratornich a instrumentalnich uspofadani:
1) pratokové usporadani; 2) kolonovy test se zachytem ve smési hydroxidu sodného a vapenatého;
3) biometricky test; 4) radiorespirometricky test; 5) mikroradiorespirometricky test a 6) test
s miniaturizovanym respirometrem. U kazdého typu testu jsou zde prehledné dolozeny vyhody
a nevyhody. Postupem pro stanoveni mikrobialni respirace v aerobnich zeminach se dale specificky
zabyva norma ISO 16072 ® z roku 2002, ve které jsou popsany chemické a instrumentalni postupy pro
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stanoveni Ubytku kysliku nebo vzniku oxidu uhli¢itého v pribéhu respiracniho testu. Kone¢né potom
norma 1SO 17155 '’ definuje vypodetni vztahy, s jejichz pomoci lze na zakladé laboratornich
respiracnich testl vyjadrit kinetiku rozkladu degradované organické latky.

K vySe naznaCenym teoretickym podkladim nalezi dale také rozsahly znalostni aparat souvisejici
s konceptem biodostupnosti a s procesy starnuti kontaminace. Oba tyto vyznamné faktory jsou v praci
zminény pouze ve zkratce, nebot v daném kontextu neni bohuzel prostor pro jejich obsahlejsi rozbor
a navic zde nabyvaji velmi specifické podoby.

Biodostupny podil kontaminantu byva ve vodnych systémech (bez pfitomnosti tuhé faze) totozny
s analyticky zjisténym mnozstvim pouze v idealnim pfipadé, kdy je kontaminant zcela pfistupny
mikrobialnim (obecnéji biochemickym) pfeménam. V praxi byva u Cisté vodnych systému( biodostupny
podil typicky niz8i oproti analytické hodnoté, ale nemuze byt vy8Si. V kontaminovanych zeminach k této
situaci dojit maze. P¥i vstupu kontaminantu do zeminy se jeho ¢ast navaze na tuhou matrici tak silné, ze
se stane pro analytickou proceduru (zejména predupravu vzorku) nedostupnou. Pfitomné
mikroorganismy si ovSem cestu i k takto silné vazanému kontaminantu najit mohou a potom mize nastat
situace, kdy je biodostupné mnozstvi vétsi oproti analyticky zjisténé hodnoté. V pfipadé laboratornich
respiracnich testl by se takova situace projevila nadstechiometrickou produkci oxidu uhli¢itého, pokud
bychom jako zaklad vzali pravé analytickou koncentraci a respiracni test by probihal dostate¢né dlouhou
dobu. Otazka starnuti kontaminace je u znecisténych zemin rovnéz mimofadné dulezita. Doba mezi
vstupem kontaminantu do zeminy a dosazeni ustaleného stavu byva na vétsiné kontaminovanych lokalit
typicky velmi dlouha, bézné i v Fadu desitek let. Procesy starnuti jsou mimoradné komplexni a z hlediska
biodostupnosti mohou mit pozitivni a negativni Uc€inek. V kontextu této prace bylo povazovano za
zasadni, aby byl charakter kontaminace do té miry ustaleny, aby se v prabéhu respira¢niho testu (tedy
v fadu desitek dnl) neménil. Modelovy kontaminant byl vnesen do zeminy v pfebytku tékavého
rozpoustédla, coz podle dlouhodobych zkuSenosti autorll zajiStuje po odpareni rozpoustédla v Case jiz
stabilni distribuci kontaminantu v systému zemina — voda — vzduch.

Technické provedeni laboratorniho respiraéniho testu nema dosud v ramci Ceské republiky ustalenou
podobu. V obecném povédomi soucasné existuje malo podlozeny nazor, Ze tento typ testu Ize provést
v kratkém Case, napfiklad béhem nékolika malo dnl (podobné jako BSKs Ci AT,). Cilem této prace tedy
bylo vypracovani a ovéfeni pfesné metodiky laboratorniho respiracniho testu aerobni bioremediace
v souladu s ustanovenim vySe uvedenych ISO norem a racionalné vyhodnotit potfebnou dobu jeho
trvani. Specificky dlraz byl zde kladen na zjis§téni technologicky zasadnich parametri — tedy urceni
idealni kinetiky rozkladu kontaminantu a identifikace pfipadnych meziprodukt( rozkladu.

Experimentalni ¢ast

Pro modelovy laboratorni respiraéni test byl na pozemku uréeném pro residencni vystavbu domu (po
sejmuti orni¢ni vrstvy) odebran vzorek zeminy o hmotnosti 20 kg. Odebrany material byl typové oznacen
jako sprasovy sediment. Vzorek byl v laboratofi vysouSen po dobu 5 dnu pfi teploté okoli a nasledné
separovan s pomoci sita o velikosti oka 2 mm. Podsitna frakce o hmotnosti cca 6 kg pfi zbytkovém
obsahu vody 2,0 % hm. byla pouzita jako dobfe homogenizovatelny zaklad pro respiraéni test a na tomto
materialu bylo provedeno stanoveni prvkového slozeni metodou XRF a stanoveni celkového
organického uhliku metodou elementarni analyzy. Z uvedeného mnozstvi podsitné frakce byly 4 kg
uréeny pro umeélou kontaminaci a 2 kg slouzily jako referen¢ni material.

Uméla kontaminace byla provedena pfidanim dodekanu (Ci;Ha, p.a. Cistota) v mnozstvi 7 000 mg/kg
suSiny, pfiemz dodekan byl do zeminy pro zajiSténi rovnhomérné distribuce pfidan v pétinasobném
objemovém mnozstvi hexanu. Pfidany hexan byl nasledné odparen v digestofi pfi laboratorni teploté. Do
osmi umélohmotnych vzduchotésnych vzorkovnic typu Lock-Lock o objemu 1000 ml bylo navazeno vzdy
0,5 kg kontaminované zeminy, do jedné dalSi vzorkovnice bylo navazeno opét 0,5 kg referenéni zeminy
bez kontaminace. Experimentalni podminky v jednotlivych vzorkovnicich byly poté nastaveny pfidanim
vody, Zivin a bakterialni kultury Pseudomonas fluorescens ATCC 13525, jak je specifikovano v tabulce 1.
Pred zahajenim respiracnich testl byla provedena analyticka kontrola kontaminace metodou C;o-Cyo,
kde zjisténé hodnoty jsou rovnéz ukazany v tabulce 1.
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Tabulka 1: Vychozi parametry modelového laboratorniho respira¢niho testu

Zemina

kontaminovana | nekontaminovana
Stanoveni Cislo vzorku
Pridavek 1 2 3 4 5 6 7 8
analyza C;p-Cys* | 4650 | 4680 | 4580 | 4080 | 5260 | 4860 | 4790 <20
(mg/kg)
Ziviny** ano ano ano ano ano ano
kultura*** ano ano ano
voda (ml) 50 50 50 50 50 50 50 50

*Stanoveni metodou plynové chromatografie, podle CSN EN 14039

**PFidavek zivin v poméru C:N:P = 120:10:1 (pfidavek do jedné vzorkovnice ¢inil 0,987 g NH,Cl, 1,865 g KNOs,
0,502 g KH,PO,.

*** Zemina byla inokulovana bakterialni kulturou Pseudomonas fluorescens ATCC 13525. Do zeminy byl pipetovan
1 ml suspenze o koncentraci 10" KTJ/ml. Suspenze byla pripravena po dvoudenni kultivaci kmene na agarové
plotné se ztuhlou kultivaéni padou ,Trypton séjovy agar” pfi 25 °C splachnutim do fyziologického roztoku.

Vzorkovnice podle vySe uvedenych specifikaci byly uzavieny vzduchotésnymi vicky. Do kazdého
vicka byly napevno instalovany dvé polyethylenové hadicky pro monitoring koncentrace oxidu uhli€itého,
ktery byl pfedpokladan jako finalni produkt biodegradace zvoleného kontaminantu. Zvlhéeny vzorek
zeminy zabiral pfiblizné tfetinu objemu vzorkovnice, zbyly objem byl vyplnén vzduchem. Kazda
z hadi¢ek byla uzaviena zatkou a navic jesté ocelovou tlackou. Ve zvolenych Casovych intervalech
(~ 2 — 3dennich) byly méfeny koncentrace oxidu uhli¢itého a kysliku v head-space vzorkovnic
(napojenim pfistroje Greisinger G 1910-02 nebo Multitec 540 na hadi¢ky). Po kazdém méfeni byla
vzorkovnice oteviena, zemina peclivé promichana sklenénou ty€inkou a opét vzduchotésné uzaviena.
Bézna pozadova koncentrace oxidu uhli¢itého (~ 500 ppm) byla odecitana od zméfenych hodnot.
Celkova doba trvani laboratorniho respira¢niho testu byla uréena na 42 dn(, pfi¢emz teplota byla béhem
této doby udrZzovana na hodnoté 21 + 1 °C. Pro udrzeni nastaveného obsahu vody (10 % hmot.) byly
vzorkovnice prubézné pfevazovany a zjisténé ubytky doplfovany (toto ale bylo zapotfebi az ke konci
testu. Na zaCatku a konci laboratorniho respiraéniho testu byly odebrany vzorky na analyzu C.o — C4, Na
identifikaci a kvantifikaci pfipadnych meziproduktt aerobniho rozkladu a rovnéz na stanoveni poctu
kultivovatelnych mikroorganismu. Na pocateénim referenénim nekontaminovaném vzorku byla rovnéz
provedena analyza TOC a XRF. Nastavena vihkost zeminy se v pribéhu respiracniho testu neménila.

Pro stanoveni poétu mikroorganismi byla pouZita metoda opirajici se o tfi zdroje ** '* . Do

predvazené sterilni Duran Schott lahviCky (objem 250 ml) se navazilo 3 g zeminy. Do lahvi¢ky byl
napipetovan Ringerlv roztok o ¢tvrtinové koncentraci (R1/4 roztok) v poméru 1 : 9. Nasledné byl vzorek
homogenizovan na tifepacce 10 min, 400 rpm. Tésné pfed odbérem inokula byl vzorek ruéné rozmichan,
ponechan stat 2 min. Poté byl pipetovan 1 ml vzorku té&sné pod hladinou a pouzit pro pfipravu
desitkového Fedéni opét do roztoku R1/4. Na agarové plotny se ztuhlou kultivaéni padou ,Zivny agar"
bylo rozetfeno inokulum. Kultivace probihala za aerobnich podminek pfi 25 °C po dobu 7 dni. Pogitani
kolonii a stanoveni celkového poétu bylo provedeno normovanym postupem #. Stanoveni poé&tu
Pseudomonas fluorescens ATCC 13525 bylo provedeno ze suspenze po rozmichani na vortexu,
nasledné byla pfipravena fada desitkového fedéni do roztoku R1/4. Dale stanoveni poctu probihalo
stejnym zptisobem jako u vzorkt zemin .

Vysledky a diskuse

Vychozi sloZzeni pouzité zeminy pfed nadavkovanim kontaminantu (6 kg podsitné frakce < 2 mm) je
sumarizovano v tabulce 2. Pfi odbéru byla reflektovana snaha ziskat testovaci material bez zvySeného
obsahu toxickych kovl, aby tak pozdéji vnesena organicka latka predstavovala jediny a dobrfe
definovany antropogenni faktor. Data v tabulce 2 dokladaji pouze nevyznamné obsahy minoritnich
toxickych prvkd, které nenaznaluji prekroCeni hodnot pfirozeného pozadi. Obsah celkového
organického uhliku je dan rozdilem mezi TC a TIC4q a €ini tedy 0,36 % hmot..
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Tabulka 2: Obsah majoritnich a minoritnich prvku v pouzité modelové zeminé

Majoritni prvky (% hmot.)

Si Al Fe Na K Ca Mg P Ti TIC 400 TC
36,1584 |325|058|274|331|0,47 0,13 | 056 | 054 0,90
Minoritni prvky (mg/kg susiny)

S Cl Vv Cr Ni Zn Ba | Mn As Sr w
372 | 89 | 103 [ <30 | 64 62 | 810 | 690 | <30 | 220 130

Pfi umélé kontaminaci byl do zeminy pfidan dodekan v mnozstvi 7 000 mg/kg susSiny, pfiCemz
analyticka kontrola provedena stanovenim parametru Cio-C4 pfi zahajeni vlastniho respira¢niho testu
ukazala hodnotu 4 700 mg/kg susSiny. | pfes zfejmy Ciselny rozdil se ve skute¢nosti jedna o dobrou
shodu mezi pfidanym mnoZstvim dodekanu a zjidt€nou analytickou odezvou. SkuteCnost, Ze &ast
organického kontaminantu uméle vneseného do zeminy se pfi nasledné analytické kontrole ,ztrati“ je
dlouhodobé znama a je vysvétlovana zejména chemisorpci, pfi které se urlity podil pfivedeného
kontaminantu navaze na danou matrici tak silné, Ze se vuCi analytické procedure (typicky ve fazi
predupravy vzorku) stane ,neviditelnym®. U zemin byva schopnost chemisorpce pfisuzovana pfirozenym
organickym latkam a jilovym mineralim.

Pribézné monitorovani respiraéniho testu spocivalo ve sledovani koncentrace oxidu uhli¢itého, ktery
byl uvazovan za koncovy produkt aerobniho rozkladu. Celkova doba trvani respiracniho testu cinila
42 dnl a v pribéhu této doby bylo provedeno 13 mérfeni koncentrace oxidu uhli¢itého v head-space
vzorkovnic. Casové prib&hy produkce oxidu uhliitého v ramci celého respiraéniho testu jsou pro
jednotlivé vzorkovnice ukazany v souhrnné formé na Obr. 1, kde jsou barevné rozliSeny Ctyfi rdzné
podminky aerobniho rozkladu dodekanu, jehoz koncovym produktem je oxid uhlicity.
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Obrazek 1: Tvorba oxidu uhli¢itého v pribéhu laboratorniho respiracniho testu pro
kontaminovanou zeminu bez pfidavku Zivin a degradért (vzorek 1 —); kontaminovanou zeminu
s pridavkem Zivin (vzorek 2, 3, 4 —); kontaminovanou zeminu s pfidavkem Zzivin a degradért
(vzorek 5, 6, 7 =); nekontaminovanou zeminu (vzorek 8 l)

Cervena barva odpovida pozadové koncentraci oxidu uhligitého v nekontaminované zeming, kterou
Z hlediska aerobni bioremediace povazujeme za referencni systém. Hodnoty méfené v této vzorkovnici
se pohybovaly v rozmezi ~ 600 - 900 ppm a byly tak vzdy sice jen mirné, ale pfesto méfitelné vysSi
oproti obvyklé koncentraci v prostoru laboratofe, ktera se pohybovala primérné na hodnoté 500 ppm
abyla vramci naslednych bilancnich vypoctd od méfenych hodnot odecitana. V pfipadé
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nekontaminované zeminy se jeji pfirozena organicka hmota povazuje obecné jiz za stabilizovanou a
dal$i rozklad se jiz neodekava viibec nebo pouze s nevyznamnou intenzitou. Zluta linie na obrazku 1
odpovida produkci oxidu uhli¢itého v kontaminované zeminé bez pridavku zivin a degradujicich
mikroorganismu, méfené hodnoty se zde béhem testu pohybovaly v rozmezi 1400 — 3500 ppm. Jedna
se o0 hodnoty odpovidajici velmi pomalému rozkladu, pfi kterém kontaminant mlze setrvavat v zeminé
po dobu vysSich jednotek nebo az nizSich desitek let.

TFi modré linie na obrazku 1 odpovidaji aerobnimu rozkladu po pfidani Zivin, ale bez pfidanych
degradéru. Dobfe jsou zde zifejmé trendy popsané v teoretickém mechanismu respirace zeminy
kontaminované biodegradovatelnou organickou latkou®’. Jedna se zejména o 1) exponencialni nardst
rychlosti po zhruba pétidenni indukéni prodlevé a identifikaci maximalni respiracni aktivity; 2) pokles
respiracni aktivity na dlouhodobé vcelku ustalenou hodnotu po dalSich zhruba deseti dnech; 3) znacny
rozptyl hodnot u tfech opakovani. Podrobna interpretace mechanismu produkce oxidu uhli¢itého neni
pouze na zakladé vysledk( na obrazku 1 mozna a nebyla ani cilem prace. Je nicméné ziejmé, Ze
biodegradace dodekanu na oxid uhli¢ity zde byla vysledkem komplexniho plasobeni mnoha
biochemickych, chemickych a transportnich procesl ve slozitém tfifazovém systému. V experimentalni
zeminé nemohl béhem testu nastat nedostatek Zivin a kysliku a prabézné byl odvadén také vznikly oxid
uhligity. V okamziku dosazeni maximalni respiraCni rychlosti (mezi 10 — 15 dnem testu) byl degradovan
teprve velmi maly podil dodekanu. Vyrazny nastup biodegradacni rychlosti a jeji nasledny pokles tak
s nejvétsi pravdépodobnosti souvisel s dostupnosti kontaminantu (povrch — objem ¢&astic) pfipadné
transportnimi jevy. K velkému zjisténému rozptylu méfenych dat je zapotrebi uvést, Zze respiracni testy
byly provadény s vyuzitim dlouholetych zkuSenosti v laboratornim vyzkumu a s maximaini peclivosti.

experimentu nijak vyjimeéna a problém lze fesit vétSim poctem opakovani.

Zelené linie na obrazku 1 potom ukazuji produkci oxidu uhli€itého ve vzorkovnicich, do kterych byly
pfidany ziviny a souCasné kultura mikroorganisml s prokazanou schopnosti degradovat ropné
uhlovodiky. Casovy prabéh zjisténych zavislosti je v tomto pfipadé podobny jako u vzorkovnic bez
degradéru a jejich interpretace je tedy v podstaté stejna. Zfejmym rozdilem je zde pouze mensi rozptyl
mezi tfemi prezentovanymi liniemi. Jelikoz varianta s pfidanymi degradéry je technicky vyrazné sloZitéjsi
nez varianta pouze s pfidanymi zivinami, je velmi ddlezité vyhodnotit a porovnat obé tato usporadani
Z hlediska ¢asu potfebného pro dosazeni zvolené zbytkové koncentrace kontaminantu (v technologické
praxi tedy odhad doby potiebné pro dosazeni sanaéniho limitu).

Pro porovnani obou variant aerobni biodegradace byly tedy hodnoty méfené vzdy ve tfech stejnych
vzorkovnicich (2, 3, 4; 5, 6, 7) nejprve zprimérovany a posléze prepocitany na mnozstvi degradovaného
dodekanu podle stechiometrické rovnice:

2CppHy + 370, —» 24CO, + 26 H,0

Ubytek koncentrace dodekanu v pribé&hu respiraéniho testu je potom v souhrnné formé ukazan na
obrazku 2, kde je dobfe zfejmy rozdil v rychlosti biodegradace v samotné kontaminované zeminé
a v zeminé po pfidavku zivin nebo zivin a degradérli. Referenéni Casova zavislost pro kontaminovanou
zeminu bez pfidavku Zivin a degradéra (zZluta linie) prezentuje vysledky pouze z jednoho méfeni a ma
tedy spiSe indikativni charakter. V praxi by tato referenéni linie odpovidala situaci, kdy je rozklad
kontaminantu v zemin& ponechan pouze na pusobeni pfirozenych déju. Casové zavislosti na obrazku 2
byly nasledné vyhodnoceny prostfednictvim kinetiky prvniho fadu a vysledné kinetické rovnice jsou
prezentovany v tabulce 3. Sou€asné jsou zde uvedeny teoretické doby potfebné pro dosazZeni dvou
hypotetickych sanac¢nich limitd - 2000 mg/kg a 1000 mg/kg suSiny. Vyhodnoceni biodegradace
dodekanu prostfednictvim kinetiky prvniho fadu pfedstavuje velmi zjednoduSenou formu interpretace.
V kontextu této prace jde ovdem o akceptovatelny postup, nebot laboratorni respiracni test je zde
chapan jako nastroj zasadniho potvrzeni nebo vylou€eni technologické proveditelnosti. Pro podrobnéjsi
poznani sloZitych biodegradacnich mechanismO potom slouZi experimenty vyrazné komplexné&jsi
a instrumentalné sofistikovanéjsi.
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Obradzek 2: Pokles koncentrace dodekanu v pribéhu laboratorniho respiracniho testu pro
kontaminovanou zeminu bez prfidavku Zivin a degradéru (vzorek 1 —); kontaminovanou zeminu
s pfidavkem Zivin (vzorek 2, 3, 4 —); kontaminovanou zeminu s pfidavkem Zivin a degradér
(vzorek 5,6, 7 =.

Tabulka 3: Vyhodnoceni laboratorniho respiraéniho testu s pomoci kinetiky prvniho Fadu

Varianta testu Kineticka rovnice* Teoreticky ¢as pro | Teoreticky ¢as pro
dosazeni dosazeni
sanacniho limitu sanacniho limitu
2000 mg/kg 1000 mg/kg
kont. zem. y =47 .00t 1708 dni 3095 dnd
kont. zem. + ZIV y=4,7 .00 171 dnl 310 dnil
kont. zem. + ZIV + DG y=4,7.e0008! 107 dn(i 193 dnli

* y = koncentrace dodekanu v zeminé (mg/kg zeminy); t = ¢as (den)

Analyza Cjo — Cy4, ktera byla provedena na zacCatku testu u vSech vzorkovnic a na konci testu
u vzorkovnic 2 — 7 neukazala pfitomnost jinych latek nez dodekanu. Bylo tedy ziejmé, Ze puvodni
chemikalie byla dodana v Fadné p.a. Cistoté a dale, ze v pribéhu aerobniho rozkladu nevznikaly stabilni
meziprodukty.

V ramci respiraéniho testu bylo dale provedeno stanoveni celkového poctu Kkultivovatelnych
mikroorganismu na zacatku respiraniho testu a ve tficaty den jeho trvani. Ziskané vysledky jsou
v souhrnné formé ukazany v tabulce 4. Na pocatku testu se pocty kultivovatelnych mikroorganisma
pohybovaly v Fadu 10° az 10° KTJ/g zeminy, coZ je obvykla droveri pro nekontaminovanou nebo malo
kontaminovanou zeminu s nizkym obsahem Zivin. Odbér vzorku pro pocatecni mikrobiologické
stanoveni byl proveden pouze nékolik hodin po vmichani kultury do zeminy, coz byla pfili§ kratka doba
pro adaptaci. Jak je zfejmé z obrazku 1, projevil se nastup degradacni schopnosti pfitomnych
mikroorganismu (at’ jiz autochtonnich nebo vnesenych) az pfiblizné po péti dnech od zahajeni testu.
Odbér provedeny tficatého dne respiracniho testu (tedy pfi vcelku jiz ustalené degradacni rychlosti)
ukazal jasny fadovy rozdil v kvantité mikrobialniho osidleni mezi referenénimi vzorky 1 a 8
a podporovanymi vzorky 2 — 7. Ciselné rozdily prezentované pro triplikovana stanoveni 2 — 4 a5 — 7
jsou pro naro¢na mikrobiologicka stanoveni v zeminach bézna.
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Tabulka 4: Vysledky stanoveni poctu mikroorganismu ve vzorcich na za¢atku a na konci pokusu

Zemina

kontaminovana ‘ nekontam.

Cislo vzorku***

1 ST s [ e [ 7

CPM [KTJ/g zeminy]

potatecni stanoveni** | 3,4x10° | 7,1x10° | 1,1x10° | 1,2x10° | 1,9x10° | 4,9x10° | 1,5x10° | 2,6x10°
pramér 1,0x10° 1,3x10°

stanoveni 30. den testu | 2,1x10° | 2,5x10° | 6,9x10° | 6,1x10° | 2,3x10° | 1,3x10° | 1,7x10° | 2,9x10°
pramér 1,3x10° 1,8x10°

nardst oproti podatku 6,2 3521 627 508 1211 | 2653 | 1133 1,12

narlst proti nekontam. 0,72 862 238 210 793 448 586 1

* CPM = celkovy pocet mikroorganismi; KTJ = jednotky tvorici kolonie
**ve stejny den, kdy bylo provedeno pridani kultury
***bharevna oznaceni odpovidaji logice Obr. 1 a 2

Pokud interpretujeme vystupy prezentované vySe na obrazcich 1 a 2 a vtabulkdch 1 — 4
v logice hlavniho cile tohoto textu (dolozeni praktického vyznamu laboratornich respiracnich testd
v pripravné fazi bioremedia¢niho zasahu), vznika potfeba upfesnit nasledujici technické aspekty:

1) Jak dlouho ma (musi) respiracni test trvat?
2) Jaké technické usporadani respiracniho testu je pro dany ucel vhodné?
3) Jaké parametry je nutné v ramci respiracniho testu sledovat?

4) Jakym zpUusobem ma byt respiracni test interpretovan?

Ad. 1: Potrebna doba trvani respiracniho testu

Laboratorni respiracni test ukazany v této praci b&hem zhruba jednoho mésice trvani dobfe zachytil
tfi faze biodegradacniho dé&je (adaptacni, exponencialni, stacionarni). Test probihal v podminkach, které
v realité napravy ekologickych zatézi muzeme povazovat za idedlni a kde za prvotni uspéch nutno
povazovat iz fakt, Ze biodegradace vubec probiha. Existuje mnoho duvodu, pro¢ tomu tak nemusi byt
a dolozitelné skuteCnosti v teoretické €asti textu ukazuji, Zze tomu tak v mnoha realnych situacich také
nebyva. Relevantni technicky pfedpis EN ISO 11266 minimalni dobu respiraéniho testu nedefinuje,
pouze dava doporuceni, aby test netrval déle nez 120 dn(.

Obvykla praxe napravy ekologickych zatézi poskytuje pro realizaci napravného opatfeni dobu tfi let.
Hlavnim cilem laboratorniho respiracniho testu je objektivni dolozeni skuteCnosti, Ze biodegradace
(v idealizovanych podminkach) alespori v néjaké mife probiha. Sekundarnim cilem je potom stanoveni
kinetiky biodegradacniho procesu. Pro dolozeni tohoto hlavniho cile musi probihat respiracni test
nejméné po dobu adaptace. Ta byva v odborné literatufe dokumentovana pro ¢asove useky od nékolika
desitek hodin az po nékolik desitek dnl. Minimalni ¢asova hranice respira¢niho testu se tedy definuje
jen velmi tézko. Podle autor( tohoto textu by ale tato hranice neméla byt krat$i nez jeden mésic. Pro
dolozeni vySe uvedeného sekundarniho cile je potom zapotfebi ziskat takové mnozstvi dat k produkci
oxidu uhliCitého, aby bylo mozné rozumné vykreslit kinetickou rovnici a extrapolovat ji na
predpokladanou dobu napravného opatfeni. Jako vhodné ¢asové rozmezi se zde ukazuje interval 1 — 4
meésice.
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Ad. 2: Technické usporadani respiracniho testu

Zpusob provedeni respiracniho testu pouzity v této praci (viz Obr. 1) vychazel z technickych norem
EN I1SO 14239 a EN ISO 16072. Podle nazoru autorl byly z obou technickych norem vybrany
a zkombinovany nejvyhodnéjsi dil&i konstrukéni a méfici prvky a principy. Mezi Sesti konstrukénimi
principy respira¢niho testu, které nabizi norma EN ISO 14239, byl vybran pratoény systém (flow-through
incubation system), ktery byl zjednodu$en tak, aby kladl minimalni naroky na laboratorni zazemi a pfi
zachovani vyhod tohoto systému (zejména jeho vhodnost pro dlouhodobé testovani). ZjednoduSeni zde
spocivalo zejména v pouziti semi-kontinualniho pratokového rezimu a absenci zachytu oxidu uhli¢itého
ve vstupnim vzduchu. Semikontinualni rezim (oproti pIné kontinualnimu) lépe vystihuje proces
bioremediace v horninovém prostfedi a klade menSi naroky na instrumentalni vybaveni. Vynechani
zachytu oxidu uhli¢itého ve vstupnim vzduchu je umoznéno skuteCnosti, ze bézné pozadové
koncentrace v ovzdusi (400 — 500 ppm) nejsou v daném kontextu nijak vyznamné a bylo takto dosazeno
vyznamného zjednoduSeni aparatury.

Ad. 3: Sledované parametry

NejdulezitéjSim sledovanym parametrem respiracniho testu je koncentrace oxidu uhli¢itého v head-
space vzorkovnic, pfiéemz je vhodné sledovat také o obsahy kysliku, methanu a sirovodiku. U kysliku
jde o dolozeni jeho vyrazného pfebytku v pribéhu testu, v pfipadé methanu a sirovodiku potom
o vylouceni jejich pfitomnosti, které by pfipadné indikovalo jiny nez aerobni rezim. Vstupni analyza
pouzité zeminy zde zahrnuje prvkovou analyzu s ddrazem na toxické prvky a stanoveni C, H, N.
Minimalné na pocCatku a konci respiracniho testu je nutna analyza kontaminace, kde ukolem koncové
analyzy je také prokazani ¢i vylou€eni meziproduktl biodegradace. Podobné na za¢atku a konci testu by
meélo byt provedeno stanoveni kultivovatelnych mikroorganismu.

Ad. 4: Interpretace respiracniho testu

Zakladem pro vyhodnoceni laboratorniho respiraéniho testu je matematicky popis teoretické
respiraéni kfivky specifikovany v technické norm& EN-ISO 17155 ''. Produkci oxidu uhligitého ve
vzorkovnicich je pro tento u€el nutné nejprve normalizovat (vyjadfit v gramech na kilogram zeminy a den
— viz obrazek 1) a nasledné vyhodnotit vztahem pro kinetiku prvniho fadu. Na tomto misté je nutné
pfipomenout hlavni smysl respiraéniho testu — tedy zjiSténi proveditelnosti bioremediacniho zasahu
a odhadu Casové naroCnosti tohoto zasahu. Vypocitana kineticka rovnice vtomto sméru slouZzi
k extrapolaci naméfenych dat a pfesnost odhadu bude tim vétsi, ¢im déle laboratorni respiracni test
pobézi. Zejména je dulezité, aby test bézel dostatec¢né dlouho v ustalené fazi produkce oxidu uhli¢itého.

Zaver

Laboratorni aerobni biodegradace zeminy uméle kontaminované dodekanem prokazetelné dolozila
znacnou Casovou naro¢nost potfebnou pro fadné provedeni laboratorniho respiraéniho testu. Spolehliva
interpretace respiracniho testu je mozna az po dosazeni ustalené rychlosti biodegradace a dostatecné

dlouhém ponechani testované zeminy v této fazi procesu. Jako vhodny ¢asovy rdmec pro provedeni
respiracniho testu je na zakladé zde prezentovanych vysledkd navrzeno rozmezi 1 — 4 mésice.

Podékovani
Tato prace vznikla v ramci projektu OP JAK - ESURET (CZ.02.01.01/00/23_021/0009163).
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Summary

Based on relevant technical standards, the work proposed an experimental setup for a laboratory
respiration test designed to verify the feasibility of aerobic biodegradation of contaminated soil. A 42-day
respiration test was performed on this experimental system, where the input contaminated material was
soil with artificially added dodecane. Through semi-continuous monitoring of the carbon dioxide
produced and additional analyses, a set of data was obtained, on the basis of which an equation for the
kinetics of dodecane degradation was compiled. The equation was then applied to estimate the time
required to reach a hypothetical remediation limit.

Keywords: biodegradation, rock environment, contamination, soil, respiration test
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Abstract

The topic of this paper is an experimental analysis of the possibility of using selected metallurgical
wastes as the main raw materials for the production of repair and filling mortars for masonry. Technology
for reducing solid particles in industrial emissions leads to the production of fine-grained wastes, which
cannot be recycled without treatment. These include metallurgical dust from dry cleaning of waste gases
from agglomeration, iron and steel production, or fly ash from combustion processes, cement plants, etc.
The main components of metallurgical dust are Fe,O3;, FeO, Al,O;, CaO, MgO, MnO, SiO, in various
weight ratios. Fly ash from combustion processes contains mainly Al203, SiO2, CaO in the form of free
CaO and sulphates. On the basis of the chemical composition of these wastes, their use in construction
can be considered. In the construction industry, the implementation of remediation measures is
a fundamental approach to eliminating waste generation and extending the life of buildings. Remediation
filing mortars are, among other things, intended to fill cavities and joints in masonry. Repair plaster
mortars for masonry are materials intended for secondary measures to reduce moisture and salinity in
masonry structures. The current range of repair and filling mortars is mainly based on cement-based
materials, high-quality sorted natural non-renewable raw materials, or mixed polymer-cement materials.
This experimental study verified the properties of mortars in which the binder and filler were largely
replaced by selected metallurgical wastes. The results of the initial study are promising and will be used
for further research and development in this area.

Keywords: mortars, natural cement, metallurgical waste, building materials, masonry repair mortars

Introduction

The sustainable development of the construction industry within the European Community is
enshrined in the basic requirements for construction works®. According to strategic approaches to this
basic requirement, the remediation of damaged structures is prioritised over demolition, thus fulfilling the
principle of waste prevention?.

Developments in the field of repair building materials and technologies are an important and relatively
complex construction discipline, preceded by a structural and technical survey of the building. The aim of
repair work on fired brick masonry is to restore its functions in order to ensure mechanical resistance and
stability, reduce moisture in the masonry, and ensure that the indoor environment of buildings meets
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hygiene requirements. There are many structural and material solutions to this problem. However, each
specific remediation measure must take into account all parameters of the existing building structure and
must be implemented to achieve meaningful objectives. The most common problem with masonry is
increased moisture. Repair projects aimed at removing moisture from masonry are technically and
financially demanding. It is usually a long-term process that involves several gradual steps. These steps
may be direct or indirect measures. Indirect measures include the application of remediation mortars.
These are highly porous mortars applied to accessible surfaces of the masonry being remediated.
Gradually, water and water-soluble salts migrate from the masonry into the porous system of the
remediation mortars. The masonry materials are gradually dried and desalinated, and the overall
condition of the building structure improves®”.

Currently, there are many repair mortar products available on the market. Their effectiveness in
construction is usually ensured by monitored parameters. Repair mortar mix is defined in the CSN P
730610 as an "industrially manufactured repair mortar mix." This standard also defines a "repair plaster
system," which is classified in this standard as an indirect as an indirect repair method in this standard
repair method. The system of requirements for restoration plasters is available, for example, in WTA
Guideline No. 2-9-04/D®. Further criteria, requirements, and procedures for verifying the properties of
mortars are specified in the EN 1015 series of standards and in the EN 998-1, Ed. 3°. The key properties
of restoration mortars, in accordance with the above standards and regulations, include high porosity,
resistance, and durability in relation to the effects of water-soluble salts, frost resistance, and diffusion
openness.

The raw material composition of the current range of restoration mortars varies and usually consists
of a high proportion of high-quality non-renewable raw materials and materials with high impact category
values. In general, the desired goal is to replace these raw materials and materials with suitable
secondary raw materials, thereby reducing the impact category values of these widely used building
restoration materials.

Iron and steel products remain among the most commonly used materials in a wide range of
industries in the 21st century. This is evidenced by steel production in the EU, which amounted to 129.5
million tons in 2024%. Approximately 120 — 130 million tons of iron ore were consumed for this
production®*. The volume of production is one of the reasons the metallurgical industry is one of the most
significant sources of waste. The following types of wastes are generated: sintering dust and sludge from
the sintering process; blast furnace/steelmaking (convertors, electric art furnace) dust and sludge from
the blast/steel (convertors, electric arc furnace) process; Ceramic debris; sludges from wet dedusting of
burned gases and melting losses**™**.

The pressure to reduce the amount of solid particles released into the air has led to the introduction of
effective gas cleaning technologies. However, dry (dust) and wet (sludge) waste gas cleaning processes
generate considerable amounts of waste. For example, a blast furnace with a capacity of approximately
2 million tons of raw iron per year produces up to 20,000—30,000 tons of dust per year'®. Across the EU,
it is estimated that hundreds of thousands of tons of dust are produced annually, but accurate aggregate
data are not publicly available.

Although both dust and sludge contain not only iron in oxide and metallic form, but one of the main
difficulties in handling such waste is its physical structure. Fine particles have a very small size and low
density, which makes them easy to spread by air and difficult to collect. The fine-grained waste can only
be recycled after testing, usually in combination with a suitable binder.

This article presents the results of an experimental study in which metallurgical waste and a low-
temperature binder, PROMPT natural (Roman) cement (Vicat, France), were used to produce mortar
samples. The purpose of this experimental study was to verify the usability of selected metallurgical
waste for the development of a new building material, remediation and filling mortar. The values of
selected properties of hardened mortars were monitored: bulk density, flexural strength, compressive
strength, frost resistance, and porosity.
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Experimental part
Equipment and methods

The chemical composition of the samples was determined using X-ray fluorescence spectroscopy (XRFS)
with an energy-dispersive X-ray fluorescence spectrometer SPECTRO XEPQOS using the pellet method. The
pellets were prepared from the samples after grinding them to a grain size of less than 0.06 um.

The contents of selected elements were then confirmed by atomic emission spectroscopy with
inductively coupled plasma (AES-ICP) after decomposition of the material in a mixture of acids. The
determination was performed on a SPECTRO ARCOS device using the calibration curve method with
Merck standards.

The phase structure of the samples was measured by powder X-ray diffraction (XRPD) using
a Rigaku Ultima IV diffractometer (Rigaku Corporation, Japan). X-ray diffraction records were obtained
using CuKa radiation at an acceleration voltage of 40 kV, a current of 40 mA, a scanning speed/duration
of 1°/min, a step width of 0.02° and a scanning range of 10-100°. The phase composition was evaluated
using the ICDD PDF-2 2022 database.

The free CaO content was determined according to EN 459-2'°. The principle of determination is
based on dissolving free calcium oxide in water in a sucrose solution and titrating the resulting solution
with hydrochloric acid. The free CaO content is calculated from the volume of hydrochloric acid used to
neutralise the solution.

The moisture content of the analytical sample was determined by drying at 105 °C gravimetrically
according to EN 1SO 17892-1' for waste. The results of the determination of individual analyses are
further related to their content in the dry matter of the sample.

The mortar samples were made in accordance with EN 196-1'®. A standardised programmable
laboratory mixing device of the type HOBART was used to prepare the mortars, meeting the specific
requirements of the EN 196-1 standard. Slow speed: rotation around the axis of the broom 140+5/min,
rotation around the axis of the container 62+5/min. Compared to the EN 196-1, the mixing time was
5 minutes.

The bulk density, flexural strength, compressive strength, porosity, and frost resistance were
determined on samples of hardened mortar. Water absorption and frost resistance. The samples were
tested at 14, 28, and 56 days of age. The bulk density of the hardened mortar was determined according
to EN 1015-10". The flexural strength and compressive strength were determined according to EN
1015-1120.The water absorption of the hardened mortars was determined according to EN I1SO
1514821. Water absorption values were used to determine porosity. Porosity was determined according
to the formula:

v, = 2ZF % 100 [%)] (1)

N PF1 X Mg
Where: V,  porosity [%]
p bulk density of the dried test specimen [kg/m°]
Mg = Mg - My
pr  density of the liquid, in this case water [kg/m?]
mg; weight of the liquid (water) absorbed by the test specimen
mg  weight of the dried test specimen [kg]
ms  weight of the water-soaked test specimen [kg]

The frost resistance of the mortars was tested in accordance with CSN 72 2452?% but the
environmental parameters were adjusted. The samples were subjected to 3 cycles. One cycle lasted
6 hours, with the climate chamber set as follows: freezing at -8 °C for 4 hours, then thawing at +10 °C for
2 hours. The cycle was adjusted based on the assumption that the material would be used in a building
structure below ground level, where the minimum and maximum temperatures fluctuate within a range
with lower limit values than those recommended by the standard.
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The pore size and pore size distribution were measured in a liquid nitrogen atmosphere by means of
Thermo Scientific Surfer (Milan, Italy). The pore size was evaluated from the desorption curve of
individual samples. Before determining the pore size, all samples were dried at 50 °C for 12 hours and
degassed at 50 °C for 24 hours. The measurements were performed under two basic conditions:

* in the original compact state;
* on crushed experimental samples.

