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OndSej Proch8zka

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

OndSej Proch8zka
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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text Not peer-reviewed and commercial papers.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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Increasing the Efficiency of a Small Heat Source by
Reusing its Waste Heat

Jozef JANBikh MM CHO, Patrik NEMEC,6 ud mi OMC N

Gilinsks8 Gnlveezi 6arvjn2cka fakulta,
Uni ver zitn8g 82 1,%®-mdl,patikhedmecbstrofaunikaiskh a

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 7 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.

K1l 2| ov 8 wasteaeduction, 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

Kat
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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
apump in this®®losed syst®m

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 i 9 kW and an
efficiency of 80.0 i 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 i 400 A C, st ai

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.

n i

e s
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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 | —_— ) —
= o .Ir : | T e
H T
]

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 0_"Qis 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*?.

- pnmnA R/ hp [1]
where: ( is heating device efficiency [%], q; is specific heat capacity of dry flue gas [%], and Q5 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:

0 2ho 2]
0 6:®& hQo [3]
wher e: Pv is heat source output [ kW], P is hea

6D is natural gas consumption [m*/h], 0"Gs 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 o
the temperature of the flue gases i n t haatodheorigimey d
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. 65AC and the tempesapprieedfair inc
The total temperature difference s o f flue gas and combust iwbich hadi r d
a positive effect on increasing its efficiency by 3.4 %. These findings confirmed our expected
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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 temper at [%0] [kW]
[ AC]

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,d = 87 . 57 %
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, d = 91. 02 QtedvdBy cC a

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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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 i 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
bet ween 50 and 260 AC. Vol atile 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 (>1 000 AC) and is effe
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.
Li t v&rom.pGzech 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:

A NolDegreasi nglMpNa@ebAE€) (

A No. 2, 3 Rinsingd@diisw@®By ech) water, con

A No. 4 Pick#d iHr) (HNO

A No56Rinsing (distilletiO®dtcenr); conductivity <
A No7MAO process (ell@ctrolyte; pH O

A No89Rinsing (distill etiO®dtcenr);, conductivity <

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 CuKU r adi atkV,ocancurrant of 4d0nmAa c c e

ascanning speed/duration of 1A/min, a stédOoO®Adt A h
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 experi ment, a%hou)rssr taaitn ifn gomg/raddi0abeidsetr ( 3 1 K
6 6 0 Nmghn® 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 7 85% without the presence of a catalyst, while at higher power and with an optimal catalyst
composition, efficiency of up to 90 1 96 % can be % The iefeestieedessi 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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FlexSEM1000 15.0kV X1.00k SE

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

TNDkav® organick® |1 8tky (VOC), =zahr mowj 2wi?2r aczenloauu hS
nejen pro @givotn?2 prost Sed? a | idsk® zdrav?2. Jeji
ozonov® vrstvy a vytv§Set f ot oc hreend icknd § Ismrorgi, ZSredjei
proto nezbytn® vDnoyan? pjogjoir afo s te mis 912 do ovzdug:
zpracovsgn2/odstranhDn2 tNRkavich organicklich | 8tek |

(zej m®na adsorpce, kondednezsacreuknélvm?2 abwver pkatee)r Ta h s
VOC mB8Be? naHaX®p S2padnhN dal g2 m®nN ¢gkodliv® sloul e
oxidace, katalytickl rozklad, n2zkoteplotn2 plazm
vzni kIl ®ho nedestrukti vn2mi technoliogkemiech@aodogpep
ty, kter® nejsou energeticky n8rol|l n®. Me z i nD pat$
(NTP) . Apli kace NTP je spojena s konstrukc? reakt
dostatel nouzkdldadmnmow®C.rofegen2m mTge blt volba vhodr
uhl 2kovg ocel nebo vyugit?2 korozivzdorn® povrchov®
procesu. Jednou zt echnol ogi 2 YWpravy povr chu v jelechadobierhikrok o n s 1
obl oukov® oxidace (MAO).

C2lem experimentT provedenlich na | aboratorn2m rea
Yal i Nnost redukce acetonu a toluenu pSi pougit?2 k a
ahl i nplowrghovou Yapravou technol ogi 2 MAO. Experi mer
zdroje plazmatu a rychl osti proudRiNn2 vzduchu se zn

procesu byla sledov8na %Y innost redukce vieoIné®nlemhe
n8§rolnosti procesu.

Prvotn?2 visledky experimentT ukgzaly, ge pougi t
m8srovnatel nou Yl innost rozkladu vybranTch | 8tek (
aje srovenalteha®g Ydaj i . Zvigen? Yol i nnmati zgpac2ocegli
parametr T, pSedevg2m napht? zdroje plazmatu a ryc
k¥Yapr avhlD povrchu katody reaktoru NTP sekojevivigd&onfh
konstrukln2m materi 8l Tm (nap$S. Ti, Ta).

Kl 2] ov8t Bkav®: organi ck® plazgZng,knikrp-o b P caubdoedl oxhdace
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Tungsten dust as a significant waste from a nuclear fusion
reactor
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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 i 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 al | oy .PuréW matedalsgralerweat bnly7 2 0

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 featurel esos,apspneaarleds coant ttelree c
exposure. They ranged from D200 nm to D2 Om i n si ze; the majority

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 AC to +400 AC, and
impact speeds within 630 7 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 | ies between 200 and

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 1 3 0 0 is &tu@ied in®®. The depth
of these grain orientation transitions can reach several tens of micrometres, while the resulting surface
roughness remainsaround 1 ¢ m.

40 |
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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 U Cthe 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 (5 5 0 ) tiihGsten plate after exposure to a plasma flux were studied®. Heating
of the base of the tungsten plate, above the ductilei 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 Om were found and craters and bl

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®.

St
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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 sizei @8mmaudd 10O éhim. @ laBoratory hydraulic press BSML 21 with a press
force of 250 kN was used.

At the Research Centre Ffeg (CVR), tests are being
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 AC wunder flowing hydrogen, or i n
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

al
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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),
21 pellet dosing device, 371 reactor vessel, 4 - water bubblers, 5 - vacuum pump,
67 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 Om) i 0.&hmm tograin sipes dfili & mm.iTzesestungstén. 4
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,CO; maintained at 800AC, t he gr ai r
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 particle size in the range of 0.5712 e m was used for 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 i 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 i 1200 A Cih 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 A 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 I H in an inert a
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 wimthla gqmaai sisitze edf a20 1308
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

. N 0.47 0.8 17 2 N 0.47 0.8 171 2 s 047 0.8 17 2
FractionW | O 20 mm mm O 20 mm mm O 20 mm mm
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.

AnXRD 20 Om

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.

analysis of metal W grain size treated

Intensity 51-0939 (*) - Qusongite - WC
84-0886 (C) - Tungstite - WO, H,0
04-0806 (*) - Tungsten - W
‘ . 83-0949 (D) - Tungsten Oxide - WO,
\
A
I\i
5\ |
\ [ !
""\‘_\-J f | f |
.I"\m..."'u"l T \u'\\_“:‘ ST ."‘_ | “_. L !l
1 “"-—H-—-’M‘"}: b -w-%___iuw_“u_
...... Il I | H‘“."- I ST 1 \'aw-}hl_-.un--.-.-.. —— s
N ' 2 theta/deg (CuKaipha) N
Figure 2 XRD analysis of metal réacta.Meeimoltes salzwas 2 0 0
Li,COz;at 800 A 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 (&m 1600 | 1600
Total analy3ed area (&m 40700 | 58500
Total area of pafticles anal 4l7 42.3
Proportion of detected patrticles from the analyzed area (%) | 0.1 0.07
12
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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 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.

2 .4. X f \{;;
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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Souhrn

Jsou zkoum8ny zdroje ponoéceawmov@he prpechwzuzje se m
V dTsl edku pr ob%lea]v2cz%a(SHzpmécﬁaa@ce)mrvmu;@ﬁ%ij?ch!§stic
rTznTch velikospadnTemabecie®8hibpydmnl bit oddNhDlen o
Ke koncentraci wolframu pSi soulasn®m odstraniDn?z t
Vv roztaven® soli), nebo alternati vnnoudkonbindcil n2 ohSe:

Kl 2| ovewel bvam; odpady, oxidace v othdSztvae(ldiH®o sto!l |i §
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Membr §nov§ destilace pSi n2zk®n
testovs8§n2 komer | nhD dostupnlch

Zuzana HONZAJKAOVEK LieR2 HENDPRYWCH TOMCGO)
Mar ek DOLEGEL

WGCHT Praha, Fakul ta technothengaoehranyc hr an
pr ost Sed2, Technick§ 5, 1600 O Praha 6

Chemoprojekt, a.s., TSebohostick8 3069/
e-mail: zuzana.honzajkova@vscht.cz

Souhrn

Vr §mci t® 0o studie byla zkoumS8naSeméit kwvwint @ak memb (
tak n2zklTch teplotn?2chi4gpr aAddd)e ntkedcyn bypTmohl25 bAQG pr
teplo m@modts2tmmtnim zpTsobem sn2geny provozn? ngkl ac
experimentT: prvn? a druh8 s®rie testovala vlIiv
Polynet ex reen 300 g/ mj na permeal n? v T knéiguracene mb 1
i bez n2. TSet?2 s®rie srovn§vala per me:
zal vy, ge membr &nov§ podlogka iv860zd)amnr
formaci me mbr §n. Byhd potp\Srizem2zklge I
jma M2) dosahovaly jig pSi o®T = 25 AC
(m].h)). Testov8n2 membjBohup&embal aha
pSlhOZ\gIrgaeanenltelpljcetgrtZD viraznnjgz2. NDkt e
rmealn2 vikony doprov8zeny vygg2mi tepelnl
vztagenl na spotSebovanou energi.

g
spodl ogkou
Visledky uk
azamezuje d
membr§ny v

)

Kl 2] ov8§MembwvEnovs§ des,th?aviekopemmmbr§n, nz2zk® tep

bvod

Membr §novg destilace je tepelnn S2zenl separ al n?

kselektivn2mu transportu vodn? p&§ry z tepl ®hot vst

Zt echnohogihcke® i nejjednodu g a tak® nejl astDj
n jako DCMD (angl:]

Distillation), je vstupn? rrmezmbal@nb,u.peNmegat@ng
membr 8ny j e vod roztok a p8ra se tvoS? pouze ve
kontrolov8§na teplotou membr8ny na vistupn2z stranh.

i ska g
destilace sp S2 mi m kozktr &kte@®™ oznal ov§
kdy
nt

Membr §novs§ destilace pSedstavuje separaln?2 techn
spojena s odsolov&n2m moSsk® vody. Vijimeln§ %l inn
net Dkavich kontaminantT vletnhD organicklch | 8tek,
pro |ligthNn2 girok®ho spektfla Nadm§s?towipdmt oBpadma

odpadn2chbbwvahle nd, okdopvald n 2 ¢ h e wtoidl rzz h®4 poreTtmyosclhue mi ¢’k ®h o
ajinTch odpadp3okl modbsahem o°rvgaentinctk T fcdl.r\eafcheeukt v ¥ s o
%2 i nnost o dtsTt rtamgkni2c hi oknovT | in?2 tutdekbethmohagii dV
nebo prTmysl o%T cSh voyspakdTu %l i nnost?2 tak® doh3igko oc
radi oakt i vnz?2c H. Toedcphandonl2ocghi ivondle mbr §nov® prectikanoeemhtzr
solanek a zpracov§gn? odpadn2zch vod s vysokou sali
obt2gnnN zvl &§dnut el rlaemk®vlTzlei tparko® | Mg ts j aka edel iz@ g
osm:- ze, kdy MD se pkooungc2evn§t RO&Et U Izk esmidm8|l n2ch odpadn
“winnhND odstraRuje vRDtginu kontaminantT vlietnhD dusi
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destilace pSi n2zk®m teplotn2m gr anckimbnmtS§in a testovsg§n2 kor
amoniaku®. P- ry membr&n jsou dostatelnhD mal ®, aby zam
mikroorganis mT, cog zaji gSuje mi krobiologicky bezp'%l| nou
Ef ektivita cel ®ho destilaln2ho procesu je z8visl§

v. modulu a specifikakimembrodm®v Gredphd Binjyacimembr §gy,
zhydrofobn2ch polymerT nejlastDjii0o.AT5FE S ®YID&s 5T pt !

girokou gk8lu membr8n, kter® se vgak |lig? jak svim
stabilitou. tyzhliecemi kDt ®Pe vhodn® pSed aplikaci %
membr 8n v |l aboratorn2zm mRNS2tku s c2lem identifikov

specificKkK® aplikace

Girg2 prTmyslov® uplatniDn?2 | mem®r §0bWE| denst ov&oe [

energetickT.miNawv&rdoky t®t o ekonomick® bari ®Se je |
destil ace umogRuj e provoz [ pSi nz2zkTlch tepl ot §
nz2zkopotenci 8gndlyo moéploa,vicaznhD redukovat provozn?
atraktivitu t®t% separaln?2 metody

Experiment 8l n2 | §st
Laboratorn? membr8nov8 destilaln? jednotka a
Vgechny n2ge popsan® experi memnt8n opr®o b 2ehdanloyt creg d ees

zn8zornPNDn na obr 8zku 1.

Rozvody tepl ®ho i studen®ho media jsou svaSeny
vstupn?ho roztoku a perme8tu zajigSuj? bezucp8vkov
spl Ryjaddowvang krit®ria teplotn2 a chemick® odol nost

Q

nastavovsgn pomoc?2 ventilT um2stRnich na vstupn?2 |

N§doba pro vstupn? roztok je vybavebwl ¢t omogo®pht
experimentT udrgovat konstantn? Ziwdl eAnCou Chd palzoetni? rmp
extern?

zajigthno X m kryostatem pSegsobumBk m&idobidmpm 2!
MDSen2 provozn?2ch praltaotket rtTl akt epl wodi vost) zaji gS§
MNS2 c?2 lidla jsou osazena pS2?2mo do PPR potrub? v
odel 2t 8n2 mallch hmotnostn2ch pS2rTstkT pevamgiS8¥astk
30kgapSesnost 2 0,5 g. Hodnoty namRDSen® hmotnosti a
experimentT automaticky ukl 8d8ny ve zvolenlch [ asc
pS2mo do pSipojen®ho PC.

Membr §novl mo d u | byl specit@&bnhBv&mvr gduanipa rivd reb
zkonstruovsg8§n tak aby se dal snadno rozebrat a memb

desek, kter® jsou po obvodu spojeny grouby. Skrz d
vstupn2ko aopteomes§t u. VnitSn2z pmpTreixéedk® aok @®mk o nji &
k

C
zdesek je vyfr®zovan8 dr8gka pro tRDsnBDn2, pomoc? t

Me z i membr 8nou a stRNDnou modulu jeraskagd@retparaoaydD
roztoku a permes8§t p.S2PpardtDo pprugs tt dr njed ami novanich me
podl ogkou, kter§8 zamez?2 defor mé&anci mommwErdewnliche m xyp
jako podlogka rpow§ittlaarmiola eRdleyhPtacognzepl 800a gmen
modulu je stanovena tak, aby tok perme8tu byl do
membr §ny v membr §nov®m meadwjlo0l4md rozmNDry 16
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()

\ZA

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

Obr 8z é&30mddellabor at or n2 membr 8nov® destilal n?

Popis experimentT

Celkem byly provedeny tSi s®ri e experimentT. Prv
testovgn? viivu provozn? tepl oty na per meal n?2 A
membr §now@kpodla efektTiSett2u epxrpoecreismue.nt §1 n 2 s®rie b
permealn2ch vikonT komer| nhD dostupnich membr &n pSi

PrTbnNh jednotlivich experimentT pro vgechny t Si
prob2 hal a des§intiacg ednoho experi madodu Wgdry8§mpgo daglee
experimentT byly kontinu8lnhD zaznamen8v8ny n8sled
aper me8tu pSed modulem a za modul enpermep&tTu.o k D &l ek
kontinu8lnlD zaznamen8vs8na hmot nost per me§8tu a Vvsi
zhodnocen hmotnost n?2 pS2r Tstek permetraibNau] edpet i
udr gov®rzmeiz2, 2 | / h a yupizpdérhe3@i akT mpar . Pomoc2 mnRS
DT26 byla zaznamen§§vs&na spotSeba energie maemdlSteag
permealn2ho vikonu na jednotku kWh.

Testov8§n?2 wvlIivu provozn2ch teplot a membr 8nov
Vr §mci eRpbtomentT byl testovs&§n vliiv rTznlTch te
membr §ny s c2lem ovRDSit efektivitu membr8&8nov® dest
experimentT bylo tak® otestovat vl i viynetexgreem B0 g/e® me m|
na efektivitu procesu. K t omuto Y% elu byly tyto tepéspo88dS8smpe
spougpbdmogky, t ak i dxmedmentechdb yolgak y j akPoSi f i xovanl p
membr 8na M1, kter 8 jlzjgdysimadel wmDi pevalowat i bez pr
d8&§na t2m, ge je vyrobena jako kompozit, kdy aktiwvn
pol mi dov® vrstvDh. Ostatnz, tj . nekompozi tyyjéichme mb

y a
n2zk® tlougSce dodghe§zachv ereiccheansincakd®mu kpogkozen?2.,
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Vr 8mci prvn2 s®rie bylo realizovg8§no gest r'[zanh
druh8 experiment 8l n?2 s®rie zahrnoval ant@le mEmbir &f
podl ogky. Pro minimalizaci n8hodn® chyby a ovhDSen?
opakovsgna, cog vedlo k cel kro&mammiu pproyna sl@r ieex ffanrclidne
druh® s®rie

Tepl otn?2 papﬁime@bquby@ryizch experimentT voleny ta
&eT = 15, 25, 35 a 45 AC. Pro generov8§n2 tRDchto gr.
vstupn?2ho roztoku 40, 50, 55 a 60 AC a teplot per mi

Testowmam®r 8§ny
V r§mci t Set2 s®rie experimentT byly provedeny te

komer| nnD dostupnich membr&n pSi n2zk®&m teplotn?zm
kter® byly pro %l ely expemederavtauicwlz nal eny M1 ag M7
Tabul ka 1: Specifikace testovanich me]

me mbr virobce obchodrn vel i kos mater i §

na ng§zev em

M1 Huan Feng MFMPT4140 0.227 0.45 PTFE-1 ami no\

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-1 ami no
X-parametr nebyl u membr 8ny specifikov§gn

Pro testov§8n? membr 8§n byly vybpe&nyed8vaS5bep0oidc? (
a50/ 25 AC (e&eT = 25 AC). Vgechny poyutgo t @ mp eneimie By v b
tbtpolyesterov® tkaniny réd:leyrkeetmexbygroeetne33030/§gbmsedrr
kagd8 membr 8§na b ydlveo ut esTtzomM &rha vMa e uvedenlch tepl ol
byl ophNt tSikr8t opakovg&§n. Celkem bylo tedy proved:¢

Visledky a diskuse
Testovs8n2 wvlIivu provozn2ch teplot a membr8nov

Hodnoty namRSen®ho permealoRhoepi @onuchpSgradi ent
vyhodnoceny. Jednotliv® obr8zky vgdy poropon8Vagkouw
Hodnoty per meal n2ch vikonT uveden® v grafech | so
experimentT.