Wastes

Steel dust (O) and fly ash (P) from heat plant separators were selected for the experimental work.
These are very fine-grained materials, as can be seen in figure 1. From the two types of fine-grained
waste mentioned above, mixture No. 1 was prepared with a content of 80% steel dust and 20% fly ash.
The mixture was homogenized by shaking it upside-down, which was used in experiments. The
granulometry and chemical composition of the waste are shown in Tables 1 and 2. Content of Fe phases
in dry sample of steel dust is shown in Table 3.

Figure 1: Photographs of waste materials, a) steel dust and b) fly ash.

Binder

The binder in the tested mortars was PROMPT natural cement®?*. This is a low-temperature, highly
belitic cement. This type of cement is currently being researched for its unique properties and compared
to ordinary Portland cement (OPC), it has a lower carbon footprint. It is interesting for use in repair
mortars due to its excellent resistance to water-soluble salts. This material has significantly higher
durability in damp and saline masonry environments than comparable OPC based materials. PROMPT
natural cement is characterized by the chemical and mineralogical composition shown in Tables 4 and 5.

Mortars

Two different mortars were tested; the recipes are listed in Table 6. The components were dosed by
weight. Drinking water from the tap was used. The filler was laboratory-grade silica sand with a fraction
of 0.8 — 2 mm. The dosage according to Table 6 provides the amount of mortar for 3 samples measuring
40x40x160 mm.

Results and Discussion

Waste and cement PROMPT

Result of the granulometric analysis steel dust and flay ash shown in Table 1. The chemical
composition of the waste samples used is in Table 2, the content of the main elements is expressed as
oxides. Content of different phases of Fe shows Table 3.
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Table 1: Granulometric composition of waste materials used for the preparation of

composites.
X X . .
Particle size [mm] Particle size distribution [%]
(@] P
1-0.2 14.2 0.5
0.2-0.125 18.4 0.4
0.125-0.04 45.6 25.9
<0.04 21.9 73.3
Table 2: Chemical composition of the waste samples.
Dry matter content [wt.%]
Element
@) P Mix No. 1 (O+P)
AlL,O5 5.29 11.5 6.53
CaO 18.6 33.6 21.6
Fe,0s 27.3 4.69 22.8
K-,0 4.29 <0.01 3.43
MgO 14.9 0.939 12.1
MnO 5.56 0.016 4.45
Na,O 12.0 1.44 9.89
P,Os 0.135 0.053 0.119
SiO, 4.62 32.0 10.1
SO; 3.51 5.12 3.83
TiO, 0.089 0.776 0.23
CaO(free) 6.23 20.0 8.98
LOI 9.61 9.05
Table 3: Content of Fe phases in dry sample of steel dust.
Fe phase Fe (total) Fe (metal) FeO Fe,O;
Content [wt.%] 19.1 0.06 0.98 26.1

Chemical composition of PROMPT natural cement expressed in oxides is summarized Table 4. The
main element of the PROMT is Ca and Si, which created different mixed oxide compounds, as show
phase composition in Table 5.

Table 4: Chemical composition of PROMPT natural cement by manufacturer in mass %.

LOI

SiO;

Al,O;

Fe,O3

CaO

MgO

SO;

K20

Na,O

P2Os

MnO

TiO,

8.14%

18%

7.68%

3.2%

55.1%

3.69%

2.38%

0.97%

0.14%

0.072%

0.065%

0.28%

Unlike the binder in the input waste materials, X-ray diffraction proved that the majority of the phases
present were also chlorides, sulphates, hydroxides, or carbonates, as shown in Table 5.
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Table 5: Mineralogical composition of PROMPT natural cement by manufacturer in mass %.

I0) ) 0 . 2w

~ 1) %) = o O v S0

2 2 s < | %] <] |5 | & | & |gvsg

@) O o = b} < S = .= 05

& T © a |0 E,

5-15% |40 —-60%|6+2% |[9+2% |3 +1% |3 +1% |4+1% |2 +2% |10 —-15%|3+1% | 10— 5%
Mortars

The average values of the bulk density of hardened mortars are shown in the graph in Figure 2. The
values were determined on samples in a dry state. The bulk density decreases with the age of the
samples, which is more noticeable in mortar 2-E/1, and this effect is related to the formation of
a hydrated structure in PROMPT natural cement. The higher bulk density values for mortar 2-E/3 are

related to the higher filler content.

Table 6: Recipes of Mortars.

Component Mortar 2E-1 Mortar 2E-3
Waste mixture No. 1 439 g 384 g
PROMPT Natural cement (Vicat, France) 110g 96 g
Sand 110g 384 ¢
Water 439 g 3849
BULK DENSITY
1400
1200
- 1000
£ 0
(®)]
X 600
400
200
o 14 days 28 days 56 days
m2-E/1 904 899 873
m2-E/3 1156 1243 1194

Figure 2: Average values of the bulk density of hardened mortars.

All mortar samples had very low flexural strength, which could not be measured using the standard
method. The average compressive strength values are shown in the graph in Figure 3. Compressive
strength increases with the age of the samples. Samples 2-E/3, achieve higher absolute compressive
strength values. The anomaly of strength reduction in 28-day samples 2-E/1 is related to the dormant
stage of PROMPT cement hydration and was more pronounced in this experiment in mortars with

a higher binder content.
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COMPRESSIVE STRENGTH

3
2.5 I
14 days 28 days 56 days
m2-E/1
m2-E/3 1.82 2.15 2.68

Figure 3: Average compressive strength values.

Absorbency was determined using a standard procedure, but the temperature in the dryer was lower,
at 40 °C. The samples were dried to a constant weight. The gas porosimetry method for determining the
nature of the pore structure was not suitable for this type of sample. Neither mode (compact and crushed
sample) led to successful adsorption of gas (N2) on the surface of the samples. Only sample 2E/1
showed successful adsorption of nitrogen on the surface, approximately 45%, after which adsorption did
not proceed. Desorption did not occur at all. During the measurement, an indicative evaluation of the
size of the surface pores was performed, with an average value of 7 nm. The porosity was therefore
determined by calculation according to WTA Guideline No. 2-9-04/D. The results are shown in Figure 4.

POROSITY
45
40
35
30
& 25
e 20
15
10
5
0
14 days 28 days 56 days
m2-E/1
m2-E/3 37 32 37

Figure 4. Average porosity values.

Table 7: Comparison of mortar properties with the requirements of WTA Guideline 2-9-04/D
(Sheet 3). For samples aged 28 days.

Properties of hardened mortar Criterion value Mortar 2E-1 Mortar 2E-3
Bulk density (kg/m®) <1400 900 1241
Compressive strength (MPa) 15-5 1.1 2.15
Porosity (volume %) > 40 34 32
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Table 8: Frost resistance. Average weight loss of test specimens at 28 days after cycling.

Mortar 2E-1 Mortar 2E-3

Average weight loss (%) 8.6 9.2

The results of the frost resistance test showed that the mortars are frost resistant under the given
conditions (see chapter Equipment and methods). Frost resistance is expressed as the average weight
loss of test specimens in each set, and the data are shown in Table 8. Samples aged 28 days were
tested.

As shown in Table 7, porosity values (Fig. 4) develop depending on the formation of the material
structure. The formation of the structure of PROMPT cement-based mortars is specific and is not
identical to the scenario of the formation of the structure of OPC-based mortars®.

Waste mixture No. 1, as identified in Table 2, can be used to produce restoration and filling mortars
for damaged, damp, and salt-contaminated masonry. The basic criteria for hardened mortars have been
verified. The properties of fresh mortars will be tested in further studies. The properties of mortars related
to pore structure formation deserve special attention in future research. This is particularly because the
mechanism of structure formation differs from that of OPC-based reference materials.

Conclusion

This article discusses the results of an experimental study focused primarily on applied research, with
the aim of identifying specific possibilities for the use of selected problematic (in terms of recycling)
waste. The experimental study was the first step in the development of remediation mortars based on
these specific fine-grained metallurgical wastes. The results of testing the properties of hardened
mortars are acceptably consistent. This was the main concern of the authors, as both the natural binder
and the waste mixture are naturally very heterogeneous materials in terms of their composition.

The compressive strength values for mortar 2-E/3 are satisfactory at 28 days of age, and contrary to
expectations, the dormancy stage of PROMPT cement had no effect. Both mortars tested have very low,
immeasurable flexural strength. For further development of the formulations, reinforcement of the mortar
matrix with suitable particles and/or fibres can be considered. The vision for the next research is to fine-
tune the recipe in relation to the properties of fresh and hardened mortar. The ultimate goal for further
application research is to verify the basic requirements for construction products according to the
relevant legislative and normative regulations for the product being developed.

The composition of the tested mortars reflects the requirements of sustainable development. The
potential production of these mortars would help reduce the region's current environmental burdens. It
would also contribute to the goals of the circular economy, resulting in a functional product with lower
impact values according to the LCA methodology compared to products currently available on the
building materials market.

The use of metallurgical waste for mortar production can result in new products with unique
properties. This depends on the composition of the waste and its interaction with the binder system. This
study verified the basic prerequisites for the use of selected metallurgical waste for the production of
restoration and/or filling mortars for masonry.

In conclusion, waste mixture No. 1 has the potential for use in mortar mixtures with natural PROMPT
cement. However, the development of the material is still in its initial phase.
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Souhrn

V souladu s politikou udrzitelného rozvoje je dalSi sméfovani vsech odvétvi prumyslu a sluzeb
smérem Kk cirkularni ekonomice velmi aktualnim tématem. Stavajici analyzy na toto téma odhaduji
vysoKky potencial pro rozvoj cirkularni ekonomiky zejména v oblasti vyroby oceli, cementu, betonu
a stavebnictvi. Tématem tohoto prispévku je multidisciplinarni experimentalni analyza moZznosti aplikace
vybranych metalurgickych odpadt jako hlavnich surovin pro vyrobu sanacnich a vyplriovych malt pro
zdivo. SniZeni pevnych ¢astic v emisich v poslednich letech vede k produkci tzv. jemnozrnnych odpadd,
které nelze bez upravy recyklovat. Mezi takové patfi pfedevsim metalurgické odprasky ze suchého
Cisténi odpadnich plynG aglomerace, vyroby Zeleza a oceli, nebo popilky ze spalovacich procesd,
cementaren aj. Hlavnimi sloZzkami metalurgickych odprasku jsou Fe,Os, FeO, Al,Os;, CaO, MgO, MnO,
SiO, v raznych hmotnostnich pomérech, popilek ze spalovacich procest obsahuje predevsim Al,Os,
Si0,, CaO ve formé volného CaO, sirany. Oba druhy odpadi pak mohou obsahovat dalsi prvky
v mnoZstvi men§im nez 1 hmot. %. DdleZitou sloZkou pro recyklaci je obsah vapniku ve formé volného
CaO, ktery slouZi jako pojivo. Jemnozrnné metalurgické odpady — odprasky nebo smés odpraski a kalt
— se smichaji s popilkem ze spalovacich procesli v hmotnostnim poméru 4:1. Uvedenou smés Ize
zkusovét nebo pfimo vyuZit v dalSich odvétvich primyslu, a tedy i stavebnictvi. V oboru stavebnictvi je
realizace sanacnich opatfeni na konstrukcich a objektech zasadnim pfistupem pro eliminaci vzniku
odpad(, prodlouzeni Zivotnosti staveb a pro snizovani hodnot environmentalnich dopadu pfi vystavbé
a uzivani staveb. Vyplriové malty jsou uréeny pro vyplriovani dutin a spar ve zdivu, pfipadné pro sanaci
degradovanych betonovych a Zelezobetonovych konstrukci. Sanacni malty pro zdivo jsou materialy
urcené pro aplikaci sekundarnich opatfeni pro snizovani vihkosti a zasoleni zdénych konstrukci s cilem
obnovit jejich funkce. SoucCasny sortiment sanacnich a vyplriovych malt je pfevazné zaloZzen na
materialech na bazi cementu, pfirodnich neobnovitelnych surovin, pripadné se jedna o smésné
polymercementové materialy. V této experimentalni studii byly ovéfovany vlastnosti malt, u kterych bylo
80 % cementu nahrazeno vybranymi metalurgickymi odpady a nebyly pouZity Zadné pfidavné polymerni
latky pro dpravu jejich viastnosti. Viysledky Gvodni experimentalni studie jsou perspektivni a budou
pouZity pro dalsi vyzkum a vyvoj feSené problematiky.

Klicova slova: malty, prirodni cement, metalurgické odpady, stavebni materialy, sanacni malty pro zdivo
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Summary

The paper deals with the use of magnetic and non-magnetic fractions of coal combustion ash for the
preparation of ceramic glazes with waste glass. The aim of the study was to verify the suitability of these
secondary raw materials for the production of so-called waste-derived glazes with various functional and
aesthetic properties.

The physical (particle size distribution, specific surface area) and chemical properties of the individual
materials were analysed experimentally. The proposed glaze mixtures were applied to two types of
ceramic substrates and fired at 1060 °C and 1200 °C. Colour parameters and possible glaze defects
after firing were also examined.

Based on the results, it can be concluded that magnetic fractions with a higher Fe,O; content
generate darker, more saturated shades suitable for dark decorative glazes. In contrast, non-magnetic
fractions with higher Al,O; content and lower iron content allow the formation of matte or lighter glazes.
The function of waste glass contributes to good fusibility and enables the formation of light, glossy glazes
thanks to its high SiO_, content and the presence of fluxes Na,O and CaO.

The study further confirms that the composition of the raw materials, their ratio, and the firing
temperature significantly affect the colour and properties of the glazes. The findings support the use of
coal ash and waste glass in the ceramic industry and offer an alternative to primary raw materials.

Keywords: Coal ash, magnetic separation, glaze, secondary raw materials, Fe,Oj3;, sustainable
materials, recycling, ceramics.

Introduction

Magnetic and non-magnetic fractions from coal ash can be utilized either as whole materials or as
sources of valuable or undesirable components. Magnetic separation is often integrated into multi-
component utilization processes for coal ash, typically dividing it into magnetic fractions, carbon-rich
concentrates, and aluminosilicate components’.

Unburned carbon levels in combustion residues can be highly variable, reaching over 30% in some
domestic and industrial boilers2. Carbon-rich residues, originating from incomplete combustion of fossil
fuels or biomass?, have been investigated for applications such as graphite synthesis*, adsorbents®, and
electrocatalysts®. Similarly, the non-magnetic fractions composed mainly of glass, quartz—mullite
(or corundum), calcium silicate hydroxide, and salts” are being explored as alternative sources of
alumina® or as precursors for zeolites?, mullite’®, and Nosean', in response to the high cost and
environmental burden of primary aluminum production.
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Experimental part
Materials and experimental procedure

A mix of three coal ash materials (labelled as BULK CA) from coal combustion were collected from
Castaldonovka dump in Horni Sucha (Czech Republic). The sampled coal ash material was dried at
105 °C for 3 hours (the weight difference was stable), where it was subsequently cooled in a desiccator
and weighed. Subsequently, the ash sample was ground in a vibratory disc mill for 2 minutes and
manually sieved to a size below 0.1 mm. BULK CA was subjected to dry manual magnetic separation
with a breaking force of 25 kg. Magnetic separation was performed on 100 g of dry sample and
a distance of 2 cm of the magnet from the sample. This process of magnetic separation created two
fractions: a non-magnetic fraction (labelled as NF CA) and a magnetic fraction (labelled as MF CA).

The waste glass (labelled as WG) sample was obtained after the demolition of the Werk Arena station
in Trinec (Czech Republic). A glass sample was also dried at the same temperature and for the same
time as coal ash material. After drying, the glass sample was ground in a vibratory disc mill for 2 minutes
and manually sieved to a size of 0.063 mm.

NF CA, MF CA and BULK CA were subsequently tested in ratios 1:0, 1:1 and 3:7 with waste glass for
the formation of glazes. These three samples were used to compare the final appearance of the glaze
and its changes based on the different chemical content of the mentioned fractions. The ratios were
chosen based on the initial firings of the ceramics and selected based on the resulting coloration
obtained.

Application of waste glazes were tested on two types of ceramic materials. The first ceramic substrate
was commercial tile with the dimensions 10x10 cm. This material is designed for thermal expansion up
to 1180 °C. These series of glazes are labelled as K1-K9 were firing at temperature of 1060 °C.

The second tested samples were commercial ceramic too with grain sizes ranging from 0 to 0.2 mm.
The recommended firing temperature range is between 980 °C and 1250 °C. For this series was
prepared disc with a diameter of 5 cm. This ceramic matrix was use for the series labelled as G1-G12
with final firing temperature of 1060 °C and 1200 °C. Both ceramic materials consisted mainly of SiO,
(ceramic material designated as K = 57.58 wt. % and ceramic material designated as G = 54.36 wt. %).
The difference was in the CaO content (K = 9.04 wt. % and G = 0.44 wt. %) and in the Al,O; content
(K =20.51 wt. % and G = 28.98 wt. %).

The all glazes were applied on before fired ceramic and as application was used spraying method.

Characterization methods and accessories

Milling and homogenization of the raw materials was performed using vibratory disc mill BVM-2 (Brio
Hranice s.r.0.). The firing process of glazed tiles was performed using laboratory furnace LAC (LAC s.r.0.).

The patrticle size distribution (laser diffraction method) and specific surface area (BET surface area
method) of milled coal ash and waste white glass samples was determined using a Malvern Instrument
device with the Aero method, covering a range of 0.1 — 10000 um (Malvern Panalytical Ltd., Malvern, UK).

Colour measurements were carried out using a spectrophotometer (MiniScan EZ0828, HunterLab,
model 45°/0°, small viewing area), based on CIEL*a*b* coordinates according to the CIE (Commission
Internationale de I'Eclairage) system. 3 values were measured from different parts of the sample and
then averaged.

The chemical composition of samples was determined by a method of energy-dispersive X-Ray
fluorescence spectroscopy (ED-XRF) on the SPECTRO XEPOS (Spectro Analytical Instruments, Kleve,
Germany).
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Results and discussions

Particle size is important information for glaze creation. The resulting volume-based particle size
distribution curve (Figure 1) for BULK CA sample shows a log-normal distribution with the following size
parameters: Dv10 = 1.54 ym, Dv50 = 6.29 ym and Dv90 = 22.3 um. Dv10, Dv50 and Dv90 values
indicate that most of the particle volume is in the range of 1.5 — 22 ym. The coal ash sample shows
a broad and non-uniform particle size distribution with a dominance of fine fractions and a small
proportion of larger particles. The specific surface area (1139 m#kg) indicates a significant fineness of

the particles, which may be important from the point of view of reactivity or use in ceramics, concrete or
other binders.
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Figure 1: Particle size distribution analyses of BULK CA

The resulting volume-based particle size distribution curve (Figure 2) for the waste white glass sample
exhibits a log-normal profile, characterized by the following key parameters: Dv10 = 2.81 ym, Dv50 =
15.3 um, and Dv90 = 47.8 um. These values indicate a broad particle size distribution, reflecting
a heterogeneous glass fraction dominated by medium-sized particles, with a substantial presence of
both fine and coarse fractions. The high specific surface area (627.1 m?kg) further supports the
conclusion that the fine particle fraction significantly influences the material’s reactivity. This particle size
profile is well-suited for technical applications such as glass-ceramic production and glaze formulation.
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Figure 2: Particle size distribution analyses of WG

In the production of ceramic glazes, it is crucial to understand the chemical composition of raw
materials, as they affect the fusibility, structure, and aesthetic properties of the final glaze. The following
materials were examined in this study (Table 1): bulk coal ash (BULK CA), magnetic fraction of coal ash
(MF CA), non-magnetic fraction of coal ash (NF CA) and waste glass (WG).
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Table 1: Chemical composition of waste materials tested by XRF analysis

: Materials (wt. %)

Oxides (wt. %) Bulk CA MF CA NF CA WG
Na,O 0.25 0.30 0.23 11.64
MgO 2.02 2.34 2.04 3.13
AlLO, 18.06 20.68 19.85 0.97
Sio, 34.64 39.04 36.66 68.06
PO, 0.32 0.29 0.25 -
SO, 1.2 1.09 1.24 0.53

Cl 0.01 0.01 0.01 0.13
K,0 2.64 2.71 2.56 0.56
CaO 5.69 3.10 2.77 13.57
TiO, 0.9 0.92 0.83 0.12

Cr,0, 0.07 0.03 0.03 }
MnO 0.41 0.16 0.12 }
Fe,Os 11.85 12.42 8.50 0.51
NiO 0.02 0.02 0.02 }
CuO 0.02 0.02 0.02 -
Zno 0.04 0.04 0.03 0.05
As,03 - 0.01 0.01 -
Rb,O 0.02 0.2 0.02 -
SrO 0.05 0.05 0.05 0.02
Zro, - 0.03 0.02 0.02
Y,05 0.01 0.1 0.01 ;
LOI-Flux 21.74 16.72 24.68 0.69

All three types of coal ash contain significant amounts of silicon dioxide (SiO, ranging from
34.64 wt. % to 39.04 wt. %) and aluminium oxide (Al,O3 ranging from 18.06 wt. % to 29.85 wt. %), which
together form the basis of the glassy matrix and ensure the structural stability of the glaze. A common
feature among them is also the presence of fluxing agents such as CaO, K,0, and MgO, which help
lower the melting temperature and influence the gloss or flow of the glaze during firing.

However, the individual fractions differ in their chemical composition and therefore in their
technological behaviour. BULK CA has a balanced content of iron (Fe,O; - 11.85 wt. %), fluxes, and loss
on ignition (LOI — 21.74 wt. %), making it suitable for use in darker or technical glazes where potential
coloration is not an issue. The magnetic fraction (MF CA) shows the highest content of iron oxide
(12.42 wt.%) and is therefore most suitable for dark and matte glazes, where iron can also serve as
a colouring component. In contrast, the non-magnetic fraction (NF CA) is characterized by a significantly
higher aluminium oxide content (29.85 wt. %) and a lower iron content (8.50 wt. %), making it a suitable
material for matte, satin, or more light orange glazes.

The efficiency of magnetic separation of coal ash was determined based on the weight and magnetic
content before and after separation. From 100g of input material with a magnetic content of 11.85 wt. %,
there were 35 g of magnetic fraction with a magnetic content of 12.42 wt. %, which corresponds to an
efficiency of approximately 36.7%. This value can be considered low but expected from the point of view
of the use of manual magnetic separation. Manual magnetic separation was chosen as a fast and
accessible method of magnetic separation, which is the most economical and time efficient. To increase
the efficiency of magnetic content, wet magnetic separation and vibrofluid magnetic separation will be
tested in further research.

WG was characterized by a very high content of silicon dioxide (SiO, — 68.06 wt. %) and a high
proportion of fluxes, especially Na,O (11.64 wt. %) and CaO (13.57 wt. %). Its low content of Al,O3
(0.97 wt. %) and LOI (0.69 wt. %) make it a chemically stable and easily fusible raw material. Thanks to
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its chemical purity and absence of colouring oxides, it is an ideal candidate for the preparation of clear,
glossy, or light-coloured glazes.

The colour was represented using the CIE L*a*b* colour space. In this system, the L* coordinate
indicates the brightness of the sample, where higher positive values (up to a maximum of 100)
correspond to lighter or white shades, and lower values (down to a minimum of 0) indicate darker or
black shades. The a* coordinate defines the green (negative) to red (positive) axis, while the b*
coordinate defines the blue (negative) to yellow (positive) axis. The L*a*b* values measured for the
analysed glazes are shown in Table 2. These CIELab coordinates (L*, a* b*) were subsequently
converted into HEX codes'**3, a different format for representing colours.

Table 2 presents series K1-K9, which contain prepared glazes from BULK CA, NF CA, MF CA and WG.
From the optometric evaluation, it can be stated that the resulting glazes are of reddish-brown tones. The
resulting glazes have a matte finish. The ratio of individual components changes the final colour.

Table 2: Colour analyses of prepared glazes K1-K9 at a temperature of 1060 °C and their
CIELab coordinates

1060 °C
K1 K2 K3
BULK CA (10g) NF CA (10g) MF CA (10g)

L*=52.20 L*=49.91 L*=46.24

a*=21.51 a*=18.05 a*=17.57

b*=31.75 b* =21.30 b*=21.84
K4 K5 K6

BULK CA (5 g) + WG (5 g)

NF CA (5 g) + WG (5 g)

MF CA (5 g) + WG (5 g)

L* =55.37 L* =54.50 L*=51.41

a* =19.52 a*=21.28 a* = 20.96

b* =29.16 b*=32.21 b* =29.75
K7 K9

BULK CA (3 g) + WG (7 g)

MF CA (3 g) + WG (7 g)

L* = 74.58

L*=70.29 L* =69.89
a*=9.17 a*=8.30 a* =9.33
b* =19.32 b*=18.91 b* =19.81

The darkest glaze with using 100 % coal ash (K1-K3) was sample K3 (MF CA) with coordinates
L* =46.24 and a* = 17.57, and with HEX code #94624A. Its saturation and lightness were 33.3% and 43%,
respectively. The lightest glaze using 100 % coal ash was K1 (BULK CA) with coordinates L* = 52.20 and
a* = 21.51 with HEX code #ad6d47, and with a saturation of 41.8% and a lightness of 47.8%.
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Glazes K4-K6 were prepared in a 1/1 ratio (CA/WG). In the case of glaze K6 (MF CA + WG), dark
medium orange tones were observed, while in K4 (BULK CA + WG) and K5 (NF CA + WG), moderate
orange tones were observed. The glazes mentioned above K4 and K5 showed similar colour properties.
K4 with HEX code #B37753 with coordinates L* = 55.37 and a* = 19.52 had a saturation of 38.7% and
a lightness of 51.4%. K5 with HEX code #b4734c with coordinates L* =54.50 and a* = 21.28 had
a saturation of 40.9% and a lightness of 50.2%.

Glaze samples K7-K9 exhibited a lighter colour shade compared to the others (K1-K6), as indicated by
the | parameter L. These glazes also displayed slightly desaturated orange tones. These glazes were
prepared in a 3/7 ratio (CAWWG). The darkest glaze was K9 (MF CA + WG) with HEX code #C8A487 with
coordinates L* =69.89 and a* = 9.33 and with saturation of 37.1 % and a lightness of 65.7 %. The lightest
glaze of the three was K8 (NF CA + WG) with HEX code #d3b195 with coordinates L* = 74.58 and a* = 8.30,
and with a saturation of 41.3% and a lightness of 70.6%. The lighter shade of the K8 glaze compared to K7
may be due to the higher content of Al,O; and SiO, (Table 2) in NF CA compared to the BULK CA sample.

It was possible to see that there were no visible surface defects on the glazes. It can be said that the
proposed firing temperature for this series was appropriate. Considering the expansion of the prepared
glazes and ceramic shards, they were appropriately selected.

A significant colour contrast was observed (Table 3) when using the second ceramic tile (which
enabled to use a higher temperature without breaking the ceramics) at temperatures of 1200 °C and
1060 °C for glazes samples G1-G12.

Table 3: Colour analyses of prepared glazes G1-G12 at a temperature of 1060 °C and 1200 °C
and their CIELab coordinates

1200 °C 1060 °C

G1 G2 G3 G4
NF CA (10g) MF CA (10g) NF CA (10g) MF CA (10g)

L* = 36.06 L*=28.18 L* =53.41 L* =49.92

a*=6.09 a*=4.35 a*=20.16 a*=19.89

b*=13.44 b*=5.84 b* =29.77 b* = 28.27
G5 G6 G7 G8

NF CA (59) + WG (50) | MFCA (5g) + WG (59) | NF CA (59) + WG (5g) | MF CA (5 g) + WG (5 g)

L* =53.26 L*=28.76 L* = 46.57 L*=37.58

a*=6.91 a*=21.33 a*=11.01 a*=16.66

b* =46.90 b* = 49.29 b*=12.69 b*=22.39
G9 G10 G111 G12

NF CA (3g)+WG (79) | MECA (3g) + WG (79) | NFCA (3g) + WG (7g) | MF CA (3 g) + WG (7 g)

L* = 68.85 L* = 65.38 L*=72.28 L* = 64.62
a*=3.94 a* = 6.67 a* =10.30 a*=12.84
b* = 20.72 b* = 39.53 b* = 23.14 b* = 21.69
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Darker shades were observed using 100% coal ash at temperatures of 1200 °C (G1 and G2) and
1060 °C (G3 and G4). Samples G1 and G2 are the only ones in matte; the other samples in this series
are glossy. It cannot be clearly said that temperature has a direct effect on the change in colour of the
samples. A very dark, desaturated orange tone was observed in the case of glaze G1 (1200 °C). Glaze
G1 (NF CA) with HEX code #665140 had coordinates L* = 36.06 and a* = 6.09, and a saturation of
22.9% and a lightness of 32.5%. A very dark greyish orange tone was observed in the case of glaze G2
(1200 °C). Glaze G2 (MF CA) with HEX code #4D403A had coordinates L* = 28.18 and a* = 4.35, and
saturation of 14.1 % and a lightness of 26.5%. Dark moderate orange tone was observed in the case of
glaze G3 (1060 °C). Glaze G3 (NF CA) with HEX code #AE714D had coordinates L* =53.41 and
a* = 19.89 and saturation of 38.6 % and a lightness of 49.2 %. Also, a dark moderate orange tone was
observed in the case of glaze G4 (1060 °C). Glaze G4 (MF CA) with HEX code #A36948 had
coordinates L* = 49.92 and a* = 20.16 and with a saturation of 38.7 % and a lightness of 46.1%.

Subtler dark colours of glazes were observed when using a 1/1 ratio (5 and 5 grams) of NF CA or MF
CA with WG (G5-G8) at temperatures of 1060 °C and 1200 °C. Dark orange (brown tone) tone was
observed in the case of glaze G5 (1200 °C). Glaze G5 (NF CA + WG) with HEX code #9F792A had
coordinates L* =53.26 and a* = 6.91. Its saturation and lightness were 58.2% and 39.4%, respectively.
Very dark orange (Brown tone) tone was observed in the case of glaze G6 (1200 °C). Glaze G6 (MF CA
+ WG) with HEX code #6C3300 had coordinates L* = 28.76 and a* = 21.33, and saturation of 100% and
a lightness of 21.2%. Mostly desaturated dark orange tone was observed in the case of glaze G7
(1060 °C). Glaze G7 (NF CA + WG) with HEX code #88675A had coordinates L* = 46.57 and a* = 11.01.
It had a saturation of 20.4 % and a lightness of 44.3 %. Dark moderate orange tone was observed in the
case of glaze G8 (1060 °C). Glaze G8 (MF CA + WG) with HEX code #7B4D35 had coordinates L* =
37.58 and a* = 16.66, and saturation of 39.8% and a lightness of 34.5%.

The lightest glazes (G9-G12) were created using a ratio of 3/7 (3 and 7 grams) of NF CA or MF CA with WG
at temperatures of 1060 and 1200 °C, a result confirmed by the chemical composition of the materials used
(high silica content). Slightly desaturated orange was observed in the case of glaze G9 (1200 °C). Glaze G9
(NF CA + WG) with HEX code #BDA483 had coordinates L* = 68.85 and a* = 3.94, and saturation of 30.5%
and a lightness of 62.7%. A moderate orange tone was observed in the case of glaze G10 (1200 °C). Glaze
G10 (MF CA + WG) with HEX code #C09957 had coordinates L* = 65.38 and a* = 6.67, and a saturation of
45.5 % and a lightness of 54.7 %. A slightly desaturated orange tone was observed in the case of glaze G11
(1060 °C). Glaze G11 (NF CA + WG) with HEX code #D2A988 had coordinates L* = 72.28 and a* = 10.30 and
a saturation of 45.1% and a lightness of 67.8%. Also, a slightly desaturated orange tone was observed in the
case of glaze G12 (1060 °C). Glaze G12 (MF CA + WG) with HEX code #C09477 had coordinates L* = 64.62
and a* = 12.84. Its saturation and lightness were 36.7% and 61%, respectively.

Increasing the concentration of ferric oxide (Fe,Os3) in glaze compositions significantly affects the final
optical properties of glazes. According to international research**’ that supports this study, increasing Fe,O5
content leads to a systematic change in glaze colour. In an oxidising atmosphere, a colour transition was
observed—from light cream shades (at low concentrations) through yellow and brown tones (around 5%), to
dark brown and even black tones at concentrations above 7%. This colour shift results from changes in the
oxidation state of iron and its distribution within the surface layer of the glaze. The presence of ferric oxide
promotes the formation of pigment structures and increases colour intensity depending on its concentration.
Another important factor is temperature: at higher firing temperatures (1100 — 1200 °C), more intensive
dissolution and redistribution of iron occur, which enhances its pigmentation effect.

Regarding surface defects, the samples did not show standard defects such as craters, bubbles, or
cracks., the samples are compatible with the ceramic ceiling, and the increase in temperature has
a positive effect on the resulting glaze colour.

Further important tests will be carried out to evaluate the fundamental technical parameters of the
examined glazes, such as surface hardness, surface roughness, abrasion resistance, adhesion to the
ceramic substrate, thickness, and the achieved uniformity and homogeneity of the glaze layers. These
properties will subsequently be compared with those of glazes produced from primary raw materials to
assess the extent to which recycled or alternative components can maintain or improve the functional
and aesthetic characteristics of the final glazed surface.
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Conclusions

The present study has demonstrated the potential of utilizing magnetic and non-magnetic fractions of
coal combustion ash, in combination with waste glass, for the preparation of ceramic glazes. The results
confirmed that the chemical composition of the ash fractions significantly influences the final glaze
properties. Magnetic fractions, characterized by higher Fe,O3; content, produced darker and more
saturated tones suitable for decorative applications, while non-magnetic fractions, with higher Al,O5; and
lower Fe,O; content, enabled the formation of lighter or matte glazes. Waste glass, owing to its high
SiO, and flux content, contributed to enhanced fusibility and the development of glossy glazes.

The firing temperature was shown to be a critical factor, as it influenced both the optical appearance
and surface quality of the prepared glazes. Across all tested compositions, no major surface defects
were observed, and the glazes demonstrated compatibility with ceramic substrates. These findings
confirm that coal ash and waste glass represent valuable secondary raw materials that can partially
substitute primary raw materials in glaze production. Their utilization not only supports the development
of sustainable ceramic technologies but also contributes to the recycling of industrial by-products,
offering both environmental and economic benefits.

From a broader perspective, this research highlights the feasibility of integrating industrial waste into
high-value ceramic products, thus promoting circular economy principles. Future studies should focus on
scaling up the proposed glaze formulations for industrial applications, optimizing the ratio of coal ash
fractions to waste glass for tailored colour and surface effects, and evaluating long-term durability and
leaching behaviour to ensure environmental safety. Other important tests such as surface hardness,
surface roughness, abrasion resistance, adhesion to the ceramic substrate, and thickness of glaze
layers will also be performed. In addition, further exploration of advanced firing techniques, as well as the
use of other industrial by-products, could expand the palette of functional and aesthetic glaze properties.

Overall, this work provides a foundation for developing environmentally responsible and economically
viable ceramic products based on recycled materials.

List of symbols

BULK CA — Bulk Coal Ash

CIELab / CIELab* — colour model defined by the International Commission on lllumination
ED-XRF — Energy-Dispersive X-Ray Fluorescence

HEX — Hexadecimal colour coding

LOI — Loss on Ignition

MF CA — Magnetic Fraction of Coal Ash

NF CA — Non-magnetic Fraction of Coal Ash

WG - Waste Glass
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Abstrakt

Prispévek se zabyvéa vyuZitim magnetickych a nemagnetickych frakci popilku ze spalovani uhli pro
pfipravu keramickych glazur s odpadnim sklem. Cilem studie bylo ovérit vhodnost pouZiti téchto
druhotnych surovin pro pfipravu tzv. odpadnich glazur s riznymi funkénimi a estetickymi vlastnostmi.

Experimentalné byly analyzovany fyzikalni (distribuce velikosti ¢astic, specificky povrch) i chemické
vlastnosti jednotlivych materialti. Navrzené mixy glazur byly aplikovany na dva typy keramickych
podkladi a vypalovana na teploty 1060 °C a 1200 °C. Rovnéz byly analyzovany barevné parametry
a pripadné defekty glazur po vypalu.

Na zéakladé vysledkd, Ize fici, Ze magnetické frakce s vy$8§im obsahem Fe,QO; generuji tmavsi, sytéjsi
odstiny vhodné pro tmavé dekoracni glazury. Naproti tomu nemagnetické frakce s vy$S§im obsahem
Al;O; a niz§im obsahem Zeleza umozriuji tvorbu matnych nebo svétlejSich glazur. Funkce odpadniho
skla prispiva k dobré tavitelnosti a umozriuje tvorbu svétlych, lesklych glazur diky vysokému obsahu
SiO; a tavidel Na,O a CaO.

Studie dale potvrzuje, Ze sloZeni vstupnich surovin, jejich pomér a teplota vypalu vyznamné ovlivriuji
barvu a viastnosti glazur. Zjisténé vysledky podporuji vyuZiti popilku a odpadniho skla v keramickém
prumyslu a nabizeji alternativu k primarnim surovinam.

Klicova slova: Uhelny popel, magneticka separace, glazura, druhotné suroviny, Fe, O3, udrzZitelné
materialy, recyklace, keramika.
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Summary

The study investigates the recovery of iron from steel slag using two different approaches: vibrofluid
magnetic separation (VMS) and wet magnetic separation (WMS). VMS achieved a high iron
concentration in the magnetic fraction (55.08 wt. % Fe,O3), demonstrating the potential of this method to
selectively capture iron-rich particles without the use of water. However, the total amount of magnetic
concentrate obtained by VMS was low. Manual magnetic separation yielded additional fractions, but
these contained lower Fe concentrations. In contrast, WMS reached 32.23 wt. % Fe,O; in the magnetic
fraction, but captured almost half of the sample, resulting in lower overall selectivity.

Keywords: Steel slag, magnetic separation, iron, recovery, Fe,O3.

Introduction

Steel slag is a major industrial by-product generated during steelmaking, representing about
10 — 15% of crude steel output'. While developed regions such as Europe and the United States achieve
utilization rates of 80 — 90 %, in many countries most of the slag is still stockpiled or landfilled, leading to
resource loss and environmental concerns®?,

Steel slags (SS) differ from blast furnace slag (BFS) in their chemical and mineralogical variability,
which complicates their direct application. They contain valuable components including Fe, CaO, SiO,,
and P,0s, but also potentially harmful heavy metals such as Cr, Cd, and Pb°. Based on their production
routes, steel slags are classified into steel slag (FS) and ladle slag (LS). While BFS has long been widely
used in cement and construction industries, FS and LS are more often stockpiled or landfilled, causing
land occupation and environmental pollution®.

Owing to their Fe-rich composition, the recovery of metallic iron and iron oxides is a key pathway for
steel slag valorization. Typically, wet magnetic separation (WMS) has been employed to recover Fe
phases, but this method suffers from limited recovery efficiency (60 — 65%) and high-water
consumption”®. In contrast, dry magnetic separation (DMS) techniques, including pneumatic magnetic
separators (PMS) and fluidized magnetic separators (FMS), have shown promise in overcoming
problems such as agglomeration of fine particles and improving selectivity®**. Complementary strategies
such as oxidative modification, controlled cooling, or the addition of modifiers (SiO,, TiO,, Al,O3) can
further enhance Fe recovery****.