Na ozbkru8 2 jsou grafy srovn8vaj?2c? z8vislost per mi
podl oglppydhogkou. Je zde patrn8 line8rn2 z8vislost
interval eich5 gNC.15PSi pougit?2 membr §rcdiv®& TkmdlITo gsktyr nrl
vpS2padh experimentT bez podlogky. Zde je vidhDt, ¢
permeal n2ch vIiikeOwHapSetb wgdmi teplotn2mi experi men

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUM2Z0 L4 stanad3 10



Zuzana HONZAJKOVC, Marek GéR, Ji $S2 HENDRY: 0 ,mbR a&wloar 8T OMCC

destilace pSi n2zk®m teplotn2m gr ankimbnmt8in a testovs8&n2 kor
A
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AT (°C) AT(*C)

Obrgzek 2: Permealn?2 vikon dos &&erl imeintTTzn
A-bez podl osployd,] oBEkou ( membr 8na M1)

VpS2padhD, kdy je permealn?2 vikon vztagen a jednot
Vv r 8mci experimentT bez podlodgkys8vifehtu pes meysh @ 2 B«
vzr Tstaj2c2m teplotn2zm gradientem eaT. To je d&gno
spot Sebou energie. Dochgz? zde vliivem prohlbgn?2 n
vmodul u, l2mg je negativnhD ovH i oh®hwv§mr opd®mdu ap dr
sn2gen2? @&T a sn2dgen? pSrpeedd nphogiviilkomad!| ovgky | so
tepelnim ztr 88 mMs tuqu?elrynealnzho vikonu meng2 ale |
leidy

8§
Podl ogka m§8 viked p&2ceal VHlpe diceka aerteorget2|ck® nNgroln

900 |0 45(60-15}
800 800 35(60-25)

25(50-25
700 35 (60-25) 45 (70-25) 700 ( )

25(50-25) 600
15 (40-25) 500 15 {40-25)

400

300

permeacni vykon mi/kwh)
permeatni vykon mifkwh

200

AT(°C) AT(°C)

Obr§zek 3: Permealn2? vikon vztagenl na jednotku
rTznlch oT bDhem-bepepbdDtheosippydA oBkou ( membr 8na |

Na obr8zku 41 oygkivezsglradif eme z i namNRSenou odezvou (p

spojitTm promRDnnimi (teplota vstupu a &T). Oproti
umogRUJe analyzovat z8visl ostpTperlmneail nreeh oarp?l ikkoepia on
KSivka kontury zobrazuje dvourozmBRrnl pohl ed, vV e
odezvy, spojeny, |l 2mg vzniknou obrysov® | 8ry. Bar
vikonu, | 2m tmavg?2 barva t2m je permealn2 vikon vni
Z konturovich diagramTJ je zSej m®, ge hodnota per
teplotn2Zm rozd2l em ( T), nTbrg je ovlivnhDna i abso
per meal n?2 vikon roste s rostouacztotelplpSoukms'sUpn%
porovngn2 metod navligen2 @T bylo zjigthDno, ge zvlg
vstupu je viraznhDjg2 neg pSi navligen2 @T dosagen
di agramT ophde moxpltirauijten ge apli kace podlogky vedl
vikonu v cel®m rozsahu testovanlch teplotn2ch podm:
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destilace pSi n2zk®m teplotn2m gr anckimbnmtS§in a testovsg§n2 kor
45 perm. |

vykon

(mli/h)
o

I 300 - 400

I 400 - 500
35 M 500 - 600

! >600‘
5 30
25 -
20 -
B0 45 50 55 60 65 70 40 50

T vstup T vstup
Obr8zek 4: Plognl graf permealn2ho vIikoniulevo z §vi
bez podl ogoksypodV prg& ou

Data =z erovedenTch testT prokazuj 2, ge zvoleng§ p
ukg8zala blIt Yal i nnou podporou membr8ny. BNDhem test
zamezila prohlb8n2 a defoermak® mpmtBn2, Djeegi te®pj
nebyl pozorov§8n n8§rMedultul,aktoy ®z zd me8n§, vge proudni
podlogky zTstalo optim8ln2z a byl t rviadteo zmqg d lgd gdkna
vhodn§ pdaj 2n8%s | experi menty, j ejichg prioritou buoc
me mbr §n.
NamnNDSen® permealn2 vikony potvrzuj2, ge membr §nov
pSi vel mi nzzklch teplotn2ch inter’vearlie,mehnte\l:ihg dp S
permealn2ho vlikonu 310 ml/h, cog pSi pSepoltu na
vi konu 2ZE)JI(I'Jm je hodnmodéwerszrnolv n@asml n®u,s kde je do
permeal n2ch viikBoHM.h)3E.d WVyor giodpadn2ho tepla je d2ky
teplot8m vstupn2ho roztoku velmi re8ln®.

Na obr&§zkuonFijdemliekvaly namRSeniTch hodnot se sp
statistiky je vhodn® alespoR deset mPSah2 cpr onek:
nej pSesnhRjg2, | 2m meng?2 je polet mASeRSestédge b ywls
experimentT provedeno opakovsgn? pouze tSikr#§t a |
person8l nzZm obsazen2un khomwfirdlezan@®&2drny,tejrval y na obr
svhRd|l 2 o dobr® spolehlivostvgmamNDSBn]eh paarnl Vj as
permealn2ho vikonu se zvIigen2m oT.

500 700

KX

@
=]
=]

400

300 E

v
=]
=}

w t

perm. vykon (ml/h)
perm. vykon (ml/h)

w
=]
=]

N
=]
=]

0 I 100 I

15 25 35 45 15 25 35 45
AT AT

Obr§zelbnbi dédmltrer val y namh$emdalcm? ¢t dvilekpenmnenty
A-bez podl osployd,] oBkou
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Visledky testovgn2 membr §n

Sl oupcov® grafy na obr 8zku 6 srovn8vaj? dosagen
membr §ny (M1 ag M7) pSi teataotqm'l'zoﬁdCngSrgacalderetneqhrcp'br
dva provozn? stavy S dostatelnim p&Semehloz2mh vidl
experiMmemmEaln2 vikon je zde normalizovgn na jedno
viim>. h) . Uveden® hodnotyepS8dshav8@8yPsprdmhNDeyperi ment

Z obr§zku 6 je patrn®, §ge nejnigg? permealn?2 vIik
teplotn2ch grgdlentﬁecnhveé[l/bgeanEpiﬁa B 8®t o membr §n
per meal| Rohho v I

PSi T = 25 AC dos8hly membr8ny M1, M5, M6 a M7
Vygg?2 permealn?2 vlikon v tomto regi mu byl Zaznamen§,i
~PSi vygg?m teplotn2m gradientu (T = 35 ACQC) j s
vi raznhDj g?2 neg pSi T = 25 AC. Membr 8ny M1 a M5
smembr §nou M4. Vgechny tSi uveden® membr 8ny vgak z
nejvygg2ho permealn2ho vikonu v cel ®m souboru test
S vigu mke mbr 8ny M2 dosa hu12 ostatn2 membr 8ny yso
pSi @T = 25 AC di28(m°up¥, hodgo}j s@0 hopgeomgalsmomnal l

reverzn2?2 osm-zy, kd 2md i 304/ (hﬁ)h@zohybUJe v

50 50

40

permeaéni vjkon I/{m?.h)

permeatni vykon I/(m™h)

AT 25°C

AT 35°C

Obrg§zekermeal n2 vikon testosm@An¥fch5mABbagaeTpsSi 3

M3
M1
Ma
M6
Ms v

040

0.30 w2

0,20

0.10

0,00

AT 25°C

e £ o o »

7 I B & 3

2 & & S
o =
® g
8 8

permeacni vykon |/kwh
e
&
S

permeaéni wkon |fkwh

AT 35°C

Obr§zek 7: Permealn? vikonadaestdVaAlchathemh€sdn
jednotku spot Sebovan® energi e

PSepol et permealn2ho vikam® eamaejgdeot( kWh)potvSebm
visledky, kter® reflektuj2 i tepelnou vodivost tes:
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destilace pSi n2zk®m teplotn2m gr ankimbnmt8in a testovs8&n2 kor

Nejnigg? permealn? vd&ionoldu ksMhg d owwekmizatj et epl ot n?2
M2. oPTSi= 2Hsma@uje nejl epgriaidnedISWM3ewdykdglg2nm t epl ot nzm
35 AC) je permealn2 vikon membr 8nmemBr §h aMl sai K&y

U membr 8n M2, M3 a M7 nedoglo pSi vygg?m teplotr

nNn8&r Tstu permeal hkWhp jvakonu mémbr §n M1, M4, M5 a M6
vodi vosti me mbr 8n. Membr 8na M3 sice dosahuje nejl
nicm®nhN pSi navigen2 tohoto gradientu na @T #2835 A
vikonu v porovngn? S ostatn?mi me mbr §nami . Podobn
ZexperimentT tedy vyplTves, ge tyto membr8ny maj2
tepelnim ztr§t§gm zp'[sobenTm tephoen?y epdglear i zpaki2z . kt
sn2gen2 teploty na povrchu membr §ny amg akt rkaen [z vil ggelr
na stranh studen®ho des t||§tu ve srovn8n2 s teplot
u membr8ntepelyggd vodivost ? k intenzivnhj §?z tepl o
tepelnlich ztr8t, jehog dTsledkem je n&8rTst energet
nN8r Tst permealn2ho vikonu nor mal i zovar®h@k Wha juedt
me mbr 8n (M2, M3, M7) minim8ln2,

Z8vDiDry

Proveden® experimenty potvrdily dost ptSéImd anu knit mr
(DCMD) i pSi nzzklch teplotn2ch gradientech, cog r
pi m8&r n2z ho zdrOJe energie pro ohSev vstupn?2ho roztol
Podstatnim zjigthRn2m je prokazatelnl pozitivn? v
Polynetex green 300 g/ mj], kter§8 nejené60vh)azmhez
zl epgbi i stamembr 8§ny zamezen2mTjyejo2 vprsdleldk§n2zdgr de
optimalizace membr 8nov®ho modulu pro dosagen2 maxi I
Testovg&n2 rTznlTch membr8&n odhal ill 2 czhnav inkvo nreczhd 2 4
vodi vosti. Z hlediska kombinace vysok®ho permealn

nejvhodnDj ¢§?2 uk§z aly membr &ny M1 a M4, naopak memb
Tyto poznatky podtrhkiPho poe Sedbw§mr2ysa esmatekce membr
pSed jejich uveden2m v praxi. Pro zaji gtBhDn? ma x i n
nezbytn® volit me mbr 8§ny S optim8lnzm pomDrem mez
tepelnou vodiv o st 2 .

PodRDkovgn?
Tato pr8ce vznikla s podporou projektu TH03030240
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Low-temperature-gradient membrane distillation and testing of
commercially available membranes
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Summary

In the framework of this study, the efficiency of direct contact membrane distillation (DCMD) was
investigated at such |l ow teimberACurtehagtr awasmne sh ¢ apfl
heating, thus substantially reducing the operating costs of the process. Three series of experiments were
carried out: the first and second series tested t
Polynet ex green 300 g/ mj me mb r a n e maace pfpther memboane, t h e
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 i 60%) and prevents membrane

def ormati on. |t was confirmed that MD is effectiywv
exception of M2) achieved permeation performances comparable to reverse osmosis (207 27 L/ ( m] L
already =at25pmnRAC. Membrane testing showed consider

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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Laboratorn2 respiraln2rgmesty a
n8pr akvogyl eegi ckl ch z8tNDg?

Jana CHUMCHMa@VKUBAL®, T o mSLANK®, Lucie ORAVOY C
Andrey BULKIN®, Na U §ISIT ©VRatricie MALTC HENDRYCH®

“Pbstav udrgitelnost.i a produktov® ekol og
Vysok8 gkol-tac hcnhoelno geikcakz& , v T e 466 28 Pcaka®, 5 ,
"Katedra environment§8l n2 chemie a techno
Univerzita Jana Evangelisty Purkyni, Pas
‘Pstav chemie ochrany porgoset Secch?r,a nFya kpurlotsat
gkola chemhaold Pgiacked Mechnick§ 5, 166 2.
e-mail: jana.chumchalova@vscht.cz

Souhrn

Vpr 8ci byl o na z8kladhD relevanteXepkr itreecrhtn§lcrkd c h
| aboratornzho respiraln2zho testu ur | en ® hremedigce o 0
kontaminhovan® zeminy. N a tomdenzaSrzasmpid r dlyn?2 ptres
kontaminovanl materi 8§l umBEkds tpaSi adwaallan Vadédmierka rt ees.t u
sledovg&na jednak varianpauaerpbndabl mregedi aaei s a
bioremediace sp Si danT mi gi vi nami a soulasnh takr@bBgogT m
sledov8§nzm produdovam®hd i t ®ho a proveden2zm dal g2 c

r oz s Sdubol e x peri memt@§l n2ncah | eh o gn 8zs§ kekeataldEha toyniceakinetiky
bodegradace pS2tomn®ho dpoodte@k@ad@iut. a Rmveoi ceéh dg | e ®

hypotetick®ho sanaln2ho | imitu.
Kl 2| ov8bsbdegradace, hokanritnaami@napa@,stzSeerdiZna, respi
Pbvod

Term2n Al aboratorn? rerspmaial neéc hreiscki® jppe®|lw @i rgizv
poug2vsn pro bizonlk®epPoaamdlyy, jej2mg prostSednictv
organi ck®howamabbnt 8hupodm2nks&§ch. PSi omgzen2enna ttu
odborn® veSejnosti zhgmiodrodenmu ohdmbE®rpldytak2)em
bi ologick® rozl d§iVipglvmdée eal e noldcphaddbl ast 2 jsou resp
napS2klad pro posouzen? r oz lpd@iStcehl, n ovsytzir §dnregbdon i jckko®ih
aplikovanTch pr ddsitkd nosptS2 pfaydanilol ogi cky vyugitelng@
znal n®m zjednodugen?2) srl oozul gi2g emé s poi drpaal dnu?  btieosltoyg i lc k
svliznamnim pod2lem organick® slogky a mal ouestibtako!l og
napS2klad umogn? nebo naopak@®lpadmo gm?2 msiklydgdernuzs tsu p
technick®ho zabeapeldens®?.p aRirdg spprovzrk2ci pSedpi sy a met
z8kona 334/1992 Sb. (ochranau) z e ndi¥ durhl §s pot®h [baesgiT sl jnd th io
zakotvena zej m®mn&k onem 541/2020 Sb. (z8konem 0 odpad
| aboratornzch respiral n2ch t estlTe gjissd wat uv nollodod aaksd t
speci f iakjoov 8aryovn D tha@amhni ckT ch

Mimodv BT ge vymezen® o@®ldgislativni2 P odjikel asddygem t er m2n Ar e
poug? w8nmcVv n8pravy ekologicklch z8t Dg 3pecificy gotorh ¢ h
vpS2padhD lokalit kontamindosatehnomgahBtkbhmi . bi odec

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUMZ0 L4 stanad 16


mailto:jana.chumchalova@vscht.cz

Jana CHUMCHAQOVC,,Martin KUBAL, Tom8¢g LANK, Lucie ORAVO\
Patricie MALC, :Jasér HtENDRZY CHes pi r al m28 nced s tny§ pa ajveyj ieckho | volgz

Teoretick8 | 8§st

_VLesk® r epubdiiscpeo zniecni? skpeci fickl z8kon pro oblast
Aekol ogi cz#e8edynSetniBg fl egi sl ati vnhD zakotvenou defifici
kterl tmdmemteznal uje z8vagnou kontaminaci hornino

nakl §8d8n2m s ri Zivk ev nmi akgwiamiz ch. hZjviagtinn& c k o nstie
povagov8muarzaau ek ol digpokakwnklagSe dgpl aoomas to2 vze8§kk ® pr

(z8kon |. 92/1991 Sb.) nehge e xiTsvtowjcee |kid m s el MEi0BKM® |
pohledunen2 ale mezi obPDma terminologicklImi variant ami
Lesk8&8 republika se vyznaluje misnmb&dnl ekslokdimc ka
j e dTsl edkem dlouhodob® iintenzivn? prTmyslov® | ir
PrTzkum provedenT jig pSed dvilDma dekldamD Nl egskic!
|dent|f|kovalOOOtoI&htlsprgh@zeBrAcQu kont ami @OV 0 apolermcir
kontaminovanlch m2st. Celoevropskl pr TmDr po®0® u p
obyvat el j e zde uv 8dnNn hodnot ou 2, 46, pro samotr
Vsysnu® evidence kontami novawdiochhd m2Ss?tp r (@ ¥ Bkdiparibiovy? lcoe t e
ned6000z8znamIl znamn§zvligyset ulveelelt okal it je kontamin
| 8§t k a mi a aromati ckT mi nebo polyar om&toivdkktypickyl whl
vyugndPry®ces aerobn? bioremedi ace

PSi absenci z8konem podlogenich |limitn2ch hodnot
l okal itu m®zZprya nme® vf § z i ng§pravn®ho opat Seav2anavlypu ac
rizi ka, kde je stanovena a zdTvodnDna m2r a, do k t
(tzv.sanal n2 i mit). Rozhodhesk8§oi ngpeko® @iakotvry2dhBo
nNkt er@h2obuzznTch z8&konT, nd/jd@mklt NEhH. pzr@akxoid abTlv.8V 2a5 e
bNgn®, @ge se stanovenl p&Sedep3an®mi{as&k§gecthnaol ov
amus 2 bTt zvygovegn, pS2padnhD doch§z? ke zmDnnN
sdokonl|l ov8§nzm n§p2ra}/ed30bthovrontvSee?neJnostl zng8§m® a r e
NKB. Jeddéswud opom?2jenich n&strojT ke zvigen2 spol
autorT tohoto textu z8sadn?2 bpetmTjen2 | aboratorn?2c|

Kot 8zce |Zalborakoumgn? bi oremedi aln2zch procesT by
text Tejichg kritick® zhodnocen?2 byl o au’tPouzgtedyv®ehot o
zkratce |l ze uVv@advsbraggernrzachc?2biceceatgpolgpiorlago B npesk §z &
pS2tomnost.i degraduj2c2ch mikroorgani smT; 2) posou
degraduj2c2m mikroorgani smTm; 3) ur | en?z spektra
AH\posouzen? pS2padirikiach wniizilk m@i daml® | okalithR. Nap
ani koli kr8tkodob® ¥sivel miulddbrblom oa ®H oNaaldll m uEvmghca vve
specifikovan®ho a obecnhD uzn8van®ho smyslu | akegt 8t
dal g2 d21 12 clilt,erlatearSle blev§ ekt o¥'8n Tj2emt oz cell @ mo K re
technologi ck® proveditel noistdal ng8pvarh®ho | apat Se o
an8§strojem pro jeho dosagrinrzaljme? ptre8svtD. | abor at orn?2 r

Pro sestaven?

| a orn2 aparatury a nastavenz p
vyug?z2t nNDkoli k te
k

t
ckTch norem. Podrobnl popis
rozkl adu or gaumieamk 29 9ékB Ma EN | SO* 1 Z2@6 j sou spec
pogadavky na 1) , vzorkov§gn?2 a popis zku
Anast aven? podm2nek |l aboratorn2ho testu (teplo
vyhodnocen2Sowllsalsendk t.a0o me anflog§ m& znalnl prostor ohl
testuu PSesnhj g2 t ec hmri @ke8d en?d 2tteksat uk aer obn2ho rozkl
norma ISO 14239 *, kter § specifikuje gest mogaAalchh ulsphd
)pr Ttokov® uspoS§dg&§n2; 2) kolonovl test se z8ch
Ybi ometrickl test ; 4) radi orespirometrickl test ;
smi aturizovanim respir onmesttruemj s o kzadged ®h 8 e htl yepdun N
hody. Postupem pro stanaerobBn?2nmikrobdmiEhiéh res,|
§ nor ma'4rSock ul 62007022 , ve kter® jsou popss8ny <che

bor a
chni
h & k§hyl
vibDr

ge
t a
ed
ad
18 al
y t

—
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stano¥eyneku?z kysnebo vzni kuprokb@uu uheés piint®hm?hvo tes

norma 1SO 17155 " def i nuj e vIpoIJeEnPchvgztphmoczs Il ze na Z &

respiraln2ch testT vyj8dSit kinetiku rozkladu degr
k

K vigeahezl m teoretic m podkladTm n8leg2 d8§le t
s konceptem biodostupnosttaspr ocesy st 8rnut?2 kontaminace. Oba t
zm2nhDny pouze Vve daln@mt(ke),ntlaxbuénenﬂo bjodjuigeh obo&Shl
anav2c zde nablTvaj2 velmi specifick® podoby.