Besides metallurgical recycling, steel slag has been investigated as a cementitious material due to the
presence of minerals such as dicalcium silicate (C,S), tricalcium silicate (C5S), and dicalcium ferrite (C,F),
which account for over 45% of its composition and resemble those in Portland cement clinker™. However, the
coexistence of inert phases and free-CaO significantly reduces its hydration activity and long-term
stability'®*’. Activation methods including mechanical grinding™®, chemical activation'®, carbonation®, and
high-temperature reconstruction® have been tested, but their effectiveness remains limited.

Therefore, developing efficient, low-cost, and environmentally friendly technologies for the recycling
and utilization of steel slag is of great importance. Integrating advanced DMS systems with slag
modification strategies could simultaneously enhance iron recovery and enable the use of residual slag
as a supplementary material in construction, thereby promoting sustainable steel production®.
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Experimental part
Procedure description

The sample SS (steel slag) was dried at 105 °C for 3 hours (the weight difference was stable), where
it was subsequently cooled in a desiccator and weighed. Subsequently, the steel slag sample was
ground in a vibrating disc mill for 2 minutes and the entire sample content was manually sieved to a size
of less than 0.1 mm. The sieving and grinding process was repeated until the entire content was sieved
below 0.1 mm.

In this study, two types of magnetic separation were tested: dry magnetic separation in a vibrofluid
state (VMS — vibrofluid magnetic separation) and wet magnetic separation using a magnetic bar (WMS —
wet magnetic separation).

VMS was used to induce the “granular gas” state in the slag sample, preventing particle cohesion and
enabling selective separation. This approach allows separation to occur in the bulk volume rather than in
thin layers (as used in manual separation), thereby improving process efficiency. The method increases
both selectivity and efficiency.

In this method (VMS), 100 g of sample was spread over a large area in a very thin layer on the base
of a laboratory sampler. The distance between the magnet and the sample layer was 3 cm (1 cm), and
the magnet was placed exactly in the center of the device. For 2 minutes, the sample was exposed to
the vibrational forces of a modified laboratory vibrating device, in which a permanent magnet with
a breaking force of 21 kg was installed. The magnet placed in the middle of the device held the second
magnet through the plexiglass. After the separation, the upper magnet was removed, releasing the lower
magnet with the sample. The fraction separated in this way was designated as VMF in the study.

The VMS residue was manually (by hand) passed through a permanent magnet (the sample distance
from the magnet was 3 cm) with a breaking force of 21 kg. This step separated a fraction designated
MMF — magnetic manual fraction.

After manual magnetic separation, a layer of aggregated gray particles formed on the surface of the
sample residue, was collected. These particles were aggregated on top of the rest of the sample due to
the force of the magnet but could not be captured by the magnet due to their size or nature. This step
produced two fractions: a fraction containing gray aggregated particles on the surface of non-magnetic
fraction (FAP) and the total residue (TR), which was obtained after careful removal of the aggregated
particles (mechanically removed sample with a laboratory spoon).

Wet magnetic separation experiments were carried out in a glass beaker. Approximately 5 g of slag
was dispersed in 300 mL of deionized water and homogenized by stirring for 1 min. A neodymium
magnet encased in a stainless-steel tube (rod diameter: 25.4 mm, total length: 406 mm and maximum
tearing force 1.4 kg) was subsequently introduced into the suspension. Magnetic particles were collected
on the rod surface, removed, and retained as the magnetic concentrate. Both fractions were dried. The
separation procedure was repeated. The resulting magnetic fraction was designated as WMF and the
non-magnetic fraction as WNF in this study.

Characterization methods

The chemical composition of sample was determined by a method of energy-dispersive X-Ray
fluorescence spectroscopy (ED-XRF) on the SPECTRO XEPOS (Spectro Analytical Instruments, Kleve,
Germany). The iron content was determined by the standard ISO 2597-2:2019.

The mineralogical composition of the samples was determined using X-ray diffraction analysis (XRD)
performed on a MiniFlex 600 diffractometer equipped with a Co tube and a D/teX Ultra detector.
Diffraction patterns were collected within the 26 range of 5 — 90° at a scanning speed of 5°/min (Rigaku,
Japan). The XRD data obtained were processed using the Highscore software to identify the qualitative
phase composition.
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The particle size distribution and specific surface of steel slag sample was determined using
a Malvern Instrument device with the Aero method, covering a range of 0.1 — 10000 um (Malvern
Panalytical Ltd., Malvern, UK).

Results and discussions
Particle size distribution

The particle size distribution determines how efficiently iron can be released from the slag and how
reliably the magnet can capture it. For a clearer overview and comparison, the parameters of slag
sample (SS) were plotted in Table 1.

Sample SS was characterized by finer particle sizes, with Dv10, Dv50, and Dv90 values of 1.48 um,
8.35 um, and 47.4 pym, respectively. The Sauter mean diameter (D [3.2]) was 3.51 ym, while the volume-
weighted mean diameter (D [4.3]) reaches 18.7 ym. The specific surface area of this sample was
relatively low (1179 m#kg). Furthermore, the high span (5.499) and uniformity index (1.814) confirm the
heterogeneous nature of the material.

Table 1. Particle size distribution parameters of steel slag sample SS

Parameter SS

Dv (10) (um) 1.48
Dv (50) (um) 8.35
Dv (90) (um) 47.4
D [3.,2] (um) 3.51
D [4,3] (um) 18.7
Specific Surface Area (m#kg) 1179
Span 5.499
Uniformity 1.814

Chemical composition

The chemical composition of sample SS is shown in the Table 2. Chemical composition was
dominated by CaO (47.93 wt. %) and Fe,O3 (29.73 wt. %). Significant amounts of SiO, (9.40 wt. %) and
MnO (4.38 wt. %) were also present. Minor oxides included MgO (3.57 wt. %) and Al,O; (1.53 wt. %),
while SO; (0.14 wt. %) occurred only in trace levels. This composition of steel slag also corresponds to
the studied slags from foreign sources, where the CaO content ranges between 42 and 55 wt. % and the
SiO, content between 10 and 18 wt. %?°. Depending on the efficiency of the furnace, the iron oxide
(FeO/Fe,0,) content of steel slag can be as high as 38%*.

Table 2: Chemical compositions of sample SS

Oxides Mg O Al 203 Si 02 CaOo 503 MnO Fezog
(wt. %) 3.57 1.53 9,40 47.93 0.14 4.38 29.73

Mineralogical composition

XRD revealed (Figure 1) that the analyzed SS sample consists of a complex mixture of crystalline
phases. The identified phases include iron oxides (Wustite and magnetite), lime, larnite, Srebrodolskite
and mayenite. The coexistence of Wustite and magnetite indicates a redox equilibrium between Fe(ll)
and Fe(lll) during slag solidification®®, while the detection of CaO reflects incomplete reactions during
smelting and suggests potential reactivity upon hydration. Phases such as larnite, mayenite, and
srebrodolskite correspond to high-temperature products of the CaO-SiO,—Al,Os—FeO system, and they
are known carriers of latent hydraulic activity®.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 349



Filip KOVAR, Lucie BARTONOVA a Viastimil MATEJKA: Using magnetic separation to recover iron from steel slag

15000

Waustite syn, Fe0.932 O,
01-074-1883

lime, syn, Ca O, 01-082-1691
Srebrodolskite, syn, Ca2 Fe2 O5,
01-071-2108

mayenite, syn, Ca12 Al14 033,
00-060-0721

Larnite, syn, Ca2 Si O4,
00-033-0302

iron(ll) diiron(lll) tetraoxide,
magnetite, Fe3 04, 01-080-6407

10000

Intensity, cps

5000+

| Wustitg, syn, Fe0.932 O, 01-074-1883

| 1‘ L Srebrodolskite, syn, Ca2 Fe2 O5, 01-071-2108
. P A | " i __Mayenite, syn, Ca12 Al14 933, 00-060-0721, |
. ‘|H, [ PR | S X " = . Lamnite, syn, Ca2 Si 04, 00-033-0302 |

T 1 T I T T T T T 1
10 20 30 40 50 60 70 80 90

26,°

Figure 1. XRD pattern of sample SS

Magnetic separation

The mass vyields of the obtained fractions are illustrated in Figure 2, while the Fe,O5; contents of the
fractions are summarized in Tables 3 and 4.

i 18,17

119
51,60 48,40

78,98

a) "VMF =FAP sMMF = TR b) "WMF = WNF

Figure 2: Representation of individual mass yields (wt. %) after separation steps of vibrofluid
magnetic separation (a) and wet magnetic separation (b) of sample SS (VMF =vibrofluid magnetic
fraction, FAP = aggregated particles fraction, MMF = magnetic manual fraction, TR = total
residue, WMF = wet magnetic fraction and WNM = wet nhon-magnetic fraction)

During VMS, the sample SS was divided into several distinct fractions. The highest Fe,O;
concentration was recorded in the vibrofluid magnetic fraction (VMF, 55.08 wt. %), demonstrating the
high efficiency of this method in capturing iron-rich particles. The manually separated magnetic fraction
(MMF) contained a lower Fe,O3; concentration (39.19 wt. %), indicating the presence of less pure
magnetic grains. The fraction of aggregated particles (FAP) showed an Fe,O; content of 30.08 wt. %.
The lowest concentration was found in the total residue (TR, 28.09 wt. %), which is expected since most
magnetically active particles had already been removed.

In the case of wet magnetic separation, the sample was separated into two fractions. The magnetic
fraction (WMF) contained a high Fe,O; concentration of 32.23 wt. %, while the non-magnetic fraction
(WNF) exhibited a significantly lower value of 27.60 wt.%.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 390



Filip KOVAR, Lucie BARTONOVA a Viastimil MATEJKA: Using magnetic separation to recover iron from steel slag

Table 3. Fe,O3 contents in the prepared fractions after dry vibrofluid magnetic separation SS
(VMF =vibrofluid magnetic fraction, FAP = aggregated particles fraction, MMF = magnetic manual
fraction and TR = total residue)

Fractions Fe,Os (wt. %)
VMF 55.08
MMF 39.19
FAP 30.08
TR 28.09

Table 3. Fe;O3 contents in the prepared fractions after wet magnetic separation (WMF = wet
magnetic fraction and WNM = wet non-magnetic fraction)

Fractions Fe,Os (wt. %)
WMF 32.23
WNF 27.60

This result confirms the effectiveness of the wet method, but due to the very strong magnet, a large
part of the sample was captured — almost half, so the Fe content was not too high.

Conclusions

The results highlight that vibrofluid separation provides a relatively high-grade magnetic concentrate
with the advantage of avoiding wastewater generation and additional drying costs, making the material
more directly usable. Its main drawback is the low yield of magnetic concentrate. Wet magnetic
separation, on the other hand, recovered a much larger portion of the sample, but with lower selectivity
due to the strong magnet used, reducing the Fe content of the concentrate. Future experiments should
therefore focus on optimizing magnet strength in WMS to increase iron enrichment while maintaining
efficiency.

List of symbols

BFS — Blast furnace slag

DMS — Dry magnetic separation
ED-XRF — Energy-dispersive X-ray fluorescence spectroscopy
FAP — Fraction of aggregated particles
FMS - Fluidized magnetic separator
FS — Furnace steel slag

LS — Ladle slag

MMF — Magnetic manual fraction

PMS — Pneumatic magnetic separator
SS — Steel slag

TR — Total residue

VMS - Vibrofluid magnetic separation
VMF — Vibrofluid magnetic fraction
WMF — Wet magnetic fraction

WMS — Wet magnetic separation
WNF — Wet non-magnetic fraction
XRD - X-ray diffraction
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Pouziti magnetické separace k ziskavani zeleza z ocelové strusky
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Abstrakt

Studie zkouma zpétné ziskavani Zeleza z ocelové strusky pomoci dvou riznych pfistupa: vibrofluidni
magnetické separace (VMS) a mokré magnetické separace (WMS). VMS dosahla vysoké koncentrace
Zeleza v magnetické frakci (65,08 hmot. % Fe;O3), coZ demonstruje potencial této metody selektivné
zachytit ¢astice bohaté na Zelezo bez pouZziti vody. Celkové mnoZstvi magnetického koncentratu
ziskaného pomoci VMS vS8ak bylo nizké. Manualni magneticka separace pfinesla dalsi frakce, ale ty
obsahovaly niZsi koncentrace Fe. Naproti tomu WMS s velmi silnym magnetem dosahla 55,08 hmot. %
Fe,O; v magnetické frakci, ale zachytila témér polovinu vzorku, coz vedlo k nizsi celkové selektivité.

Kli¢ova slova: Ocelova struska, magneticka separace, Zelezo, regenerace, FeO3.
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Abstract

With the gradual phase-out of coal-fired power plants and the growing emphasis on renewable energy
sources, biomass ash is becoming one of the potential alternative sources of raw materials for civil
engineering. While fly ash from coal has long been used as a mineral admixture in cement and concrete,
fly ash produced by the combustion or co-combustion of biomass presents a new challenge. Its chemical
and mineralogical composition varies significantly depending on the type of biomass and combustion
technology, which complicates its direct use in cement composites. This work focuses on the
characterization of biomass fly and bottom ash from various combustion processes from
the Czech Republic. It presents their chemical and phase composition and compares them with
fly ash (FA) and FBC ash as well as with the requirements for materials used in construction.

Analysis indicates that the fly ash meets the requirements of EN 450-1 standard, while biomass ashes
generally do not, mainly due to their increased content of alkalis, sulfates, chlorides, and calcium-bearing
phases. Despite these limitations, mineralogical compaosition confirmed a high proportion of amorphous
phase in biomass ashes, which indicates potential pozzolanic activity. In terms of physical properties,
biomass ash requires further processing, such as grinding, to achieve a suitable particle size for use
as a supplementary cementitious material (SCM).

Keywords: fly ash, biomass ash, fluidized bed combustion ash, X-ray diffraction, X-ray fluorescence,
particle size analysis

Introduction

The utilization of coal ash in the construction industry, especially in concrete, represents a significant
opportunity to improve the sustainability and efficiency of building materials. Ash which is a by-product
of fossil fuel and biomass combustion, has properties that are strongly influenced by the combustion
technology used *. Classical pulverized coal combustion (PCC) produces fly ash with a high proportion
of amorphous glass phases and a minor proportion of crystalline phases, mainly mullite *.
The amorphous phase has pozzolanic properties °, which can contribute to the mechanical strength
of cement mixtures *°. Fluidized bed co-combustion (FBC), which includes fly ash (FBC FA) and bottom
ash (FBC BA), occurs at lower temperatures **** and leads to the formation of non-glassy amorphous
phases that increase the reactivity of these ashes 2. FBC FA differs from FA in its irregular particle
shape, higher content of free lime and sulphates, and crystalline structure °***3 However, these
samples have the potential to be used in the construction industry as alternative binders ***°.

Fly ash can be used as a cement replacement, bringing several benefits, including lower
CO, emissions, which are significant in combating climate change '*'’. One way to reduce the carbon
footprint of cement is to partially replace Portland clinker with supplementary cementitious materials
(SCM) 8 which also include ash. For the effective use of FA, they must meet certain standards,
especially regarding the content of silica, alumina, and iron oxides. Classification according to
the EN 450-1 standard *° ensures that the FA meets the required parameters for use in cement, while
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tests according to EN 196-1 ?° and EN 206+A1 ' standards verify their suitability for specific
applications, especially in terms of strength and durability.

Fly ash from co-firing is also subject to the requirements of EN 450-1, which specifies the conditions
and applies to any coal fly ash co-fired with materials defined by the standard. According to the standard
EN 450-1, in the case of fly ash originating from co-firing, the minimum share of dry coal must be 60%,
whereas if the co-fired material is wood, the minimum share of dry coal is 50%. The standard also
specifies other co-fired materials, such as biomass. If the fly ash meets the requirements of EN 450-1,
it can, in addition to previously mentioned applications, be used for soil treatment according to
EN 16907-4% or as fly ash for hydraulically bound mixtures according to EN 14227-4%, which includes
use in the construction of roads, airports, and other traffic areas.

The transition to biomass as an alternative to coal combustion represents another step towards more
sustainable energy and construction solutions 1824 Bjomass, due to its renewable behaviour, offers the
possibility to reduce dependence on fossil fuels, which is important for energy safety and sustainability.
However, to ensure the effective integration of biomass combustion ash (BMA) into the construction
industry, it is necessary to perform a thorough analysis of its chemical composition and physical
properties. The physical and chemical properties of BMA depend on the characteristics of the input
biomass, the type and conditions of combustion, the proportion of individual plant components,
and many other factors %2°,

Biomass ashes show significant heterogeneity in composition, which is a key difference compared to
coal ash ?"?%. Silicon dioxide (SiO,) dominates in ash from rice husk and rice straw 2"?°% A high
proportion of SiO, is also found in agricultural residues such as wheat straw and in energy crops.
Phosphorus (P,Os) occurs most abundantly in ash from animal-derived materials, especially bone
meal 2. Considerable amounts are also present in blue-green algae ashes, agricultural residues, and
certain energy crops. Calcium (CaO) is the main component of ash from woody biomass, such as bark,
wood chips, and sawdust, where it forms the dominant fraction 2"?®®. Chlorides appear in elevated
concentrations in straw and animal waste "%,

The aim of this work was to provide basic information about biomass ash and compare its properties
with FA and FBC ash produced by coal combustion. The research focused on X-ray fluorescence (XRF)
to determine chemical composition, X-ray diffraction (XRD) to identify mineralogical composition, and
particle size distribution analysis (PSD) to understand physical properties. Thanks to these analyses,
it was possible to gain deeper insights into the properties of various ash and their potential for use in the
construction industry.

Materials and methods

Ash samples from various locations in the Czech Republic and from various types of coal and
biomass combustion and co-combustion were selected as input materials. FA was obtained from
the power plant in TuSimice (TU), while FBC ash from fluidized bed combustion of coal comes from
Ledvice (LE). Another raw material that was analyzed was ash from FBC co-combustion of coal and
biomass (CC-BMA) from the power plants Pofi¢i (PO) and Hodonin (HO). Additionally, ash from pure
biomass from grate combustion (GC-BMA) from Jindfichdv Hradec (JH) was analysed. Sampling of all
materials was carried out in 2022. The specifications of locations, combustions, and combustion
products (ashes) are provided in Table 1.

All samples were dried at 40 °C to constant weight before analysis, and for XRF and XRD analysis,
the samples needed to be properly ground. X-ray diffraction (XRD) was performed on a 6-6 X'Pert3
Powder diffractometer (PANanalytical, Netherlands). Samples for XRD were measured
by semi-quantitative analysis and quantitative Rietveld analysis using internal standard ZnO (10%).
The results were evaluated using HighScore Plus 5 software. X-ray fluorescence (XRF) was performed
on an X-ray spectrometer ARL 9400 XP (Thermo ARL, Switzerland). The particle size distribution was
measured on a laser particle size analyzer, Bettersizer ST (Dandong Bettersize Instruments Ltd., China).
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Table 1: List and characterisation of locations and produced ash

Sample Location Cl\élﬁtgggti%fn Type of ash

FA power plant Tusimice PCC of coal* fly ash

(TU)
FBC FA power plant Ledvice EBC of coal™ FBC fly ash
FBC BA (LE) FBC bottom ash
CC-BMA FA (PO) FBC co-combustion | BMA fly ash

lant Pofici (P % | + 20 %

CC-BMA BA (PO) power plant Porici (PO) é?gm;;:;f* 0% "BMA bottom ash
CC-BMA FA (HO) . FBC co-combustion | BMA fly ash

power plant Hodonin (80 % coal + 20 %
CC-BMA BA (HO) (HO) biomass)** BMA bottom ash
GC-BMA FA+BA Energeticke centrum . BMA fly ash + bottom ash

A grate combustion
s.r.o. Jindfichuv Hradec (hay and straw)
(IH) y

* PCC = Pulverized Coal Combustion; ** FBC = Fluidized Bed Combustion

Results and discussions
X-ray fluorescence analysis (XRF)

The chemical composition of the ashes is very diverse and is presented in Table 2. The ashes are
rich in silica (SiO,), alumina (Al,O3), and iron oxide (Fe,0s). The SiO, content ranges from 31.50% to
69.02%. The content of Al,O; ranges from 1.83% to 32.80%, and for Fe,O; it ranges from 0.83% to
9.40%. Classical pulverized coal combustion FA (TU) is characterized by an iron oxide (Fe,Os3) content
of 9.40%. The silica (SiO,) content is 50.00% and the alumina (Al,Os) content is 32.80%. FBC FA and
FBC BA (LE) are characterized by silica (SiO,) content of 36.20% to 42.45%, alumina (Al,Os) content of
27.51% to 32.5%, and iron oxide (Fe,Os3) content of 3.57% to 4.11%. All CC-BMA (PO) and (HO) are
characterized by silica (SiO,) content ranging from 39.43% to 69.02%, alumina (Al,O3) content of 9.67%
to 10.78 % and iron oxide (Fe,Os) content of 2.03 % to 5.04 %. GC-BMA FA+BA (JH) shows silica (SiO5)
content of 31.5% and the lowest content of alumina (Al,O3) at 1.83% and iron oxide (Fe,O3) at 0.83%.

In terms of using ashes in concrete, according to the standards EN 450-1, the ash must contain more
than 70% SiO, + AlL,O; + Fe,0s, which is not met by the FBC BA, CC-BMA and GC-BMA samples.
The amount of alkalis Na,O,q ranges from 0.73% to 19.12%, which means that part of the ashes do not
meet the standard requirement for the total amount of alkalis, which must be less than 5%. Sample
GC-BMA (19.12%) does not meet the standard requirement for the total amount of alkalis. The limit for
CaO was met only by the FA and CC-BMA BA (HO) samples, the other samples had a content higher
than 10%, as specified by the standard. The limit for MgO (<4%) was exceeded by the CC-BMA FA (HO)
sample. The limit for SO; was met by all samples from CC-BMA, the other samples had a content higher
than 3%, as specified by the standard. The chloride content (<0.1%) does not meet the GC-BMA FA+BA
sample with content 4.77% and CC-BMA FA from PO and HO. The other samples meet or are below the
detection limit for chloride. The limit for SiO, (>25%) was met by all samples. The limit for P,Os (<5%)
was exceeded by the GC-BMA FA+BA (JH) sample.

FA has the most balanced chemical composition and is the only one that meets all the limits
according to EN 450-1 standard. On the contrary, FBC BA sample, CC-BMA FA, CC-BMA BA and
GC-BMA FA+BA have excessively high CaO, SO3;, or chloride and alkali contents and therefore do not
meet the requirements of the standard. Chloride content could potentially be reduced by leaching, which
is a commonly suggested method for removing soluble salts and heavy metals *. The results of the
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BMA analyses are in good agreement with the work of Formacek et al. *°, who analysed the Czech BMA
from 2021. The results show only slight variability in the chemical composition of BMA for the same
location and the same type of combustion and biomass.

X-ray diffraction analysis (XRD)

Table 3 shows the phase composition via XRD, which is similarly diverse as the chemical composition
from the previous table. All samples contained a high content of amorphous phase, which, according to
the XRF results in Table 3, is likely to consist mainly of aluminosilicates. The range of amorphous phase
content is 30.9% to 66.7%. The highest content of the amorphous phase, which is crucial in terms of
pozzolanic activity, was recorded in samples from the grate combustion of pure biomass
(GC-BMA FA+BA). The main crystalline phase in most samples is quartz, with a content of 1.6% to
55.7 %. Most materials also contain calcite, free lime anhydrite and iron minerals.

The FA sample contains a mullite phase (35.0%) which indicates high-temperature combustion of fuel
41617 1t also contains 9 % quartz and 1 % magnetite. FBC ash contains 57 — 61% amorphous phase as
well as crystalline phases such as quartz, anhydrite, lime, portlandite, hematite, magnetite and calcite,
which agrees with Ohenoja et. al. *°, who identified the same phases except for magnetite. BMA
revealed the presence of amorphous and many crystalline phases. The amorphous phase content
ranged from 30.9% to 66.7%. The high amount of lime, portlandite and calcite in FBC and CC-BMA can
be explained by the flue gas desulfurization process, in which limestone is added to the boiler **. From
the perspective of using the ash in cement or concrete, these phases are problematic according to
EN 450-1. An interesting finding is the presence of portlandite, which, given the combustion temperature
above 850 °C, should not be present in the sample. This mineral probably formed after the combustion
process due to the action of air humidity. Regarding the GC-BMA samples, which contained 14.53%
CaO according to XRF results, but do not include common calcium-bearing phases in their phase
composition, this discrepancy can be explained by the fact that, given the firing temperature of the
samples, calcium-bearing phases are present mainly in the amorphous phase. Fly ash from biomass
sources such as hay and straw is naturally rich in calcium, and therefore, the high CaO content likely
originates from the biomass itself ?**%. The CC-BMA samples contain muscovite and feldspar, both of
which are common components of the Earth's crust. In the case of GC-BMA FA+BA sample, two new
phases — sylvite (KCI) and arcanite (K,SO,) — are of particular interest, as they are not typically found in
FA. The high content of sylvite, which is the main crystalline phase in GC-BMA FA+BA, probably
originates from the biomass itself. Moreover, the ash sample from pure biomass (GC-BMA FA+BA) was
found to contain a high amount of the amorphous phase (66.7%), which may positively influence its
pozzolanic activity ***”. The results of the XRD analysis are again in good agreement with the results of
the 2021 analysis of BMA by Formacek et al. *°. However, the results show some variability in the phase
content of BMA for the same location and the same type of combustion and biomass.
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Table 2: Chemical composition of input raw material, XRF [%]

Sample Al,O4 SiO, Fe,O4 Na,O K,0O MgO CaO TiO, P,Os SO, Cl Others
FA 32.80 50.00 9.40 - 1.70 - 1.90 1.24 - - - 2.96
FBC FA 32.50 42.45 411 0.28 0.93 0.96 11.90 2.38 0.22 3.89 - 0.38
FBC BA 27.51 36.20 3.57 0.16 0.86 0.84 22.00 2.29 0.18 6.09 - 0.30
CC-BMA FA (PO) 9.67 39.71 4.45 0.89 3.93 3.63 29.32 0.76 2.66 2.99 0.21 1.78
CC-BMA BA (PO) 10.63 51.79 2.71 0.78 3.26 1.67 26.29 0.78 0.89 0.46 0.02 0.72
CC-BMA FA (HO) 10.78 39.43 5.04 1.31 4.42 4.40 26.75 0.77 2.48 2.83 0.48 1.31
CC-BMA BA (HO) 10.78 69.02 2.03 1.59 4.41 1.45 8.92 0.29 0.89 0.14 0.09 0.39
GC-BMA FA+BA 1.83 31.50 0.83 0.70 28.00 3.01 14.53 0.13 7.54 6.72 477 0.44
Table 3: Phase composition of input raw material, XRD [%]

Sl |2 o (21212 |2 |8 | |8 |2 |22 |2 |5
Sample 5 S % E S % & = 3 3 3 = > § 3 o

E | |8 | |€ |& |8 | |%2 |< |€ |8 |& |2 |E |8

< < = T s 5 f( < g ®)
FA 54.0 | 9.0 1.0 1.0 | 35.0
FBC FA 60.5 | 6.5 2.5 6.0 | 140 | 05 2.0 2.0 6.0
FBC BA 57.0 | 8.0 2.0 50 | 19.0 | 1.0 1.0 7.0
CC-BMA FA (PO) 39.8 | 29.2 1.9 7.9 2.1 0.5 1.6 0.8 0.7 7.7 7.8
CC-BMA BA (PO) 356 | 32.8 | 2.5 3.0 8.7 1.4 4.2 11.8
CC-BMA FA (HO) 334 | 309 | 6.5 2.3 2.3 1.2 1.2 | 120 | 3.7 3.7 2.4 0.4
CC-BMA BA (HO) 30.9 | 55.7 * 0.6 9.8 2.8 0.2
GC-BMA FA+BA 66.7 | 1.6 2.4 12.1 | 141 3.1

*traces ** the Other category for BMA samples includes phases that appeared sporadically or in small quantities in the input materials (especially leucite,
basanite, cristobalite, anorthoclase, hydroxyapatite, wollastonite, periclase, nahcolite, anorthite, graphite, magnetite, and gypsum).
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Particle size distribution (PSD)

Figure 1 shows the particle size distribution of ash. The results are consistent with general principles
of combustion in boilers, where bottom ash (BA) consists of larger and coarser particles, while fly ash
(FA) contains finer particles that are able to be carried by the flue gas stream *. The FA is characterized
by a median particle size of 40.29 um, and its particle size distribution is relatively wide, ranging from
submicron particles up to 372.70 um. The fluidized bed combustion fly ash (FBC FA) is characterized by
a higher median particle size compared to conventional FA, while exhibiting a narrower particle size
distribution. The median particle size of FBC FA is 82.06 um, whereas that of FBC BA is 261.50 uym.
From the curves, it can be seen that samples from HO, particularly CC-BMA FA (HO), contain fine
particles with a median particle size of 24.14 ym and with a wide particle distribution. CC-BMA BA (HO)
contains particles with a median particle size of 209.00 um and with a narrow particle distribution.
Samples from PO show a similar particle size distribution to samples from HO. CC-BMA FA (PO)
contains fine particles with a median particle size of 30.53 pm and with a wide particle distribution, and
CC-BMA BA (PO) contains particles with a median particle size of 161.00 ym and is characterized by a
double peak, which refers to the presence of two fractions. The GC-BMA FA+BA (JH) shows a very wide
particle distribution, with a median particle size of 93.09 uym. Similar findings were also reported by
Forméadek et al. %°. This particle size distribution of BA indicates the need for further processing (grinding)
of these types of ash so that they fulfil the function of a fine filler *.

Compared to FA and FBC ash, CC-BMA FA from both locations has finer particles. On the other
hand, CC-BMA BA exhibits significantly larger particle sizes. GC-BMA FA+BA has a similar particle size
distribution to FA.

FA FBC FA FBC BA
CC-BMA FA (PO) ——CC-BMA BA (PO) —CC-BMA FA (HO)
—CC-BMA BA (HO) —GC-BMA FA+BA

[N
o

frequency [%]
o = N w AN a1 [e)} ~ (o] ©

0,1 1

particle size [um]

Figure 1: Representation of PSD factions
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Figure 2: Cumulative particle size curves
Conclusion

Ashes produced by various methods during the combustion and co-combustion of biomass were
characterized via XRF, XRD and PSD, and were compared with fly ash and fluidised bed combustion FA
and BA. Analyses showed that BMA from these processes do not meet the values of current standards
in terms of XRF content and granulometry for use as SCM.

In general, biomass ash (BMA), regardless of the combustion technology employed, exhibits elevated
concentrations of alkalis, sulfates, calcium-bearing phases, and chlorides. Comparative analysis
revealed that BMA contains a lower amount of anhydrite than fluidized bed combustion (FBC) ash and,
unlike fly ash (FA), does not contain mullite. X-ray diffraction (XRD) analysis further identified the
presence of mineral phases in BMA that are absent in FA and FBC ash, including albite, orthoclase, and
akermanite - minerals typically associated with ash derived from biomass co-combustion. Additionally,
sylvite and arcanite were detected in ash samples originating from grate combustion of pure biomass
(GC-BMA FA+BA). GC-BMA FA+BA is also characterized by a high proportion of amorphous phase,
which may contribute to enhanced pozzolanic reactivity and potential applicability as a supplementary
cementitious material.

The particle size distribution confirmed that biomass bottom ash is coarser compared to biomass fly
ash, which is consistent with conventional coal combustion ashes and is influenced by the combustion
process.
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Souhrn

S postupnym uatlumem uhelnych elektraren a rostoucim diurazem na obnovitelné zdroje energie se
popilek z biomasy stava jednim z potencialnich alternativnich zdroji surovin pro stavebnictvi. Zatimco
popilky z uhli jsou dlouhodobé vyuzZivany jako primési do cementli a betonu, popilky vznikajici
spalovanim nebo spoluspalovanim biomasy pfedstavuji novou vyzvu. Jejich chemické a mineralogické
sloZeni se vyrazné lisi v zavislosti na typu biomasy a technologii spalovani, coz komplikuje jejich primé
vyuziti ve stavebnich materidlech. Tato prace se zaméfuje na charakterizaci popilkii z biomasy
pochazejicich z riznych spalovacich procesti v Ceské republice. Predstavuje jejich chemické a fazové
sloZzeni a porovnava je s uletovym (FA) a fluidnim (FBC) popilkem, jakoz i s poZadavky kladenymi na
materialy vyuZitelné ve stavebnictvi.

Analyzy ukazuji, Ze uletovy popilek splfiuje poZadavky normy EN 450-1, zatimco popilky z biomasy je
obecné nespliiuji, a to hlavné kvili zvySenému obsahu alkalii, sirand, chloridi a fazi obsahujicich
vapnik. Navzdory témto omezenim mineralogické sloZeni potvrdilo vysoky podil amorfni faze v popilcich
Z biomasy, coZ naznacuje potencialni pucolanovou aktivitu. Z hlediska fyzikélnich vlastnosti vyZaduji
popilky z biomasy dalSi zpracovani, napriklad mleti, aby bylo dosaZzeno vhodné velikosti ¢astic pro
pouZiti jako doplrikovy cementovy material (SCM).

Klicova slova: popilek, popilek z biomasy, popilek z fluidniho spalovani, rentgenova difrakce,
rentgenova fluorescencéni analyza, analyza velikosti ¢astic
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Souhrn

Predlozeny ¢&lanek se vénuje hlavnim parametram elektricky vodivych cementovych past s pfimési
primarniho a odpadniho grafitu. V' ramci experimentalniho ovérovani byly testovany receptury
s nahradou cementu vybranymi typy grafitd v podilu 0 — 19 % hm. Jednalo se o primarni prirodni grafit
Supragraphite C 63 a odpadni grafit ,Odpad vysaval®, ziskavany odsavanim z vyrobnich prostor.
Postupné zvySovani obsahu grafiti ve smési umoZriuje snizovani elektrické rezistivity. Vy$$i zastoupeni
Jjemnych ¢&astic v odpadnim grafitu umoznilo dosaZeni nizSich hodnot elektrické rezistivity a pfi 19%
nahradé cementu dosazZeni perkolacniho prahu. Pfimés obou grafittu sniZuje objemovou hmotnost
a pomérné vyrazné pevnost v tlaku. Pozitivni efekt ma pfimés grafitd na pevnost v tahu ohybem.
Obecné Ize konstatovat, Ze odpadni grafit ,Odpad vysavac“ zaznamenal niZsi rezistivitu pri vy$Sich
pevnostech a lze tak povaZovat za vhodnou nahradu srovnatelného primarniho piniva Supragraphite
C 63.

Kli¢ova slova: Elektricky vodivy kompozit, grafit, odpad, perkolacni prah.

Uvod
Beton je dielektricky, vysoce heterogenni material. Je velmi obtizné rozliSit elektrické vlastnosti
raznych slozek, jako je hydratovana cementova pasta, skelet kameniva a mezifazova prfechodova zoéna.

Elektricky odpor betonu je ovlivnén riznymi faktory, v€etné& spojitosti pérl, poérovitosti, vodivosti
pérového roztoku, obsahu vihkosti, teploty a dal$i.*

Vysoky mérny elektricky odpor betonu a dalSich silikatovych materialt potvrdili rizni autofi. Elektricky
odpor betonu vysu$eného na volném vzduchu byl naméen v fadech 10° Q-cm. Pro nasyceny beton jsou
uvadény hodnoty elektrického odporu 10°— 10° Q-cm.*

Obecné lze fict, Zze cementové kompozity dovoluji mirny pohyby elektrond v disledku pfitomnosti
vlhkosti. Na pfirozenou elektrovodivost silikatovych kompozitt ma vliv objem a druh kameniva.
Elektrovodivost kompoziti se snizuje s narGstem objemu kameniva v betonu. Znacny u&inek na
mnozstvi vodivych iontd rozpusténych v pérovém roztoku muize mit adsorpce alkalii na povrchu
kameniva. Nékteré vodivé ionty mohou byt extrahovany z kameniva a rozpustény do porového roztoku,
tim rovnéz zvySovat elektrickou vodivost betonu. Malta je Spatnym elektrickym vodiCem, zejména za
sucha jsou jeji podminky pouZiti v elektrickych aplikacich omezené.>®

Perkolacni prah

Perkolacni prah udava takové mnozstvi funk&niho plniva, pfi kterém se vytvari dostatec¢né propojena
vodiva sit pfimo se dotykajicich ¢astic a kompozit se stava vodi€em elektrického proudu. Perkolacni
prah je vyjadien v objemovych % pouzitého funkéniho plniva z celkového mnozstvi hmoty. Je zavisly na
druhu funkéni pfimési, na jeji struktufe, chemickém slozeni a poméru délek Castic k jejich Sifce. Zavislost
rezistivity na mnozstvi funkéniho plniva se bude dale vyrazné ménit v zavislosti na tvaru &astic. Je
znamo, Ze pfi pouziti vodivych plniv v podobé vlaken s vysokym pomérem stran je potfeba mensiho
mnozstvi plniva nez pfi pouZiti plniv se zrny kulovymi. Z pohledu velikosti ¢astic, bylo zjisténo, Ze
jemné&jsi grafit snizuje perkolaéni prah a zlep3uje elektrickou vodivost pfi nizsich davkach.® Z hlediska
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vyroby spolehlivého elektricky-vodivého materialu je tfeba volit mnozstvi plniva za perkolacnim prahem.
Lze tak s vétsi jistotou zarucit dobrou elektrickou vodivost pfi opakované vyrobé kompozitniho materialu
stejného slozeni. V materialech s obsahem funkénich plniv za perkolaénim prahem pfevliada pfimé
kontaktni vedeni. Je to zpusobeno spojitou trojrozmérnou siti tvofenou vodivymi Casticemi v pfimém
kontaktu. U materialll s obsahem vodivych &astic, které perkolaéni prah neprekracuji, je elektricka
vodivost niz8i. Je to zplsobeno podilem tunelového a skokového zpusobu vedeni elektrického proudu,
nebot se nékteré &astice pfimo nedotykaji. *°

Grafit

Grafit je jedna ze dvou nejbéznéji pfirozené se vyskytujicich modifikaci uhliku. Grafit je krystalickou
formou uhliku s atomy uspofadanymi do hexagonalni struktury, tedy orbitalni hybridizace sp2. V této
formé se vyskytuje v pfirodé a za standardnich podminek je nejstabilngjsi formou uhliku. Druhou béznou
formou uhliku je diamant s hybridizaci sp3."%**

Ma excelentni tepelné vlastnosti a dobré elektrické vlastnosti, k pfenosu elektrického naboje muze
dochazet pomoci volnych elektron( pfitomnych v kovalentni vazbé. | pfesto, ze k pfenosu elektrického
naboje dochazi pfevazné ve sméru roviny vrstev, jsou i vioCkové a prachové grafity dobrymi elektrickymi
vodigi.tH

Fyzikalné-mechanické parametry elektricky vodivych kompoziti

ZvySovani podilu grafitu v cementovém kompozitu sniZuje jeji objemovou hmotnost. To nasledné
pfimo zpUsobuje snizeni jejich pevnosti v tlaku. Prokazané je ale také zvySeni zejména pevnosti v tahu
ohybem, zplsobené vlockovitym tvarem grafitovych ¢astic. Izostatické rozlozeni grafitu v cementové
hmot& muzZe zlepsit pfenos napéti, jak ukazuji jiné studie s grafitem. **

Experimentalni ¢ast
Metodicke postupy

Velikost a distribuce €astic byla pro plniva s pfevazujicim podilem Castic vétSich nez 0,063 mm
zjistovana nejprve na sitech, dle normy CSN EN 933-1. Podsitny zbytek téchto plniv byl nasledné
analyzovan laserovou difrakéni analyzou provedenou dle normy 1SO 13320:2009. U vSech plniv byla
zkouska nasakavosti provedena podle normy pro pérovita kameniva CSN EN 13055 (D). Veskeré tyto
zkou$ky byly provedeny vzdy 3x pro dany typ vzorku.

Pro méfeni impedance plniv byl pouzit pfipravek, zhotoveny pomoci polymerniho 3DP (viz obrazek 1).
Pfipravek je vysledkem postupného vyvoje s cilem zajistit plynulé a rovhomérné hutnéni vzorku pfi
sou¢asném méfeni impedance pomoci vloZzenych elektrod. Do pfipravku byly vioZeny elektrody
s pozlacenou elektricky vodivou plochou 1 cm? PFipravek byl naplnén pfedepsanym mnozstvim
materialu a nasledné bylo v lisu vyvozeno napéti. Jako maximalni sila, kterou je zatizen pfipravek
s vodorovnou plochou 6 cm?, byla na zakladé fady experimenttl zvolena 250 N. Ta vyvola v suché smési
napéti 420 kPa. Toto napéti zajisti dostatecné zhutnéni smési tak, aby bylo dosaZeno reprezentativnich
a stabilnich vysledku. Pfi experimentalnim ovéfovani cementovych past s pfimési grafith byla vytvarena
télesa o rozmérech 40 x 40 x 160 mm. Télesa pro stanoveni elektrického odporu byla opatfena dvéma
meédénymi elektrodami (viz obrazek 2). Stanoveni rezistivity zkuSebnich vzork( po 28 dnech zrani bylo
provedeno podle CSN EN IEC 62561-7. Pro méfeni bylo vyuZito zafizeni GW Instek LCR-6020. Pro
stanoveni perkolacniho prahu byl zaveden Faktor SZR, ktery vyjadfuje, kolikrat je rezistivita na zaCatku
zvoleného intervalu vétSi nez rezistivita na konci intervalu. Na zkuSebnich télesech po 28 dnech zrani
byly zkouSeny zakladni mechanické parametry. Byla zjiStovana objemova hmotnost, pevnost v tahu za
ohybu a pevnost v tlaku. Pevnost v tahu za ohybu byla zkousena dle CSN EN 12390-5. Pevnost v tlaku
byla zkougena dle CSN EN 12390-4. Dynamicky modul pruznosti byl stanoven dle normy CSN EN
14146.
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FRONT

Obrazek 1: Pripravek PTP6 pro méreni impedance sypkych materialu s umisténymi
elektrodami, rozloZeny (vlevo), pfi zkousce v lisu (vpravo)
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Obrazek 2: Méfeni impedance v cementovych pastach, médéna elektroda (vlevo),
rozmisténi elektrod ve vzorku (vpravo)

Analyza surovin

Jako pojivo byl uvazovan cement portlandsky CEM I42,5 R (Mokra) s rezistivitou (mérnym
elektrickym odporem) pfi napéti 420 kPa na hodnoté 5.360.000 [Q.cm]. VétSinu uvazovanych
elektrovodivych plniv tvofi rizné hrubé grafitové vioCky a prachy od jihoCeské firmy Epinikon a.s.
Vyjimku tvofi specidlni elektricky vodivé saze od americké firmy Cabot Corporation, ktera je svétovou
SpiCkou ve vyrobé pokrocilych materidld a surovin pro nejrizné&jsi odvétvi pramyslu. Na néasledujicich
grafech jsou uvedeny hlavni sledované vlastnosti vSech uvazovanych plniv, ze kterych byl proveden
vybér dvojice nejvhodnéjSich pro dalsi fazi feSeni.

Z uvedenych elektricky vodivych plniv byl vybran jako referenéni Supragraphite C 63 a jako
alternativa byla vybrana odpadni smés grafitd Odpad vysava€. Oba zastupci maji obdobnou zrnitost
(viz obrazek 3 a tabulka 1), nasakavost a rezistivitu (viz obrdzek 4 a 5) a budou v dal§i fazi miseny

spoletné s cementem, sledovana schopnost dosazeni perkolaéniho prahu a stanoveny zakladni
mechanické vlastnosti.

Supragraphite C 63 je vlo¢kovy pfirodni grafit. Podle vyrobce je maximalné 10 % &astic Supragraphitu
C 63 nad 63,0 ym. Odpad vysavac je oznaCeni pro odpadni smés pfirodnich i syntetickych grafitovych
materiall. Smés je ziskavana pravidelnym vysavanim vyrobnich prostor. Obsahuje blize
nespecifikované mnozstvi necistot, které neobsahuji vysoky podil uhliku. Obsah uhliku a velikost ¢astic
neni producentem garantovana.
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Obrazek 3: Krivky distribuce ¢asti vSech uvazovanych elektrovodivych plniv

Tabulka 1: Stfedni prdmér zrna pro uvaZovana plniva
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Obrazek 4: Rezistivita pri napéti 420 kPa pro vSechna uvazZovana elektrovodiva plniva
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Obrazek 5: Nasakavost vsech uvaZzovanych elektrovodivych plniv

Vysledky a diskuze
Stanoveni perkolac¢nich praht grafiti v cementové pasté po 28 dnech zrani

V ramci experimentalniho ovéfovani byly testovany receptury s nahradou cementu v podilu 0, 4, 7,
10, 13, 16 a 19 % hm. Vodni soucinitel byl vzhledem k obdobné zrnitosti a nasakavosti podobny, a to
0,46 u smési se Supragraphite C 63 a 0,49 u smési s Odpad vysavac. V nasledujicich grafech jsou
uvedeny rezistivity jednotlivych past v zavislosti na obsahu grafit a nasledné stanovené faktory SZR pro
zjisténi perkolacnich praha.
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Obrazek 6: Vyvoj elektrické rezistivity cementovych past s obsahem grafitu

12
M Supragraphite C63 MW Odpad vysavac
10

8

] 5.6 5.5
28 26 2.7 31 )1
. [

0%—4 % 4 %7 % 7 %—10 % 10%-13 % 13 %16 % 16 %-19 %

Fy

=
o
[

Faktor SZR [-]

N

Interval mezi davkami funkéniho plniva [% hm.]

Obrazek 7: Faktor SZR pro cementové pasty s pfimési grafitu
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Pro plniva Supragraphite C 63 nebyl perkolaéni prah cementovych past nalezen v rozmezi 0 — 19 hm. %
nahrady cementu plnivem. V pfipadé smési na bazi Odpad vysavac Ize mluvit o nalezeni perkolacniho
prahu v rozmezi 16 — 19 %, kdy byl zaznamenan nejvétsi pokles rezistivity a bylo dosazeno pomérné
nizkych hodnot. To je zplUsobeno zejména vy$Sim podilem jemnych €astic v odpadnim uhliku a tim
efektivnéjSim rozmisténi elektricky vodivych ¢astic v cementové pasté, coz odpovida i zavérim
Papanikolaou’®.

Stanoveni hlavnich fyzikalné-mechanickych parametrii cementovych past po 28 dnech
zrani
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Obrazek 8: Objemova hmotnost cementovych past ve vodou nasyceném (trojuhelniky)
a v suchém stavu (¢tverce)

Z graf(l objemovych hmotnosti v nasyceném i vysuseném stavu je znat, Ze plniva maiji ¢astecny vliv
na snizeni objemové hmotnosti kompozitu. Divodem rozdilného vlivu rdznych grafitd na objemovou
hmotnost kompozitu je nejen rozdilna objemova hmotnost jich samotnych, ale také mérny povrch
a nasakavost, které ovliviuji vodni sou€initel.
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Obrazek 9: Pevnost v tlaku (¢tverce) a v tahu ohybem (trojuhelniky) vzorku cementovych past

Z grafu je zfejmy zahraniénimi partnery potvrzeny' trend, kdy se zvy$ujicim se podilem grafitu
v cementové pasté klesa pevnost v tlaku. Vzhledem k obdobnym vlastnostem obou grafitl je pokles
obdobny. Na perkolacnim prahu je vSak jedna az o 50% pokles pevnosti v tlaku v pfipadé vzorkl na bazi
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Odpad vysava€. Vzhledem k tomu, Ze vzorky na bazi Supragraphite C 63 nedosahly v testovaném
rozsahu perkolacniho prahu, pokles pevnosti na této hranici by byl vyznamné vysSi. Pevnost v tahu
ohybem cementovych past zaznamenala se zvySujicim se podilem grafitu spiSe narlst. Ten je mozné
pfisoudit desti¢kovitému charakteru ¢&astic grafitu. V obou pevnostnich parametrech zaznamenal
odpadni grafit vysSich hodnot diky rovnomérnému rozptyleni &astic v matrici, které méné oslabuji
strukturu kompozitu. V pfipadé hodnoceni rozptylu dosazenych vysledku, lze uvést, Ze se v pfipadé
pevnosti v tahu za ohybu jednalo o odchylky v priméru kolem 5,5 % a v pfipadé pevnosti v tlaku kolem
3,5 %. Vyjimecné dosahla néktera ze sad 10% rozptylu hodnot.
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Obrazek 10: Dynamicky modul pruznosti cementovych past

Vysledky stanoveni dynamického modulu pruznosti koresponduji s vysledky pevnosti. VysSich hodnot
bylo dosazeno pfi pouziti odpadniho uhliku Odpad vysavac s vy$Sim podilem jemnych &astic. Vlivem
kombinace snizené objemové hmotnosti, vySSi porozity a niZSi pevnosti v tlaku lze predpokladat
negativni dopad vysSich pfimési grafitovych ¢astic na mrazuvzdornost a trvanlivost kompozitu.

Zaver

Predlozeny ¢lanek se vénuje hlavnim parametrdm elektricky vodivych cementovych past s pfimési
primarniho a odpadniho grafitu. Postupné zvySovani obsahu grafitl ve smeési umoznuje snizovani
elektrické rezistivity, které bylo zaznamenano u obou zkouSenych typl. VySsi zastoupeni jemnych Castic
v odpadnim grafitu ,Odpad vysavac® umoznilo dosazeni nizSich hodnot elektrické rezistivity a pfi 19%
nahradé cementu ve smési perkolaéniho prahu. Pfimés obou grafitd casteCné snizuje objemovou
hmotnost cementovych past a pomérné vyrazné pevnost v tlaku (az o 50 %). Pozitivni efekt ma pfimés
grafitd na pevnost v tahu ohybem, kdy jejich destiCkovity tvar mirné zvysuje tuto pevnost. Obecné Ize
konstatovat, Ze odpadni grafit ,Odpad vysavac“ zaznamenal niZsi rezistivitu pfi vy$Sich pevnostech a lze
jej tak povazovat za vhodnou nahradu srovnatelného primarniho plniva Supragraphite C 63. V dalSich
fazich feSeni je ho tak mozné pouZzit napfiklad v cementovych maltach se schopnosti vyhfivani
elektrickym proudem.
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Verification of the usability of waste as a substitute for electrically
conductive fillers in cement pastes

Vit CERNY, Jindfich MELICHAR, Lenka MESZAROSOVA

Brno University of Technology, Faculty of Civil Engineering, Veveri 95, 63500 Brno, Czech
Republic
e-mail: vit.cerny@vut.cz

Summary

The presented article deals with the main parameters of electrically conductive cement pastes with an
admixture of primary and waste graphite. As part of the experimental verification, recipes were tested
with cement replacement by selected types of graphite in a proportion of 0 — 19 wt.%. These were
primary natural graphite Supragraphite C 63 and waste graphite "Vacuum cleaner waste", obtained by
suction from production premises. Gradual increase in the graphite content in the mixture reduced
electrical resistivity. The higher proportion of fine particles in waste graphite enabled lower electrical
resistivity values to be achieved and, at 19% cement replacement, the percolation threshold to be
reached. The admixture of both graphite types reduces the bulk density and relatively significantly the
compressive strength. The admixture of graphite has a positive effect on the tensile strength by bending.
In general, it can be stated that waste graphite "Vacuum cleaner waste" recorded lower resistivity at
higher strengths and can thus be considered a suitable replacement for the comparable primary filler
Supragraphite C 63.

Keywords: Electrically conductive composite, graphite, waste, percolation threshold.
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Souhrn

V této praci je zkoumana mozZnost vyroby smésného pojiva na bazi alkalicky aktivovanych
elektrarenskych popilku. Fluidni uletovy popilek (FBC) je rozpinavy, a diky prfimési vapence je reaktivni.
Na druhou stranu vysokoteplotni loZovy popilek (FA) vykazuje znacné smrsténi a zaroveri ma extrémné
pomaly nabéh pevnosti. Smisenim téchto dvou popilkii oéekavame vytvoreni pojiva, které bude
objemové stalé a bude mit i dalsi parametry (zpracovatelnost, dlouhodobé pevnosti) také na
dostateCnych drovnich. V této praci bylo vyuZito pojivo SORFIX na bazi fluidniho popilku
a vysokoteplotni loZovy popel z elektrarny TuSimice. Lozovy popel byl alkalicky aktivovan (AA) roztokem
hydroxidu sodného a sodného vodniho skla. Hlavnim sledovanym parametrem experimentu byla
objemova stalost, sekundarné pak pevnost v tlaku. Byly vyrobeny i referenéni smési pouze z jednotlivych
pojiv. Smési s pomérem blizkym 50:50 nebylo, z duvodu vysoké reaktivity FBC, mozné vyrobit. Kase
s pomérem 10:90 az 20:80 se jevi jako optimalni z hlediska kontrolovanych parametrd.

Klicova slova: Alkalicka aktivace; smésné poijivo; uletovy popilek, fluidni popilek; objemové zmény;
smrsténi; FA; FBC

Uvod

V Ceské republice kazdoro&né vznikaji stovky tisic tun fluidnich popilkd (FBC) jako vedlejsi produkt
spalovani uhli ve fluidnich kotlich. Pfestoze tyto materidly vykazuji zajimavé technické hydraulické
a pucolanové vlastnosti a potencial pro vyuZiti ve stavebnictvi €i pfi rekultivacich, jejich praktické vyuZiti
zustava minimalni. Divodem je nedostatek komplexniho vyzkumu, legislativni nejasnosti a nizka
informovanost odborné i laické vefejnosti. Vysledkem je, Ze vétSina fluidnich popilkd kon&i bez dalSiho
vyuziti na skladkach, coz pfedstavuje nejen ekologickou zatéz, ale i pfileZitost pro cirkularni ekonomiku.
Zejména v dnesni dobé& vyznamnych zmén ve sloZeni cement( a jejich dostupnosti. 2

Na druhou stranu vysokoteplotni uletovy popilek (FA), vznikajici pfi spalovani uhli v klasickych
roStovych a praskovych ohnidtich, pfedstavuje vyznamnou druhotnou surovinu. PfestoZe jeho pfidavek
do betonu pfinasi ekologické i ekonomické vyhody, jeho SirSi aplikaci v bezcementovych smésich brani
technické komplikace. Mezi nejvyznamnéjSi patfi pomaly nabéh pevnosti v pocatecnich fazich zrani
ariziko smrstovani, které maze vést ke vzniku trhlin. Tyto vlastnosti vyzaduji peclivou optimalizaci
receptur a kombinaci s dal$imi pfimésemi. 3

Perspektivni cestou pro eliminaci pomalého nabéhu pevnosti FA je alkalicka aktivace. Alkalicka
aktivace (AA) predstavuje komplexni chemicky proces, pfi némz dochazi k transformaci
alumosilikatovych surovin za pfitomnosti silné alkalického prostfedi. Zakladnim principem tohoto
procesu je rozklad puvodnich struktur a naslednéa tvorba novych polymernich fazi. PfestoZe je alkalicka
aktivace intenzivné studovana, jeji detailni reakéni mechanismus zdstava dosud ne zcela objasnén. *

Na zakladé soucasnych poznatkl Ize tento proces popsat jako vicestupriovou reakci, ktera zacina
narusenim vazeb Si—-O-Si (tzv. depolymerizaci, jak ji definuje Davidovits®). Tim vznikaji reaktivni
oligomery obsahujici kifemik, hlinik, kyslik a hydroxylové skupiny. Tyto oligomery nasledné podléhaji
kondenzaci, pfi niz se formuji nové amorfni nebo krystalické fazové struktury, které tvofi zaklad
geopolymerni matrice. >°
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SloZeni alkalického aktivatoru ma zasadni vliv na vyvoj mikrostruktury a mechanickych vlastnosti
geopolymernich material. Studie Criado a kol.” ukazala, Ze vy$si pomér vodniho skla k hydroxidu
sodnému (Na,SiOz/NaOH) podporuje vznik amorfni geopolymerni matrice a vede ke zvySeni pevnosti
v tlaku. Naopak nadmérna koncentrace NaOH muze iniciovat tvorbu krystalickych fazi, coz negativné
ovliviiuje mechanickou pevnost vysledného kompozitu.

Okoye a kol.? dale prokazali, ze pfidavek mikrosiliky do geopolymerniho betonu zlep$uje soudrznost
struktury a pfispiva k vy3Si pevnosti, ¢imz potvrzuji vyznam optimalizace nejen sloZeni aktivatoru, ale
i pouzitych pFimési. Prehledova studie Qaidiho ° uvadi, Ze vysledné vlastnosti geopolymernich
kompozitl jsou ovlivnény nejen typem a koncentraci aktivatoru, ale také jeho pomérem k vychozimu
materialu. Spravné zvolena kombinace slozek muize vyrazné zvySit mechanickou odolnost i trvanlivost
geopolymernich systémd.

Druhym hlavnim problémem vysokoteplotniho popilku je smrsténi. Chemické smrsténi v alkalicky
aktivovanych materidlech Uzce souvisi s procesem alkalické aktivace, béhem néhoz dochazi
k rozpou$téni amorfnich slozek — zejména oxidu kifemicitého (SiO) a oxidu hlinitého (Al,O3) — v silné
alkalickém prostfedi. Nasledna polykondenzace vede k tvorbé trojrozmérné gelové sité typu N-A-S-H
nebo C-A-S-H. Tento proces spotiebovava vodu, ktera neni chemicky vazana, ale slouzi jako transportni
médium pro ionty. Jeji ubytek zpusobuje pokles vnitini relativni vihkosti, coz vede ke vzniku kapilarniho
tlaku v jemnych pérech a naslednym objemovym zménam. %412

Autogenni smrsténi, které probiha bez vymény vihkosti s okolim, je dlisledkem samodesikace béhem
polymerizacni reakce. V této fazi dochazi ke spotfebé vody a poklesu vnitfni vihkosti materialu. Podle
studie Sun a Fan * je autogenni smrit&ni u geopolymernich systému vyrazné vy$$i nez u cementovych
kompozitli, coz souvisi s jemnéjsi pérovou strukturou a vy$Sim podilem mezip6rt generujicich kapilarni
tlak. Ten pusobi na stény pora a zplsobuje jejich deformaci, coz se projevuje jako objemova kontrakce.
Tentolg')el\llljf obzvlast vyrazny u smési s vysokym obsahem aktivatoru a nizkym pomérem kapalné a tuhé
faze. 7

DalSim faktorem pfispivajicim ke smrsténi je chemicka reorganizace gelové faze béhem zrani.
Gelové struktury typu N-A-S-H a C-A-S-H vykazuji viskoelastické chovani, které se v Case méni
v zavislosti nateploté, vlhkosti a sloZzeni smési. Bé&hem zrani dochazi k redistribuci iontl
a restrukturalizaci gelové sité, coz vede ke zméné porové struktury a dodateénému smréténi. 212

Vijayakumar'® ve své praci upozorfiuje, Ze mira chemického smrsténi zavisi na typu prekurzoru.
Systémy na bazi strusky vykazuji niz8i autogenni smrsténi nez smési na bazi popilku, coz je pfi¢itano
rozdilné reaktivité a schopnosti gelové faze vazat vodu.

Smisenim FA a FBC si slibujeme eliminaci nezadoucich objemovych zmén pfi co mozna nejvétsi
mife zachovani pozitivnich vlastnosti jednotlivych sloZek jako je zpracovatelnost, nabéh pevnosti (FBC),
pevnost v tlaku.

Experimentalni ¢ast
Suroviny

Prvni hlavni surovinou bylo FBC pojivo SORFIX. SORFIX je bezcementové hydraulické pojivo na bazi
sulfatovapenatého systému, vyvinuté z vedlejSich energetickych produktd z fluidniho spalovani.
Po zatvrdnuti vytvaii amorfni hydratovany hlinitokfemicitan vapenaty (C-A-S-H fazi), ktery je analogicky
pojivové fazi fimského betonu, a hlavni krystalickou sloZkou je stabilni ettringit. Diky této mineralogii
vykazuje Sorfix vysokou odolnost vi¢i agresivnim prostfedim, v€etné solnych roztokd, a dlouhodobou
trvanlivost. AvSak diky ettringitu je také objemové expanzivni. | kdyzZ je ovéfeno, ze objemova stalost
tohoto pojiva je v normach tak ze znalosti tohoto pojiva vime, Ze vykazuje urgitou miru expanze. >

Druhou hlavni surovinou byl vysokoteplotni loZzovy popel (FA) z elektrarny TuSimice Il. Elektrarna
TuSimice Il je hnédouhelna kondenzacni elektrarna s instalovanym vykonem 4 x 200 MW, ktera vyuziva
kotle typu PG 660 s granulacnim ohnistém a pfimym foukanim uhelného prasku. Mezi roky 2007 — 2012
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dosahla diky komplexni modernizaci zvy$eni Gginnosti a snizeni emisi SO, a NOx.!” Na z&kladé
predchozich experimentl byl popilek pfed pouzitim upraven mletim v kulovém mlynu po dobu 45 minut.

DalSimi pouzitymi surovinami byly: laboratorni hydroxid sodny ve formé perli¢ek, sodné vodni sklo
s obsahem susiny 35,33 %, hustotou 1373 kg/m® a molarnim pomérem SiO,/Na,0O = 2,87.
Superplastifikator MasterGlenium ACE 40, pro snizeni vodniho sou initele smési, a voda z vodovodniho
fadu v laboratofi.

Tabulka 1: SloZeni surovin zjisténé metodou XRF (hm. %)

SiOZ A|203 Fe203 Kzo Cao Ti02 MgO Nazo 503 P205
FA 51,27 | 33,3 8,13 1,86 1,6 1,12 1,08 0,56 0,52 0,18
FBC 34,81 | 27,4 4,71 0,55 19,89 | 2,47 0,7 0,17 8,84 0,17

Priprava kasi

Prvnim krokem bylo navazeni surovin a odméfeni kapalin. Vodni sklo, voda a hydroxid sodny byly
smiseny a vysledny roztok byl ponechan na vychladnuti. Roztok byl nasledné ponechan na vychladnuti
na pokojovou teplotu. Nasledné byl roztok pfidan za pomalého michani do michacky s popilkem. Po
nékolika minutach michani bylo pfidano ACE 40. Smés byla michana celkem cca 10 minut. Ob& smési
(AA FA a FBC) byly pro vyrobu smésného pojiva, vyrabény soucasné ve dvou michackach, a nakonec
byly kratce (1 — 2 minuty) smichany dohromady.

Pro referenci byly vyrobeny i série pouze z FBC nebo FA. Slozeni téchto sérii bylo uréeno na zakladé
pfedchoziho vyzkumu. Smésné pojivo (AA FBC/FA) bylo vyrobeno vzdy z téchto referenénich sérii
v poméru popilku dle nazvu série.

Série

AA FBC 3

AA FBC/FA 90/10

AA FBC/FA 80/20

AA FBC/FA 70/30

AA FBC/FA 60/40

AA FBC/FA 50/50

AA FBC/FA 40/60

AA FBC/FA 30/70

AA FBC/FA 20/80

AA FBC/FA 10/90

AA FA IV

Tabulka 2: SloZeni sérii

FBC FA vodni sklo | vodni sklo NaOH  voda @ ACE 40

\Y 2018 Susiny

Il [ka] [1] [%0]

(ka] (ka] [ka]

1,3 0,0 0,000 0,000 0,030 0,477 3
1,17 0,13 0,342 0,166 0,085 | 0,156 3
1,04 0,26 0,304 0,147 0,079 0,191 3
0,91 0,39 0,266 0,129 0,073 | 0,227 5
0,78 0,52 0,228 0,111 0,067 | 0,263 5
0,65 0,65 0,190 0,092 0,061 0,298 5
0,52 0,78 0,152 0,074 0,054 | 0,334 5
0,39 0,91 0,114 0,055 0,048 0,370 5
0,26 1,04 0,076 0,037 0,042 0,405 3
0,13 1,17 0,038 0,018 0,036 | 0,441 3

0,0 1,3 0,380 0,184 0,091 0,120 3
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Metody

Za ucCelem zjisténi prvkového slozeni surovin byla provedena rentgenova fluorescenéni analyza
(XRF). Méfeni bylo provedeno na sekvenénim rentgenovém spektrometru ARL 9400 XP (Thermo
Scientific ARL, CH). Intenzity spektralnich ¢ar prvkl byly méfeny programem WinXRF a naméfena data
byla vyhodnocena pomoci softwaru Uniquant 4. Za u€elem zjisténi fazového rozlozeni prvka ve smési
byla provedena rentgenova difrakéni analyza (XRD. Byla mé&fena na praskovém difraktometru X'Pert®
(PANalytical, NL). Vysledky kvalitativni a kvantitativni analyzy byly vyhodnoceny pomoci programu
HighScore Plus 5 (PANalytical, NL). Do vzork( bylo pfidano ZnO jako interni standard pro kvantifikaci
amorfni faze. Dale byly méfeny vybrané fyzikalni vlastnosti surovin. Pevnost v tlaku byla méfena
na zafizeni Matest Servo-plus progress. Na specialni vinovcové formé'® byla méfena chemicka
objemova zména v prvnich dnech zrani. Dale byly na tramcich méfeny dlouhodobé objemové zmény
v soupravé Matest Treviolo EQ77.

Obrazek 1: Vinovcova forma se smési; tramecek pfi méreni délkovych zmén

Vysledky a diskuse
Pocatek tuhnuti a tvrdnuti

Prvnim krokem bylo vyhodnoceni zpracovatelnosti Cerstvé smési. Smési pomérem FBC/FA 60:40
az 30:70 nebylo mozné viabec vyrobit. Tyto smési byly natolik reaktivni, Ze tvrdly uz b&éhem michani,
a proto nejsou dale uvadény. VSechny ostatni smési mély dobrou zpracovatelnost s vyjimkou smési AA
FBC/FA 70/30, ktera jiz béhem michani zacala tuhnout. Smés Cistého AA FA projevila svou nizsi
reaktivitu a zacala tuhnout po dlouhych 960 minutach (16 h).
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Tabulka 3: Vyhodnoceni poc¢atku a konce tuhnuti na smésich FBC-FA

Nazev sady Pocatek tuhnuti | Konec tuhnuti
AA FBC 3 100 min 160 min
AA FBC/FA 90/10 80 min 110 min
AA FBC/FA 80/20 60 min 90 min
AA FBC/FA 70/30 10 min 50 min
AA FBC/FA 60/40 XX min XX min
AA FBC/FA 50/50 XX min XX min
AA FBC/FA 40/60 XX min XX min
AA FBC/FA 30/70 XX min XX min
AA FBC/FA 20/80 220 min 340 min
AA FBC/FA 10/90 580 min 750 min
AA FA IV 960 min 1270 min

Dlouhodobé pevnosti
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Graf 1: Vyvoj pevnosti v éase na smésich AA FBC/FA

Experiment dlouhodobé pevnosti byl provadén na tramcich 160x40x40 mm, a to vzdy na tfech
télesech. v grafu jsou uvedeny primérné hodnoty. Nejvyssi pevnosti dosahla referenéni smés AA FBC
3, a to cca 90 MPa po 28 dnech. Smés AA FBC/FA 70/30 dosahla dlouhodobé pevnosti pouze 20 MPa
a to jiz po 14 dnech od té doby pevnost prakticky nezménila. Pfedpokladam, Ze tomu nastalo, protoze
pomér FBC a alkalického aktivatoru ve FA byl jiz znaéné nevhodny, pfiliS rychle se vytvarely primarni
polymery a nedoslo ke kvalitnimu vyvoji matrice. Tim Ize vysvétlit i obtiznou manipulaci b&hem vyroby
téles, jelikoz byla smés jiz znané zatuhla, jak znaci vysledky v kapitole tuhnuti a tvrdnuti.

Referenéni smés Cistého AA FA vykazuje pozvolny dlouhodoby rust pevnosti az na hodnotu 70 MPa
po 105 dnech. Ostatni smési maji 28denni i 90 denni pevnosti v rozmezi mezi 30-55 MPa.
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Objemové zmény — Chemické zmény na vinovci
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Graf 2: Vyvoj objemovych zmén na vinovcich

V prvnich hodinach po vyrobé smési dochazi u vSech variant k po¢ateCnimu sedani, které se
projevuje jako drobné propady na zacCatku grafu. Tento jev je typicky pro Cerstvé smési, kdy dochazi
k redistribuci zamésové vody a ustaleni struktury pfed zahajenim hydratace.

Smés AA FBC/FA 70/30 se po této fazi zacina velmi rychle rozpinat, a to natolik intenzivné, ze jeji
expanze prekroCila méfitelné rozmezi pristroje. Tato extrémni expanze je pravdépodobné
disledkem prudkeé tvorby ettringitu, jak naznacuje XRD analyza (ettringit 9 %, portlandit 1 %, kalcit 8 %),
v kombinaci s vysokou reaktivitou FBC. V pozdéjsich fazich vSak dochazi k vyraznému smrsténi vlivem
vysychani, které tuto chemickou expanzi kompenzuje. Vysledkem je, ze smés AA FBC/FA 70/30
vykazuje témér nulovou celkovou objemovou zménu po 48 dnech, jak je vidét v dalsi kapitole

Smési AA FBC 3, AA FBC/FA 90/10 a 80/20 rovnéz vykazuji poCateCni expanzi, avSak mirngjsi nez
smeés 70/30. Tato expanze odpovida jejich XRD slozeni, kde je patrny vySSi obsah ettringitu (10 — 12 %)
a dalSich CaO-fazi. Jejich chovani je konzistentni s o€ekavanim pro smési s dominantnim podilem FBC.

Naopak smési s pfevahou FA jako AA FA 1V, vykazuji chemické smrsténi. NejvétSiho smrsténi
dosahla pravé smés AA FA IV, ato 7,2 mm/m po 120 hodinach. XRD analyza této smési ukazuje vysoky

podil mullitu (24 %) a nulovy obsah expanznich fazi, coz potvrzuje jeji nizkou reaktivitu a tendenci ke
kontrakci.

Z hlediska re$ersnich predpokladd (napt. prace Formacka®) se chovani smési s dominantnim FBC
a FA obecné shoduje s o€ekavanim. Vyjimku tvofi pravé smés AA FBC/FA 70/30, jejiz extrémni
expanze v rané fazi a nasledna kompenzace vysychanim ji ¢ini vyrazné odliSnou od ostatnich variant.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 3 7 8



Michal HIMMEL, Rostislav SULC: Vyvoj alkalicky aktivovaného smésného pojiva s cilem minimalizace objemovych
deformaci

Objemové zmény — Celkové zmény na tramci
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Graf 3: Vyvoj dlouhodobych objemovych zmén na tramcich

Pro zjisténi informaci o dlouhodobém chovani pfipravenych AA smési, bylo provedeno dlouhodobé
méfeni zmény délky na tramcich 160x40x40mm.

Po 48 dnech zrani jsou objemové zmény vSech smési jiz prakticky nulové, coz naznacuje ustaleni
rozméru trameckd jednotlivych smési. Nejvétsi smrsténi vykazala smés s popilkem FA IV, a to az
32,8 mm/m po 48 dnech od vyroby. Se zvySujicim se podilem FBC ve smési se mira smrsténi snizuje.
Naopak nejvétsi expanze byla zaznamenana u smési tvofené Cistym FBC, ktera dosahla 3,3 mm/m po
48 dnech.

Smés AA FBC/FA 70/30 vykazuje prakticky nulovou celkovou délkovou zménu, pfestoze chemické
méfeni naznaCuje vyrazné rozpinani. Pravdépodobné& dochazi k rychlému vzniku primarnich
hydratacnich fazi, po kterém nasleduje odpafovani zamésové vody. Vysledné chemické rozpinani je tak
kompenzovano fyzikalnim smrsténim.

Podobny pribéh, Ize pozorovat u smési AA FBC/FA 90/10 a 80/20, které rovnéz vykazuji velmi malé
celkové objemové zmény.

Zvlastni chovani vykazuje smés AA FA IV, ktera v po¢ateCni fazi zrani expanduje, pfestoze chemickeé
procesy naznaluji smrsténi. Nasledné vysychani vede k vyraznému smrsténi az -32,8 mm/m po 48
dnech.

Pfimés AA FA sniZuje expanzni chovani smési FBC. P¥i pfidavku 30 % AA FA byla dlouhodoba
délkova zména prakticky nulova. Tato smés v8ak vykazuje nejnizsi pevnosti a zpracovatelnost ze vSech
testovanych variant.

Pfidanim malého mnozstvi FBC do AA FA se podafilo ¢aste€né eliminovat negativni vlastnosti
smrsténi. Napfiklad smés AA FBC/FA 20/80 vykazala smrsténi 6,5 mm/m, cozZ pFedstavuje pfiblizné
20 % plGvodni hodnoty zaznamenané u Cisté smési AA FA.
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Obrazek 2. Vizualni porovnani délkovych zmén na zkusebnich télesech

Rentgenova difrak¢ni analyza (XRD)

Tabulka 4: SloZzeni smési zjisténé metodou XRD (hm. %), 28 dni

Nazev sady Amorf. | kfemen mullit | ettringit | portlandit | kalcit | anhydrit | magnetit
AA FA IV 64 7 24 0 0 0 0 2
AA FBC/FA 10/90 67 7 24 0 0 0 0 2
AA FBC/FA 20/80 68 7 26 0 0 0 0 2
AA FBC/FA 70/30 67 6 7 9 1 8 1 1
AA FBC/FA 80/20 68 6 4,5 10,5 15 7 15 1
AA FBC/FA 90/10 69 6 2 12 2 6 2 1
AA FBC 3 59 6 2 18 3 8 2 2

S rostoucim podilem FBC ve smési dochazi k vyraznym zménam v mineralogickém slozeni, coz ma
pfimy vliv na objemové chovani materialu.

Nejvyraznéjsi zménou je narlst obsahu ettringitu, ktery stoupa od 0 % u smési AA FA IV azna 18 %
u Cisté smési AA FBC 3. Tento trend je oekavany, protoze FBC obsahuje vy$Si mnozstvi CaO, které
podporuje tvorbu ettringitu. Ettringit je znamy svou schopnosti zplsobovat expanzi materialu, coz
koreluje s pozorovanym objemovym chovanim — smési s vyS§Sim obsahem FBC vykazuji vétsi rozpinani.

DalSi zménou je pokles mullitu, stabilni faze typické pro FA. Zatimco smési s vysokym podilem FA
obsahuji az 26 % mullitu, jehoz mnozstvi klesa az na 2 % ve smési Cistého FBC.

Anhydrit a magnetit se vyskytuji v nizkych koncentracich, ale jejich pfitomnost je rovnéz spojena
s FBC. Napfiklad smés AA FBC 3 obsahuje 2 % anhydritu a 2 % magnetitu, zatimco smési s pfevahou
FA tyto faze neobsahuji. Zajimava je také smés AA FBC/FA 70/30, ktera ma vyvazené sloZeni: obsahuje
9 % ettringitu, 1 % portlanditu, 8 % kalcitu, a zaroveh jesté 7 % mullitu. Tato smés vykazuje prakticky
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nulovou objemovou zménu, coZ naznacuje rovnovahu mezi expanznimi a smrstivymi procesy. BohuZel
tato smés vykazuje nejhorsi zpracovatelnost a nejnizsi dlouhodobé pevnosti.

Zaver

Syntéza smésného pojiva na bazi AA FA a FBC je mozna. Na zakladé provedenych experimentl
a analyz Ize jednoznacné konstatovat, Ze pomér mezi fluidnim popilkem (FBC) a popilkem z klasického
spalovani (FA) zasadné ovliviiuje mechanické, objemové i mineralogické vlastnosti vyslednych smési.
Rozdilné reaktivity jednotlivych materiald vSak neumozfiuji miseni pfimé, ale je nutné jednotlivé
materialy smisit samostatné a nasledné v dalSim kroku smisit dohromady. Smési s pomérem popilku
blizkym 50:50 nebylo mozné vibec vyrobit, smés zcela vytvrdla jiz béhem kratkého druhotného miseni.

Smési s pfevahou FA maji vyrazné dlouhodobé smrsténi. Naopak smési s pfevahou FBC se blizi
nulovym dlouhodobym objemovym zménam. Z hlediska dalSiho vyuZziti se jevi jako optimalni smés
s pomérem FBC/FA 90/10 az 80/20, tyto smési vykazovaly nejmens$i objemové zmény za zachovani
vysoké pevnosti v tlaku 30 — 50 MPa.

Podékovani

Tato prace byla financovana v ramci projektu SGS25/115/0HK1/3T/11 - Technologické postupy
upravy a zpracovani deponovanych vyrobkt z VEP obsahujicich primarni a sekundarni sadrovec.

Literatura

1) Ministerstvo primyslu a obchodu: Politika druhotnych surovin Ceské republiky — Prilohy. MPO,
Praha 2015. http://download.mpo.cz/get/51372/60887/635845/priloha002.pdf, staZzeno 1.10.2025

2) Sokol P, Donat P, TomeSova Z, Formacek P. Analyza Sou¢asného Stavu Druhotnych Surovin pro
MPO 08/2024.; 2024.

3) Sulc R.: Viiv pfisad a pfimési na hodnoty fyzikalné mechanickych a chemickych viastnosti
POPbetonu. Diserta¢ni prace. Ceské vysoké uceni technické v Praze, Fakulta stavebni, Praha
2012. https://dspace.cvut.cz’handle/10467/13842

4) Sulc, R, Svoboda P. Alkalicka aktivace mletého uletového popilku [online]. Geopolymery.eu, 2009
[cit. 2025-10-09]. Dostupné z:
http://www.geopolymery.eu/aitom/upload/documents/publikace/2009/telc_2009_sulc_cd.pdf

5) Davidovits J.: Geopolymer Chemistry and Applications. Geopolymer Institute, St. Quentin 2008.

6) Skvara F.: Ceram.-Silikaty 57, 173 (2007).

7) Criado M., Palomo A., Fernandez-Jiménez A.: Cem. Concr. Res. 37, 671 (2007). doi:
10.1016/j.cemconres.2007.01.013.

8) Okoye F. N., Durgaprasad J., Singh N. B.: Constr. Build. Mater. 153, 158 (2017). doi:
10.1016/j.conbuildmat.2017.04.004.

9) Qaidi S. M. A., Najm H. M., Abed S. M., Ahmed H. U., Al Dughaishi H., Al Lawati J., Sabri M. M.,
Alkhatib F., Milad A.: Fly Ash-Based Geopolymer Composites: A Review of the Compressive
Strength and Microstructure Analysis; Materials 15, 7098 (2022).
https://doi.org/10.3390/ma15207098, stazeno 1. 10. 2025.

10) Sun Z., Fan X.: v knize: Mining and Metallurgical Wastes Based Alkali-Activated Materials (Springer,
ed.), kapitola 8. Springer, 2024. https://doi.org/10.1007/978-981-97-6285-9_8, stazeno 1. 10. 2025.

11) Chen S., Ruan S., Zeng Q., Liu Y., Zhang M., Tian Y., Yan D.: Pore Structure of Geopolymer
Materials and Its Correlations to Engineering Properties: A Review. University College London
Repository. https://discovery.ucl.ac.uk/id/eprint/10144840/1/Accepted.pdf, stazeno 1. 10. 2025.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 381


https://dspace.cvut.cz/handle/10467/13842
http://www.geopolymery.eu/aitom/upload/documents/publikace/2009/telc_2009_sulc_cd.pdf

Michal HIMMEL, Rostislav SULC: Vyvoj alkalicky aktivovaného smésného pojiva s cilem minimalizace objemovych
deformaci

12) Chen S.,Wu C.,Yan D., Ao Y., Ruan S., Zheng W., Sun X, Lin H.: Relation between drying
shrinkage behavior and the microstructure of metakaolin-based geopolymer. J. Zhejiang Univ.-Sci.
A 21, 778 (2020). https://link.springer.com/article/10.1631/jzus.A2000513, stazeno 1. 10. 2025.