Biodostupnl pod2l kontaminantu blvg§ ve vodnlch s
sanal yticky zjigtDRDnTimden®ilomzsmyvpB2 padRe kdy jupnkon
mi krobi 8l n2m (obecnhRji bproahiembtkE§mpy pBemDnsmdnVch
pod2l typicky nigg2 oproti analkontcami hodaonkt dh®tzé m
situaci doj2t mTge. PSi yvssteupue hkoo nlt8asni nnaanvt8ug ed on az et m
s e stane pro anal ytickou proceduru (zej m®na p S

mi kroorgani smy stiakotvog esm lcnefs tvu§ ziank®mu kontami nantu n
situace, kdy e biodost upn® mnogstvz vDtg2 opr optSiz pamddl ytaibook ye

respiraln2ch testT by se takov§ situace projevila
bychom jako z8klad vzali pr 8vintemsal ytyi ok o 2khad ¢ emts
dobu. Ot 8zka st8&rnut2 kontaminace je u zneligthnnl
vstupem kontaminantu do zeminy a dosagen2 ust g8l en®
typicky velm @E$dwhdges dNgh | et . Procesy st Shlediskd 2 |
bi odostupnost.i mohou m2t p kzointtiewn2u & ®heg gtriswrre? bl
z8sadn?, aby byl charakter kont gmiTrbalhel rdade sth® oma reys t
vS§du des2tek dnT) nemBDni | . Model ovl kont ami nant
rozpougtnDdIl a, cog podle dlouhodoblTch zkugen oasste2 jaiu
stabiln2z distridwsti Rermimali vodaniivzdach.t u v

Technick® proveden?2 | aborat or n¥rh8mecrie sLpei srka® snt2&poe It lcei

podobu.V. obecn®m povhNdom2 soulasnhD existuje m8lo podl
vkr 8t k®m | ase, naplSPkaam§b@hdm'[n(gpod4)@\@rimn]‘ a k@&t oB K §
byl o vypracovﬁﬁésodDBynZIaboratornZho respiraln?
vsouladu sust anmwd g2 uvedenlch Ir2@i oofEmD vyhodnot it
trvgBpecifickl dTJraz byl zde kladen na zitedyuuBehm®2 t e
i d e ihetiky rozkladu kontaminantu a identifikace p S 2 f a dmeziproduktT rozkladu.

Experi ment 8l n2 | §st

Promodelloawbdor atorn2 resmpozeahkid urelsen®@mlpma residen]
sejmut? ornil|ln2 vrstvy) odebr8n vzorek zeminy o hm
jako spragdgovl sedi mbor at Y¥3orelksbuyfenw po dobu 5 dn
separ ovg8monmnoc?2 s2ta o velikosti oka 2 mm. Pzobdyst 2kt onvE® n

obsahuvody2,0% hm.byla pougita jako dobSe homogeni zovatelnl
materi 81 u byl o provedeno stanovXRE ®r sk an®hve ns |
organi ck®ho uhl2ku metodouecdmr@leant @noadstanal pags 2 tZr
url eny pro umBbDlou kontaminaci a 2 kg slougily jako

UmNDI 8§ kontaminace byl a provddeaa|lpSindd @l ©0Déng/he k an
suginy, pSilemg dodekan byl do zeminy ppibtizngjsioPptnf
objemov®m mnogstv2 hexanu. PSi ddaingebead8in pgil h&kbe:

osmi umhdl ohmdtortNsMTwhd wez bockkloe ki 6 bppemu 1000 ml by
0,5 kg kontaminovan® zeminy, do jedn® dal g?2 vzor ko
bez kontaminace. Ex p ejrd dmremtt I§il wi2c hp owdzn® mkcaaw reingy2 cphS i dyg
vody, ja kti ekuiuf/ IPseddomonas fluorescens ATCC 13525, j ak |j e s pabuiceX. i k oV
PSed zah8jen2m respiraln2ch t es &HRontamindca meppdoa Ce@e na
kde zji gt nDn®& ohvondind® # §tabylce @.u
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Tabulka 1: Vichoz2 parametry model ov®ho | aboratorn:
Zemina
kontami novant§ [nekont ami
St anoven? | 2sl o vzorKku
PS2davek 1 2 3 4 5 6 7 8
anal T z-84*C| 4650 | 4680 | 4580 | 4080 | 5260 | 4860 | 4790 <20
(mg/kg)
gi vi ny* = ano ano ano ano ano ano
kultura*** ano ano ano
voda (ml) 50 50 50 50 50 50 50 50

*Stanoven? metodou plynov® chromatografie, podle LSN EN
**pPS2davebmPrui €: W: P = 20: 1wzbrkm¥nd axwee K ,Cthi865g&@®B 7 g N
0,502 g KH,PO,.

***x Zemina byla i n ok ul Rseu@omanastfleoiescens ATEC 18325. D0 | zemowmy byl p i
1m|suspenzeokoncentraC|10 KTJ/ ml . Suspenze byl a pSivasitkmenemagpo od®o
plotnhD se ztuhl oAr ykulotni walp®VCRBPBE EhNnuUut 2 m do fyziologic

Vzorkovnice podle vige uvedenlTch specifikac? byl
v2]| ka byly napevpolyeshgl en8u® Halil|l ky pro monitor
kterT byl pSedpokl 8d&n jako fing8ln2 produkt biode
zemi ny zabzr al pSiblignnNn tSetinu obj emu v zKoarjig o v n |
zhadéklbylauzavaSe§w k a nav2c jegtDVeceVolbenl dhH al &savic

(~27 3dennzch) byl y mNSeny koncentr ac e-space vzdrkovnic h | i |
(napoj e®2mtroj e Gr e-02snebo dMeltitec B0 dachladd i)|.k yPo kagd®m mh ¢
vzorkovnice otevSena, zemina pellivhD prom2ch8na sk
BNDgng8 pozaNov8 koncentrace oxidu wuhlilit®ho (~ 50
Cel kovg doba trvessnpgi rl albm2rtad otrex®thw byp 8i uem@ ntae mlao 44
t ® o doby udr gov§gndC.naPrhoodndrtdlen2?21 nlaslt aven®ho obsa
vzorkovnice prTbnRngnnN pSevagovs&ny a zjigtNDn®kdndyt ky
testuuNa =z ala&dndiluabor at or n2 ho rbeyd pyi roadlerb?2rh8m yt evszipirCl,yna n a
identifikaci a kvantifikaci pS2padnich meziprodukt
kultivovatelnTch mok§gtwomelrgedreirsesml.n2ka nekont ami novano@
provedena anaRFINaastTaO/Gena8 X | hkpsTbBbmi ngsperaln2ho t

Pro stammlvteln?2 mi kr cboyrlgaa np sund[i ® @2 rnaejt2ocdka s €* %% DSz
pSedv§gen®nst ®uran Schott l ahvil ky (objem 250 ml)
napi petovs8n RongewvTVvinox RikrozolgenpomB9u NEsl ednD by
homogeni zovgn na t Sepalceeldd ordimdBulagdty0l0 wzpar. ek rul nh
ponech8n st 8§t 2 min. Pot®t hbghpbaopi pbeadivBou la mpbowgic
des2tkov®ho SrezbkunRel/4. dipddd ardov® pl otny se ztuhlagarfi kul
bylor o z ed ifbkulum. Kultivacepr ob2 hal a za aer obnAC cho pdabr? olz2ktd §prs
koloni2 a stanoven? celkov®ho poltu “bgtanmwernedp
Pseudomonas fluorescens ATCC 13525 bylo provedeno ze suspenze po r oz m2ch§gn? na
ngsl eda@Sibpyr avena Sada de soztdkk RUAGMDI eS esdtDanrf o vdeon 2 p o |
stejnim zpTsobem j%Ako u vzorkT zemin

Visledky ea diskus

Vichoz2 slogen? poudgit® zeminy pSed nad§8§vkovgn2m
sumar i zvadabdce 2. PSi odbPDru byla reflektov8na snaha 2z
obsahu toxickTch kovT, aby tak pozdnji vnesens (
definovanl antropogabuice2 dbkkg&daj 2 Dpbazab snachvyl zmiamon ®i
toxicklch prvkT, kter® nenaznaluj? .pbeslkrmhol|l eaPkolv
organi c k ®he didr 2rkazT€aTI€gna meizm 2 Lodrdop.. 0, 3 6
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Tabul ka 2: Obsah majoritnpathgiat @i modientin2®& hz eor vkT v

Majoritn2 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
Mi noritn2 prvky (mg/ kg su
S Cl Vv Cr Ni Zn Ba | Mn As Sr w
372 | 89 | 103 [ <30 | 64 62 | 810 | 690 | <30 | 220 130

PSi umhl ® kpht ami nzaecmi nty p Srindb&rs t0d080d eftk@/nk gv s ugi ny
analytick8 kontrola prove&g€npgSistzarhdyj eem22m v aarsa me throu
uk§8zala hb@nhomg/ kg suginy. | pSes zSejml lodesoml nl
shodu mezipSi damAangstv2m daqdeélyaadnaoclayt i ckou odezvou. Sk
organi ck®ho kontvamisread®hwz eunmiye se pSi ng8§sl edn® ana
dl ouhodobla znre§m8ysv it ooheénisapczzped im®htaer ® se ur | itl
kontaminantu nav8ge na danou matrici t aygickysviel nf§ z i
pSed¥%pravy vzorku) starbd vWinleoprogte! afi enii. s &Jr geeni mSi
organi ckT n? Il 8tTkr8 mmiangr §1 T m.
t

PrTbNgn® moni orovsg§n2z respiraln2zho testu spol 2val

byl uvagovsgn za koncovl produkt aerobn2zho rozkl ad
42dnT @r vbNDhu t ®t o dehy HYBlI omDiBreme koncentheaa-space o X i ¢
vzorkovni c. Lasov® prTbRDhy rgmadukcced ®boi duesphiial ne
jednowZdadarnkovni ces oukh8rzn8nn® fvor mkdle jnsao uObbar elvnD rozl i g
podmk¢aer obn?2 hododegank | g&@lhod koncovIim produktem je oxi
0,5
0,4
A
0,3 I

0,2 \ /—\
R R
/MQ

0 10 20 30 40 50
¢as (den)

produkce CO, (g/den.kg zeminy)

o
il

Obr§zelk Tvorba oxi dpur TubhD hiu ilta®hoor avt or n2 ho respira
kontaminovanou zeminu bez pS2da vi)kongaminovanowzerdieug r a d @
spSadkem ¢gi vin (3)zkomtaknovanou 3eminsp S2davkem ¢givin a d

(vzorek 5, 6, 7 #2); nekontaminovanou zeminu (vzorek 8 .)

Lerven8 bar vpao zad\Nmo/v®? dk8o ncent r avanie k@it duni mlo viah i®t @ e ar
zhl edi sk abiaermremeadi ace povaguj e meélodzogy mN & £ at@Rtnol N2z osryksa
se pohybovaly vi o zmez2 -9-0060@pm a byly tak vgdy sice jen n
oproti obvykl @r kotncremt rabor at oSe, k tDe rn8a sheo dmaoht yidb 05v
abyla vr § mci ng&sl ednlch bilan|ln2ch vipolt TVp&d pamdims
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nekontaminovan® zeminy se |jej? pSirozen§ organick!
dal g2 rozklad se jig necm¢vekBaBnodbeot earedbdiotodpuw.8Z B0l st
odpov2dsg produkci konitdauwmi ndvan®t @eoni wvD bez pS2dav
mi kroorgani smT, mNSen® hodnoty rsez melze?i BIHAE@Mp pmst Ue
se 0 hodnotog%elmidppoonvazldRamuz r oz k!l adu, pSi kter ®me kmiomlD a
po dobu vygg2ch jednotek nebo ag nigg2ch des2tek |

TSiodm® | omir&didkmdpov2daj? aerobn2mu rozkladu po
degr adb®rb[3esou zd® uiSemmegywsan® v teoretick®m mechani
kontaminovan® biodegradovat dedog oedagrmriem®mumelagti Kd u
rychl osti po zhruba phRaideaenti fiinlkdadkil nfha ¥ir,@gpbkeEy NDr e <
respiral m&d laokuthiovdcoghylk u ust 8l enou hodnotu po dal g2ch
rozptyl hodnot uP otd$ en ibteretauearkecharismd pr odukce oxi du uhl
pouze na z§&klmbbr ¢k mogaasiebylaani c21 elne pniScrm®nN zSe
bi odegradace dodekanu na oxi d uhtl il itl zde byl a
biochemicklch, chemicklch a transportn?2cehxpperdaaenT ¢
zeminhD nemohl bNhedoseatekngistian a kysl2ku a prThbh
uhl iVdkdmgi ku dosagen? mughiostiniBdziiGi 1r5e sdonernma | tnestru) byl

teprve velmi mall pod2|l dodekanu.s yajhdrieSsstind ngek lues
snej vinDt g2 pravdDpodobnaptnssdukionealambpaeamt J 86poe) ct
transportnredik neuvyzj ikt Dn®mu rozptylu mRSenTch dat
byly provgd®ny2m dlogbobbeabowvazarn2zm vizkumu a s

Podl e dS2vnjg2ch zkugenost? autor T nen? tato Yar ¢
experimentT nijak vijimelng§ a probl®m | ze Segit vDI
Zel en® Obngepowmmukazuj 2 produkci oxidu wuhlilit®ho
pSids§ny gi viny a soul asniDprloklSzama u miskhoem@an i2s md
uhlovod2ky. Lasovli prTbhRhomiogtpapadnNz pwidobmdt 2j ajk
degrad®r T a jejich piondtsetraprie tsatceej njSe. tZeSdeyj mi m rozdz21 e
mezi tSemi prezentovani ndSildanTemii .delgerla k®rgy vjae itaadlt
nedg varianp®i cdaomuizrei sgi vi nda[mie,Jijt® weglhmdnotit a por
zhl ediska | asu potSebn®ho pro dosagen?2 zvolen® zby

praxi tedy odhad doby potSebn® pro dosagen? sanaln:

Pro porovngn2 obou vadacd bgiptedylredobdny mDSer@ vgdy Ve
vzor kov 3 ¢456¥)nej prve zpr TmDrov8§ny a posl ®ze pSepol
dodekanu podle stechiometrick® rovnice:

2CpHy + 370, - 24CO, + 26 H,0

Dbyt e kenttacedadekanu vpr TbNDhu r espi rpotbrm¢?shoou htrensnt® fjoer mN u
obr&82ku kde je dobSeyzhéjomiii rdzddlegrvadace v samot
avzeminhD po pS2davku ¢gi viRefreetem | ®i2v il ra prako@amipdandu®d P s
zeminu bez pS2davku givin a degrad®rjedgoho §mDSanzt
tedy sp2ge indikptawinzbyehaanabt aref eVYen]| n?2 i nie of
kontaminantu v zeméenRappiheoh8&npli rlozea@hb€8§2 kUL O :
byly n&slednhB vyhodnoceny prostSednictv2m kinetik:
prezent adwwdmuy ce 3. Soul asnhD jsou zde wuvedeny teore
hypotetickTch s-antd 2o/ Kg mat TL0O0O0 mg/ kg suginy.

dodekanu prostSednictv2m kinetiky prvn2ho S8du pSe
Vkontextu t®to pr8&ce jde ovgem orakcepitovaeselinal p
ch8ps8&8n jako n8stroj z8sadn?2ho potvrzen?2 nebo vyl ou
pozng8n?2 slogitTch bi odegradal n2ch mechani smT pot c
ainstrument 81 ndP2 sofi sti kovanij
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&
[l

w
w

koncentrace dodekanu (g/kg zeminy)
o~

0 10 20 30 40 50
Cas (den)

Obr§ z e2kPokles koncentrace dodekanuvpr TbRDhu | aboratorn2ho respir
kontaminovanou zeminu bez pS2da vi)kongamindovanowmzerdieug r a d @
spS2davkem §i vi n#)keramineviano@ zemiBusp4sS2 davkem §i degr ad®@

(vzorek 5, 6, 7 %4).

Tabul ka 3: Vyhodnocen2 | abor ptoonmoc2h & i mespikryalpmmag hi

Varianta testu Kinetick8 r|{Teoretickl|Teoretickl
dosageni dosagen?
sanal n2ho| sanal nzituo
2000 mg/kg 1000 mg/kg
kont. zem. y =47, 000! 1708d n T 3095d n T
kont. zem. y =47 .00 171dn T 310dn T
kont. zem. y=47. e8! 107dnT 193dnT

*y = koncentrace dodekanduvS YAy S o6Y3k{13 1 SYAyeoT G I' 6Fa 6RS

An alalCz i Csp kt er 8 byla provedena na =zal §tku testu |
uvzorkovnic 27 7 neuk8zala pS2tomnost jinTch 1 8tek neg d
chemi k&l i e b$8dan ®& opd.§an.a |vi sptroTtblM hau dafeloeololnehwv nevzni k
meziprodukty.

Vr 8§mci respiraln2ho testu byl o dsg8l e provedeno

mi kroorganismT na zal 8tku respiraln2ho testu a ve
vsouhrnn® for mMlabwkK &28ndy. vNa po| 8tku testu se pol t:
pohybovaly vS § d v a§§ 0°KTl/g zeminy, cog je obvykl § %roveR pro ne

kontaminovanou zeminu sn2 zkT m obsahem §ivin. OdbDr vzorku
st anoven?2 byl proveden pouze nRkolik hodin po vm2cl
pr o adaptaci . bodk §ilku pbSej m®i Iz se ngstup degr ada
mi kroorganismT (aS jig autochgmMnpechphBebodrvaeelenlc
OdbNr provedenl tSic8§t®ho dne respiraln2ho testu
ukgzal jasnld Skéwdaorvtli t No zmi2kKr obi §l n2ho o0os2dl en? me

apodporovanl'nii7.vzZ®rskeyy n® rozd2ly prezentoviadra®i fr o t
jsou pro n8rolng8 mikrzemi anlseadi dKNnft.anovenz v
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Tabul ka 4: Visledky stanoven2?2 poltT mikroorganismT
Zemina
kont ami novans§ ‘nekontam.

L2sl o vzor ku**~*

1 ST s [ e [ 7

CPM [KTJ/g zeminy]

pol 8teln2 st 34x10° | 71x10° | 1,1x10° [ 1,2x10° | 1,9x10° | 4,9x10° | 1,5x10° | 2,6x10°
pr ITmnir 1,0x10° 1,3x10°
stanoven? 3(21x10° | 25x10° | 6,9x10° | 6,1x10° | 2,3x10° | 1,3x10° | 1,7x10° | 2,9x10°
pr Tmnr 1,3x10° 1,8x10°
n§rTst pofrsdatd 6,2 3521 627 508 1211 | 2653 | 1133 1,12
n§rTst proti| 072 862 238 210 793 448 586 1
*CPM = cel kovl polet mikroorganismT; KTJ = jednotky t Vv
**ve stejnl doeedekdy plSydé&npr kul tury
***phbarevn8 oznalen? odpov2daj? | ogice Obr. 1 a 2

Pokud interpretujeme vistwby §ptacdean vtoatanl® §iihgel
viogicehl avn2ho c¢c21 ed ot| oohgoet n®? tper xatkut il Cakb®br oa treer smpdi arreult nf2 ¢ h
vpS2pravn® f8zi bioremedi alpSbdoniz€8smada)leduwjizhck 8§t poh

1) Jak dlouho m8 (mus2) respiraln2z test trvat?

2) Jak® technick® uspoS§ds&§n2 respiraln2ho testu |j
3) Jak® paramegmgsperabbhbbh®ovestu sl edovat

4) JakTm zpTsobem m§& blt Pespiraln?2 test interpre

Ad. 1: Pot Sebng& doba trvg&n2 respiraln2ho testu

Laboratorn2 respit@®ta2pt8st bRBemnkhwuba jednoho

tSi f&§ze bidBOpgréddhpthbn2, exponenci §padm2skac
vreal ithD n&8pravy ekologicklch z§tng:2 mT ge me
povagovat jig fakt, ¢ge biodegradace vdmect @
adol ogitel n®teloutee|li Tk Dt il §wt i texmonol&arzaBePic
nebiTvsg§. Relevantn?2 technickl pSedpis EN 1|SO
pouzed 8§v8 doporulenal dB®yeterelfy BR2OrdnT.

Obwki§praxe n8&pravy e kpmskgupipalol ahread§tzRgd ns§pub8h®het
HIl ave2meabor atroersnplitroal n2 bbb | ¢ ledsd lwumGjeen 2 skutelnosti,
(videal i zovanT c alespoB dmi3 jnekk§ @ hry? bSBhKu nd § r n 2jerp oct2olne ms t a n o
kinetiky biodegradal n2 ho pr oRressudol ofgéma® cRhbdeo tnou s 2 r epsrpoi btésh| ant 2
nej m®nN po dobu adabtoamed |Ta ebflat & Se dokument ow§na
des2tek hodin ag poMimbhkrS8H smv 8 e b #phi arkac| enr? Teeotedy defgdjeu

<="
v

p
Ifo
h ©Q

Hg—g—o

jen vel mi t Dgko. Podle autorT tohoto textu bRroale
dol oygeme uvedek®hd8r n2 ho za&dceet Jeeb 2p ozt2osnk at tprokukor ® m
oxi du uhlilit®ho, aby byl o mogn® rozumni vykres

pSedpokl §danou dobu n§8pravn®ho opatSen2. Jakoi4hod
mnNDs2ce.
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Ad.22Technick® uspoS8§ds&n2 respiraln2ho testu

ZpTsob proveden2? respi®abnpPh@ciegtvi zp@bdbhini ARV ovhy ¢
EN ISO 14239 a EN 1 SO 16072. Podl e obhé8mortiechot okTchhyhyp
azkombinovgny nzljivihadnBtgukldn? a mnS2c? prvky a
principyr espiral n2hbet®shab2z2 nbdryha vENrIE®O0 pt 42-bbugH sy
incubation system), kterl byl zjednodugen2taBzemdy
zachovg&n2 vihod tohoto syst®mu (zejm®na jeho vhodn
spol 2val o poeyjgm®@+#a®d rsteiniu8l n2ho pr Ttokov®ho regi mu a
Ve vstupn?2 mSevnr dkucnhtu qiuB |l f2opnmre@t i pl nhD kontinu8ln2n
bioremediace vhor ni nov®m prost Sed?2 a klade meng? n8roky
z8chytu oxi du uhlilit®ho Ve vstupn2m vzduchu j e
koncentrace v ovzdug 2 (i @ @pm) nejsouvd an®m kont extu nijak vIiznamn«
viznamn®ho zjednodugen2 aparatury.

Ad. 3: Sl edovan® parametry

NejdTlegitRhRjg2m s émerdeosvpainri anl np? duemtraeesotxu djue u tvhdad-i t ®h
space vzorkovnic, pSilemg je vhooh® ahlye koywsd t2 ktug k @ed hanu a
jde o dologen? j ehovpvi[bdbbm&pEc2 pSe By tmed hanupotom sir

ovyloulen2 jejich pS2tomnosti, kter @ ghyyn. pS2sgacdmnd
pougdgit® zemi e/ p rzvdkeo voahsahTalazzm na t axisctka@ opHeWRyYy C,
Mi ni m8l ndloIn8t ku a koncij er ersgpti a&ll m& hloo ntessmiunace, kd
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Laboratory-scale respiratory tests and their importance in reducing the
environmental burden
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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 L S N
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 i 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 20,000i 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
pell ets were prepared from the samples after grindi

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 CuKU radiation at an accel er ats¢amnimg speed/duratigne o f
of 1A/ min, a step width of -100.002 A Tahned pah asscea ncroinmpgo sri &
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 sampl e wa
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. S| ow speed: rotation around the
rotation around the axis of the cont,se migng tile2vdlss / mi
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:

W —— pTTP (1)

Where: V,  porosity [%]
J bulk density of the dried test specimen [kg/m°]
Mg = Mg - My
Je1  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 mortaM 32 2452% but thet ed
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 AC for 4 hion gsattheo
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 50AC for 12 hou
degassedat50AC f or 24 hours. The measurements were perf
A in the original compact state;

A on crushed experimental sampl es.

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 7 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.

Particle size [mm] Particle size distribution [%]
o] P

17 0.2 14.2 0.5

0.27 0.125 18.4 0.4

0.12571 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
o) P Mix No. 1 (O+P)
Al,O4 5.29 11.5 6.53
CaO 18.6 33.6 21.6
FeOs 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,0s 0.135 0.053 0.119
Si0, 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,O3
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 S|02 A|203 F9203 CaO MgO SO3 K,O Na,O P205 MnO T|02
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 %.

CsS
C.S
CsA
C.,AF
C12'6\7
C.A5S
Periclase
Free lime
Calcite
Sulfates
Others,
incl
amorphou
s phases

107 15%|/3N1% | 107 5%

2
e
>
N
2
¥
>

57 15% (407 60%]| 6 N2% |9 N2% |3 N1% [3N1% |4

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
40
20!

0

Kg/m?

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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Figure 3: Average compressive strength values.
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Absorbency was determined using a standard procedure, but the temperature in the dryer was lower,

at40AC. The

sampl es

wer e ght Thegab parosimedry neetihod $ot deetarmnining ¢he

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.

45
40
35
3
2
2
1
1

%
o o0 © U1 ©o

(4]

m2-E/1
m2-E/3

POROSITY

14 days 28 days

37 32

56 days

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) 1515 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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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 AC and 1200
after firing were also examined.

Based on the results, it can be concluded that magnetic fractions with a higher FefOf content
generate darker, more saturated shades suitable for dark decorative glazes. In contrast, non-magnetic
fractions with higher Al 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 Fcontent and the presence of fluxes NafD 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, FefOf, 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 componentsT.
Unburned carbon levels in combustion residues can be highly variable, reaching over 30% in some

domesti ¢ and i ndust rricharesiddes origimating from inGapldteccombustion of fossil

fuels or biomassj, have been investigated for appl

el ectrocatal yst s -magnStic nractioas tosposedt rhainly of oglass, quartzi mullite

(or corundum), calcium silicate hydroxide, and sal t s are being explored

al umi na or as precursors for zeolites mul litefT

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
105AC for 3 hours (the we wheteitwad subsequentyavled ineadssicaatbra b | e
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 A CThese series of glazes are labelled as K1-K9 were firing at temperature of 1060 A C .

The second tested samples were commercial ceramic too with grain sizes ranging from 0 to 0.2 mm.
The recommended firing temperature range s bet we
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 AC and 1200
(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, coveringarangeof 0.11 1 0000 em ( Mal vern Panal yti c:

Colour measurements were carried out using a spectrophotometer (MiniScan EZ0828, HunterLab,
model 45A/0A, small vi eath* nogrdirateseaechrding toahe €18 (Cormission E L *
I nternationale de | ' £cl airage) system. 3 values we
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
par ameter s: Dv1o0 = 1.54 &m, Dv50 = 6.29 e&€m and Dy
indicate that most of the particle volume is in the range of 1.57 22 & m. The coal ash
a broad and non-uniform particle size distribution with a dominance of fine fractions and a small
proportion of larger particles. The specific surfacearea ( 1 139 m] / kg) indicates a

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-n o r ma | profil e, characterized by the foll ow,i
15. 3 € m, and Dv9o0 = 47. 8 e m. These val ues i ndi ca
a heterogeneous glass fraction dominated by medium-sized particles, with a substantial presence of

both fine and coarse fractions. The high specifi

conclusion that the fine particl e feactviyt Tihie partideisigen i f i
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 (SiOF ranging from
34.64 wt. % to 39.04 wt. %) and aluminium oxide (AIFOFf 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, KFO, 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 (FeFOF - 11.85 wt. %), fluxes, and loss
on ignition (LOI T 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 (SIOF T 68.06 wt. %) and a high
proportion of fluxes, especially NaFO (11.64 wt. %) and CaO (13.57 wt. %). Its low content of AIFOf
(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 glazesK1-K9 at a temperature of 1C
CIELab coordinates

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

L* = 52.20 L* = 49.91 L* = 46.24
a* = 2151 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

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

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

L*=70.29 L* =74.58 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 break:
1060 AC fsamplegG3l#&i2e s

Table 3: Colour analyses of prepared glazes G1-G12 at a temperature of 10
and their CIELab coordinates

1200A C 1060 A 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

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUMZED L4 ssanad42



Mi chael a TOPINKOVC, Filip K@¥dHRagnetitamadNondMdnetit Fractons 6f:Coal
Ash in the Preparation of Glazes from Waste Materials

Darker shades were observed using 10064 andoG2) anda s h
1060 GA&aéand 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
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 AC). Glaze G2 (MF CA) with HE2RI18c;odhe=485% &d 0 3 A
saturation of 14.1 % and a lightness of 26.5%. Dark moderate orange tone was observed in the case of

glaze G3 (1060 AC). Glaze G3 (NF CA) wi £541HBX co
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 AC) had GI a:

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 AC and 1200 A

observed in the case of glaze G5 (1200 AC). Gl aze
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

+ 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
(1060AC) . Gl aze G7 (NF CA + WG) with HEX code #88675/
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 AC). Glaze G8 (MF CA + WG)
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 AC, a result confi
(high silica content). Slightly desaturated orangewas observed in the case of gl e
(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 (1200A C) aze G|
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 AC). Glaze G11 O(dsd#FD2AD88 had conrdinatesat =t 78.28 ldrkl X* = ¢0.30 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 AC). Glaze G12 ( MF IGA6462 WG)
and a* = 12.84. Its saturation and lightness were 36.7% and 61%, respectively.

Increasing the concentration of ferric oxide (FeFOF) in glaze compositions significantly affects the final
optical properties of glazes. According to international research'**’ that supports this study, increasing FeFOf
content leads to a systematic change in glaze colour. In an oxidising atmosphere, a colour transition was
observedd 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 (11007 1200 AC) , mor e
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 FeFOf content, produced darker and more
saturated tones suitable for decorative applications, while non-magnetic fractions, with higher AIFOf and
lower FeFOF content, enabled the formation of lighter or matte glazes. Waste glass, owing to its high
SiOFand 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 i1 Bulk Coal Ash

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

HEX i Hexadecimal colour coding

LOI T Loss on Ignition

MF CA'T Magnetic Fraction of Coal Ash

NF CA 7 Non-magnetic Fraction of Coal Ash

WG 1 Waste Glass
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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 ARDf), 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. % FefOf in the magnetic
fraction, but captured almost half of the sample, resulting in lower overall selectivity.

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

Introduction

Steel slag is a major industrial by-product generated during steelmaking, representing about
107 15% of crude steel output'. While developed regions such as Europe and the United States achieve
utilization rates of 80 1 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, SiOF,
and PFO4, 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 7 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 (SiOF, TiOF, AIFOf) 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 (CFS), tricalcium silicate (CFS), and dicalcium ferrite (CH),
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 AC fo
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 1 vibrofluid magnetic separation) and wet magnetic separation using a magnetic bar (WMS 1
wet magnetic separation).

VMS was used to inducethefigr anul ar gaso state in the slag sam
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 |l aboratory sampler. The distance betweenand he
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 I 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 ¢0DRAeated wicahinhnnghep2éd
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 71 10000 e m ( Mal
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 si z
8.35 em, and 47.4 em, respectively.. 3hec@auwkeil enetal
wei ghted mean di ameter (D [4.3]) reaches 18.7 &m.
relatively low (1179 m]/kg). Furthermore, the high
heterogeneous nature of the material.

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

Parameter SS
Dv (10) ( € m) 1.48
Dv (50) ( € m) 8.35
Dv (90) ( € m) 47.4
D[3,2] ( € m) 3.51
D[4,3]( € m) 18.7
Specific Surface Area ( m| [/ | 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 FeFOF (29.73 wt. %). Significant amounts of SiOF (9.40 wt. %) and
MnO (4.38 wt. %) were also present. Minor oxides included MgO (3.57 wt. %) and AIFOFf (1.53 wt. %),
while SOF (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,O3 Sio, CaO SO, MnO Fe,0s3
(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 (W¢, st i t e and magn e $rébtodolskite | i m
and mayenite. The coexistence of W¢, st i t e and magnetite indicates a
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 CaOi SiO,i Al,Osi FeO system, and they
are known carriers of latent hydraulic activity®.
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Figure 1. XRD pattern of sample SS

Magnetic separation

The mass yields of the obtained fractions are illustrated in Figure 2, while the FeFOFf 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 FeFOF
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 FeFOf concentration (39.19 wt. %), indicating the presence of less pure
magnetic grains. The fraction of aggregated particles (FAP) showed an FeFOf 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 FeFOf concentration of 32.23 wt. %, while the non-magnetic fraction
(WNF) exhibited a significantly lower value of 27.60 wt.%.
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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 i 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 1 Blast furnace slag

DMS 1 Dry magnetic separation
ED-XRF i Energy-dispersive X-ray fluorescence spectroscopy
FAP 1 Fraction of aggregated particles
FMS i Fluidized magnetic separator
FS1 Furnace steel slag

LSi Ladle slag

MMF i Magnetic manual fraction

PMS i Pneumatic magnetic separator
SSi Steel slag

TR T Total residue

VMS i Vibrofluid magnetic separation
VMF T Vibrofluid magnetic fraction
WMF i Wet magnetic fraction

WMS i Wet magnetic separation
WNF 1 Wet non-magnetic fraction
XRD i X-ray diffraction
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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 2. 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 ¥ ?°,

Biomass ashes show significant heterogeneity in composition, which is a key difference compared to
coal ash ?"?%. Silicon dioxide (SiOF dominates in ash from rice husk and rice straw 2"?°%_ A high
proportion of SIOF is also found in agricultural residues such as wheat straw and in energy crops.
Phosphorus (PFO%) 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
thepower pl ant in Tudgimice (TU), whil e FBC ash fro
Ledvice (LE). Another raw material that was analyzed was ash from FBC co-combustion of coal and
biomass (CC-BMA) from the power plants PoS$S2|2 (PO) and
biomass from grate combustion (GC-BMA) from JindSichTv Hr adengof@lH)
materials was carried out in 2022. The specifications of locations, combustions, and combustion
products (ashes) are provided in Table 1.

Al l samples were dried at 40 AC to constant wei gl
the samples needed to be properly ground. X-r ay di ffraction (XRD) wWadfepte
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

KI 8r a

BETCKOVC,

Method of

Sample Location combustion Type of ash
FA power plant " fly ash
(TU) PCC of coal
FBC FA - FBC fly ash
pli)éver plant Ledvice FBC of coal**
FBC BA (LE) FBC bottom ash
CC-BMA FA (PO) FBC co-combustion | BMA fly ash

Mar tir

power pl ant (80 % coal + 20 %
CC-BMA BA (PO) biomass)** BMA bottom ash
CC-BMA FA (HO) power plant FBC co-combustion | BMA fly ash
% | + 20 %
CC-BMA BA (HO) (HO) (80 % coal +20% "5 \in pottom ash

biomass)**

GC-BMA FA+BA Energeticke centrum ]
s.r.o. Jinds

(JH)
* PCC = Pulverized Coal Combustion; ** FBC = Fluidized Bed Combustion

. BMA fly ash + bottom ash
grate combustion

(hay and straw)

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, SOFf, 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 agr ee me’hwhoanalysdéd the Gzech BMA k 0o
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 i 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 A C, should not be present in the sampl e. Thi s
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 i sylvite (KCI) and arcanite (KFSOW i 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 “Bidweveb the résalis shéw senke vaiabilityih 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 [%]
= N g o % % % Q g o % % 9 = % A
sample 5 0E |2 |E |22 |E S 8|2 |B |t |2 |§ & 2
o O c ® @ = > < = Q @) = S 5
< < = 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 Om, and its p
submicron particles up tedcoBblstian lylash@QFBC FAJib ehardcterized Byi z e
a higher median particle size compared to conventional FA, while exhibiting a narrower particle size
distribution. The median particle size of FBC FA |
From the curves, it can be seen that samples from HO, particularly CC-BMA FA (HO), contain fine
particles with a median particle size ofBVMABAMHG Om
contains particles with a meadd vatima maaow tpartle distrisution.e o f
Samples from PO show a similar particle size distribution to samples from HO. CC-BMA FA (PO)
contains fine particles with a median particle si
CC-BMABA(PO)contains particles with a median particle
double peak, which refers to the presence of two fractions. The GC-BMA FA+BA (JH) shows a very wide
particle distribution, wi t h a ardiddingswere aso tepocdddy s i z
For m8§| e K Taig 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.

a
d

z

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] ©

particle size[ O m]

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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Pop2l ek z biomasy jako potenci 8l nz mater

Karol 2 na RRBaKOWSBLINKA®, K| §ra BEMLHOFLDL GVC
Petr FORMCLEK RostisfPav GULC

®Vysok8 gkoltaechreoli akiock8§8 v Praze, DBstav skla a
Praha6, Lesk8 republ i ka

Lesk® vysok® ul en?2Falwlhtnd ckhed kve tPor Yaaz efrgha6l. 6 6 2 9,
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Souhrn

Spostupnim %tlumem uhelnlch elektr8ren a rostouc
pop2lek z biomasy st8§v8§8§ jedn2m z potenci 8ln2ch alt
pop2lky z wuhl?2 jsou dlouhodobhntvlyuaj2 b&8npnf,akpomp?S
spalovg&n2m nebo spoluspalovg&§n2m biomasy pSedstavuj
slogen2 se viraznhD 1ig2 v z8vislosti na typu bioma
vyugit?2 va wmbaeebB81ech. Tato pr&ce se zamNRSuje r
poch8zej2c2ch z rTznlTch spalovac2ch procesT v Lesk
slogen2 a porovn8§vsg je s ¥ etovim (FA)vkay fKlua denr?Tm

n

materi 8ly vyugiteln® ve stavebnictvz?2,
e

AnalTlTzy ukazuj2, ¢ Y%l et ovl popdlekaspmBRoj popdhhadg
obecnhN nespl Ruj 2, a to hlavnD kvTli zvigen®mu obs
v8m2 k. Navzdory tNDmto omezen2?m mineralogick® sl oger
z biomasy, cog naznaluje potenci 8l n?2 pucol 8novou
pop2l ky z biomasy dal g?2 zpr dybdb v mM2o,samemb?2 kvlhaodd n @I ev
pougit2 jako dopl Rkovi cementovl materi 8§l (SCM).
KI 2| ov 8: psd po?vliae%k |, e Kpomasy, pop? | ek fl ui dn2ho spal ovg8n?,
rentgenovs8 fluorescen]| n? anallza, analTza velikost,]
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OvNDSepugitelnosti odpadT jako n
vodi vichcpmenvovlich past8ch
V2HERNHA Ji nMBRICHAR, LenkaME SZCROSOVC

Vysok® ul en?2Brtnelx,h nA ackkuRl tva st avebnz2, Veve
e-mail: vit.cerny@vut.cz

Souhrn
PSedlogenl |1 8nek se vhDnuje hlavn2m paramp$? filhs %
pri m8rn2ho a odpadn?ho grafitu. V. r 8mci experim

sng§hradou cementu vybranQini9 t% phym.g rJaefd ntaJl ov speo dc | pur i
Supragraphite C 63 a odpadn? grafit AOdpad vwdawadln®,chzpy

Postupn® zvygovs8n2 obsahu grafitT ve smRsi umogRuj
jemni&stic v odpadn2m grafitu umognilo dosagen2 n
n8hradhN cementu dosagen? perkolaln2ho prahu. PS2n
apomhRrnN viraznhD pevnost v tl aku. pewmast v tahuroBybema.f e k t
ObecniD |1 ze konstatovat, ge odpadn? grafit AOdpad
pevnostech a | ze tak povagovat za Vvhodnou agmghtlier adu
C 63.

Kl 2] ov8EbkkVai ckompoaiitvi grafit, odpad, perkol

bvod

Beton je dielektrickTl, vysoce heterogenn? mater.|i
rTznl ch slogek, jako | e hydratovam&zicfednzeou ® viESepalsd
Elektrick | odpor betonu je ovlivnDn rTznl mi faktory,
p-rov®ho roztoku, obsafh® vlIhkosti, teploty a dal g2
VysoklT mhRrnT elektrickl odpor betonu a dal g2ch si

odpor betonu vysugen®ho na voln®m° ’qAdmch®Prbyhasgmbsé
uvs8§dhNDny hodnoty el &KkKo°qgiAcm®ho odporu 10

ObecnhN | ze S2ct, ge cementov® kompozity dovol uj?2
vli hkostiior oNanom$S el ektrovodivost si | i k §druhvkbreehiva. k 0 mg
El ektrovodi vost kompozitT se snighugteonsi. ngmpag ind m ¥
mnogst v?2 vodi vich iontT rozpugthRDnlch v p-roergh®m r

kameni va. NRDkter® vodiv® ikbamgnimodhoa bdtpegtdPmhod§
t2m rovnhDg zvygovat el ektrickou vodivost bet onu.
sucha jsou jej?2 podm2nky?2gmpdiu@imd2zen® | ektricklich ap!