13) Palomo A., Krivenko P., Garcia-Lodeiro I., Kavalerova E., Maltseva O., Fernandez-Jiménez A.:
Alkali-Activated Fly Ash—Slag Binders: A Review. Cem. Concr. Res. 74, 68 (2015). doi:
10.1016/j.cemconres.2015.02.005.

14) Vijayakumar R. M.: Evaluating Shrinkage of Fly Ash — Slag Geopolymers. Diplomova prace.
University of lllinois at Urbana-Champaign, Urbana 2013.
https://core.ac.uk/download/pdf/19529926.pdf, stazeno 1. 10. 2025.

15) CEZ Energetické produkty, s.r.0.: SORFIX — ekologické stavebni pojivo. Technické prezentace. CEZ
Energetické produkty, Praha 2023. https://www.asvep.cz/sorfix, stazeno 9. 10. 2025.

16) CEZ Energetické produkty, s.r.o.: SORFIX — Technicky list. CEZ Energetické produkty, Praha 2023.
https://www.cezep.cz/webpublic/file/edee/sorfix/sorfix-technicky-list.pdf, stazeno 4. 8. 2025.

17) Skupina CEZ: Elektrarny Tusimice. CEZ, a. s., Praha. https://www.cez.cz/cs/o-cez/vyrobni-
zdroje/uhelne-elektrarny-a-teplarny/uhelne-elektrarny-a-teplarny-cez-v-cr/elektrarny-tusimice-
581751, stazeno 8. 7. 2025.

18) Lito$ J.: Objemové zmény cementovych past ve fazi tuhnuti. Sbornik. Ceské vysoké uceni technické
v Praze, Praha 2011. ISBN: 978-80-01-04700-2.

19) Formadek P.: Disertaéni prace. Ceské vysoké udeni technické v Praze, Fakulta stavebni, Praha
2024. https://dspace.cvut.cz/handle/10467/114879, stazeno 9. 10. 2025.

Development of an alkaline activated mixed binder with the aim of
minimizing volumetric deformations

Michal HIMMEL, Rostislav SULC
Faculty of Civil Engineering CTU in Prague, Czech Republic
Summary

This work explores the possibility of producing a blended binder based on alkali-activated power plant
fly ashes. Fluidized bed combustion fly ash (FBC) is expansive and, due to its limestone admixture,
reactive. On the other hand, high-temperature bottom ash (FA) exhibits significant shrinkage and
extremely slow strength development. By mixing these two types of ash, we expect to create a binder
that is dimensionally stable and also meets other performance criteria (workability, long-term strength) at
sufficient levels.

In this study, the binder SORFIX, based on fluidized fly ash, and high-temperature bottom ash from
the TuSimice power plant were used. The bottom ash was alkali-activated (AA) using a solution of
sodium hydroxide and sodium water glass. The main parameter monitored in the experiment was
volumetric stability, with compressive strength being a secondary criterion. Reference mixtures made
solely from individual binders were also produced. Mixtures with a ratio close to 50:50 could not be
manufactured due to the high reactivity of FBC. Pastes with ratios ranging from 10:90 to 20:80 appear
optimal in terms of the monitored parameters.

Keywords: alkali activation, compostite binder, volumetric changes, schrinkage, fly ash, fluidized bed
ash, FA, FBC
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Souhrn

V této praci byl zkouman vliv riznych hydraulickych pojiv a popilkt z fluidniho spalovani smési uhli
a biomasy (CC-BMA) v poméru 4:1 na vyvoj hydratacniho tepla malt béhem hydratace. Byly vybrany
loZovy a uletovy popilek z elektrarny Hodonin (CEZ EP a.s., CZ), u kterych byla posouzena hydrataéni
kapacita pro mozZné vyuZiti ve stavebnictvi. Soucasné byl zkouman vliv mleti popilkd na vyvoj
hydratacniho tepla. Dale byla méfena malta z Portlandského cementu, pojiva Sorfix na bazi fluidnich
popilkt a alternativniho bezslinkového pojiva 3C na bazi kalcinovanych jilt. Kalorimetricka méfeni byla
provédéna pomoci semi-adiabatického kalorimetru dle normy CSNEN 196-9. Druhou srovnévaci
metodou bylo méreni vyvinu teploty béhem hydratace smési v soustavé uzavienych Dewarovych nadob.
Bylo zjisténo, Ze malta s cementem dosahla nejvét§iho hydratacniho tepla po 72 hodinach. U malt
s bezslinkovym pojivem 3C a malty s pojivem Sorfix byl zaznamenan hlavni nardst hydratacniho tepla
v pocatcich méreni vlivem hydratace volného vapna a anhydritu. Malty s dletovym popilkem CC-BMA
zaznamenaly nizky narust hydratacniho tepla, pricemz vice jemny popilek dosahl vy$§iho hydrataéniho
tepla. U malt s loZovym popilkem CC-BMA béhem mérfeni hydratacni reakce neprobéhly.

Klicova slova: kalorimetrie, hydratacni teplo, bezslinkové pojivo 3C, fluidni popilek CC-BMA,
ekologie

Uvod

Biomasa predstavuje jeden z nejstarSich zdroji energie, jehoz vyznam v poslednich desetiletich opét
roste v souvislosti s tlakem na udrZitelnou energetiku. Spalovani biomasy je povazovano za emisné
neutralni, protoze mnozstvi CO, uvolnéného pfi spalovani odpovida mnozstvi absorbovanému bé&hem
rastu rostlin 1. Nejéast&ji se vyuziva rostové spalovani, které je vhodné pro vih&i a hrub$i materidly, ale
ma niz8i ucinnost. ModernéjSi metodou je spalovani ve fluidnim loZi, které umozriuje efektivngjsi
praskové spalovani, které je nevhodné pro vétSinu biomasy kvuli nutnosti jemného mleti a riziku tvorby
spedeného popela ?, . V soutasné dobé je ve vybranych elektrarnach provozovano fluidni spalovani
biomasy spole¢né s uhlim. Takto vznikly popel (CC-BMA) se déli na loZovy a uletovy, dle mista odbéru
z procesu. Chemické a fazové slozeni CC-BMA popell je zavislé na sloZeni smési, ktera je spalovana.
Maijoritnimi slozkami jsou SiO,, CaO, MgO, dale pak Al,Os, alkalické prvky, chloridy a zbytky
nevyhotelého uhliku *, °. Mineralogické sloZeni souvisi i stypem spalovani, sou¢asné muize byt
ovlivnéno i procesem odsifovani. Popilky z fluidnich kotli obsahuji nej¢asté&ji kfemen, hlinito-kfemicité
mineraly, vapenec, volné vapno, anhydrit a daldi *. Vysledkem je, Ze takto vznikly popilek mize mit
pucolanové, resp. i hydraulické vlastnosti. Pro vyuZiti popela ve stavebnictvi nicméné plati evropska
norma EN 450-1 °, ktera stanovuje pozadavky na chemické a fyzikalni vlastnosti popela pro pouziti
v betonu dle EN 206-1, a v CR také normy CSN 72 2071, CSN 72 2072 a CSN 72 2080 pro popel
z fluidniho spalovani, tabulka 1.
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Tabulka 1: Pozadavky na chemické slozeni popilku dle normy EN 450-1

Chemické slozeni Kritérium
CI <0,1 hm. %
SO; <3,0 hm. %
CaO <10,0 hm. %
SiO, >25,0 hm. %
SiO, + AlLO3 + Fe,03 | >70,0 hm. %
Na,Oeq <5,0 hm. %
MgO <4,0 hm. %
P,Os <5,0 hm. %

V roce 2023 byla produkce fluidnich popilkd v CR pFiblizné 1,081 milionG tun, coz &inilo asi 12,3 %
z celkové roéni produkce vedlejSich energetickych zdroji (VEP) 7. JelikoZ je jejich vyuziti jako pfimési do
beton( z pohledu normy CSN EN 450 — 1 ° zakazano, je jejich uplatnéni velice omezené, a proto &asto
konCi na slozistich bez wvyuziti. Pfesto jsou fluidni popilky vzhledem ke svym hydraulickym
a pucolanovym vlastnostem nadéjnym materialem pro vyuziti ve stavebnictvi. Zajimavym zplsobem
zpracovani fluidnich popilkl se zabyva pracovni skupina na VSCHT, ktera ve spolupraci s CVUT a CEZ
EP vyviji alternativni hydraulické pojivo Sorfix 2, °, '°. Sulfato-vapenaté pojivo Sorfix je smés fluidniho
popilku, které mize navic obsahovat vapenec, vysokoteplotni popilek, kifemicity ulet a vysokopecni
strusku. Nezbytnou slozkou pojiva je plastifikator na bazi polykarboxylatd. Na zakladé poznani
hydraulického pojiva Sorfix bylo dale pfipraveno nové alternativni pojivo 3C — podle tfi majoritnich
slozek, ze kterych se sklada — kalcinovany jil, anhydrit Il a vapno ', *2. 3C pojivo je bezslinkové,
dlouhodobé stabilni, hydraulické pojivo, jehoz hlavni slozkou je kalcinovany amorfni aluminosilikat. Dale
obsahuje bezvody anhydrit CaSQ,, coz toto pojivo odliSuje od ostatnich doposud znamych sulfato-
vapenatych pojiv. Tato sloZka se v pojivu pohybuje v mnozstvi 8 — 45 %. Posledni sloZkou 3C pojiva je
vapno v palené (Ca0), &i hasené (Ca(OH),) formé 3, %,

Hydrataci anorganickych pojiv Ize obecné rozdélit do tfi fazi, tj. indukeni faze, faze tuhnuti a faze
tvrdnuti. Hydratace cementu je pomérné dobie popsana, kdy v indukéni fazi dochazi k rychlé hydrataci
kalciumaluminatu Cz;A a je spojena s intenzivnim vyvojem tepla. Po nékolika minutach v8ak dochazi
k atlumu vyvoje tepla vlivem retardacniho mechanismu sirant a k tvorbé ettringitu. Rychlé hydrataci
podléha i hlavni slinkovy mineral alit CsS. Rychlost rozpousténi a hydratace C3S v prvnich minutach
hydratace nelinearné klesa az do okamziku rovnovahy nasyceni roztoku Ca** ionty. Od prvni chvile
kontaktu vody s cementem vznika tzv. C-S-H faze, ktera je hlavnim nositelem pevnosti cementu. Po 2 — 3
hodinach zacina faze tuhnuti, ktera se vyznacuje velkym vyvinem tepla, ktery znaci hydrataci hlavni
slinkové faze Cs;S. Béhem tohoto déje vznika C-S-H faze a portlandit. Do faze tvrdnuti pfechazi
hydratace cementu pfiblizné po 5-8 hodinach. V této fazi zac€ina probihat hydratace C,S a dochazi
k rozpadu ettringitu na monosulfat. Na kfivce hydratace jsou tyto dva déje znazornéné drobnym
narGistem tepelného toku ', *°, **. Konkrétni prace na hydrataci CC-BMA pouzitého samostatné jako
pojivo nebyla v ramci reSerse nalezena. V nasledujicich pracech ', *® byl popilek CC-BMA pouzit jako
pfimés do cementu (SCM). Bylo dokazano, ze u cementové malty s 25% nahradou CC-BMA dochazi ke
snizeni hydrataéniho tepla a k negativnimu ovlivnéni zpracovatelnosti *’. U pojiv s fluidnim popelem —
Sorfix a 3C probiha hydratace rozdilnym zplisobem, nez jaky je u cementu. Pribéh vyvinu tepla v ¢ase
zavisi predevsim na chemickém a mineralogickém sloZeni. V praci Betakové a kol. ** bylo zjist&no, ze
u pojiva 3C pfipraveného ze slozek metakaolinu, anhydritu Il a haseného vapna, zavisi vyvin tepla na
mnozstvi metakaolinu. U pojiva 3C pfipraveného z vapna paleného a u pojiva Sorfix, které také obsahuje
palené vapno, dosud nebylo provedeno méfeni vyvinu tepla b&hem hydratace. Lze v8ak s jistotou
pfedpokladat, Ze na samotném zacatku méfeni dojde k silné exotermni reakci, béhem které dojde
k hydrataci paleného vapna.

Mezi hlavni faktory ovliviujici rychlost hydratace a uvolfovani hydrataéniho tepla patfi pfedevsSim
chemické a mineralogické sloZeni pojiv. Rychlost hydratace dale zavisi na vnéjSich podminkach, a to
prfedevsim na teploté a vodnim souciniteli smési (w). Idealni vodni soucinitel pro hydrataci portlandského
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cementu se uvadi 0,38, je -li vodni souginitel niz$i, dochazi k netpIné hydrataci cementu *°, °. Za
standardnich teplot mezi 20-25 °C dochazi k vrcholu toku tepla vlivem hydratace po 12 hodinach
hydratace. Je-li teplota vyssi, rychlost hydratace se urychluje, naopak pfi nizSich teplotach dochazi ke
zpomaleni hydrataénich d&ju **. Na rychlost hydratace ma soucasné velky vliv i velikost &astic pojiva,
resp. mérny povrch. U klasickych cementl se uvadi hloubka hydratace zrna po dobu 6 mésici mezi
3 —15 um %. Z toho vyplyva, Ze hrub& namlety cement obsahujici hrubé &astice slinku miize mit nizsi
hydratacni teplo nez jemné namlety.

Hydratacni teplo pojiv patfi mezi jejich zakladni charakteristiky. U alternativnich pojiv, jako jsou pravé
pojiva Sorfix a 3C, obsahujicich volné vapno dochazi k silnym exotermickym reakcim na pocatku
hydratace, coz mize byt nasledné spojeno se smrstovacimi trhlinami. Je proto nutné znat hydratacni
kfivky téchto pojiv a na jejich zakladé optimalizovat jejich slozeni — napf. pfidavkem Ca(OH), namisto
Ca0. Hydratacni teplo je méfeno tfemi standardizovanymi metodami, a to: rozpoustéci metodou
(EN 196-8), semi-adiabatickou (EN 196-9) a izotermni vodivostni kalorimetrickou metodou (EN 196-11).
Pro idealné tepelné izolovany systém Ize z prvniho termodynamického zakona odvodit, Ze zména teploty
vyvinuté hydrataci malty neni zavisla na hmotnosti malty. V realnych systémech vSak dochazi
k tepelnym ztratam, které plsobi proti rastu teploty b&éhem hydratace. V takovych systémech hmotnost
malty ovliviiuje vyvin teploty diky tepelné kapacité, ktera roste s rostouci hmotnosti malty 2. Hmotn&;si
malta ma vyssi tepelnou kapacitu a ochlazovani diky tepelnym ztratdm probiha pomaleji. Navic vétsi
vrstva malty kolem méficiho termoclanku vytvari dalSi izolacni vrstvu. DalSim ovliviujicim faktorem je
tepelna izolace zafizeni, ve kterém hydratace probiha.

V této praci je hydrataéni teplo pojiv méfeno semi-adiabatickou metodou dle normy EN 196-9. Dale
bylo provedeno paralelni méfeni vyvinu tepla vlivem hydratace pojiv v uzavienych Dewarovych
nadobach, které klade vyrazné mensi naroky na pristrojoveé vybaveni, a navic je jednodussi na realizaci.
Soucasné bylo provedeno srovnani téchto dvou metod.

Experimentalni ¢ast
Suroviny

Pro kalorimetrickd méFeni byly vybrany loZové a uletové popilky (oznadeno EHO LP, EHO UP)
z elektrarny Hodonin (CEZ EP a.s., CZ), které vznikly z fluidniho spalovani smési uhli a biomasy
v poméru 4:1 pfi teploté cca 850 °C. Popilky byly mlety v omilacim bubnu pro diskontinualni mleti OM-20
(Brio Hranice, CZ) po dobu 15 minut (oznaceno Il) a 45 minut (oznaceno V), obrazek 1.
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Obrazek 1: Fotografie pouZitych surovin — zleva nahofe CEM, EHO LP II, EHO LP IV, EHO UP I,
EHO UP IV, SFX, 3C M1, 3C M5
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Dale byla pouzita tfi referenéni hydraulicka pojiva, konkrétné Portlandsky cement CEM | 42,5 R
(oznaceno CEM) z cementarny Mokra (Heidelberg Materials CZ, a.s., CZ), pojivo Sorfix (oznateno SFX)
na bazi fluidnich popilk (CEZ EP a.s., CZ) a nové bezslinkové hydraulické pojivo 3C na bazi
kalcinovaného jilu, anhydritu All a vapna, které bylo pfipraveno dvéma zpusoby, samostatnym vypalem
surovin (oznac¢eno 3C M1) a spoluvypalem surovin (ozna¢eno 3C M5). Obé 3C pojiva byla vypalena ve
statické peci. Pro pFipravu 3C pojiva byl pouzit jil L05 (CLUZ, CZ), energosadrovce z elektrarny Tusimice
(CEZ, CZ) a vapenec (Certovy schody, CZ). Pojivo 3C M1 bylo smichano ze samostatné vypalenych
3 surovin — jilu, energosadrovce a vapence — vpoméru 65:20:15. Pojivo 3C M5 bylo vyrobeno
spole¢nym vypalem 3 surovin tak, aby po vypalu bylo chemické slozeni stejné, jako u pojiva 3C — M1.
Chemické (XRF) a fazové (XRD) slozeni vybranych popilkQl a pojiv je prezentovano v tabulce 2 a 3.
Zakladni fyzikalni vlastnosti jako je velikost Castic, hustota a mérny povrch je prezentovano v tabulce 4.

Tabulka 2: Slozeni surovin XRF (hm. %)

XRF AlL,O; | SiO, | Fe,05 | Na,O | K,O |MgO | CaO | TiO, | P,Os | SO; | Cl- | Ostatni
CEM 411 | 17,60 | 3,38 | 0,00 | 0,83 | 1,45 | 67,77 (0,31 | 0,16 | 3,79 | 0,03 | 0,56
EHO LP 8,08 | 68,48 | 2,07 | 1,03 | 3,87 | 2,65 [10,94|0,32 | 1,48 | 0,48 0,11 | 0,60
EHO UP 11,26 | 41,83 | 4,96 | 1,18 | 517 | 4,47 | 23,37 (0,76 | 2,61 | 2,85|0,39 | 1,54
SFX 26,60 | 33,80 | 4,60 | 0,10 | 0,60 | 0,70 | 21,60 | 2,50 | 0,00 | 9,00 | 0,00 | 0,50
3C M1 32,14 (33,32 0,60 | 0,13 | 0,40 | 0,43 | 24,92 | 1,22 | 0,06 | 6,62 | 0,00 | 0,16
3C M5 30,37 (32,01 0,63 | 0,13 | 0,40 | 0,46 | 25,87 | 1,18 | 0,07 | 8,67 | 0,02 | 0,18
Tabulka 3: Slozeni surovin XRD (hm. %)
o -

- E o c = 5 2 -% —

XRD £ S |elc |38 2|8 |5 (2|8 - g |E
) pu c = = S c > = o) = o = = ©

E |8 |5 |2 |3 |8 | & | €E |5 |8 v |2 |2 |5

< T 4 m*= 0 X > < o O < N2 < < (@)

CEM 29 (43 [15 |4 2 0 0 0 2 0 0 3 0 0 2
EHO LP 45 |0 0 0 0 20 |5 8 1 2 0 6 6 4 3
EHO UP 59 |0 0 0 0 9 6 13 |2 1 1 0 4 1 4
SFX 58 |0 0 0 0 8 6 15 |6 0 2 0 0 0 5
3C M1 47 |0 0 0 0 6 12 |26 |5 2 2 0 0 0 0
3C M5 54 |0 0 0 0 5 6 27 |4 2 2 0 0 0 0

Tabulka 4: PSD — rozdéleni velikosti ¢astic — kvantily, D10, D50 a D90, hustota a mérny povrch

PSD [um] Hustota Mérny povrch

D10 D50 D90 [g.cm™] [cm2.g™]
CEM 2,30 13,36 40,90 3,417 3760
EHO LP II 3,05 41,11 143,00 2,856 2723
EHO LP IV 1,77 10,28 44,39 2,962 5 044
EHO UP Il 1,84 10,87 47,42 2,953 5 647
EHO UP IV 1,34 7,618 40,62 2,984 7 920
SFX 1,60 12,10 73,00 2,640 10 106
3C M1 2,36 23,26 95,48 2,433 5 437
3C M5 2,82 23,54 99,13 2,467 3584
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Priprava malt

Prvnim krokem bylo navazeni suchych slozek v poméru 1 dil pojiva ku 3 dilim pisku. Hmotnost 1 dilu
byla 489 g. Nasledovala suchad homogenizace po dobu 30 s. Po pfidani destilované vody o vodnim
souciniteli w = 0,5 byla malta michana v laboratorni micha¢ce ToniMix (Toni Technik, DE) dle EN 196-9
po dobu 2 minut. U vyroby malt s vy§§im obsahem volného vapna — SFX, 3C M1 a M5 — byl do
zamésové vody pfidan plastifikator v mnozstvi 2 hm. % na hmotnost pojiva, z ddvodu dosazeni stejné
zpracovatelnosti vSech smési. Po smichani byly naplnény méfici nadoby, které byly vioZzeny do
kalorimetru (1575 g) a Dewarovy nadoby (400 g) za ucelem méfeni hydrataéniho tepla.

Metody

Rentgenova fluorescencni analyza (XRF) byla provedena za ucelem zjisténi prvkového slozeni
surovin. Byla méfena na sekvenénim rentgenovém spektrometru ARL 9400 XP (Thermo Scientific ARL,
CH). Intenzity spektralnich €ar prvkd byly méfeny programem WinXRF a naméfena data byla
vyhodnocena pomoci softwaru Uniquant 4. Rentgenova difrakéni analyza (XRD) byla provedena za
ucelem zjisténi fazového sloZeni surovin. Byla méfena na praskovém difraktometru X’ Pert® (PANalytical,
NL). Vysledky kvalitativni a kvantitativni analyzy byly vyhodnoceny pomoci programu HighScore Plus 5
(PANalytical, NL). Do vzork( bylo pfidano ZnO jako interni standard pro kvantifikaci amorfni faze. Dale
byly méfeny vybrané fyzikalni vlastnosti surovin. Distribuce velikosti ¢astic (PSD) byla stanovena pomoci
laserového granulometru Bettersizer ST (Dandong Bettersize Instruments, CN). Hustota byla méfena
heliovym pyknometrem Pycnomatic ATC Evo (Microtrac, DE) a mérny povrch byl méfen automatickym
Blainovym (Testing, DE) dle normy EN 196-6 2.

Pro méfeni hydrataéniho tepla dle normy EN 196-9 ?* byl pouzit semi-adiabaticky kalorimetr
Langavant Method Calorimeter (Testing, DE). Pfiprava a méfeni probihalo po dobu 72 hodin dle
pfislusné normy. Vysledky jsou prezentovany jako aktualni tepelny tok v mW/g se zaméfenim na prvnich
24 hodin méfeni, ktery byl vypocten derivaci teplotniho toku v J/g podle Easu t. Tento pfepocet je Iépe
srovnatelny s dostupnou literaturou a poskytuje informace o prubéhu hydratace v ¢ase. Pro stanoveni
hydrata¢ni teploty malt pomoci Dewarovych nadob, byla sestavena sada dvou nadob, které byly
vybaveny hornim polystyrenovym té&snénim. Prvni, referenéni, nadoba byla naplnéna kfemiCitym
piskem. Do druhé nadoby byl do 6 minut po smichani pojiva s vodou umistén kelimek s 400 g Cerstvé
malty. Vikem obou nadob byl provie€en termoclanek Termio-2 (Termoprodukt, PL), ktery zaznamenaval
teploty uvniti nadob v 1 minutovych intervalech po dobu 72 hodin. Bylo pouZito stejné uspofadani jako
v praci Betakova a kol. *2. Vyhodnoceni vyvinu teplot prob&hlo pro obé zafizeni identickym zpisobem.
Od hodnot teplot z méficich cel byly odecteny hodnoty z cel referenénich a k rozdilu byla pfipocitana
konstanta 20° C. Ob& méfeni probihala v identické mistnosti se stejnymi klimatickymi podminkami
(zajisténo klimatizaci). Teplota laboratofe byla po celou dobu méfeni 21,5 + 0,5 °C.

Obrazek 2. Semi-adiabaticky kalorimetr (vlevo) dle EN 196-9 a soustava Dewarovych nadob pro
méreni teplot pfi hydrataci (vpravo)
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Vysledky a diskuze

Semi-adiabaticky kalorimetr

Na obrazku 3 je vyobrazen zaznam vyvoje kumulovaného hydrataéniho tepla dle EN 196-9
v zavislosti na Case. Po 72 hodinach dosahla nejvétsi hodnoty hydratacniho tepla malta CEM, a to
374,7 J/g. Poté nasledovala malta 3C M1 s hodnotou 323,5 J/g, malta 3C M5 278,0 J/g a malta SFX
263,6 J/g. Malty vyrobené z popilkd z uhli a biomasy (EHO) dosahovaly vyrazné nizSich hydratacnich
tepel, malta z lozového popilku EHO LP nizsi desitky J/g a malta z uletového popilku EHO UP vyS$Si
desitky J/g. Hodnoty kumulovaného hydratacniho tepla v danych &asech jsou pfehledné vypsany
v tabulce 5.
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Obrazek 3: Vyvoj hydratacniho tepla malt z méreni v Semi-adiabatickém kalorimetru

U malt CEM, SFX, 3C M1 a 3C M5 byl pozorovan odlisny pribéh hydratace v porovnani s maltami
EHO LP a UP. Prabéh hydratace CEM, SFX , 3C M1 a 3C M5 Ize rozdélit na tfi faze, podobné jako
u hydratace cementu dle dostupné literatury **, *°, '® a to na indukéni fazi, fazi tuhnuti a fazi tvrdnuti,
obrazek 3, 4. Indukéni faze je spojena s velkym vyvinem hydratacniho tepla, coz je charakterizovano
vysokym pikem na pocatku méfeni. Nejvyssi hodnoty hydratacniho tepla v prvni fazi dosahly malty se
sulfato-vapenatym pojivem 3C M1 a 3C M5.

Zvy$ena hodnota byla zaznamenana i pro SFX a nasledné i pro EHO UP. P¥iginou je vy$si podil
rychle hydratujiciho volného CaO a obsah anhydritu, ktery ma za nasledek silné exotermni reakci, pfi
které vznika primarni ettringit #°, ?°. PFitomnost ettringitu v t&chto pojivech byla navic prokazana
v pfedchozich pracich ?°, 8 ' 12 Kvantitativné je hydrataéni teplo v ¢ase 0,33 h u malt 3C vice nez
dvakrat vySSi nez u malty SFX, coz odpovida pfiblizné dvakrat vy$§§imu obsahu anhydritu v pojivu, viz
tabulce 3.

Niz8iho indukéniho piku dosahla malta CEM, ktera dle mineralogické analyzy obsahuje v porovnani
s ostatnimi pojivy zanedbatelné mnozZstvi volného CaO a anhydritu/sadrovce. U malty CEM dochazi
mimo tvorbu ettringitu dale k hydrataci kalciumaluminatd, coz je popisovano v pracich o hydrataci
po 3 hodinach méfeni a hodnoty nepfesahly 14 J/g. Indukéni faze dozniva mezi 1. — 3. hodinou méfeni,
coz znaci lokalni minima, obrazek 4. Po této fazi pfichazi faze tuhnuti. V této fazi zacina u klasickych
cementt tvorba C-S-H faze, jak je popisovano v praci Kasal a kol. *°.

C-S-H faze je taktéz tvofena v sulfato-vapenatych pojivech, coz bylo prokazano pomoci MAS-NMR
v nasleduijicich pracich 8, °. Faze tuhnuti je zaznamenana prudkym nartistem hydrataénich tepel. Konec
této faze nelze jasné definovat, ponévadz pfechod do faze tvrdnuti je plynuly a u kazdého pojiva je
rozdilny v zavislosti na rozdilném prubéhu hydratace, zpravidla vSak byva oznacovan maximem na
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hydratacni kfivce — hlavni hydratacni pik. Malta CEM dosahla nejvy$siho hlavniho piku, a to v ¢ase 12
hodin, nasledné malta 3C M1 v ase 11 hodin, poté malta 3C M5 v ¢ase 5 hodin a nakonec malta SFX
v ase 14 hodin. U malt EHO LP doSlo po skon&eni induk&ni faze k ustaleni vyvinu hydratacniho tepla
bez dal§iho vyrazného piku. U malt EHO UP Il a UP IV doslo k nepatrnému zvy$eni hydrataéniho tepla
po 18 hodinach, resp. po 13 hodinach hydratace. Tyto vysledky naznacuji, ze v téchto systémech
prakticky nedochazi ke vzniku C-S-H faze, jez je doprovazena charakteristickym pikem bé&hem faze
tuhnuti, resp. tvrdnuti smési.

Tabulka 5: Hodnoty tepelnych tokid malt v ¢asech 0,33, 12, 24, 48, 72 hodin a maximalni dosaZzena
teplota béhem hydratace

Malt Hydrataéni teplo [J/g] Teplota
ata 0,33 h 3h 12h 24 h 48 h 72h Max [°C]
CEM 19,3 34,9 182,4 290,8 355,8 374,7 48.0
EHO LP I 9,6 13,3 16,2 18,6 22,2 25,9 21,8
EHO LP IV 2,2 3,2 4,7 6,1 8,8 11,5 20,5
EHO UP I 29,4 36,6 46,1 60,5 73,5 84,3 25,2
EHO UP IV 39,5 442 57,9 72,2 89,0 102,7 26,3
SFX 32,9 62,7 169,8 249,2 260,2 263,6 46,1
3C M1 88,7 134,1 262,8 308.,4 319,4 3235 50,6
3C M5 91,9 123,7 246,5 265,0 273,5 278,0 49,0
i Indukéni faze Faze tuhnuti Faze tvrdnuti
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Obrazek 4. Aktualni hydrataéni teplo malt vypocétené derivaci hydrataéniho tepla podle ¢asu
Z méfeni v Semi-adiabatickém kalorimetru

Vliv mleti, resp. vy$8i mérny povrch u popilkd z biomasy (EHO UP IV a EHO LP IV), mél na vysledné
hodnoty hydrataéniho tepla jen maly vliv. Malta EHO UP IV s vy$$im mé&rnym povrchem dosahla vy3$iho
hydrataéniho tepla po 72 hodinach (102,7 J/g) nez malta EHO UP II s hrub$im popilkem (84,3 J/g), coz
koresponduje s vysledky z literatury *°. Naproti tomu malta EHO LP IV s vy$8im mérnym povrchem
dosahla nizsiho hydratacniho tepla po 72 hodinach (11,5 J/g) ve srovnani s maltou EHO LP 1l (25,9 J/g).
Takto nizké hodnoty hydratacniho tepla jsou nicméné obecné diskutabilni a opacny trend, nez byl
oCekavan, mize byt zpusoben ur€itou chybou méfeni dané metody.
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Obrazek 5. Vyvoj teplot béhem hydratace malt z méreni v Semi-adiabatickém kalorimetru

Obrazek 5 znazornuje zaznam teplot naméfenych béhem hydratace malt. NejvySSich teplot béhem
hydratace dosahly smési 3C M1 — 50,6 °C a CEM - 48,0 °C. Nasledovala malta 3C M5 s hodnotou
teploty 47,4 °C a malta SFX s hodnotou teploty 46,1 °C. Malty s popilky z biomasy EHO zaznamenaly
maly narust teploty ihned po umichani smési, poté byly v ramci odchylky konstantni az do konce méfeni.
Maximalni dosazené teploty jsou zaznamenany v tabulce 5. Obrazek 5 popisujici vyvin teplot b&hem
mérfeni reflektuje vyvin hydrataéniho tepla z obrazku 4, avSak hodnoty maxim jsou posunuty dal od
pocatku méfeni. To nasvéd&uje kumulaci a setrvacnosti tepla v méfici cele.

Soustava Dewarovych nadob

Nasledujici obrazek 6 popisuje vyvin teplot vlivem hydratace malt v soustavé Dewarovych nadob.
NejvysSich teplot béhem hydratace dosahly smési 3C M1 — 30,4 °C a 3C M5 — 28,6 °C. Rychly narust
teplot ihned po smichani malty s vodou nasvéd&uje opét rychlé hydrataci volného CaO a tvorbé ettringitu
v pojivu**. Nasledovala malta CEM s hodnotou teploty 27,9 °C a malta SFX s hodnotou teploty 25,1 °C.
Hydratace malty CEM probihala v prvnich hodinach pozvolné, prudky narist teploty mezi 4 az 18
hodinou od zamichani malty s vodou nasvéd&uje tvorb& C-S-H faze ze slinkovych mineralt *°.

Malty s popilky z biomasy EHO UP zaznamenaly narGst teploty ihned po zamichani s vodou, malty
s popilky EHO LP nezaznamenaly zadny narlst teploty béhem méfeni. Tento systém usporadani méreni
byl jiz vyuzit v praci Betakova a kol. *2. pro stanoveni hydrataénich tepel kasi riznych 3C pojiv a
cementu CEM 42,5 R. Jelikoz tato prace byla provedena na maltach, Ize s touto praci srovnavat pouze
okrajové. Nicméné pro kasi CEM v praci Betakova a kol. * a pro maltu CEM v této praci byl volen stejny
cement. Malta CEM dos&hla maximalini teploty po 16 hodinach od zagatku méfeni, zatimco kase CEM **
po 11 hodinach méreni. Z tohoto vysledku Ize pfedpokladat, Ze vyvin teploty v maltach probiha pomaleji.

Odlisné vysledky byly zaznamenany i pro smési obsahujici pojivo 3C. U malt 3C M1 a 3C M5 byl
zaznamenan nejvétsSi vyvin teploty na pocatku méfeni, coz nekoreluje s vyvinem teplot 3C pojiv
méfenych ve srovnavaci praci 2. To je zplsobeno odlisnymi vstupy v pfipravenych systémech, kdy
Betakova a kol. *? pouzili jako zdroj Ca?* hydroxid vapenaty, zatimco v této praci je pouzit oxid vapenaty.
Tento vysledek jasné poukazuje na rychlost vyvinu tepla rychle hydratujiciho volného CaO.
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Obrazek 6: Vyvoj teplot béhem hydratace malt z méreni v Dewarovych nadobéach

Srovnani méreni ze semi-adiabatického kalorimetru a méreni z Dewarovych nadob

Podle predpokladu vSechny malty méfené v Dewarové nadobé dosahly niz8ich maximalnich teplot
v porovnani s maximalnimi teplotami ze Semi-adiabatického kalorimetru. Nasledujici tabulka 6 obsahuje
hodnoty maximalnich dosazenych teplot vliivem hydratace malt. Je zajimavé, Zze u vSech pojiv tvoficich
prokazatelné C-S-H fazi (CEM, SFX, 3C) byl zaznamenan rozdil v teplotdch kolem 20 °C. Popilky
z biomasy EHO naproti tomu vykazuji jen minimalni rozdil teplot, coZz souvisi celkovymi nizkymi
hodnotami hydratacnich tepel. Bodovy graf vyneseny z hodnot maximalnich teplot z obou méreni
potvrzuje pozitivni linearni zavislost, viz obrazek 7.

Lze tak konstatovat, ze Dewarova nadoba muze slouzit jako dostupny a prakticky nastroj pro
orientani posouzeni tepelného vyvoje béhem hydratace pojiv, zejména v pfipadech, kdy neni
k dispozici standardizované zafizeni dle EN 196-9. Ackoliv jeji izolaéni vlastnosti nejsou tak ucinné jako
u semi-adiabatického kalorimetru, umoznuje sledovat relativni rozdily mezi jednotlivymi typy malt a pojiv.
Jeji vyuziti je vhodné zejména pro srovnavaci studie, kde je cilem identifikovat materialy s vy$Si nebo
niz8i hydratacni aktivitou, nikoliv pfesné kvantifikovat hydrataéni teplo.

Tabulka 6. Srovnani maximalnich dosazenych teplot béhem hydratace v Semi-adiabatickém
kalorimetru a Dewarové nadobé

Teplota ze Semi-adiabatického Teplota z Dewarovy

Malta kalorimetru nadoby AT

Max [°C] Max [°C] [°C]
CEM 48,0 27,9 20,1
EHO LP II 21,8 20,4 1,4
EHO LP IV 20,5 20,2 0,3
EHO UP II 25,2 22,0 3,2
EHO UP IV 26,3 23,1 3,2
SFX 46,1 25,1 21,0
3C M1 50,6 30,4 20,2
3C M5 47,4 28,6 18,8
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Obrazek 7: Srovnani mezi namérenymi maximalnimi teplotami v Dewarové nadobé a
Semi-adiabatickéem kalorimetru

Zaver
Tato prace se vénovala méfeni hydrataéniho tepla malt obsahujici fluidni popilky ze spoluspalovani
uhli s biomasou a malt se sulfato-vapenatymi pojivy (3C M1, 3C M5, SFX) pfiCemz bylo zjisténo:

e Pribéh hydratace sulfato-vapenatych pojiv byl charakteristicky prudkym nartstem teploty
v pocatecni fazi méreni, coz souvisi s pfitomnosti volného CaO a anhydritu.

e Vysledky u popilkl z biomasy spalované spolu s uhlim naznacuji, ze v téchto systémech
probihaji hydrataéni procesy pouze velmi slabé.

e Vliv mleti, resp. vy$&i mérny povrch u popilki z biomasy (EHO UP IV a EHO LP V), mél na
vysledné hodnoty hydrata¢niho tepla jen maly vliv.

e Maximalni dosazené teploty ze semi-adiabatického kalorimetru a Dewarovych nadob byly
proloZzeny linearni regresni kfivkou s vysokym koeficientem determinace R? 0,9021. Z tohoto
divodu se Dewarovy nadoby jevi jako vhodna alternativa pro srovnavani reaktivity jednotlivych
malt.

e Semi-adiabaticky kalorimetr prokazal v porovnani s Dewarovymi nadobami vy$3i schopnost
izolace, navic sofistikovany zaznam méreni poskytuje mnoho dualezitych dat o hydrataci mailt.
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Study of methods for measuring the hydration heat of fly ash from biomass
co-combustion and alternative sulfocalcic binders
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Summary

In this work, the effect of various hydraulic binders and fly ashes from fluidized combustion of a coal
and biomass mixture (CC-BMA) in a 4:1 ratio on the development of the hydration heat of mortars during
hydration was investigated. Bed and fly ash from the Hodonin power plant (CEZ EP a.s., CZ) were
selected, and their hydration capacity for possible use in construction was assessed. At the same time,
the effect of ash grinding on the development of hydration heat was studied. Mortars made of Portland
cement, Sorfix binder based on fluidized fly ash, and an alternative clinker-free 3C binder based on
calcined clays were also measured. Calorimetric measurements were carried out using a semi-adiabatic
calorimeter according to the CSN EN 196-9 standard. A second comparative method was the
measurement of temperature evolution during hydration of mixtures in a system of closed Dewar
vessels. It was found that the mortar with cement reached the highest hydration heat after 72 hours. For
mortars with the clinker-free 3C binder and Sorfix binder, the main increase in hydration heat was
observed at the beginning of the measurements due to the hydration of free lime and anhydrite. Mortars
with CC-BMA fly ash recorded a low increase in hydration heat, with the finer ash achieving a higher
hydration heat. In mortars with CC-BMA bed ash, no hydration reactions occurred during the
measurement.