Perkolaln2 pr &h

Per kol a 2 pr8&8h ud8§vs§ t
S I

akov® mnogstv2 funk|n2ho p
kaj

| n k
vodi vs§ 2S pS2mo se dot aj2?c2ch | 8stic a kompozi
pr&§h je vymdaSeh %% @bjugit ®ho funkln2ho plniva z ce
druhu funkln2z pS2mDsi, na j @eomNsur diel efe | Scheéemi &k P
rezist.i ity na mnogstv? funkl n?2hoz8plisilwast se nbude a
I

u
v

zng§8mo, ge pSi pougdiotd?o bWo il 8lkem I nviysok I m pomRr em
2 plniva nedg pSi popohtzdpl neVilsestzir nly§ sktui
2

gr akfolta |snr?i gpurj8h paerz|l epguj e el ekt Zhedskau Vv o

mnogst v
jemnij g
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viroby spol ehlviod@ihwo®heo erkatrercik§l u je t Seba volit mn
Lze tak s vRtg2 jistotou zarul it vdaborbddu keolnmepkotzriitcnk? oh
stejn®ho mhbgengledh s obsahem funkln2ch plniv za
kontaktn?2 veden? Je to zpTsobeno spojitou trojro
kont aktu U mat ewd &Bil V[T csh d b8ssa hi ecm kter® perkolal n?
vodi vost nigg?2. Je to zpTsobeno pod2lem tunel ov®ho
neboS se nhNkter® | §s°tice pS2mo nedotlTkaj?2.

Grafit

Grafit je jedna pRSd rdbwewmhDneasjeb Wgrslkjyit uj2c2ch modi fi
formou uhl2ku s atomy uspoS8&§dani mi do hexagong8l n?2
formhD se vyskytuje v pS2rodhD a za standarbmdlkduplie
formou uhl2ku je di ®hant s hybridizac?2 sp3.

M§ excelentn? tepeln® vlastnosti a dobr® elektri
hg§ze pomoc2 volnlch elektronT pS2tomnl cthriw kkddw
oj e

[

doc t
ng8&boj dochg§8z2 pSev&§gnhN ve smhDpruaachov®@ygrafsittew, dqbsr
vodii

Fyzi k¢ ofdani ck® parametry elektricky vodivlich

Zvygovsgn? pod&imengoa®mt «ompozituoasnihgnojtemoptej2 Tob
pS2mo zpTsobuje sn2gen2 jejich pevnosti v tlaku. P
ohybem, zpTsoben® vlIiolkovitim tvarem grafitovlich |
hmotD mTge zI|l ePyit pslkenokanap?2 ¥ in® studie s grafi-t

Experi ment 8l n2 | 8§st
Met odi ck® postupy

Vel i kost a distribucepSe8satgiug 2key¢lma ppddé | pmnil 8st 5 ¢
zjigSovs8na nejprve na s2t-BchpPods$?t miorplyy tLeSkNb yENc 9’
analyzovsgn |l aserovou di durdiekdrmm2S0d382012009.&Ju virrahe dpd mi
zkougka nas8kavosti provedena podIEN1B3O0BE®mMYy (Pyo VYegk
zkougky byly provedenyrkwgdy 3x pro danl typ vz

Pro mNDSen2? impedance plniv byl pougit pSdbprrSzpekk

PS2pravek | e vIsIedkecn?Ipeonstma)Jnl@shtm tvlp/on|reuIs® a rov.
soulasn®m mNSen? |mpedance pD)omopSZp/rIaovgkeLnlbylyelek
s pozlacenou elektricky vodivou plochou 1 cm?. PS2pravek byl napl nin pS
materi 8l u a n§s$ed|v|9vbg/é Ovnapht 2. Jako maxi m8l n2
s vodorovnou plochou6cm? by |l a na z8kl adh Sady experimentT zvol e
naphRDt2z 420 kPa. Toto nath2 zajist?z dostatel n® zhu
a stabiln2ch visledkT. PSi experim8hmBsfhi2tglr obvwh S0 wsy
t Dl esazmNrech 40 I 40 T 160 mm. TNlesa pro stanove
mNRdNnT mi el ektroda®t anoven?o brr€ziekt |2v)|tydrzekcufgebm§r¢2h
provedeno podle LEINPrBoN niNBS@n625%6yll o vyugdgit e6020.£%2 zen
stanoven2 perkolaln2ho prahu byl zaveden Faktor SZ
zvolen®ho intervalu vDtg2 nedg rezistivita coch kEoBgakbk
byly zkougeny z8kladn?2 mechanick® parametry. Byl a
ohybu a pevnost v tlaku. Pevnost v t ah-6 Pevaostetakub u b
byla zkougena dl-4. LB®MNn&ENI cgaTuy@noodsut | i byl stanoven
14146.
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Obr§zek 1: PS2pravek PTP6 pro mhDSen? impe;
el ektrodami, rozl ogenllisu(wtaeoyo) , pSi

Obr 8zek 2: MNRSem?% mempeoddche pw s eléktrdda (vievb)d N n §
rozm2stiNDn2 elektrod ve vzorku (vpr

AnallTza surovin

Jako pojivo byl uvagovegn |426ReMokr Berztissarndsklou C
elektrickim odporem) pSi naphRt2 d@p. kYAt gnanuh audvre
elekkt rovodi vich plniv tvoS? rTznD hrub® grafitov®

Vijimku tvoS2 speci§8§ln2 elektriclCprpodav®Posazkt ed:E
gpil kou ve virobnD pokrol il TTzmnNDphate roidvINE vd pu Tonyisn
grafech jsou vedeny hlavn2z sledovan® vlIastnost.i

vibnRDr dvojice nejvhodnRjg2ch pro dal g2 f&8zi Segen?z.

I

ch el ektricky vodi vich n® | rBiuyp r &QyaBaagakg b re§ r
alternatlva byl a vybr8na vodmardn 2 DOrblas z@grsd fuiptcT O
(vizobr 8zektab3ulaka 1), rezistvlk(dizvoabs 8 zak 4 a Sal@a2bda@au v
spol elcnelmesat em, nasl sdboPnost dosagen? per kol aln2ho
mechani ck® vl|Iastnost.i

Supragraphite C 63 je vliolkovli pS2rodn?2 graflt. P

C 63 nad 63,0 &m. Odpad vysaval jehieyna,be~'nékTo 0C
materi 81 T. SmNs j e z2sk8vsgna pravidelnlm s§v
nespecifikovan® mnogstv?2 nelistot, kter® neob ahuj

nen2 producentem garantov§g8na.
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Pro plniva Supragraphite C 63 pastedlegdnvipe z he@iz1lBhnd% pr &
ng§hrady cemenp&2phdhPDvemNs¥ na b§zi Odpad vysaval I
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Obr8zek 8: Objemov§ hmotnost cementovich past v
avsuch®m stavu (ltverce)

Z grafT obj emovdashy chenmo®m oist¥y ssugen®m stavu je zn§
na sn2gen? obj emov ®& . h nboTtvnoodsetm rkoozndp?olzni®h o v I i vu r Tz
hmot nost kompozitu je nejen rozd2l n8 objemov§8 hmc
anas8kavost, kter® ovlivRuj? vodn?2 soulinitel
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vcement ov® pasth tlakL. eVghfedem ko m @ s b n Tvm viastnostem obou
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Odpad vysaval .t ovhahl egdeenv zkor ky na b8§zi Supgreasdroa@mi®t
rozsahu perkolaln2zho prahu, pokl es pevnostivtahma t ®
ohybem cementovich past zaznamgmalfd tse spPRyWeEuU jn28a 2 s t
pSisoudi't destil kovit ®mu ocbhoaur agéeenas tlngscthi c p agrraanieit!

odpadn? grafit vygg2ch hodnotl 8dt kgt rviocvin,o mDr e @& U m¢
strukturu kompozitu. Vp S2 padhl hodnocen? rozptylu dosagme$dmadnv
p e v n o ®hu%a ohybu jednalo o odchylky vp r TmRr u k ol epnB 25p,a5d [P pHakuvkoters t 2 v
3,5 %. Vigsigmellanm ikt er 8 ze sad 10% rozptylu hodnot.
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Obr 8zek 10: Dynami ckT modul prugnost.i cen

Visledky stanoven2 dynamick®hovIimoldaud kuy ppavwymostts . k'
bylo dosageno pSi pougit2 odppdm2mopadi P&m jOemmidch
kombinace sn2gen® objemov® hmotnosttl akwuyglgze pp$eod
negativn2 dopad vygg2ch pS2mRs2 grafitovich | §stic

Z8vDr

PSedl ogende |[YBmeijke hlavn2m parametrTm el elptSrimdcy
pri m8rn2zho a odpadn2zho grafitu. Postupn® zvygovsgn
elektrick® rezistivity, kter® bylo zazname¢e®&mndch o
vodpadn2m grafitu AOdpad vysavalfi umognilo dosagen
n8hradhD cementu ve smDsi perkolaln2ho prahu. PS2
hmotnost cementovich paenbstva | mkmDr(rald wIl r580zn%) .pePozi t
grafitT na apevmohyth ewm, kdy jejich destilkovitl tval
konstatovat, ¢ge odpadn2 grafit AOdpad vysaval e zaz
j ej tak povagovat za vhodnou n8hradu sr ovnadtadlgmr®&hhc
f§8z2ch Segen2? je ho takcememt@vpahg2mal nd&rd? ksleads a
elektrickIm proudem.

PodhDkov 8n?2

Tento ||l 8nekzhayfiumghhvoBepodpory Grant ow®mage nSteujre
proj ekt-10017S.sn82vémudi um vlIivu perkolaln2ho prahu |
cementovich kompozitT pSi rTzn®m zat2 gen?2 expoziln:

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUMED  L4stanad /0



V2ItERNh, JindSich MELI CHAR,OLRS&®m? MEBZEROSIOVEsSt i odpadT
vodi vl ctk eprlemitwvd ch past 8ch

Literatura

1. LIU, Kaigiang, Xiaowei CHENG, Jingxue LI, Xianshu GAO, Yan CAO, Xiaoyang GUO, Jia ZHUANG
a Chunmei ZHANG, 2019. Effects of microstructure and pore water on electrical conductivity of
cement slurry during early hydration. Composites Part B: Engineering. 177. ISSN 13598368.
Dostupn® z: doi:10.1016/j.compositeshb.2019. 10743

2. KIM, Taehwan, M. Tyler LEY, Shinhyu KANG, Jeffrey M. DAVIS, Seokhyeon KIM a Pouya
AMROLLAHI, 2020. Using particle composition of fly ash to predict concrete strength and electrical
resistivity. Cement and Concrete Composites. 107. ISSN 09589465.
Dostupn® z: doi:10.1016/j.cemconcomp. 2019.103493

3. Hamed Layssi P.G.A.R.A., Mustafa S., Electrical resistivity of concrete, Concrete International 2015.
S. 417 46.

4. Whittington H., McCarter J., Forde M., The conduction of electricity through concrete, Mag. Concr.
Res. 33 (114) (1981) 481 60

5. MELI CHAR, Tomg&¢g, Ji S2 BY DGdycsSitéhBased o6 Alteraativd RawK A .
Materials at High Temperature Conditions. Periodica Polytechnica Civil Engineering. 2015.
ISSN1587-3 773. Dostupn® z: doi:10.3311/PPci . 9820

6. Lopanov A.N., Fanina E.A., Guzeeva O.N. Cement-quartz electrically conductive composites based
on graphite dispersions. ARPN Journal of Engineering and Applied Sciences2014. S. 22501 2253.

7. PRINCIGALLO, Antonio, Klaas VAN BREUGEL, Giovanni LEVITA, Jeffrey M. DAVIS, Seokhyeon
KIM a Pouya AMROLLAHI, 2003. Influence of the aggregate on the electrical conductivity of
Portland cement concretes. Cement and Concrete Research. 33(11), 17551 1763. ISSN 00088846.
Do st u pdoi®0.1016/S0008-8846(03)00166-2

8. GUI, Qiang, Minfeng QIN a Kefei LI, 2016. Gas permeability and electrical conductivity of structural
concretes: Impact of pore structure and pore saturation. Cement and Concrete Research. 89,
s.1097 119.ISSN0O0O0O 8 8 8 4 6 . Dostupn® z: doi:10.1016/j.cemcoc

9. PAPANIKOLAOQU, L., Litina, C., ZOMORODIAN, A., AL-TABBAA, A., Effect of Natural Graphite
Fineness on the Performance and Electrical Conductivity of Cement Paste Mixes for Self-Sensing
Structures. Materials 2020, 13(24), 5833; https://doi.org/10.3390/mal13245833

10. Voj tN&gwr WWhreav®ho typu injekts8ggn?2.Bmomaoiy89s. el ekt r
Bakal 8Ssk8 pr8ce. Vysok® ulen? technick® wvn?2Brhni,
hmot a d21l cT.

11. WEN, Sihai, D.D.L. CHUNG, Jinping OU, B. VAN BELLEGHEM, P. VAN DEN HEEDE, K. VAN
TITTELBOOM a N. DE BELIE, 2007. Partial replacement of carbon fiber by carbon black in
multifunctional cementi matrix composites. Carbon. 2014, 45(3), 5057 513. ISSN 00086223.
Dostupn® z: doi:10.1016/j.carbon.2006.10.024

12. BAOGUOQ, H., Y. XUN a O. JINPING. Self-Sensing Concrete in Smart Structures [online].
Butterworth-Heinemann, 2014 [cit. 2022-01-01]. ISBN 978-0-12-800517-0.
Do st u phttg®://maks.google.sk/books?id=PmhzAwAAQBAJ

13. DONNET, J. B., R. Ch. BANSAL and M. J. WANG. Introduction. In: Carbon Black: Science and
Technology, 1993. ISBN: 082478975X

14. FLORES MEDINA, N., DEL MAR BARBERO-BARRERA, M-SANDOMAL, E. Improvement of
the mechanical and physical properties of cement pastes and mortars through the addition isostatic
graphite. Construction and Building Materials 2018, Volume 189, 898i 905.
https://doi.org/10.1016/j.conbuildmat.2018.09.055

15. LSN -ERk ®B88en2? geometrickl éh8stasdtnbist & \WBtadneni wk
pros®RP&8aha: DNMZ, 201 2.

16. LSN ENehB®5E&Eameni vo pro betoRyahamal PMMA, i 20 & & |
17. LSN -EMetl®by zkouwelh&stcenenUr| oP8ahaj eBINMET i 2019

18. LSN EN -1.E€CubS6il soustav ochranyspgSead WPlogsaikdanm k(
soul 8§sti pr o zePmmihlaav IDNsMZs t @m.2 1.

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUMZD L4 stanad /1


https://doi.org/10.1016/S0008-8846(03)00166-2
https://doi.org/10.1016/S0008-8846(03)00166-2
https://doi.org/10.1016/S0008-8846(03)00166-2
https://books.google.sk/books?id=PmhzAwAAQBAJ
https://doi.org/10.1016/j.conbuildmat.2018.09.055

V2ItERNh, JindSich MELI CHAR,OLRS&®m? MEBZEROSIOVEsSt i odpadT
vodi vl ctk eprlemitwvd ch past 8ch

19. LSN ENZEEGGB§ON2 ztvidE§®hoSbePevwmdbwstza ohybu zkug
Praha: BDNMzZ, 20109.

20. LSN EANZEGB§ON2Z2 2zt
strBPf@aha: BDNMzZ, 202
21. L SN I;Nefiéﬂnﬂﬁk@ a
a vnitSn2ho YtPrama

idg§®hodbePevibpsetci v itklackeu zkug
i n® ainSotragnaonvi ecnk2® hdiayannaent ucgkl® p r u
ONMZan_cD1l4.

- — o<

Verification of the usability of waste as a substitute for electrically
conductive fillers in cement pastes

V2t LERNh, JindSich MELI CHAR, Lenka MESZCROSOV

Brno University of Technology, Facul ty of Ci vi | Engi ne,&rechng, Ve
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 i 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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Vivoj alkalicky aktivo
mi ni mali zace objemovl c
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staveb, Th8kurova 7, 166 29, Praha 6
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Souhrn

Vt ®t 0o pr §ci je zkoum8na mognost virobykt smtde a®h
elektr8rensklch pop2l kT. Fluidn2 % etovli pop2l ek (
Na druhou stranu vysokoteplotn2 logovl pop2lek (FA
pomal T ng&8bhNh pevnostdvouSmgaemnl2knT tdlchk HvEme vyt vos
objemovnD stg8l ® a bude m2 t i dal g2 parametry (zy

dostatelnlTch t®tovngrc&®ci Vbyl o vyugito pojivo SOR
avysokot epl mpehzze | lekgair ny Tugi mi ce. Logovl popel by
hydroxi du sodn®ho a sodn®ho vodn2zho skl a. Hl avn?2
objemovsg stg§lost, sekbakrnBypwkvperohenveziedebeéelt e n|
pojiv. pSomd¥rienms bl 2 zkT m d5T0v:05d0u nveybsyolko® rzeakt i vity FB
spomRrem 10: 90 ag 20: 80hlsedijskwéd K arktor @lpd v anBll B gar a

Kl 2] ov§Abkkabvha

ckg§ aktivace;,posmisal®, phljuivedn2 Ypep olveé
smr gt Dn2; FA; FBC

bvod

V. Lesk® republice kagdorolnhD vznikaj?2 stovky tis?
spalovg&n2 wuhl2 wve fluidn2ch kotl2ch. PSebyogaultiyd
apucol 8nov® vlastnosti a potenci 8l pro vyugit?2 ve
ZzTst8v8 minim8ln2. DTvodem je nedostatek kompl exr
i nformovanost odbortn® iVilsdiedk@mvg Rej mjee vNDtgina f1
vyugit2 na skl &8dk&8ch, cog pSedstavuje nejen ekolog
Zej mPdaegn2 dobhRD viznamnich zmhDn ve sl™gen2 cement’
Na druhou stranu vysokoteplotn? “ul et ovlI pop2l ek
rogtovich a prg&gkovich ohnigt2ch, pSedstavuje vizn
do betonu pSingg? ekol ogi ck @plikacielk®noenne kt®o wil hlo dymn
technick® komplikace. Me z i nejviznamnhj g? pat S2 p
arizi ko smrgSovgn2, kter® mTge v®st ke vzniku trh
recepturakombinaci s dal g2°mi pS2mNDsemi .

Perspektivn? cestou pro eliminaci pomal ®ho n8g8bDhDh
aktivace ( AA) pSedstavuj e kompl exn?2 chemi ckl pr
alumosilik8tovich suroviikalidakPiséet pmmoesstSiedsi | Bk la:
procesu je rozklad pTvodn2ch struktur a n8sledn8§ t
aktivace intenzivnhD studov&na, jej2 detailn?*reak]|
Naz§kl adhR soulasnich poznatkT |l ze tento proces po
narugen2miQi&zebt3wv. depolymerizac?2® . jakmj vzndieka jn2
oligomery obsahuj2c? k Sem2k, hTyndkol kgemegky an$ylde
kondenzaci, pSi nz2g se formuj? nov® amorf n? nebo

geopol ymerA®2 matrice.
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def or mac?2

Sl ogen? al kalick®ho aktivg8§toru m8 z8sadn? viiv n
geopolymern2ch materi 8lulk.8z%t wdi ejeCrviyagdg®® ap oknddlr. v o d
sodn®mESIOF NNea OH) podporuje vznik amorfn2 geopol ymer
vt l aku. Naopak nadmhDrng§ koncentrkagyestdMaOdkinThe f8ak ¢

ovlivRuje mechanickou pevnost visledn®ho kompozitu

Okoye akol®d &l e prok&zali, ¢ge pS2davek mikrosiliky do
struktury a pSisp2v8 k vygg2 pewvcneosndij,enl 2smgo gpeont2v ra
ipougitlch pS2mnsz. PSehle8addy s e udiiel @an@i hvd astr
kompozitT jsou ovliivnhDny nejen typem a koncentrac?:
materi 8l u. Spr&wmldezwdloggek kndmei viraznnD zvIigit me:
geopolymern2ch syst®mT.