Keywords: calorimetry, hydration heat, Clinker-free binder 3C, Fluid ash CC-BMA, ecology
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Vliv odpadni celulézy na viastnosti autoklavovaného
poérobetonu

Lenka MESZAROSOVA, Vit CERNY, Jindfich MELICHAR, Simon BARANEK,
Jakub HODUL, Rostislav DROCHYTKA

Vysokeé uceni technické v Brné, Fakulta stavebni, Veveri 331/94, 605 00 Brno,
e-mail: lenka.meszarosova@vut.cz

Souhrn

Prispévek se zabyva hodnocenim vlivu pfidavku celulozovych viaken, a to primarni mikrocelulozy
a odpadni celulézy (v mnoZstvi 0,5 %, 1,0 % al1l,5 % hm.) na technologické vlastnosti v prabéhu
pfipravy a také fyzikdiné mechanické viastnosti autoklavovaného poérobetonu. Cilem bylo
experimentalné ovérit, jakym zpusobem celulézova viakna ovliviuji zakladni vlastnosti: objemovou
hmotnost, pevnost v tlaku, koeficient konstruktivnosti, pérovou strukturu a mikrostrukturu vysledného
materialu. atim soucasné provéfit moznosti vyuZiti papirového odpadu jako pfimési pfi vyrobé
poérobetond. Z vysledk( vyplyva, Ze odpadni celulbza mize byt vhodnou alternativni surovinou pro
modifikaci autoklavovaného poérobetonu, jelikoz pomaha zlepsSit mechanické vlastnosti. VyuZiti této
druhotné suroviny tak pfedstavuje environmentalné i technicky pfinosny pfistup k vyrobé lehkych
stavebnich material( s niz§imi environmentalnimi dopady.

Kli¢ova slova: autoklavovany pérobeton, odpadni vidkna, odpadni celuléza, mikrostruktura, pevnost
v tlaku, koeficient konstruktivnosti.

Uvod

Autoklavovany poérobeton je anorganicky kompozitni stavebni material, ktery se vyznaCuje velice
nizkou objemovou hmotnosti (nejéasté&ji 300 az 600 kg-m™), tvofeny aZ z80 % makropéry a mikropory,
které jsou uzaviené a maji primér do 2,5 mm. Diky této struktufe je poérobeton lehky, ma vyborné
tepelné izolaéni vlastnosti a je velmi snadno opracovatelny, coz zrychluje moznosti vystavby z tohoto
materialu. Velky podil pord ve struktufe vSak zpusobuje jeho kiehkost. Plati, ze se zvySujici se
poérovitosti dochazi ke snizovani pevnosti v tlaku, ktera se obvykle pohybuje v rozmezi 2 az 7 MPa.

Zakladni suroviny pro vyrobu pérobetonu muzeme rozdélit do nékolika skupin: maltoviny, kiemicité
slozky, plynotvorné latky a pomocné suroviny. Mezi maltoviny patfi pfedevSim vapno a cement, které
maji funkci pojiva a vstupuji do hydrotermalnich reakci. Kfemicité slozky jsou zastoupeny nejCastéji
v podobé kifemicitého pisku, ale muaze byt pouzit i popilek nebo struska. Plynotvorné latky byvaiji
pridavany nejCastgji ve formé hlinikového prasku, ktery reaguje s hydroxidem vapenatym obsazenym ve
smési za vzniku vodiku, ktery celou smés nadouva. Jako pomocné suroviny se pouzivaji napf. sadrovec
nebo anhydrit".

Mechanické vlastnosti souvisi porovitosti, s tloustkou stén mezi péry a stupném krystalinity produktd
hydratacnich reakci. Diky hydrotermalnimu oSetieni, které je jednim ze zakladnich kroku primyslové
vyroby, dochazi k mineralogické tranzici z C-S-H |l pfes C-S-H | na tobermorit. Pro jeho optimalni vznik
je dlllezité zachovat pomé&r mezi oxidy CaO a SiO,, ktery se pohybuje mezi0,8 — 1,0.2

Dosavadni vyzkumy v oblasti vyuziti vlaken na organické bazi prokazaly, ze pfidavek organickych
vlaken, jako jsou napfiklad bambusova celulézova vidkna®, viakna z dfevni hmoty*® a ryzové slupky®, do
autoklavovaného porobetonu mulze zlepSovat jeho mechanické vlastnosti. Jsou-li tyto materialy
davkovany v optimalnim mnozstvi, je diky jejich pfidavku mozné zlepsit jejich pevnosti i o vice nez 20 %.

J. Zhang® v své praci uvadi, Ze pfidani 0,3 % hmotnostnich bambusovych celulézovych nanovlaken
modifikovanych 3-merkaptopropyl-trimethoxysilanem vede ke zvySeni pevnosti v tahu za ohybu 0 49,2 %
a ke zvysSeni pevnosti v tlaku o0 20,7 %. Chemické a mikroskopické analyzy materialu s bambusovymi
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vlakny ukazaly, Ze silanova uprava zlepSuje mezifazovou adhezi a Cerstva smés vykazuje
pseudoplastické chovani s potencialnimi disledky pro zpracovatelnost. Naproti tomu M. Bentchikou’
zZjistil, Ze recyklovana celul6zova viakna v mnozstvi az 15 % hm. snizuji pevnost v tlaku i v ohybu.
Ackoliv hodnoty pevnosti zlistaly v ramci standardnich limit, viakna pomohla snizit objemovou hmotnost
a tepelnou vodivost. Celulézova vlakna také ovliviiuji mezifazové spojeni a strukturu pérd. Zhang®
podrobné popsal, jak siloxanové skupiny chemicky reaguji s hydroxylovymi skupinami na povrchu viaken
a prispivaji ke zlepSeni adheze vldken a matrice. T. Ni® ve své praci zdokumentoval, Ze pfidani
rostlinnych vidken v mnozstvi 1,5 % hmotnosti zvySuje pevnost v ohybu o vice nez 20 % bez
vyznamného vlivu na tlakové pevnosti. Banthia’® zkoumal mozZnosti vyuZiti celulézovych vidken
v klasickém betonu a pfiSel se zjisténim, ze pfidavek celulézovych viaken (pfi davkovani 0,1 — 0,3 % obj.)
ovliviiuje porovou strukturu.

Rozli¢né vyuziti vidken na bazi celuldézy bylo prozkoumano v ramci jinych aplikaci. Dosud provedené
studie uvadéji, ze uginky zavisi na typu vlaken, jejich Upravé, davkovani a zplsobu ptipravy hmoty™.
Chovani odpadnich vlaken na bazi celulozy pfi pfipravé autoklavovaného porobetonu viak nebylo dosud
dostate¢né prozkoumano. Cilem tohoto pfispévku je zhodnotit vliv konkrétnich odpadnich celulézovych
vlaken vzniklych z rozvlaknéni odpadniho papiru na fyzikalné mechanické parametry a zhodnotit tak
potencialni benefity tohoto odpadniho materialu v produkci pérobetonu oSetfeného v hydrotermalnich
podminkach.

Experimentalni ¢ast

Jako vstupni suroviny referenénich vzorka byly pouzity nehasené vapno (s minimalnim obsahem CaO
90 %), cement, fluidni popilek, kfemicity pisek (s obsahem SiO, min. 90 %, pomlety na mérny povrch
200 m?*/kg a velikost &astic viz obrazek 1), siranové kaly (pfipravené z energosadrovce) a hlinikovy
prasek.

Objem [%]
L LT T - ¥ ) B = )TN |

DO

1 1 10 100 1000 3000

Velikost ¢astic [pm]

Obrazek 1: Distribuce velikosti ¢astic pouzitého kfemicitého pisku.

Hlavni slozky byly davkovany dle zakladni receptury v poméru uvedeném na obrazku 2.

mcement mvapno mpisek menergosadrovec mpopilek

REF

Obrazek 2: Zakladni receptura (davkovani v % hm.)
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Upravené receptury navic obsahovaly pfidavek celul6zovych viaken dvojiho typu. Jednak primarni
mikrocelulézu (znaCena MC) a dale celulézu ziskanou rozvlaknénim odpadniho papiru (znacena OC).
Receptura byla modifikovana pfidavkem celul6zovych vidken MC (resp. OC) v mnozstvi 0,5 %, 1,0 %
al5 % hm. Celuléza je polysacharid se sumarnim vzorcem (C¢H1005), a tvofi dlouhé nerozvétvené
fetézce a vlakna obou typu celulézy maiji tedy nepravidelnou strukturu (jak je patrné i z obrazku 3 a 4).

Obrazek 3. Odpadni celuléza (OC) Obrazek 4. Mikrocelul6za (MC)
pri zvétseni 200% pFi zvétseni 200%

Pfitestovani Cerstvé smési byla sledovana konzistence za pomoci zkouSky rozliti. V ramci
predchoziho vyzkumu bylo experimentalné stanoveno, Ze Cerstva hmota ma optimalni konzistenci pfi
rozliti (200 £ 2) mm. Reologické vlastnosti jsou zavislé na teploté Cerstvé smési i okoli. Z tohoto divodu
byly zkousSky provadény v laboratornim prostfedi a vSechny vstupni suroviny byly pfed vlastnim
michanim temperovany na 50 °C. Pozadované konzistence bylo dosazeno pfi vodnim souciniteli w=1,5.
Pro stanoveni miry nakypfeni v ¢ase bylo 100 ml ¢erstvé smési nadavkovano do odmérného valce a byl
sledovan prabéh zmény objemu smési po 2 minutach. Vysledkem méfeni je zavislost procentualni
zmeény objemu na Case. Vzorky ve tvaru krychli o hrané 100 mm byly nasledné autoklavovany
v prostfedi s nasycenou vodni parou s maximalni dosaZzenou teplotou 194 °C s izotermickou vydrzi
8 hodin. Na hydrotermalné oSetfenych vzorcich byla stanovovana objemova hmotnost dle normy
CSN EN 678 ,Stanoveni objemové hmotnosti v suchém stavu autoklavovaného pérobetonu“ a pevnost
vilaku dle normy CSN EN 679 ,Stanoveni pevnosti v tlaku autoklavovaného pérobetonu®. Koeficient
konstruktivnosti byl vypocten jako pomér mezi pevnosti v tlaku a objemovou hmotnosti s bezrozmérnou
jednotkou. Mikrostruktura a porova struktura byly analyzovany vizualné a dale pomoci rastrovaciho
elektronového mikroskopu Tescan MIRAS.

Vysledky a diskuse

Pfidavek odpadni celulézy (OC) ovlivnil proces nakypfeni smési zejména v pocateCnich minutach.
Vzorky s OC vykazovaly rychlejSi narlst objemu, coz naznacCuje zvySenou reaktivitu a efektivngjsi
uvolfiovani plynu. Smési s mikrocelulézou (MC) vykazovaly s rostouci davkou pomalejSi narlist objemu.
Na zakladé vysledkl (viz obrazek 5) Ize fFici, ze pfidavek odpadni celuldézy urychlil a zefektivnil proces
expanze Cerstvé smési bez vyrazného zhorseni stability.
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Obrazek 5: Intenzita nakypreni v Case.

U vzorku s pfidavkem odpadni celulézy doSlo v porovnani s referenéni smési k mirnému snizeni
objemové hmotnosti (0 cca 10 %), coz je dlisledkem zvySené pérovitosti vzniklé pfi nakypreni (obrazek 6
znazornujici rozdily v objemové hmotnosti v€. smérodatné odchylky). Efekt snizujici se objemové
hmotnosti byl vyraznéjSi srostouci davkou vildken (1,0 — 1,5 % hm.), naproti tomu pfidavek
mikrocelulézy nemél na objemovou hmotnost vliv.
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Obrazek 6. Objemova hmotnost.

Pevnostni zkousky ukazaly, ze odpadni celuléza pozitivné ovlivnila pevnost v tlaku, zejména pfi
davkovani 1 a 1,5 % hm., coz je patrné z obrazku 7, na kterém jsou znazornény hodnoty pevnosti vCetné
smérodatné odchylky. Narlst tlakové pevnosti Ize pfiCist lepSimu provazani mezi matrici a vlakny
a rovnomerng;jsi distribuci pora. Mikroceluléza naopak zplsobila mirny pokles pevnosti (az 30% pokles
uvzorku s 1,5% hm. podilem mikroceluldzy). Ukazalo se, Zze odpadni celuléza pfispéla ke zvySeni
mechanické stability autoklavovaného poérobetonu.

Diky koeficientu konstruktivnosti je mozné Iépe posoudit, jakym zpusobem ovliviiuje pfidavek viaken
fyzikalné mechanické parametry, jelikoz sou¢asné zohledriuje hodnoty objemové hmotnosti i tlakové

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 398



Lenka MESZAROSOVA, Vit CERNY, Jindfich MELICHAR, Simon BARANEK, Jakub HODUL a Rostislav
DROCHYTKA: Vliv odpadni celuldozy na vlastnosti autoklavovaného pérobetonu

pevnosti. Zatimco u klasickych cementovych kompozitd, jejichz ménici se vlastnosti vlivem pouziti
celulézovych viaken pii davkovani 0,2 az 0,5 % hm. ve své praci porovnava A. Sitakova'!, dochazi ke
snizovani nejen objemové hmotnosti, ale i pevnosti vtlaku, z vysledkl ziskanych v ramci
experimentalniho ovéfeni na vzorcich porobetonu je patrné, Ze smési s odpadni celulézou dosahovaly
lepSich vlastnosti oproti referenéni smési i oproti vzorkim s mikrocelul6zou. Na zakladé tohoto

porovnani se jako nejvyhodnéjsi jevi davkovani 1 % hm. odpadni celulézy. Pfidavek mikrocelulézy vedl
ke zhorSeni viastnosti.

’ % ’ 0,33 i 0:30 %
0,5 % - 0,20
. b o

REF 0Co,5 0C1,0 MCO0,5 MC1,0 MC1,5

W Pevnost v tlaku o Koeficient konstruktivnosti

Obrazek 7: Pevnost v tlaku a koeficient konstruktivnosti zkoumanych vzorkd.

Vizualni zhodnoceni (obrazek 8 az 10) i mikroskopicka analyza (obrazek 11 az 13) potvrdily, Ze
pfidavek celuldézy ovliviiuje velikost, tvar idistribuci poru. VyuZiti odpadni celulézy vedlo ke vzniku
pravidelnéjSich a rovnomérnéji distribuovanych pord s mensSim pocétem defektd. Naopak pfi pouziti
mikrocelulézy dochazelo bé&hem procesu expanze k postupnému sluCovani plvodné jemné
dispergovanych poru do vétSich celkd, coz vedlo k naruSeni pravidelné poérové struktury materialu
a naslednému poklesu jeho mechanickych pevnosti v dusledku snizené efektivni nosné plochy
matricové faze.

B o

_ - ol ’ullnm'numiu..!..lh \Il;' e i e ——— gy
Obrazek 8: Obrazek 9: Obrazek 10:

Porova struktura Pdrova struktura vzorku Pdrova struktura vzorku

referenéniho vzorku v fezu. s odpadni celulézou (v Fezu). s mikrocelulézou (v Fezu).
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Obrazek 11: Obrazek 12: Obrazek 13:
Porova struktura referencniho Porova struktura vzorku Porova struktura vzorku
vzorku v Fezu prFi zvétseni 20x. s odpadni celulézou pri s mikrocelulézou pfi zvétseni
zvétseni 20x% (v rezu). 20x% (v rezuy).

Z analyzy provedené pomoci elektronové mikroskopie vyplyva, Ze odpadni celul6za je ve struktufe
porobetonu rovnomérné rozptylena a dobfe zakotvena v matrici. VIdkna vytvareji mostky pfes
mikroskopické poéry, ¢imz napomahaji pfenosu napéti (obrazek 11). U vzorkd s obsahem mikrocelulozy
nebylo tohoto efektu dosazeno (obrazek 12). Pozorované rozdily koreluji s vySSi pevnosti a koeficientem
konstruktivnosti u vzork(l s odpadni celulézou.
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Obrazek 14. Odpadni celuléza v pérové Obrazek 15. Mikroceluléza v poérové
strukture na snimku z elektronového strukture na snimku z elektronového
mikroskopu pfi zvétseni 1000x. mikroskopu pfi zvétSeni 1000x.

V porovnani s ostatnimi dosavadnimi vyzkumy (provedenymi za pouZiti klasickych viaken o délce cca
30 mm na bazi celulézy ziskanych z jutovych®®, sisalovych™* nebo kokosovych'® viaken), které ukazuiji,
Ze délka vlaken nema pfi nizkych davkach (do 0,25 %) vyznamny vliv na tlakové pevnosti klasickych
betonu a Ze pfi vy$Sich davkach (1 az 2 %) vykazuji kratSi vlakna lepSi vlastnosti nez vliakna delsi, a pfi
vyzkumu cementovych kompozitd s vyuzitim nanocelul6zy a mikrokrystalické celuldézy v nizkych davkach
(0,4 — 0,75 %) konzistentné zvySuji pevnosti v tlaku, zatimco vétSi mikrovlidkna ve vyS8Sich davkach
(>1 %) pevnost obvykle sniZuji, ve sledované sadé vzorkd porobetonu dochazi k vysledkim, které
kombinuji tyto poznatky. Zatimco mikrovlakna o mensi délce 10 az 200 mikrometrt (MC) se zvySujicim
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se davkovanim spiSe zhorSovaly tlakové pevnosti vlivem zménéné tvorby porové struktury, viakna
o délce 400 az 500 mikrometr (OC) mély pfi davkovanim 0,5 az 1,5 % na tlakovou pevnost a koeficient
konstruktivnosti pozitivni vliv. Problematikou degradace, biologického naruseni &i objemovych zmén, ke
kterym by mohlo dochazet u neoSetfenych celulé6zovych viaken vlivem pusobeni vihkosti, se ve svoji
praci zabyval J.Claramunt® aS. Fernando®. Trvanlivost cementovych kompozitll s vyuZitim
celulézovych viaken podle jejich prace souvisi se zvySenim lomu vilaken a snizenim jejich soudrznosti
s matrici vlivem naruSeni vlaken pusobenim alkalii, migraci hydratacnich produktd do Ilumen
a porovych systéml vlaken a objemovych zmén zplsobenych jejich vysokou absorpci. V ramci
navazujiciho vyzkumu by tedy bylo vhodné provéfit, jestli v pribéhu kombinované mineralizace viaken
(pusobenim cementové suspenze, vapenné suspenze a termického oSetieni) doSlo ke stabilizaci
struktury vysledného kompozitniho materialu a jestli tedy dochazi pisobenim cyklickych zmén vihkosti
k néjakym zménam ve vlastnostech u téchto materiald.

Zavery

Pridavek celul6zovych viaken mél na vlastnosti autoklavovaného pérobetonu vyznamny vliv, pfiemz
rozdily mezi pouzitim mikrocelulézy a odpadni celulézy byly zfetelné. Odpadni celuldéza z rozvlaknéného
papiru vedla ke zlepSeni fyzikalné-mechanickych parametrd, pfedevSim pevnosti v tlaku a koeficientu
konstruktivnosti, pficemz optimalni davkovani se pohybovalo kolem 1,0 % hmotnosti. Diky pouziti
odpadni celulézy dodlo ke sniZzeni objemové hmotnosti a zjemnéni pérové struktury. Pfidavek
mikrocelulézy se projevil spiSe negativné, zejména kvili hor$i homogenité smési a tvorbé oslabenych
mist v podobé pdrovych shluk(. Celkové Ize konstatovat, ze vyuziti odpadni celulézy predstavuje
efektivni a environmentalné pfinosny zpusob modifikace autoklavovaného pérobetonu s potencialem pro
praktické uplatnéni v nizkoenergetickych stavebnich materialech. Vyuziti pfidavku by v praxi mohlo vést
ke zvySeni pevnosti materialu bez nutnosti zvySeni jeho objemové hmotnosti.
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The influence of waste cellulose on the properties of autoclaved aerated
concrete

Lenka MESZAROSOVA, Vit CERNY, Jindrich MELICHAR, Simon BARANEK,
Jakub HODUL and Rostislav DROCHYTKA

Brno University of Technology, Faculty of Civil Engineering, Czech Republic
Summary

This article presents comparison of cellulose fibre addition, concretely addition of primary micro
cellulose fibres and waste cellulose (in amounts of 0.5 %, 1.0 % a 1.5 % wt. of the solid matter) on
technological properties during the preparation and also on physico mechanical properties of autoclaved
aeratred concrete. The aim was to experimentally verify how cellulose fibers affect the basic properties:
bulk density, compressive strength, coefficient of constructive quality, pore structure, and microstructure
of the resulting material. At the same time, the possibilities of using paper waste-based fibres as an
additive in the production of aerated concrete were examined. The results show that waste cellulose can
be a suitable alternative raw material for modifying autoclaved aerated concrete because it can help to
improve its mechanical properties. The use of this secondary raw material represents an environmentally
and technically beneficial approach to the production of lightweight building materials with lower
environmental impacts.

Keywords: autoclaved aerated concrete, waste fibres, waste cellulose, microstructure, compressive
strength, coefficient of constructive quality.
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Souhrn

Clanek se zabyvéa moznosti efektivniho vyuZiti betonového recyklatu v cementovych kompozitech za
soucCasné aplikace mikromletého skla jako castecné nahrady cementu. Podle platnych norem je
v betonech povoleno vyuZiti recyklatu frakce nad 4 mm pouze do maximalniho podilu 50 hm. %. V této
studii je tato hranice posunuta a ve zkoumané betonové smeési bylo hrubé kamenivo nahrazeno
recyklovanym kamenivem ze 100 %. Mikromleté sklo bylo pouZito jako casteéna nahrada cementu
Vv pojivu v mnozstvi 20 hm. %. V kombinaci s povrchovou udpravou sklenénych ¢astic pomoci plazmatu
bylo cilem dosahnout lepSiho zapojeni recyklovaného kameniva do mikrostruktury kompozitu, a tim
pfiznivé ovlivnit vysledné vlastnosti. Vyvoj mechanickych parametr( byl sledovan po dobu 90 dni, a to
nedestruktivni metodou ultrazvukoveho méreni i destruktivnimi zkouskami. Vliv mikromletého skla na
chovani cementového kompozitu byl detailné popsan pomoci elektronové mikroskopie, ktera poskytla
vysveétleni pozorovanych zmén mechanickych vlastnosti.

Klicova slova: cement, odpadni materialy, sklo, plazmatické upravy, recyklace, mechanické
vlastnosti.

Uvod

Ekologické organizace podporuji zaclefiovani recyklovaného betonu (RCA) a primyslovych
vedlejSich produktu, jako jsou struska a popilek, do stavebnich projektu. Celosvétova poptavka po
stavebnim kamenivu stale roste.’ V sougasné dobé je cilem tento rlist co nejvice zpomalit a nejlépe ho
uvést do poklesu. Jednim z feSeni je opétovné vyuziti €i zalenéni vedlejSich produktl pramyslové
vyroby, jako jsou popilek, zbytkovy popel, struska €i sklenény odpad, do vyrobniho procesu betonu nebo
pripadné cementu.? **

Uvedené kroky v oblasti betonu snizuji negativni dopady betonaiského primyslu na dostupnost
surovin a Zivotni prostfedi tim, Ze kombinuji nizké naklady, vysokou pevnost a ekologickou $etrnost. >’
V souCasnosti se podporuje vyuzivani betonu s recyklovanym kamenivem, ktery je vyroben
z betonového odpadu ziskaného ze stavebnich projektd a demolic, s cilem zabranit celosvétové
nedostupnost pfirodniho kameniva. Recyklaci betonového odpadu Ize navic ¢astené omezit problémy
spojené s likvidaci velkého mnozstvi betonu vznikajiciho na stavbach a pfi demolicich. * Recyklované
betony (RC) Ize charakterizovat jako porovité materialy, jejichZ nasakavost je pfiblizné dvojnasobna ve
srovnani s béznym betonem. Obecné se u nich pozoruje pokles mechanickych a fyzikalnich vlastnosti
s rostoucim podilem nahrazeni pfirodniho kameniva (NA) recyklovanym kamenivem (RCA). Zaroveri se
rovnéz uznava, ze mezi objemem pord a mirou napéti, kterému beton mulze cCelit, existuje nepfima
souvislost, pficemz je rovnéz dulezité zohlednit rozloZeni velikosti porli a jejich vzajemné propojeni. ®
Obdobné Ize takto uvaZzovat i u nahrazovani cementu v betonu. Celosvétové bylo v roce 2024 vyrobeno
4,1 miliardy tun cementu, pficemz vice nez polovina z toho pfipada na Cinu. V Ciné dochazi k poklesu
vyroby cementu, ovSem na druhou stranu roste v rozvojovych zemich a to zejména v Africe a Asii. Zde
je to zejména vysledek urbanizace a rozvoje infrastruktury. ° Moznost, jak snizit mnozstvi vyrobeného
cementu, je pouziti recyklovanych materiald. Jednim z téchto materiall je sklo, které mize slouZit jako
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Caste€na nahrada cementu v betonu. Celosvétové se rocné vyprodukuje vice jak 36 miliond tun
sklen&ného odpadu, pfitemz odhady naznaduji rist odpadu pres 50 milion(i tun do roku 2030.*° Zaroveri
se oCekava, ze rostouci vyrazovani fotovoltaickych panelt bude mit na tuto hodnotu vyznamny dopad,
protoZze sklo tvofi pfiblizné 70 % hmotnosti solarniho panelu. Do roku 2030 by sklenény odpad
z fotovoltaickych paneld mohl globalné pfidat dal$i miliony tun, coz dale zkomplikuje vyzvy spojené
s udrzitelnym nakladanim s odpady. ** Vyuzitim tohoto odpadniho skla v betonu snizuje zatéz skladek
ale také sniZzujeme uhlikovou stopu a to diky tomu Ze vyroba portlandského cementu pfispiva pfiblizné
k5 —7 % k celosvétovym emisim CO,, a to neni zadouci.'™ ** Studie ukazuji, Ze odpadni sklo, pokud je
jemné rozemleté, vykazuje pucolanové vlastnosti, které mohou zlepSit mechanické vlastnosti betonu
i jeho trvanlivost diky tvorb& dodateénych cementovych slougenin.’® * Tato pucolanova reakce vede
k hustSi mikrostruktufe betonu, sniZuje jeho nasakavost vodou a zvySuje odolnost, coz je zvlasté
vyznamné u betonu vystaveného naro€nym podminkam, napfiklad v pobfeznich oblastech, kde je
klic¢ova odolnost va&i chloridim.™ Vyzkumy rovnéz ukazuiji zlepSeni pevnosti v tlaku i tahu za ohybu pfi
nahrazeni ¢asti cementu sklenénym praskem v optimalizovanych hmotnostnich podilech, obvykle mezi
10 — 20 %, aniz by doslo ke snizeni mechanickych vlastnosti betonu.*®

Ovsem, pfimé pouziti recyklovaného sklenéného odpadu v betonovych kompozitech ma jeden
vyznamny problém. Kontaminace sklenéného odpadu latkami organického puvodu jako zbytky potravin,
lepidlo a etikety, mikroplasty'® ' ?° pfedstavuje vyzvu pro recyklace a opétovné pouziti skla. Mezi
znamymi procesy efektivniho ocisténi (dekontaminace) povrchu materiali od organickych zbytkd je
nutné vyclenit zpracovani plazmovym vybojem, ktery dokaze efektivné ocistit a upravit povrchové
vlastnosti riznych materiald a maze byt pouzity v primyslovych procesech totiz mize byt kompatibilni
i se stavebnictvim.?® #* 2 Doopravdy, nizkoteplotni plazmové zpracovani skla je schopné odstranit
organické necistoty z jeho povrchu bez poskozeni samotného materialu, zvysit smacivost a také pomaha
aktivaci povrchu (napf. pferuSenim stavajicich chemickych vazeb na povrchu skla nebo zavedenim
hydroxylovych funkénich skupin).?* % % Qdstran&ni kontaminantu, zvy$eni smadivosti a zminéna
aktivace sklenénych povrchll maze zlepSit jejich pucolanové reakce a vazebné vlastnosti dllezité pro
hydrataci a reakci s cementem v kompozitech. Avsak, efektivni zpracovani praskovych materiald
plazmou neni trivialni véc kvuli nasobné vétsi ploSe ve srovnani se spojitymi materialy a proto vyzaduje
pedlivé navrh experimentu nebo vyvoj vhodného plazmového zafizeni. *" 2% VVzhledem k velkému zajmu
z komeréni strany k zpracovani praskovych materiall, pokraCuje vyvoj rlznych typu vhodnych
plazmovych systém(.? ** 3! Nicméné&, podobné systémy vyzaduji velkych finanénich investic, a proto
z pohledu experimentalniho zkoumani G&inku plazmou upravenych skelnych praskd v betonovych

kompozitech, zpracovani pomoci nizkoteplotni atmosférické plazmy se jevi vhodnou alternativou.* %> 2%
32,33

PtedloZeny &lanek vychazi z pfedchoziho vyzkumu (FZU AV CR a FSv CVUT v Praze) a jeho cilem
je prokazat potencial efektivniho vyuziti odpadniho mikromletého skla jako ¢asteéné nahrady cementu
v betonovém kompozitu (betonu), a to neoSetfeného i plasticky oSetfeného skla. Dale se snazi pomoci
mikromletého skla zlepS$it soudrznost mezi recyklovanym betonovym kamenem a cementovou matrici
v cementovych kompozitech,?* 3% 3¢ 37

Experimentalni éast
Vstupni materialy a vzorky

ZkusSebni vzorky tvaru krychle o hrané 150 mm byly vyrobeny z cementu, pfirodniho nebo
betonového recyklatu (hrubé frakce), téZzeného pisku frakce 0/4 mm a odpadniho skla. Pojivo bylo
z portlandského cementu CEM | 42,5 R (zavod Radotin, Heidelberg Materials CZ). Jedna se
o portlandsky cement splfiujici pozadavky normy CSN EN 197-1. Chemické sloZeni: 19,7 % oxidu
kfemicitého (SiO,) a 66,1 % oxidu vapenatého (CaO), coz podporuje vysoké mechanické vlastnosti
a reaktivitu pFi hydrataci 2.

PFirodni kamenivo pouzité v referenCni smési bylo dodano z kamenolomu Zbraslav. Uvedene
kamenivo je uloZzeno v zasobnicich na Fakulté stavebni CVUT v Praze. Pro vyrobu referenéni smési byly
pouzity frakce 0/4 mm, 4/8 mm a 8/16 mm. Frakce 0/4 mm pfirodniho kameniva byla zaroven pouzita
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i v ostatnich smésich. Jako nahrada hrubého kameniva frakce 4/8 mm a 8/16 mm bylo vyuzito
recyklovaného kameniva a to betonového recyklatu z dalnice D5 a recyklaéniho dvora Moravostav.
Betonovy recyklat z dalnice D5 byl odebran v srpnu 2021 z deponie v Boru u Tachova. Jednalo se
o pfedrceny betonovy odpad vznikly pfi rekonstrukci cementobetonového krytu dalnice D5. Betonovy
odpad byl volné ulozen na terénu. Vznikly material obsahoval velky podil jemnych €asti a fragmentu
vétSich jak 32 mm. Betonovy recyklat z recyklaéniho dvora Moravostav byl zpracovan pomoci
Celistového drtiCe RESTA, ktery byl vybaveny magnetickym separatorem kovu. Recyklaty byly ve smési
pouzity v poméru 2:1 (D5:Moravostav).

Mikromleté sklo bylo vyrobeno ve spoleénosti Recifa, a.s. (Ceska republika). Jednalo se o sklenény
recyklat na bazi sodnovapenatého obalového skla s obsahem oxidu kfemicitého (SiO,) 70 — 75 %, oxidu
sodného (Na, O) 12 — 15 %, oxidu vapenatého (CaO) 8 — 10 % a oxidu hlinitého (Al,O3) 1 — 2 %. Pfed
zpracovanim bylo odpadni sklo mechanicky vytfidéno a ocisténo. Dlivodem je zbaveni se nezadoucich
pfimési (primarné kov, keramika, porcelan nebo organické necistoty). Uvedenym zpusobem bylo
odpadni obalové upraveno a nasledné pomleté v kulovém mlynu. Sklenéna mouc¢ka byla upravena na
frakci 0,0/0,1 mm.****KFivky zrnitosti pouzitych materialti jsou uvedeny na obrazku 1.

100

] ——CEMI425R
g 80 T —&— Sklenény prasek
g . NA 0/4 mm
= 60 +
B - ——NA 4/8 mm
§ . —+—RCA 4/8 mm
< 40 1
= 7 NA 8/16 mm
= ]
5 20 ] —8—RCA 8/16 mm

0.0 0.0001 0.0025 0.05 1.0 20.0
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Obrazek 1: Kfivky zrnitosti pouzZitych materiald.

Plazmaticka uprava (poloprovozni vyroba)

Za uCelem odstranéni moznych organickych kontaminantd a zvySeni smacivosti, mikromleté odpadni
sklo bylo zpracovano na komeréni poptavku pomoci atmosférického plazmového vybojového systému
s vysokonapétovym transformatorem (DH1010, Kamea Electronics s.r.0., Slovensko). Zpracovani
skelného prasku oxidacnim plazmovym vybojem probihalo v komofe s odsavanim ozonu (a jinych
plynnych zplodin) a volnym pfistupem okolniho vzduchu. Pro zpracovani skelny prasek byl rozdélen do
jednotlyvych Sarzi (65 g) a rovhomérné rozprostien ve spodni ¢asti komory. Vyboj byl zapéalen za pouziti
elektrody 25x20 cm? s pracovni plochou 17,5%x12,5 cm? umisténé nékolik cm nad povrchem vrstvy
mikromletého odpadniho skla, viz Obrazek 2. Pro zpracovani jedné Sarze skelného prasku, netermalni
(nizkoteplotni) atmosféricky plazmovy vyboj byl zapalen po dobu 2 minut pfi napéti pfes 30 kV
a frekvenci 1,2 kHz. Popsanym zpUsobem bylo zpracovano 7,5 kg recyklovaného skla.
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Obrazek 2: Atmosféricky plazmovy systém (vlevo) a zpracovani prasku plazmovym vybojem
(vpravo).

Slozeni testovanych vzorku je uvedeno v tabulce 1, kde:
REF- referenéni material, standardni betonova smés s pfirodnim kamenivem.
R (betonovy recyklat) - frakce 4/16 mm (100 % nahrada).
S_XX (mikromleté sklo a mnozstvi nahrady v hm. %.)
SP_YY - mikromleté sklo plazmaticky upravené a mnozstvi nahrady v hm. %.

Pro vyrobu zkuSebnich téles bylo vyuzito sloZeni smési z Tabulky 1. Pfi vyrobé smési bylo nejprve
nutné odvazit jednotlivé slozky, které byly uloZzeny do samostatnych plastovych véder. Pfed prvnim
michanim se strojni michacka ¢aste¢né navlhéila pomoci mokré houby. Poté se do michacky nasypaly
v8echny sypké slozky jednotlivych smési a michaly se po dobu 60 sekund. Nasledné se postupné
pfidavala voda a michani pokra¢ovalo dal§i 2 minuty. Po této fazi se michacka vypnula a z lopatek i stén
se zednickou IZici odstranil cement s kamenivem, ktery se pfilepil. Poté probé&hlo posledni michani
trvajici rovnéz 2 minuty, po némz byla lopatka opét ocisténa od pfilnutého betonu. VSechny smési
vychazeli z hlediska konzistence jako tfida S.

Tabulka 1: SlozZeni testovanych smési s obsahem recyklatu

8/16

0/4 FRAKCE |4/8 FRAKCE| 8/16 FRAKCE SKLO SKLO MIKROMLETE | 4/8 FRAKCE
CEM142,5| VODA . i ; iy - . FRAKCE
s . |wrc| PRIRODNI | PRIRODNI | PRIRODNI | MIKROMLETE PLAZMATICKY BET. REC.
[ke/m®] | [ke/m?] . . s s oo . ; BET. REC.
[ke/m?] lke/m?] [kg/m°] [kg/m°] OSETRENNE [kg/m?] | [kg/m?] g/
REF 300 147 | 0,49 600 500 630 0 0 0 0
R/REF 300 147 0,49 600 0 0 0 0 500 630
RS_20 240 147 |[o0,49 600 0 0 60 0 500 630
RSP_20 240 147 |o0,49 600 0 0 0 60 500 630

Hotova smés byla poté uloZzena do forem, které byly pfedem oSetfeny odformovacim natérem.
Nejprve se do formy vloZila polovina objemu betonu, kterd byla zhutnéna na vibracnim stole. Nasledné
se forma doplnila az po okraj a opét zhutnila. Pfebytecny beton se odstranil a povrch se zednickou Izici
srovnal s horni hranou formy. Formy se nakonec pfesunuly na stul a zakryly nepropustnou félii, aby se
zabranilo nadmérnému vysychani betonovych zku$ebnich téles. Zkusebni vzorky byly pfipraveny ve
tvaru krychle o hrané 150 mm, v souladu s poZadavky normy CSN EN 12390-1. Po 24 hodinach od
vyjmuti z forem byly vzorky opatrné pfemistény do nadob s vodou o teploté pfiblizné 20 °C a udrZzovany
ve vodnim prostfedi az do okamziku provedeni zkouSek. Tento postup zajistoval optimalni hydrataci
cementu a jednotné podminky zrani, coz je kliCové pro dosazeni spolehlivych a reprodukovatelnych
vysledkd pevnosti betonu. Délka vodniho zrani odpovidala zkuSebnim intervalim a to 14, 28 a 90 dni
v zavislosti ha druhu testu.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 406



Matéj NOVOTNY, Zdenék PROSEK, Oleg BABCENKO, Pavel TESAREK: MozZnosti vyuZiti plazmatické upravy
odpadniho skla pro cementové kompozity s betonovym recyklatem

Experimentalni metody

Mechanické vlastnosti byly testovany na vzorcich ve tvaru krychle o hrané 150 mm dle normy CSN
EN 12390-1. Pro zjisténi pevnosti v tlaku bylo vyuZito lisu s postupnym zatéZovanim o rychlosti 3 kN za
vtefinu a odtiZzenim po poklesu napéti o 10%. Pevnosti v tlaku byly méfeny na vzorcich o stafi 28 a 90
dni. Pfed testovanim vzorkd na pevnosti v tlaku bylo provedeno méfeni nedestruktivni metodou pomoci
ultrazvuku. Pomoci této metody bylo provedeno navic méfeni na vzorcich o stafi 14 dni. Povrch kostek
byl pfed timto méfenim osuSen a poté bylo pomoci diod, které byly opatfeny sonogelem, zméfen Cas
prostupu impulzu vzorkem. Z naméfeného €asu byl poté vypocitan dynamicky modul pruznosti a z ngj se
nasledné vypocitala pevnost testovaného vzorku.

Mikrostrukturni analyzy byly provedeny pomoci rastrovaciho elektronového mikroskopu ZEISS Merlin
vybaveného Schottkyho katodou. Pro charakterizaci povrchu byly vyuzity dva typy detektorll, a to
detektor sekundarnich elektront (SE) pro hodnoceni morfologie a tvaru vstupnich ¢astic a detektor
zpétné odrazenych elektront (BSE), ktery byl pouzit pro sledovani fazového slozeni na nabrusech
pfipravenych kompozitd. Zkoumany byly kompozity s obsahem 20 hm. % skla, a to jak v podobé
plazmaticky oSetfené, tak i neoSetiené, pfiCemz jako referenéni material byl pouzit kompozit bez obsahu
skla. Castice vstupnich materiali byly naneseny na uhlikovou pasku, nabrusy byly pfipraveny
postupnym brousenim a leSténim na pfistroji Struers Tegramin, a to za pouziti brusnych papirt SiC
o zrnitosti 500, 1200, 2000 a 4000. Finalni povrchova uprava byla provedena diamantovou suspenzi
s velikosti €astic 1 uym, ¢imZ byl dosazen dostateCné jemny povrch umoZznujici pozorovani pomoci
detektoru zpétné odrazenych elektronli a provedeni prvkové analyzy metodou EDS. Aby byla zajisténa
elektricka vodivost povrchu a eliminovano nabijeni vzorku, byla na vSechny analyzované vzorky pomoci
naprasovaci jednotky nanesena tenka vodiva vrstva platiny o tloustce pfiblizné 3 nm. Pro méfeni se
sekundarnimi elektrony byla zvolena pracovni vzdalenost 6,5 mm, urychlovaci napéti 5 kV a proud
svazku 500 pA. V pfipadé méfeni se zpétné odrazenymi elektrony a EDS byla pouzita pracovni
vzdalenost 6,5 mm, urychlovaci napéti 15 kV a proud svazku 2 nA. Prvkova analyza byla provedena
pomoci EDS systému od firmy Oxford Instruments za standardnich podminek (méfici ¢as 60 s, vysoké
vakuum), pfi€emz méfeni byla provedena na nékolika reprezentativnich mistech kazdého vzorku.

Vysledky a diskuse
Mikroskopicka analyza

Na snimcich z elektronové mikroskopie (Obrazek 3) je zobrazena morfologie ¢astic vzniklych drcenim
a mletim odpadniho skla z obalového pramyslu. Castice maji nepravidelny, hranaty tvar s &etnymi
lomovymi plochami a ostrymi hranami, coz odpovida kifehkému lomu sklovitého materialu. Velikostni
distribuce zahrnuje jak hrubsi ulomky o rozmérech desitek mikrometr(, tak i jemné&jsi fragmenty vzniklé
pfi mechanickém zpracovani. Po plazmatické upravé (pravy snimek) nedochazi k vyznamné zméné
celkové morfologie — tvarové charakteristiky i velikostni distribuce ¢&astic zlstavaji obdobné jako
u referenéniho materialu. Uginky Upravy se projevuji predevsim v chemickém sloZeni povrchu
(. plazmovy vyboj interaguje pouze s povrchem sklenénych &astic), jak dokladaji vysledky energiové
disperzni analyzy. U referen¢niho skla byly naméreny hodnoty: kyslik 60,8 hm. %, kiemik 26,1 hm. %,
sodik 10,2 hm. % a uhlik 2,8 hm. %. Po plazmatické upravé Cinil podil kysliku 66,64 hm. %, kfemiku
23,2 hm. % a sodiku 8,2 hm. %, zatimco uhlik jizZ nebyl detekovan. Zmény v obsahu jednotlivych prvka
a zejména uplné odstranéni uhliku naznacuji o€isténi povrchové vrstvy €astic a narust podilu kysliku na
povrchu viivem plazmatického oSetifeni. Uvedené odpovida zavériim publikovanym v literatufe, kde bylo
rovnéz uvedeno, Ze pii béZzném SEM zvétSeni nejsou morfologické rozdily mezi neoSetfenym
a plazmaticky oSetfenym sklem vyrazné patrné a zmény se projevuji pfedev§im na urovni povrchové
chemie a energie. 2>%3":%
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sklo bez upravy; vpravo: sklo po plazmatické upravé. Detektor SE, zvétseni 1kx.

Na BSE snimcich (obrazek 4) nabrust cementovych kompozitl byly ve vSech variantach pozorovany
zakladni faze cementové matrice (nezhydratovany slinek, portlandit, C-S-H gel a pérova struktura). P¥Fi
porovnani referenéniho vzorku s kompozity obsahujicimi sklo je patrny nizSi podil nezhydratovanych
Castic slinku, a to jak u neoSetfeného, tak zejména u plazmaticky oSetfeného skla. Odhadovany plosSny
podil nezhydratovanych zrn slinku Cinil u referencniho vzorku pfiblizné 19,5 + 3,0 %, u kompozitu se
20% nahradou cementu mikromletym sklem bez plazmatické upravy cca 16,0 £ 2,5 % a u vzorku
s plazmaticky oSetfenym sklem pouze 10,0 + 2,4 %. Je zarovef nutné zdlraznit, Ze u kompozitl se
sklem je vychozi mnozZstvi slinku o 20 % niz8i nez u referenéni smési; pfi stejném stupni hydratace by
tedy bylo mozZné ocCekavat i nizSi absolutni podil nezhydratovanych zrn. V pfipadé kompozitu
s plazmaticky oSetfenym sklem je navic patrné lepSi propojeni Castic s okolni cementovou matrici

a kompaktnéjsi pfechodova zéna.

Obrazek 4: Mikrostruktura nabrusu cementovych kompozitu pozorovana pomoci detektoru
BSE pri zvétseni 500x%. Zleva: referen¢ni vzorek bez pfimési skla, kompozit s 20 hm. %

neosetreného skla a kompozit s 20 hm. % plazmaticky oSetfeného skla. Bile se zobrazuji ¢astice
nezhydratovaného slinku, ¢erné pory a trhliny, svétle Sedé krystaly portlanditu, Sedé C-S-H gel

v v s

a tmavé sSedé castice skla.
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Kompaktnost této pfechodové zény byla potvrzena také pomoci EDS analyzy (obrazek 5), kdy v okoli
zrna plazmaticky oSetfeného skla byl naméfen niz§i pomér vapniku a kfemiku (Ca/Si) nez u zrna
neoSetfeného skla. Popsany vysledek poukazuje na tvorbu hustSi a pevnéjsi struktury C-S-H gelu
v bezprostfednim okoli ¢astic. Uvedeny efekt je v souladu se zavéry, kde bylo prokazano, Ze kyslikova
plazma zvySuje reaktivitu povrchu sklenénych ¢astic a zlepSuje kvalitu pfechodové zény.
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Obrazek 5: Pribéh atomovych koncentraci Si, Ca, O a poméru Ca/Si podél EDS line-scanu
vedeného od cCastice skla pres prechodovou zénu ITZ do okolniho C-S-H gelu. Vlevo vzorek RS
20, vpravo vzorek RSP 20.
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Mechanické viastnosti

Na zakladé vysledk( tlakovych zkouSek z Obrazku 5, lze pozorovat rozdily v mechanickych
vlastnostech jednotlivych smési betonu po 28 a 90 dnech zrani. Referenéni smés (REF) vykazala po 28
dnech pevnost pfiblizné 50 MPa, pficemz po 90 dnech doslo k mirnému nardstu na zhruba 54 MPa.
Vyvoj odpovida béznému pribéhu hydratace cementu u standardniho betonu bez pfimési. Smés
s kamenivem z betonového recyklatu (R/REF) dosahla po 28 dnech podobné pevnosti jako referenc¢ni
smeés, avSak po 90 dnech zaznamenala vyrazny narlst, a to az na hodnotu kolem 60 MPa. Vysledek
naznaCuje, Ze recyklované kamenivo pfi vhodném navrhu smési neoslabuje mechanické vlastnosti
betonu, ale mize pfispét k vytvofeni hustSi mikrostruktury a efektivnéjSimu vyuziti hydrataCnich
produktl. Smés oznacena jako RS_20, tedy smés s betonovym recyklatem a pfidavkem mikromletého
skla, vykazovala po 28 dnech pevnost pfiblizné 45 MPa, zatimco po 90 dnech dosahl hodnoty okolo
50 MPa. Narust svédci o pozitivnim vlivu mikromletého skla, které diky svym pucolanovym vlastnostem
reaguje s hydroxidem vapenatym a pfispiva ke vzniku dodate¢nych hydratacnich produktl, ¢imz zvySuje
hustotu a soudrznost matrice betonu.

Smés RSP_20, obsahujici betonovy recyklat a mikromleté sklo s plazmatickou Upravou, vykazovala
priblizné 52 MPa. NizSi pocateCni pevnost mize byt dusledkem pomalejsi aktivace skla, nicméné
pozdéjsi narGst ukazuje, Ze plazmaticka Uprava napomaha lepsi reaktivité a podporuje dlouhodobé
ZlepSeni mechanickych vlastnosti. VSechny smési vykazovaly narlist pevnosti mezi 28. a 90. dnem, coz
potvrzuje pokracujici hydrataci a probihajici pucolanové reakce sekundarnich pfimési. NejvySsi narust
pevnosti byl zaznamenan u smési R/REF, nasledované smési RS_20, zatimco smés RSP_20 dosahla
mirngjsiho, ale stabilniho rustu.

Z provedenych méfeni vyplyva, ze vyuziti recyklovaného kameniva ve spojeni s mikromletym sklem —
véetné jeho plazmaticky upravené varianty — mize v delSim ¢asovém horizontu vést k mirnému zlepseni
nékterych mechanickych vlastnosti. Pozorované rozdily mezi jednotlivymi smésmi jsou v8ak pfevazné
v ramci smérodatné odchylky, a proto je nelze povaZovat za statisticky jednoznaéné. Tyto vysledky tak
spiSe naznaduji potencialni smér, ktery si vyZaduje dalSi experimentalni ovéfeni.
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Obrazek 5: Pevnost v tlaku v zdvislosti na sloZzeni smési a stafi vzorku, s uvedenymi
smérodatnymi odchylkami.

Pro hodnoceni vnitfni soudrznosti a kvality struktury smési byl proveden nedestruktivni test pomoci
ultrazvukového méfeni, ze kterého byl stanoven dynamicky modul pruznosti jednotlivych smési
v riznych stupnich stafi (14, 28 a 90 dni). Vysledky z Obrazku 6. ukazuji, ze vSechny zkoumané smési
vykazuji postupny narlGst hodnot dynamického modulu s rostoucim stafim, coz potvrzuje pokracujici
proces hydratace a zpevniovani betonové matrice. Referenéni smés (REF) dosahla po 14 dnech
pfiblizné 37 MPa, po 28 dnech kolem 48 MPa a po 90 dnech pfiblizné 50 MPa. Tento vyvoj je v souladu
s oCekavanim a potvrzuje stabilni rist modulu pruznosti v ¢ase. Smés s recyklovanym kamenivem
(R/REF) méla nizSi pocateCni hodnotu, pfiblizné 30 MPa, ale po 90 dnech vzrostla az na zhruba
40 MPa. Narust ukazuje, ze navzdory pouziti recyklovaného kameniva dochazi k postupné stabilizaci
a zhutnéni mikrostruktury. Smés RS_20 vykazala po 14 dnech hodnotu dynamického modulu kolem
33 MPa, po 28 dnech pfiblizné 41 MPa a po 90 dnech okolo 42 MPa. Vysledky naznaduji, Ze mikromleté
sklo pfispiva k tvorbé hustsi struktury betonu, ¢imz zlepSuje pfenos napéti a akustickych vin v materialu.
U smési RSP_20 byly naméfeny hodnoty okolo 35 MPa po 14 dnech, 40 MPa po 28 dnech a 42 MPa po
90 dnech. Prestoze jsou vysledné hodnoty mirné nizSi nez u smési RS_20, Ize pozorovat stabilni rust
v Case a dobrou soudrznost struktury, ktera naznacuje pfiznivy vliv plazmatické aktivace povrchu skla na
dlouhodobou homogenitu betonu. Celkové Ize konstatovat, Zze vSechny smési vykazuji zfetelny narust
dynamického modulu pruznosti s vékem betonu. NejvyS3i hodnoty byly dosaZzeny u referenéni smési
(REF), zatimco smési s recyklovanym kamenivem vykazuji mirné nizsi, avSak stabilni hodnoty.

Ackoli rozdily mezi jednotlivymi smésmi spadaji prevazné do oblasti smérodatné odchylky, data
naznacuji, ze mikromleté sklo (RS_20) i jeho plazmaticky upravena varianta (RSP_20) se chovaji
minimalné stejné dobie jako referenéni smési, a v nékterych pfipadech vykazuji mirné pfiznivy trend. To
ukazuje, Ze tyto pfimési predstavuji perspektivni moznost, zejména s ohledem na jejich materialové
a environmentalni vyhody.
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Obrazek 6: Dynamicky modul pruzZnosti testovanych vzorki v zavislosti na jejich sloZzeni
a stari (14 dni, 28 dni a 90 dni), s uvedenymi smérodatnymi odchylkami.

Zavéry

Cilem experimentu bylo posoudit vliv mikromletého odpadniho skla, véetné jeho plazmatické Upravy,
na mechanické a mikrostrukturni viastnosti cementovych kompozitll s betonovym recyklatem. Vysledky
pevnosti v tlaku ukazaly, Ze nahrada 20 hm. % cementu mikromletym sklem nevede ke zhorSeni
mechanickych parametrd v porovnani s referenénim cementovym kompozitem. Pozorovany vyvoj
pevnosti naznaCuje i moznost dlouhodobého zpeviiovani a zhuthiovani cementové matrice. Smés
s recyklatem a mikromletym sklem (RS_20) dosahla po 90 dnech tlakové pevnosti srovnatelné
s referen¢nim betonem, coz je v souladu s ofekavanym pucolanovym chovanim skla. U smési
s plazmaticky upravenym sklem (RSP_20) byl pozorovan stabilni narlst pevnosti v tlaku i modulu
pruznosti. Mikroskopicka analyza ukazala formovani kompaktnéjsi pfechodové zény a lepSi vazbu mezi
recyklovanym kamenivem a cementovou pastou. Nedestruktivni ultrazvukova méfeni potvrdila
kontinualni rist dynamického modulu pruznosti v8ech smési a naznacila dobrou vnitfni soudrznost
kompozitll se sklenénymi pfimésemi. V pfipadé plazmaticky upraveného skla Ize na zakladé
mikroskopickych pozorovani usuzovat na Upravu povrchu a odstranéni zbytkovych kontaminantl, coz
mohlo pfispét k pozorované hustSi mikrostruktufe. Tato interpretace je vSak tfeba ovéfit na SirSim
souboru dat.

Ziskané poznatky potvrzuji, Ze kombinace recyklovaného kameniva a odpadniho skla pfedstavuje
vhodnou a environmentalné pfinosnou alternativu pro vyrobu udrzitelnych cementovych kompozita.
Plazmaticka Uprava se jevi jako perspektivni technologie, ktera mize v budoucnu umoznit efektivnéjsi
zapojeni skla do cementové matrice. Pozorované trendy jsou pfislibem pro daldi vyzkum a dlouhodobé
sledovani vyvoje mechanickych vlastnosti.
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Incorporation of Waste Glass into Cement-Based Composites
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Summary

This article investigates the potential for the effective utilization of recycled concrete aggregate (RCA)
in cement-based composites in combination with finely ground waste glass as a partial replacement for
cement. According to current standards, the use of recycled aggregate with a particle size greater than
4 mm in concrete is limited to a maximum of 50 wt.%. In this study, this threshold was extended, and the
coarse aggregate in the investigated concrete mixture was fully replaced (100%) with recycled concrete
aggregate. Finely ground glass was employed as a partial replacement for cement in the binder at
a dosage of 20 wt.%. In combination with plasma surface treatment of glass particles, the aim was to
achieve improved bonding between the recycled aggregate and the composite microstructure, thereby
positively influencing the resulting mechanical properties. The development of mechanical parameters
was monitored over a period of 90 days using both non-destructive ultrasonic testing and destructive
mechanical tests. The influence of finely ground glass on the behavior of the cement composite was
further examined by means of electron microscopy, which provided insight into the observed changes in
mechanical properties.

Keywords: Cement, Waste materials, Glass, Plasma treatment, Recycling, Mechanical properties.
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Abstract

This study examines food waste in Czech hospitality from two complementary angles: how
accommodation facilities monitor and reduce it, and how restaurant customers value waste-related
practices. Evidence comes from two questionnaire surveys. In accommodation, monitoring remains
weak; only 3.15% report precise weighing, 53.15% rely on approximate tracking, and 43.70% do not
monitor at all. Buffet service emerges as the most waste-intensive context. On the customer side, an
Importance—Performance Analysis focused on waste telated measures shows that guests attach high
importance, but lower satisfaction, to smaller-portion options, collaboration with anti-waste apps, and
reduced packaging. Together, these results point to a practical agenda adopting systematic weighing
and digital monitoring, prioritising interventions in buffet operations, and communicating progress
transparently. In restaurants, we recommend foregrounding portion-size strategies, anti-waste
partnerships and packaging reduction to close importance—performance gaps. Although the consumer
sample is modest, the integrated operator and customer-side view highlights clear, actionable levers for
cutting avoidable food waste in Czechia.

Keywords: food waste, monitoring, Importance-Performance Analysis (IPA), accommodation and
gastronomy, customer preferences, sustainability

Introduction

Food waste is one of the most pressing global challenges, with significant environmental, economic,
and social consequences. Nearly one-third of all food produced for human consumption is lost or wasted
worldwide', contributing to about 20% of global greenhouse gas emissions® and placing immense
pressure on natural resources, with agriculture accounting for up to 92% of the global water footprint*.
The global financial losses from food waste reach USD 900 billion annually, while in the European Union
alone they are estimated at EUR 143 billion®. Each year, 88 million tonnes of food are discarded in the
EU, even as 112 million people remain at risk of poverty or social exclusion®.

Within this context, the tourism and hospitality industry is a disproportionately large contributor, as
almost half of its total waste consists of food waste. In 2022, hospitality establishments across the
European Union produced more than 59 million tonnes of discarded food”. The situation is similarly
acute in Czechia and other Central European countries, where dining out has become increasingly
common?®. Despite growing awareness of sustainability, environmental measures in Czech
accommodation facilities remain limited, contrasting sharply with the United Nations Sustainable
Development Goal 12, which aims to halve global food waste by 2030°. Understanding the drivers of
food waste and identifying effective reduction strategies in this sector is therefore essential.
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Most food waste generated in hospitality is avoidable: edible components make up between 73% and
79% of total waste'. In contrast to households, where waste is driven by poor storage or expiry
misinterpretation™, hospitality waste arises across the supply chain 45% during preparation, 34% at
consumption, and 21% due to spoilage’. However, systematic research integrating the perspectives of
restaurant customers and accommodation providers in Czechia remains limited. This study addresses
this gap by analysing factors affecting food waste generation and exploring feasible reduction strategies,
thus contributing to a more holistic understanding of sustainability in the hospitality sector.

Food waste in hotels and restaurants is a complex issue influenced by various factors on both the
guest and operational sides. From the guest perspective, psychological and behavioural tendencies play
a particularly important role. Motivations such as fear of missing out or reluctance to revisit the buffet
often led to excessive food being taken'®. Research shows that targeted interventions can effectively
counter these behaviours. For example, simple nudges such as reducing plate size have been shown to
decrease waste by about 20% without reducing guest satisfaction, while social prompts in the form of
signs encouraging guests to return to the buffet have achieved similar reductions®. Demographic and
cultural characteristics also influence guest behaviour: families and tourists from certain regions
(e.g. Russia) generate higher levels of food waste, whereas guests from other countries (e.g. Austria)
tend to waste less'. Education is also a significant factor, with individuals holding secondary or tertiary
qualifications showing greater awareness and producing less waste. Similarly, women, older individuals,
and those with higher incomes and urban residency have been observed to discard less food®. Beyond
these socio-demographic influences, perceived behavioural control and attitudes towards waste
prevention are critical, as guests who feel more capable of managing waste show stronger intentions to
reduce it°. Financial awareness and anticipated emotions such as pride and guilt also shape pro-
environmersltal behaviour, highlighting the importance of psychological and affective factors in addressing
food waste”.

Alongside guest-related drivers, operational factors within hotels and restaurants exert an equally
significant influence on food waste generation. Inefficient forecasting, spoilage during transportation and
storage, and the “bullwhip effect,” which leads to excessive inventory accumulation, are among the most
prominent causes™. The prevalence of all-inclusive dining concepts with unlimited buffets further
exacerbates these inefficiencies, creating structural incentives for both overproduction and
overconsumption*?. Nevertheless, a range of managerial and technological solutions have proven
effective in addressing these challenges. For example, the use of small, transparent, calibrated kitchen
bins has been shown to increase chefs’ awareness of waste volumes and reduce kitchen waste by as
much as 70 — 73%"%. Equally critical are staff competencies and managerial commitment, as insufficient
training in environmental management or resistance at the leadership level can undermine even well-
designed waste-reduction measures®. Complementary strategies such as redistributing unsold food to
charitable organisations or valorising waste by converting it into valuable secondary products offer
further potential. Yet, many businesses lack adequate knowledge of valorisation pathways or partnership
opportunities, which limits the broader adoption of such practices™.

The body of scholarly evidence indicates that food waste in the hospitality sector is a complex
phenomenon, shaped by the interaction of guest behaviours and operational practices. Although many
interventions have been shown to significantly reduce waste, their practical implementation remains
limited. Major barriers persist, including insufficient managerial commitment, limited awareness of
valorisation opportunities, and a lack of systemic support®. However, there is considerable potential for
improvement, particularly through a deeper understanding of how hotels and restaurants address the
challenge of food waste and how customers perceive and respond to sustainability initiatives.

Building on these identified gaps, the primary objective of this study is to develop a comprehensive
understanding of food waste within two core segments of the hospitality industry: restaurants and
accommodation facilities. The analysis considers both customer attitudes towards sustainability and the
practices employed by accommodation providers to monitor and reduce food waste. By integrating these
perspectives, the study addresses a critical shortcoming in existing knowledge and formulates practical
recommendations to promote more effective and sustainable approaches to food management.
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By integrating insights from both accommodation providers and gastronomic enterprises, this study
moves beyond fragmented perspectives and captures the complexity of food waste generation in the
hospitality sector. This approach enables the identification of sector-specific drivers and challenges,
while also highlighting cross-cutting patterns that can inform coordinated strategies. Thus, the research
aims to provide evidence that is both theoretically relevant and practically applicable to advancing
sustainability in tourism and gastronomy.

The first line of inquiry focuses on accommodation facilities (operators) and addresses the following
research questions:

e What is the scope and accuracy of food-waste monitoring?
¢ In which service contexts does food waste arise most?
¢ Which measures are used and what barriers hinder their adoption?

The second line of inquiry concerns restaurants (customers) and aims to answer the following
research questions:

¢ How do customers evaluate the importance and satisfaction with food waste-reduction practices?

o What barriers prevent customers from choosing sustainable restaurants that actively reduce food
waste?

e Which motivators would increase customers’ visits to such restaurants?

Data and Methods

This study employed a quantitative cross-sectional survey design across two research lines:
accommodation facilities (operators) and restaurants (customers). The survey instruments were
developed based on an extensive review of academic literature and previous studies on food waste and
sustainability. To enhance content validity, the questionnaires were evaluated by academic experts and
practitioners from the hospitality sector. A pilot test was conducted before the main data collection phase
to ensure clarity, comprehensibility, and overall reliability of the research questions.

A guota-based sampling method was used to capture the diversity of the research population. For
accommodation facilities (Table 1), quotas were determined by the type and size of the establishment, while
for restaurant customers, quotas were based on gender. Participation in the study was voluntary and fully
anonymous, with all respondents informed in advance about the research objectives and providing explicit
consent for the use of their data for scientific purposes. The research design strictly followed recognised
ethical standards in social science, and no sensitive or invasive procedures were involved.

The online questionnaire was administered to representatives or authorised staff members of
accommodation facilities, with data collection conducted between January and March 2025.

Table 1: Accommodation Sample Structure

Type of Facility Sample (N = 254) Sample % Czechia Structure %
Guesthouse 113 44.49 42.11

Hotel, motel, botel *** 83 32.68 14.87

Hotel, motel, bote| **** 50 19.69 8.41

Hotel| ***** 6 2.36 0.76

Garni hotel 2 0.79 1.53
Number of rooms

10 or fewer 63 24.80

11 to 50 151 59.45
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51 to 100 25 9.84
101 or more 15 5.91

Source; Czech Statistical Office, 2024

The subsequent stage of the research examined consumer attitudes towards sustainability in
gastronomy, with particular emphasis on restaurant choice. Data was collected through an online
guestionnaire distributed via social media platforms (Facebook, Instagram) between 27 March and
4 April 2025, yielding 138 valid responses. The questionnaire was developed with reference to academic
literature and recent empirical studies on sustainability in gastronomy and consumer behaviour™>?°.
Responses were measured on a five-point scale, with higher scores indicating stronger agreement or
greater perceived importance. The demographic composition of the sample reflected diversity in age and
gender (Table 2).

Table 2: Respondent Characteristics

Category Sample (N = 138) Sample %
Male 62 44,93
Female 75 54.35
Other 1 0.72
18 — 24 years old 39 28.26
25 — 30 years old 23 16.67
31 — 40 years old 24 17.39
41 — 50 years old 28 20.29
51 — 60 years old 18 13.04
61 years old and older 6 4.34

This study employed the Importance—Performance Analysis (IPA) method, which compares the
perceived importance of selected factors with respondents’ satisfaction to identify key strengths and
weaknesses influencing service quality. The IPA matrix places importance on the vertical axis and
performance (satisfaction) on the horizontal axis, providing a clear visual tool for strategic prioritisation™.
The median method was used to determine axis placement, based on median values derived from factor
means. The analysis focused on sustainable gastronomy and alternative diets, assessing how
respondents evaluate the relevance and performance of sustainability-related factors in gastronomic
establishments.

Results
Accommodation Facilities

Food services are a core component of accommodation services, enhancing both the market appeal
of a facility and the overall quality of the guest experience. However, meal provision is also a major
source of food waste within the hospitality sector’. From a sustainable management perspective,
accommodation providers face the challenge of balancing two competing objectives: offering
a sufficiently diverse range of meals to meet expected service standards and guest satisfaction, while
also implementing efficient management practices that minimise waste generation and promote
responsible resource use.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2026 (21. — 23. 4. 2026, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 4, strana 418



Katefina PROVAZNIK RYGLOVA, Andrea KRALIKOVA, Veronika BARTLOVA, Nikola MAJKOVA, Marie
VECEROVA: Food Waste Across Accommodation and Gastronomy in Czechia: Monitoring Practices in
Accommodation Facilities and Waste -Related Customer Preferences in Restaurants

Monitoring of Food Waste

Regarding the first research question, which concerns the necessity and extent of in-depth
examination of food waste, it was essential to determine whether accommodation facilities systematically
monitor food waste and to what extent such practices are implemented. Robust monitoring is
a fundamental prerequisite for accurately identifying the underlying drivers of waste generation and
provides the basis for developing targeted and effective interventions.

In total, 143 respondents indicated that food waste was monitored in some form within their facilities.
However, precise recording was reported by only 8 respondents, representing just 3.15% of the sample.
Most facilities relied on approximate monitoring, as stated by 135 respondents (53.15%). In contrast,
111 respondents (43.70%) reported that no monitoring of food waste was undertaken.

The findings indicate that the current state of food waste monitoring in accommodation facilities
remains inadequate. As more than half of the facilities rely solely on approximate monitoring, the
resulting data have limited analytical value. Without precise measurement, it is not feasible to design
effective interventions to reduce food waste or to evaluate the efficiency of operational adjustments. The
generation of accurate and reliable data is therefore a fundamental prerequisite for formulating and
achieving the environmental objectives of sustainable management.

In addition to identifying whether food waste was monitored, attention was given to the specific
methods used. Respondents could indicate multiple approaches. The most frequently reported practice
was visual estimation, chosen by 114 respondents. Other methods included counting waste containers
(44 responses), monitoring the financial costs of food losses (13 responses), documenting waste in
internal reports without precise weighing (6 responses), and directly weighing discarded food
(5 responses). The use of specialised technologies and dedicated monitoring equipment was reported by
only two facilities, indicating that advanced monitoring systems remain rare within the sector.

Sources and Patterns of Food Waste

The second research guestion examined the contexts in which food waste most frequently occurs.
Three situations were analysed: banquets and events, buffet meals, and plated meals, each assessed
by respondents on a seven-point scale. The findings indicated that buffet meals were the most significant
source of food waste, with a mean score of 3.7. Plated meals (mean 2.8) and banquets (mean 2.7) were
considered comparatively less problematic; nonetheless, the results suggest that these service formats
also require systematic attention within food waste reduction strategies.

Providing the option to take leftover food away 51

o
[=7]

Collecting feedback from guests

Clear descriptions of portion sizes _ 4,0
Encouraging guests to order adequate portion _ 35
sizes !

Providing more online information

w
o

[y

2 3 4 5 6 7

Figure 1: Measures for Reducing Food Waste
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Finally, the study analysed the measures implemented by accommodation facilities to mitigate food
waste. The results are presented in Figure 1, where lower scores indicate a weaker perceived
importance of a given measure for waste reduction.

Restaurants - Customers

While the previous section analysed food waste management in accommodation facilities (operators),
the following part shifts attention to the restaurants (customers), where sustainability is shaped by
different dynamics. Sustainability has become an increasingly prominent issue in gastronomy, with
consumers paying closer attention to the origin of ingredients, their environmental impact, and alternative
dietary options. At the same time, the rising popularity of gastronomic tourism places additional pressure
on destinations to adopt sustainable practices in food services. The objective of this part of the research
was to examine how customers perceive sustainability with focus on food waste and the extent to which
this influences their choice of restaurants. Whereas sustainability in the hotel sector is frequently
addressed through operational efficiency and certification schemes, in gastronomy it is the guest
experience, expectations, and perceived value that play a decisive role. For this reason, it is essential to
focus directly on consumer attitudes and preferences.

Table 3: Importance and Satisfaction with Sustainability Aspects for Respondents

Factor Importance|lmportance| Satisfaction | Satisfaction
Mean Median Mean Median

F1 Fair treatment and remuneration of 421 500 3.01 3.00
staff

E2 Use of ecologlcal_packaglng and 3.85 4.00 297 3.00
reduction of plastic waste

£3 Reduction of food waste (e.g. option to 371 4.00 295 3.00
purchase smaller portions)

F4 |COOPeration with anti-waste 3.53 4.00 2.94 3.00
organisations (e.g. Nesnézeno)

5 _Inform_lng customers about the origin of 3.43 4.00 299 3.00
ingredients

F6 |Use of local ingredients 3.18 3.00 3.25 3.00

£7 Inforn_nng customers about restaurant 3.06 3.00 3.00 3.00
sustainability

F8 |Offering vegetarian meals 2.97 3.00 3.11 3.00

F9 [Offering lactose-free meals 291 3.00 2.97 3.00

F10 [Offering gluten-free meals 2.79 3.00 2.98 3.00

F11 [Offering vegan meals 251 3.00 2.98 3.00

The results presented in Table 3 summarise how respondents evaluated both the importance and
satisfaction with selected sustainability aspects on a five-point scale. The highest mean importance was
attributed to the ethical and ecological dimensions of sustainability, particularly fair treatment and
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remuneration of staff (importance mean = 4.21; satisfaction mean = 3.01), the use of ecological
packaging and reduction of plastic waste (3.85; 2.97), and the reduction of food waste (3.71; 2.95).
Cooperation with anti-waste organisations was also considered relevant (3.53; 2.94). In contrast, aspects
related to communication, such as informing customers about the origin of ingredients or overall
restaurant sustainability, received more neutral evaluations for both importance and satisfaction. The
lowest mean values were recorded for alternative dietary options, including vegetarian, lactose-free,
gluten-free, and vegan meals, which were rated below 3.00 for both indicators. Overall, the findings
suggest that respondents place the greatest importance on ethical and ecological practices, though
satisfaction levels indicate that there is still room for improvement in their implementation.
Communication and alternative dietary options, while less prioritised, can still contribute to a restaurant’s
sustainable image and customer appeal.
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Figure 2: IPA Framework

Furthermore, in Figure 2, it is possible to observe how respondents perceive the importance and
satisfaction of selected sustainability aspects within gastronomy. Factors with both high importance and
high satisfaction represent areas where businesses perform well and meet customer expectations.
These include Fair treatment and remuneration of staff, Informing customers about the origin of
ingredients, and, to some extent, the Use of local ingredients. Such aspects can be considered strengths
of sustainable gastronomy and should be maintained and further developed to preserve competitive
advantage.

Certain factors, such as Informing customers about restaurant sustainability and Offering vegetarian
meals, show relatively high satisfaction despite being rated as less important, which may suggest that
resources are being directed towards areas that are not crucial for respondents. Factors with both low
importance and low satisfaction, such as Offering vegan meals and Offering gluten-free meals, currently
represent lower priorities but may become opportunities for future development in response to evolving
customer preferences.

The greatest potential for improvement lies in factors with high importance but relatively low
satisfaction, namely Reduction of food waste (e.g. option to purchase smaller portions), Cooperation with
anti-waste organisations (e.g. Nesnézeno), and Use of ecological packaging and reduction of plastic
waste. These areas are perceived as essential elements of sustainable restaurant practices, and
increasing their quality and visibility could significantly enhance customer satisfaction and the overall
perception of a restaurant’s sustainability performance.
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restaurants
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Taste of meals in sustainable restaurants

Preferences in Restaurants

Figure 3: Barriers to Visiting Sustainable Restaurants

Respondents identified the limited availability of sustainable restaurants in their locality as the most
significant barrier. This perception may, at least in part, reflect insufficient promotion and marketing of

such establishments. Other barriers with relatively

high mean scores included the higher price of meals

and the lack of reliable information about whether a restaurant can be considered genuinely sustainable.
These findings (see Figure 2) indicate areas where sustainable businesses could strengthen their
communication and market positioning. By contrast, the taste of food was rated as the least problematic
factor, suggesting that concerns about reduced flavour quality do not constitute a major deterrent to

visiting sustainable restaurants.

Fairtreatment of employees
Better availability of sustainable restaurantsin my area
Lower meal prices

Opportunity to support local farmers and producers

Introduction ofloyalty programmes or discounts for customers of
sustainable restaurants

More information about the restaurant’s sustainability, such as origin of
ingredients and ecological activities

Use of eco-friendly packaging and minimisation of plastic waste

Cooperation with food-waste reduction apps (e.g. Nesnézeno)

Wider variety of meals, including vegetarian, vegan, gluten-free or lactose-
free options

Figure 4: Motivations for Visiting Sustainable Restaurants

As shown in Figure 4, the factor most strongly motivating customers to visit sustainable restaurants
more often was the fair treatment of employees, confirming the importance of social responsibility as
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a core dimension of sustainability from the customer perspective. Other highly rated motivators included
lower meal prices, opportunities to support local farmers and producers, and improved availability of
sustainable restaurants in the local area. Additional incentives included loyalty programmes and
customer discounts, the use of ecological packaging, and more effective communication about
a restaurant’s sustainability profile. Cooperation with food-saving applications and a wider range of
alternative dietary options were also rated relatively positively, suggesting that ecological and dietary
measures can be important drivers for specific customer segments.

Discussion and Conclusion

The findings of this study indicate a generally low level of systematic monitoring and management of
food waste in accommodation facilities, consistent with the observations of Dolnicar et al.’® and
Reynolds et al.®. Only 3.15% of facilities reported maintaining accurate records of food waste, while more
than half relied on approximate monitoring. These practices significantly limit opportunities for process
optimisation and hinder the implementation of targeted waste-reduction measures, while also restricting
the capacity for long-term evaluation of the effectiveness of operational changes. Compared with
evidence from international research, where modern monitoring technologies and digital recording
systems are increasingly used®®, Czech facilities appear to lag, particularly in terms of technological
infrastructure and staff capacity for environmental management.

In relation to the deficiencies identified in operational monitoring within accommodation facilities, the
findings on consumer perceptions in the gastronomic sector highlight a complementary and equally
important dimension of sustainability. Respondents assigned the greatest importance to social aspects,
particularly fair remuneration and equitable treatment of employees (mean 4.21), while environmental
and dietary factors, such as the availability of vegetarian and vegan meals, received significantly lower
mean values (2.51 — 2.97). These results differ in part from the findings of Alsuwaidi et al.®, who
observed increasing interest in plant-based diets in Western Europe, but are consistent with the
conclusions of Coskun and Ozbiik®, who argue that sustainability in gastronomy is often conceptualised
as an overarching ethical approach rather than being limited to environmental considerations.

Building on the identified emphasis that consumers place on the social dimensions of sustainability,
the analysis further revealed several barriers limiting the adoption of sustainable gastronomy. The most
prominent obstacles were the limited availability of businesses actively pursuing sustainability and
insufficient customer awareness of the measures being implemented (mean 3.32 — 3.49). These results
are consistent with the findings of Okumus et al.'?, who highlight that enhanced marketing
communication and transparent labelling can strengthen customer confidence in sustainability claims.
Price was also perceived as a relevant barrier (mean 3.33), while the taste of meals was evaluated as
largely unproblematic (mean 2.78), indicating that concerns about flavour quality are not a decisive factor
discouraging consumers from visiting sustainable restaurants.

The integration of findings from both research lines highlights the link between insufficient monitoring
of food waste in accommodation facilities and the relatively low prioritisation of environmental aspects in
customer perceptions of sustainability. Without accurate data, businesses cannot communicate their
environmental performance effectively to guests, which reduces the visibility and perceived importance
of environmental measures. This lack of transparency contributes to the secondary role assigned to
environmental aspects by consumers. Enhancing systematic monitoring and improving the
communication of results would therefore not only support more effective waste-reduction strategies but
could also strengthen customer perceptions of sustainability within hospitality businesses.

This study advances understanding of how operational practices in hospitality interact with consumer
perceptions of sustainability. By integrating the perspectives of accommodation providers and restaurant
customers, the analysis shows that insufficient internal monitoring of food waste leads to weaker external
recognition of environmental measures. These findings underscore the importance of adopting a more
integrated approach that connects managerial practices within hospitality operations with customer
expectations and evaluations of sustainability.
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Although the study uses data from Czechia, the findings are broadly relevant to other Central and
Eastern European countries with similar hospitality structures and consumer behaviour patterns. In much
of the region, the hospitality sector is characterised by dynamic expansion, while systematic waste
monitoring and transparent communication of sustainability practices remain underdeveloped. The
results therefore provide a basis for international comparison and suggest that improvements in
monitoring, communication, and socially responsible practices may have wide applicability.

Practical implications

The study results highlight several areas where practical measures could enhance sustainability in
hospitality. In accommodation facilities (operators), the lack of precise monitoring was identified as a key
limitation, with over half of providers relying solely on approximate estimates. Therefore, systematic
weighing of food waste or the adoption of digital monitoring tools is recommended, as accurate data are
essential for optimising processes, especially in purchasing, meal preparation, and buffet service
management, which were identified as the main sources of waste. From an economic perspective,
systematic monitoring of food waste can generate measurable cost savings through more accurate
forecasting, reduced procurement, and optimised portion sizes. Previous research suggests that efficient
waste management can lower food purchasing costs by 3 — 6% annually and improve kitchen
productivity by up to 10%, particularly when digital tracking tools are implemented. In small and medium-
sized facilities, these savings may offset the costs of staff training or technology adoption within one to
two years, creating both environmental and financial returns. Furthermore, partnerships with food-
sharing or redistribution platforms can reduce disposal fees and enhance corporate reputation, adding
indirect economic value through improved customer loyalty and positive brand perception. The findings
also suggest that transparent communication of implemented measures remains limited; increased
openness in reporting food waste reduction initiatives could boost guest trust and strengthen perceptions
of environmental responsibility.

For restaurants (customers), surveys revealed that social aspects of sustainability, such as fair
treatment and remuneration of employees, are considered most important, while environmental aspects
receive less emphasis. Restaurants should therefore prioritise visibly reinforcing these social practices,
for example, through collaboration with local suppliers, which respondents also valued. At the same time,
barriers identified by customers, particularly the limited availability of sustainable restaurants, insufficient
information, and higher prices, highlight the need for clearer communication strategies. Informing
customers through menus, marketing materials, and cooperation with surplus food redistribution
initiatives (e.g. Too Good To Go, Nesnézeno) could reduce informational barriers and enhance
credibility. Finally, while alternative dietary options such as vegetarian or vegan meals were not highly
prioritised, their targeted inclusion, together with measures such as offering smaller portion sizes with
refill options or loyalty schemes, may attract specific customer segments and encourage more frequent
patronage of sustainable restaurants.

Limitations

The study's relatively small sample size, along with the fact that some data were available only in
approximate form, limits the generalisability of the findings. Consequently, the recommendations in this
study are particularly relevant to small and medium-sized facilities, while larger enterprises may operate
under different conditions.