DruhTm hlavn2m probl ®mem vysokoteplotn2ho pop2lk
aktivovanTch materi 8l ech Yaz Cc € souvi se2m snNipo @ c edsoecr
kr ozpougtnNDn?2 aniozrefjnMd&nha sol xoi gdeuk S eani o x it ® i oFBFY iSw i0$ i®I N
alkalick®m prost Sed?2. Ng8sl edn8 polykondenza®&&Hvede
neboC-A-S-H. Tento pr ocewods,otktedrod §wen2 chemicky v§z§hn
m®di um pro ionty. Jej?2 Ybytek zpTsobuje pokles vni
tlaku v jemnich p-rech a ng&tednTm objemovim zmhDn§)

Autogenn?2 smprgatnkg kez2rwW mPDny vI hkost. s okol 2 m,
polymerizaln?2 reakce. V t®to f8§zi dochg8z2 ke spot S
studieSunaFan®j e autogenn2? smrgthn2 u geopokymer ceamensyp
kompozitT, cog souvis?2 s jemnDjg2 p-rovou struktur
tlak. Ten pTsob?2 na stPRDny p-rT a zpTsobuje jejich
Tento jev je obzZwl28 &S vwisrokdnd o ssathem akti vstoru a
f§Zloeu’.12

Dal g2m faktorem pSisp2vaj2c2m ke smrgthn?2 je c¢h
Gel ov® str ukASutH &y C-A-SttbuvyNkazuj 2 vi skoel ast ilcaksRe cninldnv?

vz8vi sl asetpil otnla, vI hkosti a sl ogen? smiDsi . BNhen
arestrukturalizaci gelov® s2thR, cog vede k'*?*BzmnDnn

Vijayakumar* ve sv® pr §ci upozorkRRuhoe, s nijreg t m2nra z@hd mi2c n
Syst®my na b8§zi strusky vykazuj?2 nigg? autogenn? s
rozd2l n® reaktivithD a schopnosti gelov® f8ze v8zat

Sm2senzm FA a FBC si slibujemevledh mimnipﬁieg§~doun
m2 Se zachov8n2 pozitivn2ch vlastnost?2 jednotlivlch
pevnost v tlaku.

Experiment 8l n2 | §st
Suroviny
Prvn2z hlavn2 surovinou bylo FBC p®jhwdodr SORIFd X® B,

sul f8tovsg&penat ®ho syst ®mu , VYyVinut ® fzluveddP & 2scphe
Pozatvrdnut?2 vytv§S2 amorfn?2 hydrAaSt viadgidi )h,l ikt @ roTk Sje
pojivov® f §zinu$?2 nas ki®haov nketkor yst al i ckou sl ogkou | e
vykazuje Sorfix vysokou odolnost vTIi agresivn2m i
trvanlivost. Avgak d2zky ettringituejno,t dlk® obljeenmo

tohoto pojivajevnor m§ch tak ze znalost? tohoto poji¥Va v2me,

Druhou hlavn2 surovinou byl vgbekbt Bphypt Tugl mjoe
Tugimice |1 |jedremizdad nkeled® kko 8rna s instalovanlm v
kotle typu PG 660 s granulaln2m ohnigtiDm a p3A2nl m
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dos8hla d2ky kompl exn? moderni zaci FaviNtGgNg 2§kKBno
pSedchoz2ch experimentT byl popRulekv®SBem! pow gp & 2 dno t
Dal g2 mi pougi tT mi Ssurovi nami byl y: | aborat or n?2 h
sobsahem suginy 35, 33 %2 a h unsatl2dtr o p o MIBrlmO kSiL@T.
Superplastifik8tor Master Gl enium ACE 40, vpordoo vsond2ngeh
SadubaboratoSi.

Tabulkal:S1 ogen?2 surovin zjigtDn® metodou XRF

SIF |AIFOF |FeFOF [KFO [ CaD | TiOF |MgO | NaFO |SG | PFO4

FA 51,27 |33,3 |8,13 |186 |1,6 1,12 (1,08 |056 |052 |0,18

FBC 3481 (274 |4,71 |055 |19,89 (247 |0O,7 0,17 |8,84 |0,17

PS2prava kag?

Prvn2zm krokem bylo nav§8§gen2 surovin a odmhRDSenz2 Kk
sm2semwiyshednlT roztok byl ponech&8n na vychladnut 2.

na pokojovou teplotu. N&§sl ednhD byl rozt opko pp $ikkesm

nNDkolika minut8&8ch m2chg&8n2 bylo pSidéna ACEmMi4Mut .SmdD
(AA FA a FBC) bDbyly pro virobu smhRsn®ho pojiva, vyr
byly kigtméen(gly) sm2ch8ny dohromady.

Pro referenci byly vyrobeny | s®ri e poumde na EBQRI m
pSedchoz?2ho vlIzkumu. SmMNDsn® pojivotPDAAt #FBCEFA)y embly
vpomBDru pop2l ku dle n8zvu s®rie.

Tabulka2: Sl ogen?2 s®ri 2

FBC FA vodn? 'vodn?2  NaOH voda ACE40
S®ri e v 2018 Sugin
Il [ka] [1] [%0]
(ka] (ka] [ka]
AA FBC 3 1,3 0,0 0,000 0,000 0,030 | 0,477 3
AA FBC/FA 90/10 1,17 0,13 0,342 0,166 0,085 | 0,156 3
AA FBC/FA 80/20 1,04 0,26 0,304 0,147 0,079 | 0,191 3
AA FBC/FA 70/30 0,91 0,39 0,266 0,129 0,073 | 0,227 5
AA FBC/FA 60/40 0,78 0,52 0,228 0,111 0,067 | 0,263 5
AA FBC/FA 50/50 0,65 0,65 0,190 0,092 0,061 | 0,298 5
AA FBC/FA 40/60 0,52 0,78 0,152 0,074 0,054 | 0,334 5
AA FBC/FA 30/70 0,39 0,91 0,114 0,055 0,048 | 0,370 5
AA FBC/FA 20/80 0,26 1,04 0,076 0,037 0,042 | 0,405 3
AA FBC/FA 10/90 0,13 1,17 0,038 0,018 0,036 | 0,441 3
AA FA IV 0,0 1,3 0,380 0,184 0,091 | 0,120 3
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Met ody

Za Yal el em zjigtNDn?2 prvkov®ho sl ogen? surovin byl
( XRF) . MRSen? byl o provedeno pekisometrie KRL Q40D XP (Thenme nt g €
Scientific ARL, CH) . I ntenzity spektr8ln2ch | ar pr
byla vyhodnocena pomoc? %elewarzyi gnhiDgaannt8zev ®HFa r
byla provedenafrektigenan&l diza (XRD. Byla mhSeda n
(PANal ytical, NL) . Visledky kvalitativnd? a kvanti
Hi ghScore Plus 5 (PANalytical, NL) . Do v zlovantfikaci by | c
amorfn2 ff8ze. D8l e byly mNDSeny vybran®akuyzibk§lan2m
nazaS$2zen? Maptleusst pSeorgvroes s . Na spechgla?2 mRSenacah

objemovs gpmdmachy dnech zr 8mkc2chs8§ImMDSkeynlyy dh@uhpodob®
vsoupravhD Matest Treviolo EO077.

Obr §ze novcovg forma se smRs2;: tr&melek pSi n

Visledky a diskuse
Pol 8tek tuhnut?2 a tvrdnut?2

Prvn2m krokem bylo vyhodnocen?t. zfmBsdDVv toenlDm @snt iFB
a®0: 70 nebylo mogn® vTbec vyrobi,tge Twtrdl| gmmigi bHhhle
aproto nejsou d&§le uv8&dhDny. Vgechny osulajtinfik csumNsmN:
FBC/ FA 70/ 30, ehktem?28hg§nyg Dddlhala tuhnout. SmNDs | i st
reaktivitu a zalala tuhnout po dlouhTch 960 minut §
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Tabulka3:Vyhodnocen? pol 8tku a konceFAtuhnut? na

N8zev se¢Pol 8t ek Konec tuh n u

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

DIl ouhodob® pevnost.i

100

90
80 /
70

'
o
=
2 60
© /.
: 50 ./ e .
g
g > Q -
(O]
o 20 —0

10

0

0 20 40 60 80 100 120
| alsiny]
—e—AAFA IV —e— AA FBC/FA 10/90 AA FBC/FA 20/80 —8— AA FBC/FA 70/30
—e— AA FBC/FA 80/20 AA FBC/FA 90/10 —8— AA FBC 3
Graf1: VI voj pevmsetinavsmhNs2ch AA FBC/ FA
Experi ment dl ouhodob® pevnosti byl provg8dnhDn na t

tNDl esgeldafuvj sou uvedeny prTmBDrn® hodnoty. Nejvygg?
3,atocca90 MPapo28dnec h. SmRNRs AA FBC/FA 70/ 30 dos8hl a dl
ato jignpehlsodd t® doby pevnost prakticky nezmBDni |l &
pomNRr FBC a alkalick®ho aktiv8toru ve FAS§®gly jprgir
polymery a nedoglo ke kvalitn2mu vivoji matrice. T
tNDles, jelikomalbryD az stmhisl §,i gjkaakp i 2 md le2 twihsnlua ®k ya w vr

Referenln2 smRs | i st ®hlonTAAdIFAuUykatzlujreT pto zprevno st |
pol05 dnech. Ostatnz smDsi mayrdvzmeédenihdRa 80 denn?

Patron of the i ssOPPADOYE r E6@RRIPB 4.2852 Huyspipdopseslkieh r epubl i ka
WASTE FORUMZED L4 ssanad ( [



Mi chal HI MMEL, RdéwvtijsladkaGUlc®:y aktivovan®ho smhRsn®ho poj
def or mac?2

Obj emov® iZrhlgmy ck® zmNDny na viInovci

[ n

20
©
c
o 15
S
N 10
w —
> 5 /
o
X
_ 0
@®
a)

-5
-10
0 20 40 60 80 100 120
Las [ hod]
—AAFBC3 —AA FBC/FA 90/10 AA FBC/FA 80/20 AA FBC/FA 70/30

——AA FBC/FA 20/80 —— AA FBC/FA 10/90 AAFA IV

Graf22VIivoj objemovich zmRDn na vinovc2ch

V prvn 2 ¢ h hoding§ch po virobnD smNRpd| 8beh®%ZMu us evdySenc?
projevuje jako drobn® propady na zal 8tku grafu. T

kredistribuci z8&8mhDsov® vody a us#acglen?2 struktury pS
SmNAA FBC/FA 70/30se po t ®t ovélBmi rzwu¢tAIN& rozp2z2nat, a to
expanzep Sekr ol il a mNSitel n® rozmez? pS2stroje. Tat

dTsl epkeadk® tvorby ettringit uttringit® Ko, portamdit &%, kglce 8% RD a
v kombinaci s vysokou reaktivitou ¥BCazW®mw:zdmj Gt
vysychg8n?2, kter® tuto chemickou expanzi kompenzuj
vykazujiet ®mNS  ncud lokvoowo u o bj epro vdoh& dmddmtu, d g ladg? jeapi dddlk e v

S mND #&A FBC 3, AA FBC/FA 90/10a80/20r ovniNg wyvvk &z ej 2 e xmp2arnrzi¢ @ 2a v
smhDs 70/ 30. Tato expanze odpov2d8 jejich XRiDI2%) oge

adal g2ch8€La2a0 Jejich chov8n?2 je konzistentn?2 s ol ek §

Naopak smBDsi s p 8Av ahAo ul VE & hvegyskkaazku® 2 s mr gt Dn2 . Nej
dos8&8hla prs8&vhn smNs2 AlmF R ;I)NcBJNEOXRﬁ)d'anéllza t ®t o s ml
pod?2]| mullitu (24 %) a nul ovl obsah expanznzch f §:
kontrakci.

Z hlediska regergn2ch pSedpokdaddh
aFAobecnhD shoduje s olek8v§8§n2ZzmAA YV

nampsS. smlExL es Fa
F 3
expanzevr an®af 88 kedmp®nzace VviyisylCim@Zensd odl

q :
BCMEKA 76050 ® npn
0 gtnadtuNn2 ch Vv
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Objemov® TleNDRYV® zmNDny na tr 8mci

10
s 5 W
c -_—- ® run
a O @ v ——
E .0 20 40 60 80 100 120
=10
w)
> .15
S o— —o
x -20
® -25
© 30

35 e

-40

| afsiny]
—e—AAFA IV —e— AA FBC/FA 10/90 AA FBC/FA 20/80 —8— AA FBC/FA 70/30
AA FBC/FA 80/20 —8— AA FBC/FA 90/10 —8—AA FBC 3
Graf3: Vi voj dlouhodoblTch objemovich zmBRn na
Pro zjigtnhNn2 informac2 o dlouhodob®m chovgn2 pSi,

mNSen2 zmNny d®l ky na tr8mc2ch 160x40x40mm.
Po 48 dnech zr8&8n2 jsou objemov®ulzonN®yYy @@ c ha zsmdls

rozmRDr T tr8mel KT j~ednotlivTch smiDs 2 . Nej viDt gz s mr
328mm/mpo48dnech od viroby. Se zvyguj2c?m se pod?lem
Naopak nejviDtg?2 emnepna8mnzae ub yslnadszia ztnvao Sen® | i stl m FBC,
48 dnech.

SmnNs AA FBC/FA 70/30 vykazuje prakticky nulovou
mnNSen? naznal uj e virazn® rozp2ns8n?z. PravdDpodobn
hydratal n2 ch f 8z 2, po kter®m n8sl eduje odpaSovg§n2 z§mnDQ
kompenzovg8§no fyzik8l n2Zm smrgtnDn2m.

Podobnl prTbRh, |1 ze pozorovat u smhRs2 AA FBC/FA 9

celkov® objemov® zmDny.

Zvl §ghem¢¥8&8n2 vykazuje smhDs AA FA |V, kter8 v pol §t
procesy naznaluj?2 smrgtBiDn?2. N8§sl| edn® aB38&mnunh 3ord8 Vv e (
dnech.

PS2mNDs AA FA sniguje expanzn? chavBA2 FAmByl aFBCoO
d®l kovs8 zmhDna prakticky nulov8. Tato smRs vgak vyk
testovanlch wvariant.

PSidg§n2m mal ®ho mnogstvz FBC do AA FA se podaSi
smrgtnNn2. sk S?AKAl akdBC/ FA 20/ 80 vyk8zala smrgtBDn2 6
20 pTvodn2 hodnoty zaznamenan® u |ist® smhDsi AA FA
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- g o S N
L4 "; ; .

Obr §zevk zu81 n2 porovngn2 d® kovich zmRn na zk

Rentgenov§ difrakln2 anallza (XRD)

Tabulka4: S| ogem¥Ps2s zji gt Dn® metodou XRD (hm. %)

N§&§zev sacAmorf. k Se m 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 rostouc?m pod?lem FBC ve smDsi dochg&8z2 k virazr
pSZml vliiv na objemov® chovsg§n2 materi 8§l u.
Nejvirazndyj ge zm®mTst obsahu ettringitu, kterl st
ul i st® smDsi AA FBC 3. Tento trend je olek8vanl, [
podporuje tvorbu ettringitu. Ettringibhzijematnerml§I s

koreluje s pozorovanlimsmgie mo vd yny ¢c2hm vismarhem FBC vy

Dal g2 zmBDnou je pokles mullitu, stabiln2z f8ze ty
obsahuj?2 ag 26 % mukbBtag pahag%mmegsmW3i klist®ho

Anhydrit a magneti:t se vyskytuj2 v n2zklch konce

sFBC. NapS2klad smhRs AA FBC 3 obsahuje 2 % anhydr.i

o f 8zeajnemadws&® hjug 2t.akk® smhNDs AA FBC/ FA 70/ 30, Kk

ringitu, 1 % portlanditu, 8 % kalcitu, a z8r
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nul ovou objemovou zmDnu, cog naznalujeprocesy8huwBoin
tato smhDs vykazuje nejhorg2 zpracovatelnost a nejni

Z8vDr
Synt ®za smBDsn®ho pojiva na b8zi AA FA a FBC je 1

aanalTz lze jednoznalnhD konstatema¢EBQGe @ oknteps? inveke@rh
spalovgn2 (FA) z8sadnhD ovlivRuje mechanick®, obj en
Rozd2Il n® reaktivity jednotlivlich materi 81 T vgak r
materi 8ly sm2aimnm8§shehdbBamnBr oku sm2sitpodnofhrreoomapmo/p 2
bl 2zkTm 50: 50 nebylo mogn® vTbec vyrobit, smhRs zcel
SmNDspSsvahou FA maj? virazn® dlouhpB8eb®hesumr EBHH 3
nulovim dlouhodobT m o bhjleendo vsTkna zdnald ng®nm.o AV yugit2 se
spomiDr em FBC/ FA 90/ 10 ag 80/ 20, tyto smBDsi vy kazc
vysok® p ¢dakn30 B 30iMPav

PodRkov§8n?

Tat o pr 8fcienabnycloav8na v 1 8mci
Yapr avpracovsg§n?2 deponovanlch

roj ekfac hr@3 2059/i 1c1k5& O
obkT z VEP obsahuj?

-~ T

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

Michal HIMMEL,Rost i sl av GULC
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
theTugi mi ce power pl ant wer e U s-activated TAAR usirg cat soluiion ofa s h
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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Luk&8g MAUERWIANNa BET®Ma®YC na GeéDLOVC
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°Vysok8 gkoltaeacthreoli akiock 8, ®Fa&ahmhal chieej
a kerami ky, Techni cikD§vicé , 166 28 Praha 6
"Lesk® vysok® ul|Perna?z et,e chhankiuclkt® vst avebn?,
staveb, Ths8kurova 7, 166 29, Praha 6
e-mail: lukas.mauermann@vscht.cz

Souhrn

V t®to prs8ci byl zkoum§n iv rTznTch hydraulickl
abiomasy (CC-BMA)v pomDru 4:1 na vo hydratal n2ho tepl:

d
v j
l ogovl a YW etovliy pdpddr*kn z( leBZ2ZKERP §a ns . , cz), u kte

kapacita ©pro mogn® vyugit? ve stavebnictv?, Soul
hydratal n2ho tepla. D&l e byla mRSena malta z Hort
pop2l kT a alternativn2ho bezsl2nkov®ho pojiva 3C n
provs8dhDna pemdmbasemk®ho kal or i BN196-@. dDeu hnoour mg r oL\
metodou bylo mhRSen2 vivinu t eplsataw DbNlzamSkeynd cat Deav
Byl o zji@altmﬁcoemegnetem dos8hla nejvDtg2ho hydrataln?

sbezsl 2nkovlim poj ipwgmvah &HSomél xnyhdsalvnza mBamen8 hydr
vpol §tc2ch mNéegns avhicee vol n®ho vE&pna PopAh keMA tCLC.
zaznamenaly n2zkIl n&rTst hydrataln2ho tepl a, pSile
tepla. Umaltsl ogovim poBMAkemMhE® mNSen2 hydrataln?2 reakce

KI 2] ovg8 ksdloorai:metr i e, hydrat al n?2 fépli adnz CRBEVHLI K
ekologie

bvod

Bi omasa pSedstavuje jeden z nejstarg2ch zdroj T en
roste v souvislosti s gteltakam MBpaltdv§netelbnomumasgern e
neutr 8l n2, profogyel mbdro@tsa vpSiCOspal ovE§n2 odpov2d§ n
rTstu 'roNéejliasthNji se vyug2vs§ rogtov® spalovs§n2, Kk
m8& ni gg?z Yol i Nnost . Moder nnDj g2 metodou je spalov§8r
pSemhNnu energie a nigg2? emise NMOGnN2apBOcesal e Neypad
pr8gkov® spal ovgn?2, kter® je nevhodn® pro vDbDtginu
spel en®ho? *pYpedlaasn® dobRD je ve vybranlch el ektr &t
bi omasy spblémnNDTakto vBMAKI BepdpéP @&ClogovI a wul

Zprocesu. Chemi ck® &BMASEp2oWw® I I g e VCE | ®t era8 sjlo@ gep

Maj oritn?2mi sl ggk@an®, M@, SOMHl eal kak i AK® prvky, c
nevyhoSel ®h 6. uMilrekrual ogi ck ®i sslyp@enn 2s psdowy i@szZ N mTge
ovliivnhDno i pr o®epp?%Inklyudzdin® ocvhg nkrod jl ITaks@ le¥paim yjk B ¢ minli it to
miner§8ly, v8penec, vol n"® Tvs8pendok,e nakipheyg dirgkal T a pdpk §ek
pucol 8novi®, hyrdersapual sitcnko® t v . Pro vyugit?2 popela ve s
norma EN 450-1 °, kter8 stanovuje pogadavky na chemick® a
v betonu dle EN 206-1 , a v LR tak® normy LSN 72 2071, LSN 7

zf |l uiod P | tabulian.2
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Tabulkal: Pogadavky na chemick® slogen«d pop2l ku d

Chemi ck® s|Krit®r
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. %

Vroce 2023 byla produkce fluidn2ch pop2?2!l kT v LR
zcel kov® roln2 produkce vedlejgdehi &ondgrgetjekildch xsg
betompPhtedu normyi LlNakESN 840500, j e jejich uaplpartontion 2| a
kon| 2 na slogigt2ch bez wvyugit?2. PSesto jsou fl

t

apucol §novim vliastnostem nadRjnim materi 8§l em pro
zpracdv®@mdn2ch pop2l kT se zablvg§ pracovniV&Rupi h&Z
EP vyv2j2 alternativn?®?® fydSwwdf&ekat & ofg djviov oS o8 & h i x
pop2l ku, kter® mTge nav2c obsahovat v8penec, VYySoO
strusku. Nezbytnou sl ogkou pojiva |je plastifik©§8t
hydraulick®ho pojiva Sorfi xr nbaytllovnd§'fppoqulééopt38:¥/emmj
slogek, ze ktedrklacchcisvevakl §d81l, Ya'hhyxCG i pojlilvoa jw§pt
dlouhodoblD stabilnpehdygdhlaavintk® pdpkowvoje kalcinov
obsahuje bezvodl, amchg/d'rbtonSpivo odliguje od- ost
vEpenatlch poj i vpojivirpatymujesmmodgksti % 8. Posl edn?2ivagel ogKk
vEpnmE&lven® (CaO), |3 Haa%ﬂmﬂ@ ( Ca( OH)

Hydrat aci anorganickTIch pojitihdekbb®tchBzepztBlie
tvrdnut 2. Hydratace cementu jiemdp&khDrnd Sdywd leke hiByrd 8

kalciumalumin § t yA aQe spojena si ntenzivn2zm vlIivojem tepl a. Po nni
k%t lumu vivoje tepla vliivem rettarodadldnz2ehto rimenghdnmi. st
podl ®h § i hl avn?2 sgsZnRyaﬁlmn:i;mer§htep:m®3@wpi)rr0?n2achhyrﬂirnu
hydratace neline8rn kles§8 ag do oRKadmhitkyu rOadv nporvver
kontaktuvodysc e ment em szHk§§ZEV.kCer§ je hlavnzm nb3itel
hoding8§ch zal2n§ K€tere§ tsdnuyznal uje velkim vivinem
sl2nkov®Ss.f §8gRhedn tohot oSHINf8zezai dr Cl andi t . Do f
hydratace cement-& Ipddibdt§&ihoD Y8 i 5 zal 2 n§ 4Sracdm2chhastz 2+
krozpadu ettringitu na monosul f §t. Na kSivce hydr

ngr Tstem tepl‘éf5n16®|h<mnl¢ro®tun2 prs&§ce-BMA pbypdgat ®hio €@ mo s
pojivo nebylavr § mci reger ges8§ahbhbdnpha? c'hypapalceleBdMCAC poudi t

pS2mNs do cementu (SCM). Byl o R2&6KRE8 nErh&€CaBdpA doclsen
sn2gen2? hydrataln2ho tepla a k negpojvist hamdndmli popeE

Sorfix a 3C prob2h§ hydrat alcjee ruo zedemenr tmu .z pPlrsolbl@ten, v |
z8vis? pSedevg?m na chemick®mn §ac i mi Bheetr 8aKl boygl® oc & z@)krio gst! b
upojiva 3C pSipraven®ho ze slogek metakaol i nu, anh

mnogstv2 metakaol i nu. U Spponja vpa§ |3et @hSoi par auv epno® hiov az S o
p&§len® vE&pnepyldospdovedeno mNSen2 vivinu tijstptdua br
pSedpokl §dat, ¢ge na samot nsB®im nz®a| e&x ktue rmmhS e nrze akocji d e
khydrataci p8len®ho v8pna.

Mezi hlavn?2 faktory ovlivRvjg§hé? hyychtasnm2hygdt apa
chemick® a mineralogick® sl ogen? pojiv. Rychl ost b
pSedevg?m na teplothD awvoddeéml spbuVYodnt esoubmisi el |
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cementuse uv §d?,jd-] B8 vodn2 soulinine¥plma@ghkydrdadfcdhcda 2c ekn
standardn2ch £2&plAC dnoscehol z#@k0 tépla vliivem hydratace po 12 hodi n 8§ c h

hydratace. Je-l i teplota vygg?2?, rychl ost hydratace se ury
zpomal en?2 hydrfaNaaychiosthydr atDg cfe m§ soul asnh vel kT vl
resp. mRDrnl povrch. U klasicklch cementT se uv§g§d:?
3i15 &nz toho vyplTivsg, ¢ge hrubhD namletl cement obs:
hydrataln2 teplo neg jemnhD namletT

Hydrataln2 teplo pojiv patS$2 mezi jejich z8kl adn?
pojiva Sorfix a 3C, obsahuj 2 c2ch voln® v&8pno doch§g8z?2 Kk silnlm
hydratace, codg mTge bTt ng§slednhN spojeno se smrgsSa
kSivky tRchto pojiv a na jejidmap8Skl pdn @y k & ma Claa
CaoO. Hydrataln2 teplo je mhRSeno tSemi standardi z
(EN 196-8), semi-adiabatickou (EN196-9) a i zotermn?2 wvodivostnz kla)l or i
Proi de8l nD tepelni izpcrlvcm?fne?msyjyn®m|bk®hn z8kona od\

vyvinut® hydratac? mal ty nenzre£§\nll$lh§ sryat @®me®d m 0 3
kt epelnlim ztr 8§t 8&m, kter® pTsob2z ptraokdvIrcThs tsuy stte®omeoctt
mal ty ugel iviRin teploty d2ky treopsetlonu®& 2k ahpradé inteiInb 1 kntidear

malta m8 vygg? tepelnou kapacitu a ochlazovgn?z d?2|
vistva malty kolem mNRDS2c?2ho termoll 8nku vytv8S§S2 de
tepel n8 i zol ace zaSa2czee npr,obv2eh 8kt er ®m hydr at

Vt ®t o pr 8ci j e hydr at al-adidbatickeupnetmdoip diej normy Emdrl%é)rDo§ | £e mi
byl o provedeno paral el n2 mNSen? vIU\2|aerSer||Ie(phaDe/\Jva
ng§dob8&8ch, kter® klade vIiraz®hDvyteawenn,§8§ra kryawn2ac pjSe sj
Soul asnhD byl o provedeno srovn8n2 tPDchto dvou metod.

Experi ment 8l n2 | 8§st
Suroviny
Pro kalorimetrick8 mnRDSen2 byly vybr§&ny

zel ektr8rny HodonZXZ) (LEZeE® wzsikly z fluidn2ho s
vpomBDru 4: 1cp8i 8b6pé&@gt Nky dm2llyacntlme tbpulbvnu pr o d-20s k on
(Brio Hranice, CZ) po dobu 15 minuobb{(8ze&l eno | 1)

]I' ‘ g b =1 l 4

Obr§z:eFkotlograf|e pou@giltéwvd rsaumanSénCEM, EHO LP I 1, l
EHO PP IV, SFX, 3C M1, 3C M5
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D&l e byl a Speofuegribtyald n & up djcikvga , konkr ®t nD Portl andsk
(oznaleno CEM)y zMclm®&ntHBei del berg Materials CZ, a.:
na bg8gzi fluidn2ch pop2l kT (LEZ EP a.s., Cz) a n
kalcinovan®ho j2lu, anhydritu All a v8pnal mkvép@l b
surovin (oznaleno 3C Mljozamaa$polouBOpMMEE Pwh oéwian byl
stati ck@®rpoecpiS2pravu 3C pojiva byl pou@gilekjtrl8rnh@5 T¢
(LEZ, Cz) a v8penec Pbe¢itwvovBCsdiodw,l oCsAm2ch8§no ze

3surovin i j 21 u, energoss8driovypoaenNDau v@pehCBelb5. Pojivo 3C
spolelnim vipalem 3 surovin tak, aby po vipaML byl
Chemi ckf®) (aXRf 8zov® ( XRD) slogen2 vybranTtablice pad2 | kT
Z8kl adn?2 fyzi k8l n2 vlIiastnosti jako je vel itakucs4 | §s

Tabulka2: Sl ogen2 surovin XRF (hm. %)

XRF Al,O; | SIO, | Fe,0; | Na,O | K, O |MgO | CaO | TiO, | P,Os | SO; | ClI- |Ost a

CEM 4,11 1760 | 3,38 | 0,00 | 0,83 | 1,45 |67,77 0,31 | 0,16 | 3,79 | 0,03 | 0,56

EHO LP 8,08 | 6848 | 2,07 | 1,03 | 3,87 | 2,65|1094|0,32| 148|048 |0,11| 0,60

EHO HPFP11,26|4183| 496 | 1,18 | 517 | 447 |23,37|0,76 | 261 |{2,85]|0,39| 1,554

SFX 26,60 |33,80| 460 | 0,10 | 0,60 | 0,70 | 21,60 | 2,50 | 0,00 | 9,00 | 0,00 | 0,50
3C M1 32,14 1 3332| 060 | 0,23 | 0,40 | 0,43 |2492|1,22 | 0,06 | 6,62|0,00| 0,16
3C M5 30,37 13201| 0,63 | 0,13 | 0,40 | 0,46 | 25,87 |1,18| 0,07 | 8,67 ]0,02| 0,18

Tabulka3: Sl ogen?2 surovin XRD (hm. %)

142 N

o > c c

E °© ot ° = % 0 = -
S5 |3 ||z oo |l=2 |2 |8 B |8 |5 |= |E |~
E B |58 |8 @ |vw | o |€E |5 | |2 |3 |2 |2 o
< T — m = un N4 > < o @) < ¥ < < @]

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 DHPP|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 10 0 0 0 5 6 27 |4 2 2 0 0 0 0

Tabulka4: PSDir ozdRIl en2 v el kvanoilg,D10, D5@sD90, ¢ hust ot a a mNRDr nlT

PSD[ & m] Hustota MBI nT povr
D10 D50 D90 [g.cm™] [cm2.g™]
CEM 2,30 13,36 40,90 3,417 3760
EHO LPII 3,05 41,11 143,00 2,856 2723
EHO LP IV 1,77 10,28 44,39 2,962 5 044
EHO BP 11 1,84 10,87 47,42 2,953 5 647
EHO PP |V 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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PS2prava mal't

Prvn2m krokem bylo nawdgmdr2au sluadhRlicipoglio@ekuv 3 d2|
byla 489 g¢g. N§sl edoval a s ®BdhS& .h oPwo gpedii z&nc2e deos td d bo
souliniteld@ w = 0,5 byla malta m2ch8na v | aborlator
po dobu 2 minut. U v T robyvyngajl2tm sobsahem ¥ &FXpn&h\l aws p rb@ do
z8§mNsov® vopdlyaspSifrBagtsawv2v 2 hm. % naThvmdunaots agejnp
zpracovatelnosti vgech smis 2 . Po sm2ch§8n? byl y n
kal orimetru (1575 g) a Dewarovy n8doby (400 g) za

er
TC Evo (Microtrac
EN 196

Pro mRSen2 hydrataln2ho - %% plyad ¢loe qidto ame mENKT19k6a
Langavant Met hod Cal ori meter ( Test i pogdobu DENHodin dRS2 pr
pS2sl ugnWwW sloedkyy jsou prezent ov § mWigsak @ aarkitSie§112m? ntae
24 hodin mhRSen2, kterl by v Ygopool dtl eent. | da@seun v ac D Seppl o

S

iovim pyknometrem Pycnomatic
inovim (Testing, 6E) dle norm

Metody

Rentgenov8 fluorescen]| n?z analTza (XRF) byl a pr o\
surovin. Byla mRSena na sekvenln2m rentgenov®m spe
CH) . Intenzity spektr&8ln2ch | arnXRFvkd mymySemESean
vyhodnocena pomoc? softwaru Uniquant 4 . Rentgenov
%l elem zjigthNn2 f&8zov®ho slogen?2 surovi n?(PABlghtical, mnNS
NL). VIisledky kivtadtiitvan3d vadalal kwamyly vyhodnoceny p
(PANalytical, NL). Do vzorkT bylo pSid&no ZnO jako
byl n2 vl ast noyslta sstuarnoovvienn a |
| aserov®ho granul ometru Bettersiz ST (Dandong Be
hel A

Bl a y

N

y mhRSeny vybran® fyzikH©§I
e

i

i

I
srovnatdestupndu literat ur ou a poskytuje inforlmaskr oo sptralnbolvh
hydrat al n?2 teploty malt pomoc?2 Dewarovlich ngdob,
vybaveny horn2zm polystyrenovim tRsnRn2m. Prvnz,
p2 s kem. Do druh® n8doby byl do 6 minut p6é608mgchéns
malty. V2kem obou n8§dob byl-2pfderebenotdekmp| PEhekKk
teploty uvhi mBnu€dobclh interdahecBybpo gobgi 7@ &bpej
vpr 8ci Bet §¥ o v\8y hao dknoolc.e 120 t v ipwiobwd htt ®p pro obN zaS$2ze

OdhodnotteplotszSZ'czch cel byl ycebdereéry etmzdifohy dyka p:
konstanta 20A C. ObmndemhSkea ock®pmdbthabai vse stejnlr
(zanaogtkl i mati zac2). Teplota | aboratoSe byla po cel

Obr§ze§tem|-zd|abatlckl(vlkva)ldkeEN]ra@Qar soustava Dewarovlch
mNSen2 teplot pSi hydrataci (vpravo)
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VTsIedky a diskuze

Semi-adi abatickir kal ori me

Na obr 8§ Bkjue vyobrazen z8znam vivoje Kkumul ovam®ho
vz8visl osti na | ase. Po 72 hodin8ch dos8hla nejvDd
374,73/ g . Pot ® n8sl| edo hahowu 32%5 Jig,amalth GC Wb1278%9 J/g a malta SFX
263,6 J/g. Map @ y2 lukhTt Bbem®&s ¢ ( EHO) dosahovaly viraz
tepel, maltazl ogov®ho pop?2l ku EHO LP wilggdovdbe2plp2lkg &
des2tky J/ g. Hodnly ¢ r akt uanhunl2cdvaannit®dhw| hasvech | sou pSe
v tabulce 5.

‘o 400
@ 350 /,
~ o0 CEM
N / EHOLP II
= 250
——EHOLP IV
— 200
© ——EHO UP I
~ 150
= ——EHO UP IV
100
- ——SFX
T 50
- ——3CM1
T 0 —3CM5

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
|l as [ h]

Obr §zevk v j hydrat al nani& etrSepikaad i malatt iz k®m kal or i |

Umalt CEM, SFX, 3C M1 a 3C M5 byl poamoo v wEemios | i
EHO LP a bP. P r T bhgdratace C E M, SFX , 3C M1 a 3C M5 |l ze rozdl
uhydratace cementu dI*e"” Gosa upm®naitedakuny f 8§z, f
obr 82dkndukl n2 f8zevéglklispoylwianesm hydrataln2ho tep
vysokTm p2kem na pol §tku mnRSen2. Npoerj wny2g gf2 8§ zhio dchaogd § h
sulf§ tvo§ penati m pojivem 3C M1 a 3C M5.

Zvigen8 hodnota byla zaznamemrSmaEH®BEEMD.i BFX jae n8p
rychl e hhpd pbthb @§O2acobsah anhydritu, kt er T m§& za n&sl edek silnl
kter® vzni ktingip?,i’m§rmP2temnost Nehtoi peijthewewdk §b§ha
vpSedchozzh®h?® PrPac KvantitativnhD jlasky3driatwa| mal tt epCo
dvakr 8t vygg2 negdmo wfa8 8 b/divSgRE § tc oWy gog 2 mu  opbjisuaizu  a n
tabulce 3.

Ni ggt hdukl n2ho p2ku dos8hla malta CEM, ktpeor®vdl§e :
sostatpn?jmivy zanedbateln® mnogstv?2 vol n®IK&EMCaOch8a
mi mo tvor bu ethtyrdirmgiatcu d&&lleci kkmal umi m Bracth o hydradaci j e
cementu™® ®*.Vzor ky poiperh&ksuyy zZEHO LP dos&hly vTbec nejnigg
po 3 hodin§ch mnRSen? alg.holdmdiugd en2ap S en 2838 ymedzdli nlo.u m
cog znal 2?2 lapklBrl §12ZeknmRonitm®t o f §zi tp $i®¥VE A28 zfi § Zzea | 2 miEn
cement T $SHofBaeC |jak jpe SmopKadwag§na kol .

CSH f§gze je t aku lRfgStp@nSehah vpo| prakeSzlEmomo ¢ 2 -KWR
vnEsleduj 2b%°chE zer 4 getzrawztn?Zamengna premtikldmath &h T Konqee |
t®t o f8§teasnBl defpooPaady pSechod do f8§ze t gjivadenut 2
rozd2z&Vvisvl osti na rozd?|1 n®m pr  TbNRhu hydratace, Z |
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hydratal hBAl &8nadcleydrataln2z p2k. Mal t a CEM doassgh |1a2
hodi n, nN8sl edniDameal tld Jh@dEdBCMSpba®e 5 hodin a FRakor
vl ase 14U matEHOLPdogl o po skonl| ekirs tign deunk?] nv2T vfi Srzue hy d
bez dal g2ho virazn@dPdlapP kiuV diodpaadttrknBBH® zvi gen2 hyc
po 18 hodin § ¢c h resp. po 13 Thytdon€thl digkdy athlAemtad upy st &
prakticky nweriko C-B-§lz¥ §ke, jeg je doprov8zena charak
tuhnut?2, resp. tvrdnut? smBDsi

Tabulka5:Hodnoty tepel nTlabechOBR T2, 248, 72hedinamaxi m§l n2 dosa
teplota bDhem hydratace

Malt Hydrataln2z teplo [J/ g] Teplota
alta 0,33 h 3h 12 h 24 h 48 h 72 h Max [ A
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 DP 29,4 36,6 46,1 60,5 73,5 84,3 25,2
EHO DP 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 88,7 134,1 262,8 308,4 319,4 323,5 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

T ——CEM

= ——

= EHOLPII

k°) ——EHOLPIV

Q

2 ——EHOUPII

§ ——EHOUP IV

£ ——SFX

>

I 3C M1

T ——3CM5
0 2 4 6 8 10 12 14 16 18 20 22 24
¢as[h]

Obr §zeAktdu 8yhrathalomfalttyepd!| t en® derivac? hydrataln?
zmNDSenSemi;adi abati ck®m kal ori metru

VIiv mlet2, resp. vygdhi omdsyl (EHOr &P u Vp @p EIHIOT LP
hodnoty hydratal n2 hMataE¥BPa | jVers mylgig2w imRDrnTm povr c
hydratal npfoho7 2 elpd di ng)mke g( Ima2 BRI EhHQ b g2 m q&;ﬂﬁa/g)kecm)g
koresponduje sv 1 s| edky Z° Naprotigoma maita FHO LP | V. s vy gg2m mDrnl m
dos &mil @gh2yhdor at al| np2oh o7 2 ehpol dai Mggwen o rldlvndt®inBEHO kP 11 (25,9 J/g).