Directions for future research

Future studies should complement quantitative surveys with qualitative interviews to capture
managerial reasoning behind waste-management decisions. Detailed cost—benefit analyses of waste
reduction technologies could clarify their long-term financial viability. Comparative cross-country
research would reveal structural and cultural differences in hospitality sustainability practices.
Longitudinal designs could also explore how communication strategies and shifting customer values
influence sustainable dining behaviour over time.
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Abstrakt

Tato studie zkouma problematiku plytvani potravinami v cCeském pohostinstvi ze dvou
komplementarnich perspektiv: jak ubytovaci zafizeni tento problém sleduji a omezuji a jak zakaznici
restauraci hodnoti opatifeni souvisejici s prevenci plytvani. Vyzkum vychazi ze dvou dotaznikovych
Setfeni. V ubytovacich zafizenich zustava udroveri monitorovani nizka — pouze 3,15 % respondentt
uvedlo pfesné vazeni potravinového odpadu, 53,15 % se spoléha na priblizné odhady a 43,70 % jej
nesleduje vubec. Nejvice odpadu vznika pfi bufetovém stravovani. Na strané zakazniki analyza
Importance—Performance (IPA) zaméiena na opatieni souvisejici s potravinovym odpadem ukazuje, Ze
hosté prikladaji vysokou dulezitost, avSak nizsi miru spokojenosti moznostem menSich porci, spolupraci
s aplikacemi proti plytvani a omezovani obalt. Vysledky tak naznacuji prakticky ramec opatreni, ktery
zahrnuje systematické vazZeni a digitalni monitoring, upfednostnéni zasahu v bufetovych provozech
a transparentni komunikaci dosazeného pokroku. V restauracich doporucujeme zduraznit strategie
velikosti porci, partnerstvi s iniciativami proti plytvani a omezeni obalu, aby se odstranily rozdily mezi
dulezitosti a vykonem. PrestoZe je vzorek spotiebitelti pomérné maly, integrovany pohled z perspektivy
provozovatelll a zakaznik( ukazuje jasné a prakticky vyuZitelné nastroje pro sniZzovani zbyteéného
plytvani potravinami v Cesku.

Klicova slova: plytvani potravinami, monitoring, Importance—Performance Analysis (IPA), ubytovaci
a gastronomicka zafizeni, preference zakaznikd, udrzitelnost
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Souhrn

Prispévek je zaméfen na shrnuti dosavadnich poznatki v oblasti aplikace inovativnich postupt
zZpracovani digestatu produkovaného v rdmci provozu zemédélskych bioplynovych stanic. Pozornost je
vénovana zejmeéna racionalizaci vyuZiti Zivin obsaZzenych v digestatu, moznosti eliminovat ztraty dusiku
pfi manipulaci s digestatem a snizeni jeho objemu za Ucelem minimalizace problému pfi skladovani
a transportu. Hlavnim cilem presentovaného vyzkumu je pfitom identifikovat cesty, jak digestat co
nejlépe vyuzit ve vyZzivé rostlin. Jsou shrnuty dosud ziskané vysledky laboratornich testii zamérenych na
stripovani amoniaku za ucelem ziskani dusikatého hnojiva a na nitrifikaci digestatu aplikovanou za
ucelem zamezeni tékani amoniaku pri skladovani digestatu i pfi jeho aplikaci na zemédélskou pudu.
Vysledky naznacuji pomérné vysoky potencial téchto postupt pro jejich budouci aplikaci v provoznim
méfitku. Je také nastinén plan navazujicich aktivit, které by mély podporit postupny transfer vyvijenych
postupll do praxe. Ty budou zaméfeny na postupnou integraci obou zminénych procesu a jejich
vhodnou kombinaci s tepelnym zahus$tovanim digestatu.

Klicova slova: bioplynové stanice; digestat; emise amoniaku; stripovani; nitrifikace; tepelné
zahustovani

Uvod

Bioplynové stanice (BPS) jsou primarné provozovany s cilem transformovat odpadni organickou
hmotu vznikajici v zeméd8lstvi i v jinych odvétvich na energeticky vyuzitelny bioplyn “*2. Vedle tohoto
hlavniho produktu vznika velké mnozstvi digestatu oznaCovaného Casto jako fermentaéni zbytek. Ten je
v zasadé odpadnim produktem. Jedna se o materidl, ktery vzhledem ke své omezené biologické
rozlozitelnosti nepodlehl anaerobnimu rozkladu v biologickém reaktoru BPS - v tzv. fermentoru. Jde
o heterogenni suspenzi o celkové susing pohybujici se obvykle v rozmezi 5 — 12 % 3. Digestat obsahuje
relativné velké mnozstvi zZivin. Z tohoto duvodu je zpravidla vyuzivan ve vyzivé rostlin, aplikaci na
zemeédélskou pldu. To plati zejména v pfipadé zemédélskych BPS, které jsou zpravidla provozovany
pfimo zemédeélskymi podniky. Tento pfistup je v souladu s preferovanymi myslenkami cirkularni
ekonomiky, kdy vedlejsSi produkty rostlinné i Zivo€iSné vyroby jsou zpracovavany v BPS a zbytkovy
material (tedy pravé digestat) je navracen do cyklu hmoty v zemédélskych systémech. Na druhou stranu
je vSak tento zavedeny pfistup k nakladani s digestatem spojen s fadou problému.

V podstaté nejcennéjsi Zivinou obsazenou v digestatu je dusik. Ten se v ném vyskytuje dominantné
ve formé& amoniakalniho dusiku (N-amon). N-amon pfitom zahrnuje dvé disocia¢ni formy, kterymi jsou
amonny kationt (NH,") a nedisociovany amoniak (NH;). Distribuce téchto dvou forem je dana
podminkami prostfedi, zejména hodnotou pH a teplotou. Jelikoz je digestat charakteristicky mirné
zasaditou hodnotu pH pohybujici se obvykle v rozmezi mezi 7,5 a 8,5, je jiz za téchto podminek
zastoupeni nedisociovaného NH; pomérné vysoké. Protoze amoniak je tékavy, unika z digestatu do
ovzdusi *, coz je nezadouci jak z environmentalniho, tak z ekonomického hlediska, nebot dochazi ke
ztraté Ziviny. K emisim amoniaku dochazi pfi skladovani digestatu i pfimo pfi jeho aplikaci na pldu, resp.
po jeho povrchové aplikaci > ® " 8. Podil ztrat N-amon je velice variabilni, obvykle pfedstavuje desitky
procent z jeho mnozstvi obsazeného v surovém digestatu, dle nékterych zdrojd muize celkové Cinit
i 70 % ° % 7 davodu legislativnich omezeni moznosti aplikace digestatu na zemédélskou piidu
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v zimnim obdobi a v souvislosti s ochranou vod pfed znecisténim zplsobenym dusiCnany ze
zemé&délskych zdroji ' 3, je potfeba tento material pred aplikaci na zemé&délskou pddu skladovat
pomérné dlouhodobé. Vzhledem k tomu, ze digestat je tvofen z cca 88 — 95 % vodou a s ohledem na
zminéné skute€nosti, jsou naroky na objem skladovacich prostor pro digestat velmi vysoké. Kromé vyse
zminénych vyznamnych Uniki amoniaku je tedy dlouhodobé skladovani digestatu spojeno s vysokymi
naklady na vystavbu a provoz uskladfiovacich nadrzi. Preprava velkého mnozstvi digestatu pred jeho
aplikaci na zemédélskou pudu je nakladna, Casty pohyb techniky pfi aplikaci na pldu vede k jejimu
utuzovani a degradaci.

Digestat je v objektech nékterych BPS déle separovan na kapalnou (fugat) a pevnou frakci (separat)®.
Nakladani s fugatem je pak v podstaté identické jako v pfipadé tekutého neseparovaného digestatu, je
pomérné dlouhodobé uchovavan v uskladhovacich nadrzich a nasledné aplikovan na zemédélskou
padu. Dochazi tedy v zasadé k identickym problémim zminénym vySe v souvislosti s nakladanim
s neseparovanym digestatem. Separat nachazi nejCastéji uplatnéni jako stelivo v zivo€iSné vyrobé,
mulze byt vyuzit také jako hnojivo, péstebni substrat, resp. jako jedna zjeho slozek & mulze byt
kompostovan. Také pfi manipulaci s nim dochazi ke znaénym unikim amoniaku. V pfipadé aplikace jako
steliva je pak v dasledku emisi amoniaku ohrozeno i zdravi hospodaiskych zvifat, popfipadé také
personalu pohybujiciho se v objektech, ve kterych jsou hospodarska zvifata ustajena. Ani v tomto
pfipadé pochopitelné nelze opominout environmentalni aspekt emisi amoniaku do ovzdusi.

Problémy spojené s nakladanim s neseparovanym digestatem i s jeho separovanymi slozkami je
mozno fesit vhodnym zplsobem Upravy digestatu. Pristupl k takové upravé existuje cela fada, obvykle
jsou ale po technické i ekonomické strance velmi naroéné * **. Jako vcelku perspektivni se v tomto
sméru jevi metody zalozené na stripovani amoniaku, biologické nitrifikaci a tepelném zahusténi,
popfipadé jejich vhodna kombinace. Pfi stripovani amoniaku, ktery se v zavislosti na podminkach ve
zpracovavaném digestatu vyskytuje v rovnovaze s amonnym kationtem (rovnice 1), je mozno z digestatu
fizenym odvétravanim amoniaku a jeho naslednym zachycenim v kyselém roztoku ziskat dusik v Cisté
podobé a zabranit tak jeho nefizenému Uniku do ovzdusi ** ¢ 18 Dle pouzité kyseliny je mozno ziskat
roztok siranu ¢&i dusi¢nanu amonného, tedy latek, které jsou svoji podstatou mineralnimi dusikatymi
hnojivy *° (rovnice 2a a 2b).

NH4+ g NH3 + H+ (1)
2 NH3 + H,SO, — (NH4)2804 (Za)
NH3 + HN03 i NH4N03 (2b)

V pfipadé, Ze po stripovani v prostfedi digestatu dojde k jeho separaci na fugat a separat, pak mize
dojit k eliminaci uniki amoniaku z téchto separovanych slozek. PFi nitrifikaci dochazi k prevedeni
N-amon na N-NOg’, ktery neni tékavy. Zaroven v digestatu pfi nitrifikaci dochazi k poklesu pH. Diky tomu
mohou byt ztraty dusiku minimalizovany i v pfipadé, Ze C¢ast N-amon nepodlehne nitrifikaci. | v tomto
pfipadé plati, Zze v pfipadé separace digestatu az po probéhnuti nitrifikace budou fugat a separat
v obou frakcich zUstane prakticky beze zbytku zachovano veskeré mnozstvi dusiku pfitomného plvodné
v digestatu a to ve formé pfistupné rostlinam. Tepelné zahusténi muze byt vyuZzito k vyznamné redukci
objemu digestatu, resp. fugatu, a k feSeni extrémnich narokd na skladovaci prostory pro tento material
ina jeho transport. Omezeno muze byt utuzovani pudy zplsobené pohybem techniky pfi aplikaci
mensiho objemu digestatu &i jeho separovanych slozek % 2% 2,

Moznostem zpracovani digestatu za ucCelem racionalizace jeho vyuziti dosud neni vénovana
dostate€na pozornost. K Uspé&Sné realizaci zminénych postupl jako metod pro zpracovani
neseparovaného digestatu vS8ak mohou pfispét dosavadni zkuSenosti v oblasti zpracovani fugatu
postupem zalozenym na nitrifikaci fugatu a jeho naslednym tepelnym zahusténim. Jiz dfive bylo
prokazano, zZe nitrifikace predstavuje perspektivni moznost vedouci k minimalizaci ztrat dusiku pfi
manipulaci s fugatem . Nasledny vyzkum potvrdil, Ze ztraty dusiku pfi skladovani nitrifikovaného fugatu
jsou nasobné nizi ve srovnani se skladovanim surového (ne-nitrifikovaného) fugatu #°. Simulace
dvoustupriové upravy fugatu nitrifikaci a naslednym tepelnym zahusténim nitrifikovaného fugatu
v laboratornich podminkach vedla ke zjisténi, Zze prakticky veSkeré Ziviny byly zakoncentrovany do
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proudu tepelné zahus$téného nitrifikovaného fugatu, pfi¢emz v zasadé nedochazi k jejich uniku do
destilatu, ktery se jevi jako velice dobfe vyuzitelny jako procesni voda, napfiklad pro fedéni substratu
vstupujiciho do anaerobniho reaktoru BPS ** .

Cilem tohoto pfispévku je presentovat prvotni vysledky vyzkumu v oblasti zpracovani
neseparovaného digestatu, které navazuji na aktivity spojené se zpracovanim fugatu, tedy kapalné
frakce fermentaéniho zbytku. Dlraz tohoto vyzkumu realizovaného v ramci projektu SQ01020303 je
kladen pravé na vyuZiti stripovani amoniaku, nitrifikaci a tepelné zahusténi.

Experimentalni ¢ast

Pouzity digestat

K experimentim byl vyuzit digestat z bioplynové stanice, ktera jako hlavni slozky substratu pro vyrobu
bioplynu vyuZiva kukufiCnou silaz a hovézi kejdu, jako doplnék pak odpadni obilni 8rot a v malém
mnozstvi sezonné také zbytky brambor a zeleniny. Celkova denni davka vySe uvadénych surovin je
obvykle 28 t, pfiemz 17 t pfipada zpravidla na kukufi¢nou silaz, 10 t na hovézi kejdu a 1 t na obilni rot.
Technologie provozu dané BPS je zalozena na systému dvou biologickych reaktori — fermentoru, kde

probiha vlastni proces anaerobni fermentace, a ,dofermentoru®, kde dochazi k dokonovani rozkladnych
procesu.

Zakladni vlastnosti pouzitého fermentacniho zbytku jsou shrnuty v tabulce 1.

Tabulka 1: Charakteristiky pouzitého digestatu

N-amon (mg/l) 5230
susina (%) 7,37

org. susina (% ze susiny) 73,1
CHSK* (g/1) 33,3

* chemicka spotfeba kysliku

Laboratorni simulace stripovani amoniaku

Za ucCelem simulace procesu stripovani digestatu byla zprovoznéna stripovaci kolona (obrazek 1
vlevo). Stripovani bylo realizovano v riznych podminkach, pfi€emz pozornost byla vénovana mimo jiné
studiu vlivu intenzity proudéni vzduchu stripovaci kolonou na rychlost procesu a jeho efektivitu. Prvni
experiment byl proveden s vyuzitim motorku HAILEA ACO-388D (pfikon 70 W, prutok vzduchu 80 I/min)
zajistujiciho provzduSnovani zpracovavaného digestatu. Nasledny test byl pak uskute¢nén pomoci
vykonnéjSiho pfistroje HAILEA ACO-500D (pfikon 175 W, pratok vzduchu 275 I/min).

Prabéh stripovani byl hodnocen s vyuzitim odbéru vzorkll zpracovavaného digestatu ve vhodnych
Casovych intervalech. Ve vzorcich byla nasledné stanovena koncentrace N-amon. Ve stripovaci koloné
byla v dobé odbéru vzorku vzdy méfena hodnota pH.

Laboratorni simulace nitrifikace

V laboratofi byl zaroven provozovan nitrifikaCni reaktor zpracovavajici digestat (obrazek 1, vpravo).
Pracovni objem reaktoru Cinil 5 I. Pratok digestatu reaktorem byl kontinualni, pfiemz systém pracoval
na principu tzv. sméSovaci aktivace, resp. CSTR (Completely Stirred Tank Reactor) 2> ?°. Digestat byl do
reaktoru davkovan pomoci peristaltického Cerpadla. Vstupujici surovy digestat byl fedén pitnou vodou
v poméru 1 : 4 (1 objemovy dil fermentagniho zbytku na 4 objemové dily vody). Redéni bylo realizovano
za UCelem prevence ucpavani hadiCek transportujicich digestat ¢asticemi nerozpusténych latek v ném
obsazZenych. DalSi dvé peristalticka Cerpadla do reaktoru pfivadéla roztok NaOH (100 g/l) a odpénovac
BASF Burst EP 8100. Hodnota pH byla s vyuZitim fidiciho systému Magic XBC (GRYF HB) udrZzovana
v oblasti 6,0 + 0,1, pficemz za timto uCelem byl do reaktoru na zakladé signalu Fidiciho systému
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davkovan zminény roztok NaOH. Reaktor byl provzdusSriovan s vyuzitim vzduchovaciho motorku
HAILEA ACO-328 (pfikon 50 W, pratok vzduchu 70 I/min; koncentrace rozpusténého kysliku byla
udrzovana na hodnotach presahujicich 4 mg/l). Pfi zaloZzeni pokusu byl do celého objemu reaktoru
pfidan aktivovany kal z proudu vratného kalu z méstské Cistirny odpadnich vod vykazujici poZzadovanou
nitrifikacni aktivitu, ktery slouzil jako inokulum, tedy zdroj nitrifikacnich mikroorganism( pro zapracovani
reaktoru. Aktivovany kal je pestrou smésnou kulturou zahrnujici nejriznéj$i skupiny mikroorganismu.
Zastoupeni nitrifikaCnich bakterii mezi nimi je pfitom obvykle jen velmi omezené. Na druhou stranu je
v aktivovaném kalu odebraném z COV, ktera prokazatelné dosahuje vysokou nitrifikadni aktivitu,
zastoupeni nitrifikantll dostateéné pro inokulaci diskutovaného reaktoru. To bylo v rdmci vyzkumnych
aktivit autorského kolektivu opakované prokazano pfi zapracovani nitrifikacnich reaktord
zpracovavajicich nejriznéjSich kapalnych materidld s extrémné vysokym obsahem N-amon'.
Koncentrace nerozpusténych latek v tomto kalu &inila 10 g/l. Za popsanych podminek bylo zahajeno
davkovani digestatu do reaktoru, pficemz postup zahajeni provozu reaktoru vychazel z pfistupu
popsaného v praci Michal et al. *.
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e

Obrazek 1: Laboratorni stripovaci kolona (vlevo); laboratorni nitrifikacni reaktor (vpravo)

Analytické postupy

VeSkeré rozbory vzorku surového digestatu i digestatu zpracovaného ve stripovaci koloné, resp.
v nitrifikaCnim reaktoru, (stanoveni koncentrace jednotlivych forem dusiku, hodnota CHSK, obsah
susiny, resp. organické susiny, atd.) byly podobné jako urCovani podminek panujicich v systémech
zpracovani digestatu (stanoveni hodnoty pH, koncentrace rozpusténého kysliku atd.) realizovany
v souladu s postupy uvedenymi v publikaci Horakova et al. %’

Vysledky a diskuse

Stripovani amoniaku

Na obrazku 2 je zaznamenan prabéh prvniho experimentu zaméfeného na simulaci stripovani
amoniaku z digestatu, ktery trval 72 hod. V plavodnim digestatu €inil obsah N-amon 4290 mgl/l, pficemz
na konci testu dosahovala jeho koncentrace 1260 mg/l. Na pocatku testu byla naméfena hodnota pH
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cca 8,7. V prvnich hodinach stripovani pH pomérné rychle narlstalo, pfiéemz od méfeni po 24 hodinach
jiz vykazovalo v zasadé stabilni hodnotu pohybujici se okolo 9,3. Zaznamenany narlst hodnoty pH
patrné souvisel s odvétranim CO, v prvnich fazich stripovani %.

N-amon pH
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4500 9,3

4000 9,1

= 3500 8,9

£ 3000 8,7
= 2500 85 L

% 2000 8,3

g 1500 8,1
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0 7,5

0 10 20 30 40 50 60 70 80
¢as (h)

Obrazek 2: Prabéh stripovani v ramci prvniho experimentu

Vysledky druhého experimentu zaméfeného na stripovani (obrazek 3) potvrzuji, Ze zvySeni intenzity
davkovani vzduchu do stripovaci kolony urychluje proces *°. Jiz po sedmi hodinach byla koncentrace
N-amon v digestatu snizena ze 4320 mg/l na 2530 mg/l, ¢imz bylo dosaZzeno 41 % ucinnosti separace
N-amon. Pfitom pfi prvnim experimentu takova ucinnost nebyla zaznamenana ani po 24 hodinach. Take
zmény v hodnoté pH po zahajeni procesu stripovani byly podstatné rychlejSi nez v pfipadé prvniho
experimentu. Jiz v pribéhu prvni hodiny byl zaznamenan nar(ist hodnoty pH z7,6 na 8,7. Tato
skute€nost mize prabéh procesu jesté sekundarné vylepsit diky rychlému zvySeni zastoupeni tékavého
NH; v ramci N-amon *® %, Rozdil mezi prvnim a druhym experimentem v po&ateéni hodnoté pH je patrné
dan tim, Ze byly zpracovavany dva samostatné odebrané vzorky digestatu.

N-amon —o—pH
5000 9,5
4500 9,3
—e
~ 4000 9,1
E’ 3500 8,9
= 3000 8,7
S 2500 85 L
S
g 2000 8,3
Z 1500 8,1
1000 7.9
500 7.7
0 75
0 5 10 15 20 25
¢as (h)

Obrazek 3: Prubéh stripovani v ramci druhého experimentu
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Nitrifikace

Obrazek 4 shrnuje vyvoj koncentrace zakladnich forem dusiku v nitrifikaénim reaktoru v feSeném
obdobi jeho provozu. Obsah N-amon v digestatu fedéném vodou (viz metodika experimentl) vstupujicim
do reaktoru ¢inil praimérné 1030 mg/l. Hlavnim produktem nitrifikace byl od poc¢atku provozu reaktoru
N-NOj". Jeho koncentrace v odtoku z reaktoru se v prvni fazi zapracovani reaktoru trvajici v danych
podminkach 26 dna postupné zvySovala az na 1360 mg/l. Nasledné se ve fazi standardniho provozu
reaktoru pohybovala mezi 1060 a 1620 s primérnou hodnotou 1350 mg/I.

—e—N-amon vstup N-amon vystup N-NO2- —e—N-NO3-

0 60 90 120 150 180
Cas (d)
standardni provoz

)
I
I
1
I
0 ]
|
I

v

zapracovan
Obrazek 4: Koncentrace jednotlivych forem dusiku na vstupu a vystupu nitrifikacniho reaktoru

Postupny narlst odtokové koncentrace N-NO; ve fazi zapracovani byl zplsoben zahajenim
davkovani fedéného digestatu bohatého na N-amon a jeho transformaci na N-NOg’, ktery se v prostfedi
reaktoru hromadil az do ustaleni stavu typického pro fazi standardniho provozu reaktoru. Je mozno
konstatovat, ze zapracovani reaktoru probéhlo uspésné, pficemz bylo potvrzeno, Zze podobné jako
v pfipadé zpracovani fugatu je mozno regulaci podminek v reaktoru docilit rychly start procesu i pfes
extrémni podminky panujici v reaktoru **. Skuteénost, Ze odtokova koncentrace N-NO3™ pfevysuje ve fazi
standardniho provozu vyznamnym zplUsobem pfitokovou koncentraci N-amon, je zpusobena zejména
odparem vody v intenzivné provzdusnovaném nitrifikacnim reaktoru a s nim spojenym zahustovanim
digestatu. Méné vyznamnym dlvodem byla v danych podminkach patrné mineralizace organického
dusiku obsazeného v surovém fermentaCnim zbytku. Tyto pfedpoklady byly i experimentalné ovéreny,
intenzita pfitoku byla vzdy o cca 20 — 25 % vySSi nez intenzita odtoku. Organicky dusik pfedstavoval
v pouZzitém vzorku digestatu méné nez 5 % z celkového dusiku.

Po celou dobu provozu reaktoru nedochazelo k vyznamnéjSimu hromadéni N-NO;, jehoz
koncentrace v odtoku po celou dobu provozu systému nepfevySovala 30 mg/l s tim, Ze v ramci vétSiny
méfeni byly zaznamenany dokonce hodnoty pohybujici se pod 2 mg/l. Zastoupeni N-NO, mezi
kone&nymi produkty nitrifikace ve fazi standardniho provozu nikdy nepiekrocilo 2 %, pfi¢emz primérné
Cinilo 0,24 %. To svédCi o vysoké aktivité obou zakladnich skupin nitrifikacnich organisma, tedy
nitritatnich (AOB — ammonia oxidising bacteria) i nitrataCnich (NOB - nitrite oxidising bacteria)
bakterii > > 2°. Zaroveri je toto zjiténi velice pozitivni z hlediska potencialni toxicity N-NO, v{é&i
rostlinam, k jejichz vyzivé by byl zpracovany digestat vyuzit .

Odtokova koncentrace N-amon se po vétSinu sledovaného obdobi pohybovala hluboko pod 100 mg/l.
Vyjimkou byla faze zapracovani reaktoru, ve které zpoCatku dosahovala az 360 mg/l a obdobi mezi
cca 40. a 80. dnem provozu reaktoru. Za téchto podminek dosahovala ve fazi standardniho provozu
reaktoru ucinnost pfevedeni N-amon na oxidované formy prdmérné 95,8 %.
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V kazdém pfipadé je na zakladé vySe shrnutych vysledk( mozno konstatovat, Ze nitrifikace probihala
Uspé&sné a jevi se jako realné rozsifit aplikovatelnost tohoto postupu z fugatu'® na neseparovany
fermentacni zbytek.

Vyzvy pro navazujici vyzkum

Vy8e presentované vysledky se v mnoha ohledech jevi jako velice nadéjné. Na druhou stranu,
vyzkum realizovany v ramci projektu SQ01020303 je teprve ve fazi prvniho roku jeho feSeni, pficemz
jeho dokonceni se pfedpoklada v roce 2028. Je ziejmé, Ze je mimo jiné zapotiebi dale optimalizovat dilCi
procesy zpracovani digestatu.

K ¢inéni seriéznéjSich zavérl v oblasti stripovani amoniaku jakozto postupu zpracovani digestatu
bude potfeba za ucelem identifikace optimalniho pfistupu testy simulujici tento proces opakovat
v mnoha variantach probihajicich za riznych podminek. Pocita se s konstrukci nové stripovaci kolony
umoznujici plynulou regulaci mnozstvi dodavaného vzduchu a kontinudlni méreni pritoku tohoto
vzduchu. Kolona umozni zaroven variabilni moznosti davkovani fermentacniho zbytku, které bude
kontinualni, resp. diskontinualni. Prutok zpracovavaného digestatu bude mozno realizovat ve sméru
zdola nahoru i shora dolu. Pfedpoklada se moznost sledovani koncentrace NH; v plynu odchazejicim
z kolony. | vramci navazujicich experimentl bude jednou z hlavnich priorit minimalizovat spotfebu
chemikalii a celkové vylepSovat ekonomiku procesu stripovani.

Zajimavé vyzvy je mozno nalézt také v oblasti pokraCovani vyzkumu zaméfeného na nitrifikaci
digestatu. Dosud provedené experimenty probéhly sjeho fedénim, pficemz pro optimalni FeSeni
problému bude zapotiebi nalézt cesty k aplikaci procesu na digestat, ktery fedén nebude. Za timto
ucelem se mimo jiné predpoklada vyuZiti peristaltickych &erpadel vyuZivajicich pro transport digestatu
hadic¢ky s podstatné vétsSim vnitfnim primérem nez aktualné vyuzivana Cerpadla. Touto cestou by mély
byt minimalizovany problémy s ucpavanim hadi¢ek. Pfedpokladaji se také aktivity spojené se shahou
0 minimalizaci nakladu na proces nitrifikace fermenta¢niho zbytku mimo jiné v souvislosti se snahami
0 snizeni narokl na dodavku vzduchu do nitrifikaéniho reaktoru za ucCelem snizeni energetické
narocnosti procesu.

V dalSich fazich vyzkumu se pocita s postupnou integraci stripovani amoniaku a nitrifikace do
dvoustupriového postupu zpracovani digestatu a s ovéfovanim moznosti tento pfistup aplikovat za
ucelem snizeni nakladl na zpracovani digestatu a celkové racionalizace procesu. Nasledné budou
identifikovany moznosti rozSifeni sledu zpracovatelskych postupl o tepelné zahusténi s cilem urgit
optimalni podminky pro aplikaci soustavy stripovani-nitritrifikace-tepelné zahusténi. Ugelem t&chto aktivit
pfitom bude vyuzit vSech benefitl dil€ich procesu, které byly zminény v Gvodu tohoto pfispévku. Pocita
se také s poloprovoznim ovéfenim vysledku laboratorni faze vyzkumu.

Zaver

Digestat predstavuje material dobfe vyuzitelny ve vyzivé rostlin. Na druhou stranu je nakladani s nim
spojeno s fadou problémd a aktualné pouzivany pfistup k jeho vyuziti neni ani zdaleka optimalni.
Vyzkum v oblasti stripovani amoniaku z digestatu a nitrifikace provozované v tomto materialu naznacuje
potencial obou postupll ve smyslu jejich vyuziti jako metod vedoucich k racionalizaci nakladani
s digestatem. Zaroven je ziejmé, Ze oba tyto diléi procesy je potfeba dale optimalizovat, pfi¢emz jako
zajimava se jevi myslenka jejich integrace do sekvence vicestupnového zpracovani diskutovaného
materialu. DalSi benefity muze pfinést napfiklad jejich kombinace s tepelnym zahusténim digestatu
pfedupraveného stripovanim amoniaku a/nebo nitrifikaci.

Podékovani
Vysledky tohoto prispévku byly ziskdny v ramci aktivit spojenych s Fe$enim projektu TACR
¢. SQ01020303. Autori timto dékuji poskytovateli dotace za finanéni podporu.
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Reasonable Approaches to Digestate Handling
Pavel MICHAL, Pavel SVEHLA, Barbora KOUBKOVA, Jakub TEGEL, Pavel TLUSTOS

Ceské zemédélska univerzita v Praze, Katedra agroenvironmentéini chemie a vyZivy rostlin,
Kamycka 129, 165 00 Praha 6 - Suchdol

Summary

This paper is focused on the summarization of the knowledge in the field of innovative method of the
treatment of digestate produced within the operation of agricultural biogas plants. The rationalization of
the utilization of nutrients contained in the digestate is emphasised, especially the prevention of nitrogen
losses during the handling with the digestate. Also the possibility of the digestate volume restriction is
discussed with the aim to minimize the problems related to digestate storage and transport. The main
aim of presented research is to identify the ways enabling optimal utilization of digestate in plant
nutrition. Up to now gained results of laboratory research in the field of ammonia stripping providing
valuable nitrogen fertilizer are summarised. Similarly, also the results of laboratory simulation of the
nitrification process of digestate with the aim to prevent ammonia emission are presented. The results
indicate relatively high potential for the application of tested methods in full scale conditions. The plans
for subsequent research are also presented where the possibility of gradual transfer of developed
technologies into practise is emphasised. These activities will include e.g. the integration of the stripping
with the nitrification into more-stages treatment process. Also the possibility of the combining them with
the thermal thickening of digestate will be evaluated.

Keywords: biogas plants, digestate, ammonia emission, stripping, nitrification, thermal thickening
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VAZEN{ PRIZNIVCI APLIKOVANEHO VYZKUMU A RIZIKOVEHO MANAGEMENTU,

dovolujeme si vas pozvat na 20. roénik Tydne vyzkumu a inovaci pro praxi a Zivotni prostiedi
(TVIP), ktery probéhne v terminu 21. — 23. dubna 2026 v Hustopecich u Brna. Tento ro¢nik opét
zastieSuje dvé tradi¢ni specializovand odborna setkani: konferenci APROCHEM a symposium
ODPADOVE FORUM. Symposium se mimo aktualni projekty z oblasti odpadi, ochrany vod
aovzdu$i, blize zaméii na odpady zrecyklace a vyroby automobili, vedlejSi produkty
Z potravinarstvi a na radioaktivni a dalSi problémové odpady.

APROCHEM: Konference tematicky pokryva oblast fizeni rizik a bezpecnosti. Zaméifuje se zejména na
Fizeni primyslovych rizik a rovnéZ na rizika pri spravé regioni, mést a obci. Konference odrazi
vyznam vyzev vyplyvajicich ze zmén ovliviiuyjicich nasi spole¢nost v oblasti Sirokého spektra rizikového
managementu (mezinarodni bezpe€nostni situace, bezpecnost kritické infrastruktury v souvislosti
S uplatiovanim novych technologii, rozSifovanim energetického mixu o alternativni zdroje energie,
zménami klimatu atd.).

RIZIKOVY MANAGEMENT A PREVENCE A ODSTRANOVANI HAVARII

O Posuzovani a Fizeni rizik O Rizika souvisejici s nanomateridly (napf. ve vztahu

O Prevence zédvaznych prdmyslovych havarii k potravinam)

O  ZkuSenosti z odstrafiovani nasledkd havarii O Rizika vyplyvajici z novych vyzev (zména klimatu, nastup

O Rizika pfi nakladani s chemickymi latkami a pfipravky chytrych technologii, vyuZiti alternativnich zdroji energie a
O Bezpetnost a hygiena prace dopady geopolitickych zmén)

ODPADOVE FORUM: 20. ro¢nik symposia pokratuje v prezentaci vysledkii vyzkumnych projekti
Z celé oblasti pramyslové a komunalni ekologie, tedy z oblasti odpadi, ochrany vod a ovzdusi. Navic
budeme vénovat zvySenou pozornost vyzkumu cilicimu na aplikaci principi cirkularni ekonomiky
a udrzitelnosti v potravinarstvi, automobilnim a dFevozpracujicim primyslu a Vv nakladani
S radioaktivnimi a dalSimi problémovymi odpady.

VEDLEJSI PRODUKTY Z POTRAVINARSTVI ODPADY ZRECYKLACE I VYROBY
AUTOMOBILU
O  vyuziti vedlejsich produktl z vyroby potravin O Postupy zpracovani autovrakd
O MozZnosti zhodnoceni nevyuZitych nebo znehodnocenych O  Odpadni provozni kapaliny
potravin O Textil a plasty ze zpracovani autovlakd
O Membranové procesy k ziskavani cennych latek z vedlejsich | Pneun}ati’ky . . . o
produktd a odpadnich vod a Inovatwn, qug|t.! vedllegswh produkt(i a odpadi z vyroby
O Recyklace a &iéténi odpadnich vod automobild a jejich dild .
o O Ekologické aspekty vyroby a provozu automobil(i
(m] Ga.svtrOS)dlpad\,/ a a{naerobnll digesce O Environmentalni aspekty vyroby elektromobild
O  Snizovani uhlikové a vodni stopy
DRUHY ZIVOT DREVA RADIOAKTIVNI A DALSI PROBLEMOVE
ODPADY (RaO)
O Materidlové vyuZiti odpad z tézby a zpracovani O Postupy minimalizace a zneskodriovéni RaO
O MozZnosti vyuZiti dfeva z demolic O Technické aspekty uklddani instituciondlnich radioaktivnich
O PoZarni vlastnosti produktd odpadd
O Drevottiskové desky O Ochrana pfi nakladéni s RaO
O Chemické vyuZiti dieva O Ziskavani a recyklace kritickych surovin
O Recyklace nabytku O Kapalné a velkoobjemové odpady
O Co s kontaminovanym dievem? O Vyzkum kolem pfiprav hlubinného ulozisté RaO
KLICOVE TERMINY CENY VLOZNEHO
Ptihlasky ptispévki 28. 2. 2026 Vlozné 6 500 K¢
Zaslani plnych textd do sborniku 31. 3. 2026
Ptihlasky ticasti 31. 3. 2026
Termin konani 21.—-23. 4. 2026
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Pozvanky a nekomeréni prezentace / Invitations and non-commercial presentations

PRIHLASKY PRISPEVKU A PREZENTACE PREDNASEK

Prispévky na TVIP mohou mit povahu pfednasky v odborné sekci (15 min. pfednaska a 5 min. diskuse)
nebo vyvésky. Vyvésky mohou byt az do formatu A0 na vysku, vétsi rozméry je tieba konzultovat
S poradateli.

Termin prihlasek prispévka je 28. 2. 2026. Prihlasky je mozné zasilat vyhradné prostiednictvim
elektronického formulafre na www.tvip.cz. Pofadatel potvrzuje piijeti prihlasky a vyhrazuje si pravo
kone¢ného rozhodnuti o piijeti piispévku, formé jeho prezentace a zafazeni do konkrétni sekce
a programu.

Po uvedeném datu je mozno pfihlasit ptispévek bud’ po vyzveé ptipravného vyboru, nebo do naplnéni
kapacity (sestaveni kone¢ného programu). Jednaci jazyk je Cestina a slovenstina. Zahrani¢ni ptrednasejici
(1 posluchaci) jsou vitani, ale tlumoceni nezajiStujeme. Komer¢ni prezentace na konferenci je mozna,

vice na WWw.tvip.cz.

DRUHY CIRKULAR A DALSI INFORMACE

Druhy cirkuldf s pfedbéznym programem bude rozesilan v polovin¢ bifezna. Veskeré, prubézné
aktualizované informace k TVIP naleznete na internetovych strankach www.tvip.cz. Konkrétni dotazy
a pripominky adresujte bud’ na nize uvedené garanty, nebo na spole¢nou adresu tvip@cemc.cz.

PRIHLASKY UCASTI

K tcasti na TVIP se ptihlasuje prostiednictvim formulafe na www.tvip.cz. Jeho soucasti je i specifikace
Termin pro prihlaseni je 31. 3. 2026. K ucasti se piihlasuji (a plati vlozné) i autofi ptispévkil, prednasky
nejsou honorované. Za neodptedndSenou prednasku ¢i za nevystaveny poster fakturujeme poplatek
1000 K¢ za zatazeni ptispévku do programu a uvetejnéni textu ve sborniku.

PLNE TEXTY PREDNASEK

Autory vSech prispévki, prednasek 1 vyvések Zadame o vcasné predani konecného, graficky upraveného
plného textu piispévku v elektronické podobé v MS Word nejpozdéji do 31. 3. 2026. Pozadavky na grafickou
upravu textd do sborniku jsou uvedeny na internetovych strankdch TVIP, kde je rovnéz ke staZzeni vzorova
Sablona pro psani textli. Sbornik TVIP je vydavan v elektronické formé s oznac¢enim ISBN.

PUBLIKACE VE WASTE FORUM

Casopis WASTE FORUM je dlouholetym medialnim i odbornym garantem TVIP, od roku 2017 je
indexovan v databazi SCOPUS. V piipadé zajmu o publikaci ptispévku ze symposia v ¢asopisu je toto
mozné. Jen text ve sborniku nesmi byt shodny s verzi do ¢asopisu v zajmu zachovani publikaéni etiky.

Publika¢ni jazyk je angli¢tina, ¢estina a slovenstina. Redakéni uzavérky jsou pravidelné 8. 1.,8.4.,8.7. a
8. 10. Text je tieba upravit podle redak¢nich zvyklosti (vice na www.wasteforum.cz/ v sekci Pro autory).
Ptispévky jsou posuzovany minimalné dv€ma nezavislymi recenzenty. Hotové ¢islo byva vystaveno na
internetu zhruba 10 — 11 tydni po redakéni uzavérce. VSechna ¢isla ¢asopisu (aktualni i archivni) jsou
voln¢ ke stazeni na strankach www.wasteforum.cz.

PORADATEL KONTAKTY

Ceské ekologické manaZerské centrum, z.s. [ Ing. Ondiej Prochazka, CSc., programovy garant
28. pluku 524/25, Praha 10, PSC 101 00 symposia OF, séfredaktor WASTE FORUM —
www.tvip.cz, tvip@cemc.cz prochazka@cemc.cz

Tel.: (+420) 274 784 417 O Ing. Jifi Student, programovy garant APROCHEM
ICO: 45249741, DIC: CZ45249741 — Student(@cemc.cz

Cislo uétu: 27534061/0100 O Ing. Vladimir Student, hlavni garant —

studentv@cemc.cz
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