Takto n2zk® hodnoty hydrataln?2ho tepla jsou nicmg
olek§wmBipe bTt wplsbbenchybou mhDRSen2 dan® metody.
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55
>0 ——CEM
Q 45
\g EHOLP I
40 ——EHOLP IV
g 35 ——EHOUP I
|%30 ——EHO UP IV
——SFX
25 > am—
— ——3C M1
20
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 —3CM5

l'as [ h]

Obr §zeW vioj tepl ot bRDhemhSedBemteacciea meatlitc k®m kal or

Obr§ zeSkzn § zorzRBwjnea m tepl ot namI’JS'enTcHI\lejb\mhgeg'qn2 dhhy dr ep la
hydratace dos8§hi $0smdDEEMiNB, IINAE]l edoval a maddiomu 3 C
teploty 474 AC a mal had8BXos teplotypo4o@ | blorga8y2EHO Maanarhepaly s
mal T n&rTst teploty i hned rp8ancu m2ocdhcgny?l ksymlksoin,s t paontt @ 2
Maxi m& | n 2 dosagen® t epl otabylce5.s0brg z eSa zmapriesngjn2yc 2v. v 1 vi n
mNSen? reflektuje viwbm8&#akdrmatgalkn2hhood ntoe [yl anazxi m | s
pol 8t ku mRSen2. To nasvihd| uj eNiSuanudalcé. a setrval no:

Soustava Dewarovich ng8dob

N§s| e duwjr28cBelpopi suje vivin tepl ostouwsltDewdam oy ctrha tnasc
Nejvygg2ch teplot bhRhem hyd8@t4cACdha28,86 REESMINIs i n B1C
tepl ot i hnedalyov sdh*rw hnianviid| uj e opNDt rychl ® hydrat a
vpojvul, N§ sl edoval a matinat CEMt spl oty 2hpodnA€oa maptat
Hydratace malty LrEWn2pcrho bR dodil m8cvh pozvol nh, prudkT
hodi nou cchdBnZanwaldioy s asvDd}FSaH e StzveorzbeD s@ 2 n'‘kovich mi

Malty sp o p 2 IblkorgasyZ HO ®R z namen atitgplotni8hrnfesd p o z veodod,cralyn 2 <
spop2l ky EHO LP nezaznamenaly ¢Jg8tehnt o8aufppio@Beagindt ynl
byl jig vyugit v Pr&pio Beshgdow&mian2keohl .t epel kag?

cementu CEM 425 R.. Jelikog tato pr 8ce byltao uptroo vperdaecn?a snrao vm
okrajovn. Nicm®ndr Haio Ketd§'kapPEalarCEBMovit ®t 0 pr §ci byl
cement . Malta CEM dos&hla maxi m§8§ln2 teploty po? 16

po 11 hodi nS8tchhanNSewni2s| Zdku | ze pSempbkBE&Haprofgehsgl
Odlign® visledky byly zaznamen§ny malt3®Mloa3€ MRyl ob

zaznamen§n nej vint g? vivin doegmalkocemj@'s\nIaV|pnoeIrr§ttkerIm)rIS<
mNSeniTch ve sr Hvino§vjae 2z pTFsLaxkheno opdSInpgrnaIvrrelnl\csht uspyys t
Bet §kov&¥pauloli j&kypdedrkoyg CEBpena®ttio, pzHicime poug:?

Tento visledek jasnhD poukazuje na rychlost vIivinu 1
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32
30 ——CEM
QO 28
, ——EHOLPII
26 ——EHO LP IV
8 24 ——EHO UP I
522 ——EHO UP IV
——SFX
20 ¢
——3Cc M1
18
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 —3CM5

Las [ h]

Obr §zevk veoj tepl ot bRhemhSedbrawvacevimahtngdobs§ch

Srovng8n?2 mNSad? abat sekiPho kal obPéewmatowl ah mSe o

Podle pSedpokladu vg®ewayomBl ngdmbBed®s§hly nigg
vpor ovnnganx2i ns§8 1 n 2 mi t e@aldo tadbmit i &k ®B®mik a | dabulkan@dbgahuje N § s
hodnoty maxi m8§ln2ch dosagenichleephot mavP®Pyemehudwrvag
prokazatSed nfn§zGC ( CEM, SFX, 3C) helpl achgoh AEDE Pop@D

zbi omasy EHO naproti tiomgu n ¢y kraozzudj22l jteemp | mt p cog s
hodnot ami hydrataln2ch teplkbdbdnoBtodmaxkxi ng&lanb2ocuhy ntBeSpeln
potvrzuje pozitivn@brn§mekrn2z z8vislost, vVviz

Lze tak konstatovat, ge Dewlacuovlpstm.ﬁpmebaampgaktsil

orientaln? posouzen? tepel n®ho vlivoj e bNDhem hydr
kdi spozi ci standardi zo9an®| kab?trvepejdl ezBENalles vl a
usemi-adi abatakt&@®hmekr u, umogRuje sledovat relativn?
Jej?2 wvyugit?2z je vhodn® zejm®na pro srovn8vac?2 stuc
ni gg2 hydrataln2 aktivitou, nteplool i v pSesnh kvantif ]

Tabulka6.Sr ov n §&arnx2i nmBhldno2s aehepl ot bRNhenvShyiddatbaaei ck®n
kal ori metru a DewarovhBD n8§dobih

Teplota ze Semi-a di abati ck Teplota z Dewarovy oT

Malta kalorimetru ngdoby
Max [ AC] Max [ AC] [ AC]

CEM 48,0 27,9 20,1
EHO LP II 21,8 20,4 14
EHO LP IV 20,5 20,2 0,3
EHO DP 25,2 22,0 3,2
EHO DP 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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s 31
z 30 )
© 29 =
o ..
0 28 .
N T T
= 26 y=0.2785x + 14,761 ...
P RI = 09021 o
= 24 ................
© 23 o e
A o
l_ 20 .,....
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Teplotaze Semi-adi abati ck®hé&] kal ori metru |
Obr 8zZeSk ovng8§n2z mezi namhNSenT mi e wamdhvinZ mEdobépl e
Semi-adi a b atkalorkm®@tnu
Z8vDr

Tato pr8ce se vRhDnovala mNSen2 hydrataln2ho tepl a
uhl 2 s biomasouv@apemadt| mie poj fE8yo(3C M1, 3C M5, SF>

f PrTbNh hydrav@penastulcfh§lt pajriav akbt eri sti ckT prudk
vpol §teln2 f8zi mhNSen2?, cog souvis2 s pS2tomnos-
1 Visledky ubipom&@dk Tsgal ovan® spolu s uhl 2m naz
prob2haj?2 hydrataln2 procesy pouze velmi sl abh.

T Viiv mlet?2] resp. vy gg? mDr nT povrch u pop?2l kT
visledn® hodnoty hydrataln2ho tepla jen malTl vl

T Maxi m8Il n?2 dosagene®dt eafpladt ¥ k @eo skali ori metru a
prologeny line%wumsvyselgirms kdekiSéivent @9021.dZstdhata mi n
dTvodu se Dewarovy n8doby jev?2 jako vhodn8 alt
malt.

f Semi-adi abati ckl k al oproirnoevinr®@ @ e osk € £ ml m8dobami vy
izolace,nav2c sofistikovanl z8znam mRSen2 poskytuje

PodRkov§8n?:

Tato pr8ce byla financov8na v r8mtZh@dmgednu ALK
pop2l kT ze spoluspalovsgn? bi omasry2 cphr omastne?rgieS8@dtd . u hD ¢
vistup spolufinancovgn v rgmci projektu Speciifick
projekty | . A1 _FCHT_2025_009 a A2_FCHT_2025_054.
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Study of methods for measuring the hydration heat of fly ash from biomass
co-combustion and alternative sulfocalcic binders

Luk8§89 MAUERMAMNNBETCKOVMKar ti na? JagHHONOALBIKA®,
Rostisldv GULC

®Vysok8 gkoltae chreoli @kioc k §, Fakulta chemick® tec
Technick8 5, 1 bdyice Bzech Republxr 6

Lesk® vysok® ul|Peare Fakubach mivelb®@ 2y Katedra technol
Th8kurova 7, 16Gz6chRepyblicPr aha 6

e-mail: lukas.mauermann@vscht.cz

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
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
cal ori meter accor di ng9 stamdardt A esecohdSdempddiive méthd 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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DROCHYTKA: VI i v odpadn?2 celul -zy na vliastnosti autokl §vovangt
VIiv odpadn? celul -zy na vlastn
p-robetonu

Lenka MESZCROSOVC, V2t LERNM) mdinn ®BRKREh N
Jakub HODUL, Rostislav DROCHYTKA

Vysok® ul enz2Brtnel,h nAackkugRl tva st avebnz2, Veve
e-mail: lenka.meszarosova@vut.cz

Souhrn

PS2sphNvek se zablTvg§ hodrdadr2hmw'IS§ikvewn , p R dtaov kpur i m!
aodpadn? ¢ el unln-o@3%, 10 % alb % hm)na technologick® vl as

pSZpraavytaﬂq@zikﬁléoﬁ)qnick@ viastnosti aut okl 8vovant
experiment 8l nD o\éhSc ¢, ulj-azkolvigv kvig [8Bzog & | a d n 2 objemoes t n 0 s
hmot nost , pevnost v tl aku, koeficient konstrukti vi

mat er iatl2um soul asnno gmoet DSivtyugi t2 pap?2r owGeh dobDodpa
p-robetonT. Z visledkT vypllvsg, ge odpadn2 <cel ul
modi fi kaci aut okl §vjoglainkekdh® zpemPb&Et aocmrewc,hani ck® v as
druhotn® suroviny tak pSedstiyujpeS2eaensgni ormpndserstt&lpnn
stavebn2ch materi 8l T s nigg2?2mi environment8ln2zmi d

KIZ!ov§a3tokh§vovanT p-robeton, odpadn? vl §8kna, 0
v tlaku, koeficient konstruktivnosti.

Pvod

Aut okl §v-orbetonJe apor gani ckl skaewmpnaatetrri2sl , kterl se
nzzkou objemooejhmst Mo $ tABP D & gaoyh 620 18k0g % amai kkrroopp- - rryy

kter® jsou majpgrviSelr® dcdo 2,5 mm. D2ky t @®hkT svtlnbfokrt nugs
tepelnhD izolaje2velmstsastdnoaopracovatelnl, tomtog zr
materi 81l u. Vel kT pod?2]| p-rT ve stPuatusSe gzevgyagkuij 2 o
p-rovdools §aigo k @pevnostt v ,t lkaku 8§ se obvykmezpoRylbgj & W

Z8kl adn2 suroviny pro virddu tp -droo bnelxkoonl ui kraT gseknuep i rn
slogky, plynotvorn® | &8§tky a paméen@® YeSthmwy Pamyc. & ridenzt@
maj 2 funkwistpppj vada hydr.KtSermm§liaéRekn jsakczastoup
vpodobSEmPhpttslal e mTge propf;Jbagltneldesubtuskbal@valj§t
pSid§vEny nejl|laist@kmnSupk k baguelBhhdr oxi dem vEpenatl m
smiDsi za vzniku vod?Kku, kt embcon@®l ssie omidenydpaStjcd 0§ e c
nebo anhydrit".

Mec hani ck® w0 wawitanoytsit @ $tou,gSkou st DM mangslinity prodruyk tal s

hydrat al n2R2hk yr elaykdcr2ot er m§l n2mu oget Sen?z kter® | e
viroby, hoole8§ai ogi cRBH t I la np-Hl¢ satoBermorit. Proj eho opti m§1l n
je dTlegit® zachovat Ogmlkrt emdzis eoxiothi0blig @ aneXii 0, 8
Dosavadn2? wvwhtlkhesmy wyugit2 vl $kerk §ral2wragapk apid®@c kbl §
v | § kjakojsoun a p S2blnmbaics ov§ cel §Knvd E\KkE Swe tmoty*>a r T gov®dos| up
aut okl 8§vovao®éond ripe zl epganeathapietlbo® . Isdud §t ntoystt o ma t
d8vkov@mtyi m8l n2m mnogstv?2, jezIdé’tkj@:hpjavedstiiohvf)éédae@uz
J.zhang’vs v ® prv&aiz, ge % Shindo§tnrPo st,n¥ ch bambmswvitbhnase
modi f i ko-markap)tapnmpyla ri methoxysilanem v e dtauzaehybuo i9Rém 2 p
a ke zvigen2 pe¥mwhiemivck®akhumdbkroskopi dka@nbasalvil an
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DROCHYTKA: VI i v odpadn?2 celul -zy na vliastnosti autokl §vovangt
vli 8kny uk8zaly, ge epgujaen o M@ z iVip§ zaovlae v g tavdBh e 8 mN s v
pseudopl asti cpko® enltd 8§ m2 ms dTs | ed kNaprop torou Mz Rentehikani’v a t e
zjistil, ge recyklovan8 <cel ulhm.zsonvi8j uy |28 kpneav wohybmn o ¢ st
Al k ohloidvnoty pevnost? zTstaly v r8mci standardn2ch |
a tepelnou vodivost. Celul -zov8 vlisg§kna tak® Jvliyv
podrobnhD popsal, jak sil oxahydrovx®y Iskwipminys lkcthgimi a&rkiy meé
a pSisp2vaj?2 ke zlepgen?T. Niditee zsev ® | (Brk&mi  az dm&kturmeme
rostlinnich vlI&8ken v mnogst v? 1,5 %v2hcreotmegt i20 z P
viznamn®ho vl i vu ogtaBanthit’axlooo®mapgevmognost i vyugit?2

vkl asick®m betonu a pSigel se zjigthRn2zm, He3pdpdave
ovlivRuje p-rovou strukturu.

RozIliln® vyugit?2 | §ken na b8&micicélimlchy alpylik age o
studeuv §dnj 2, ge %l inky z8visz?zdgak dayé‘pmi)'[i/dcﬁmmnpsl%parjav
Chovg§n?2 odpadn2ch vl§ken na bg8zi m-erl aldetgorrkpp e bpBdp
dost at ed kndlu np& noo . C2lem tohoto pS2sphRvku je zhodnot
vl 8§k en v zrnoizkvllT8ckhn N 2 odpadn2ho pap2ru na zhbdnatititdk8 1 n I
potenci 8l n?2 benefity t oprod du kocdip ap - re?tdSoert dtae ratdlr ums v
podm2nk8ch.

Experi ment 8l n2 | 8§st

Jako vstupméfeuewohVnhgh vzorkT bylswlmomlltnfmmmamm
90 %), cement, f | ui dn2 pop?2]l ek pbsakeeSiD, min. 97 %, pomett k a ( BINDr nT  p o\

200m?’kga velikost | 8stic viz obr 8zeeknel)gosE&§dhhbnmoRo Wk
pr 8gek.

7

6

;'E'S

3 3 \

2

1 \

DD

1 1 10 100 1000 3000

Velikost ¢astic [pm]

Obr 8z:eDki sit ri buce velikosti | 8stic pougit®ho

Hl avn2 slogky byly d8vkop®mprdl evegbe 8B®&nuhareceptu

mcement mvapno mpisek menergosadrovec mpopilek

REF

Obr §2eZk8kl adn2z receptura (d8vkovg§nz v %
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Upraven® receptury nav2c obsahovaly pS$S2davek cel
mi krocelul -zu (znal ena MC) a d8le celul -zu z2skanc
Receptura byla modifikov&§na pS2davkemnaedtud2 zoyvsi cw
al5%hm Celul -za je po achar(CHgc®pgasumgbh2al sab®c ar
SetNDavdeSkana obou typT ' ul - zyt umray 2 ( jt ®ld pjben §E&tFrv B& alil

Obr §8&dpadn2z cel ul -z Obr §ZekMi krocelul - z:
pSi zvDtgenz 200 pSi zvDtgenz 200
PSit est ov §n? | erstv® smbDsi byl a sl edov8§na/r Kmoqiz i

pSedchoz?2ho bwillokuemxperi ment 8§l nD stanoven konzistgnei | peSis
r oz(ROON2) mm. Reol ogick® vlastnosti | soiokb&t¢dahdit® ndaT v«
byly zkougky |l pbov@dbBnyw2m prost Sed2vianyv gbeyclhynyp Svesdt
m2ch&8§n2m temperovf§agdokam®@0sAEncP bylo dosageno. pSi
Pro stanoven? masy bykpp3®02 my | ersto®mBmbe®habya8iswe
sledovg&n prTbNh zmPoy 2omj. bt Eethbeim mBSeésd o proc
zmNDny objemu na | ase. Vzorky ve tvaru akurtyocklyw ow
vprost Iad?ycenou vodtaki m&lrmu cos a JlednAdCui stoetpel roniocuk o u
8hodin. Na hydr ot erm&8I nhD oget Senl ch wvozbgrecntocvhs bhymoa nse s & n
LSNEN 678 AStanoven2 obpem@m®shamotnast okl §wapevmst ®h o
v tlaku dle norfMyarndwWe nE2N tpevdnw s aut ok | §v ov.akodidieot p - r
konstruktivnosti b y | vypakoepomDr metzliakpue van oshijcemobernr dmmbDmn o
jednotkou. Mi krostruktura a p-rov8§ struktura byly anal
el ektronov ®h descari MIRAB.s k 0 p u

V1 edky adiskuse

PS2davek odpadn2?2 celul - -zy (0C) ovliivnil proces n
Vzorky s OC vykazovaly rychl ej gb? nN8r Tst efbgletmuy n IX
uvol RovEgm®mmNpil ysiumi kr o cwKazovaly groas t( dVLCo 2p odréav ke§ tgPst o bj €
Na z8kladn visledkZe (2% @i ,0bge8 zep%?2 b9 v e ka zefeltiprdl groces c e |
expanze | erstv® smhDsi bez virazn®ho zhorgen?2 stabi
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Obrg§sdmtenzita halkegpSen2 v

UvzorkT s pS2davkem odpadnt? nrSad?leuse.nd a2 drd gmib®mu s n
obj emov® Hoocatlh¥)sctoig je dTsledkem zvigen® p{obviszekt
zn8zorRuj2mbjempd®| yhmot nost i viky). Efektmddmr iogduajt 2ng®? ogde h g
hmotnosti b y | virsrzonstjoyiec 2 v Id§ k(&0 i 1,5 % hm.), naproti tomu pS2 davek
mi kr ocyamleumD:lz na objemovou hmotnost viliwv
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g 395 395 =
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Obr & £:e0kb j e mbimognost.

Pevnostn? zkougky wuk8zalog,itgenddpabn¥nicled upmfiaog
d8vkova8ltb%ohiIn. , cog pbrpakun®, zna kter®m jsou zn8§zor
smRDrodatn® NedTthlydlkyv® IprernpSt] 2st l epg2mu prov§gz§gi
arovnomBDj g2 distribuci p-rT. Mi krocel ul (z2aJ maOdMp apko k
uvzorku s1, 5% hm. pod2lem mikrocedmddrmy) ce UK zeadzowpl XKiesn

mechanick® stability autokl 8vovan®ho p-robetonu.
D2ky koedbnsiemkui knosti | ej anolgm ®z g Ppeb em sowldii v Ru j
fyzi k8l nlD mechanick® parametry, jelikog soulasnh
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pevnosti. kZatsimkd cbh cementovich kompoasittiT, vijiejen h
celul -zovich vIigken pSi dg§vkovgn2z 0,2 ag'™0,doc%shkxm.
sni govsgn? nej en obj emov® h iaka, nzog T s | ed&ig& anit §me iwn «
experiment 8§l n2ho ovRhRSenjepatar w&,0orge chimipsir obevdpadn?
|l epg2ch \wlpasottriosrteéf er epnotivZz o sknPmi s i mi kkkaocz 8 kull adi u t
porovng8§n2 se jako nej vish ddnDjogd?p ajde??2 cd §ivkiroox§aveds RIS 2z d
kezhorgewd astnost ?

Obr 8 Z:ePkevnostvt | aku a koeficient konstruktivnost:.

Vizugln2 zhodnocen2 mi(lbbogkeji @Bk 8a ga nladl )T zipot( wiha i§lz)|
pS2davek cel ul - zytvaoidistibucRu j reVy.u g Idtpkacdsmt> ycvedlowké vzaiku
pravidel nBygdaiRrdaiDst ri buosvaméoch2nm: - pdltemMadmrdlekp¥i

mi krocel ul -zy NDhdeont h Pz ®lce sub poxpapa®muk sl ul ovEn?2 p
di spergovanlich p-rTodoveDdt 92 gl amEh@M®8® struktury
an8sl edn®mu pokl esu j eho mechanickl ch pevnost 2 v

matricov® f §8ze.

~

Zzmona
p-rov
struktury
Obr 8 Bek Obr 8§ Bek Obr §4@® k
P-rovsg8 struk P- r ostr8kturavzorku P-rovsg8 struktur
referenln2hoSe:s odpadn? ¢cel 8¢ s mi kr oc glvulSeza
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