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Đvodn² slovo ġ®fredaktora  
 

V§ģen² ļten§Śi, 

m§te pŚed sebou ļ²slo, kter® je mimoŚ§dnŊ siln®. Obsahuje 
16 odbornĨch pŚ²spŊvkŢ, to v tomto ļasopise uģ dlouho 
nebylo. Nev²m, jestli je to jen souhra okolnost², nebo 
zaļ²naj²c² trend zvyġuj²c²ho se z§jmu o publikov§n² v tomto 
ļasopise. PochopitelnŊ bych si pŚ§l, aby to bylo to druh®. 
Potom by st§lo za to, uļinit dalġ² pokus o zaŚazen² ļasopisu 
do datab§ze Web of Science. Naposled n§s odm²tli 
s odŢvodnŊn²m, ģe poļet pŚ²spŊvkŢ prŢbŊģnŊ kles§. Tehdy to 
byla bohuģel pravda. Ten pokles se sice zastavil, ale aģ na 
dneġek nic moc. 

V tomto ļ²sle je nŊkolik pŚ²spŊvkŢ, kter® zaznŊly letos na 
podzim na symposiu ODPADOV£ FORUM 2025, jehoģ jsme 

partnerem. V tŊchto pŚ²padech ale pŚ²snŊ hl²d§m, aby nedoġlo k poruġen² publikaļn² etiky. Text 
v ļasopisu nesm² bĨt stejnĨ jako ten ve sborn²ku symposia. Mus² bĨt vĨsledkovŊ bohatġ², a jeġtŊ 
l®pe, kdyģ je v angliļtinŊ. 

Zm²nŊnĨ letoġn² roļn²k symposia se konal v Ś²jnu a n§sleduj²c² roļn²k ODPADOV£ FORUM 
2026 se bude konat jiģ v dubnu, konkr®tnŊ 21. ï 23. 4. 2026. Bude n§roļn® zajistit za tak kr§tkou 
dobu dostatek kvalitn²ch pŚ²spŊvkŢ, ale rozhodli jsme se to risknout, protoģe se chceme vr§tit 
k osvŊdļen®mu jarn²mu term²nu, kterĨ jsme opustili kvŢli covidu. Variantou bylo jeden roļn²k 
vynechat, ale to se n§m nechtŊlo.  

VŊŚ²me, ģe se n§m to podaŚ² a jiģ na tom intenzivnŊ pracujeme, mj. volbou zvĨraznŊnĨch t®mat. 
Tentokr§t to budou VEDLEJĠĉ PRODUKTY Z POTRAVINĆřSTVĉ, RADIOAKTIVNĉ ODPADY, 
DRUHħ ĢIVOT DřEVA a ODPADY Z RECYKLACE I VħROBY AUTOMOBILš. Zat²mco prv§ dvŊ 
t®mata jsou osvŊdļen§ z minulĨch roļn²kŢ, druh§ dvŊ jsou nadŊjn§ proto, ģe se jim u n§s moc 
pozornosti nevŊnuje. Tak uvid²me.  

Vġechny v§s, kdo ļtete tyto Ś§dky, zvu. PotŚebn® informace najdete v 1. crkul§Śi (Call for 
papers) na konci ļ²sla nebo na str§nk§ch TĨdne vĨzkumu a inovac² pro praxi a ģivotn² prostŚed² 
TVIP 2026, v r§mci kter®ho se symposium ODPADOV£ FORUM tradiļnŊ kon§. 

OndŚej Proch§zka 

 
 
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 a long time. I 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, I 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, I 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 

OndŚej Proch§zka  

https://www.tretiruka.cz/konference/symposium-odpadove-forum/
https://www.tretiruka.cz/konference/symposium-odpadove-forum/
http://www.tvip.cz/
https://www.tretiruka.cz/konference/symposium-odpadove-forum/
https://www.tretiruka.cz/media-a-odpady/waste-forum/pro-autory/publikacni-etika-publication-ethics/
https://www.tretiruka.cz/media-a-odpady/waste-forum/pro-autory/publikacni-etika-publication-ethics/
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Pro autory 

WASTE FORUM je ļasopis urļenĨ pro publikov§n² pŢvodn²ch vŊdeckĨch prac² souvisej²c²ch 
s prŢmyslovou a komun§ln² ekologi². Tj. nejen z vĨzkumu v oblasti odpadŢ a recyklace, jak by mohl 
naznaļovat n§zev ļasopisu, ale i odpadn²ch vod, emis², sanac² ekologickĨch z§tŊģ² atd. Vych§z² pouze 
v elektronick® podobŊ a ļ²sla jsou zveŚejŔov§na na volnŊ pŚ²stupnĨch internetovĨch str§nk§ch 
www.WasteForum.cz.  

Do redakce se pŚ²spŊvky zas²laj² v kompletnŊ zalomen® podobŊ se zabudovanĨmi obr§zky 
a tabulkami, tak zvanŊ Ăprinter-readyñ. Pokyny k obsahov®mu ļlenŊn² a grafick® ¼pravŊ pŚ²spŊvkŢ 
spolu s pŚ²mo pouģitelnou ġablonou grafick® ¼pravy ve WORDu jsou uvedeny na www-str§nk§ch 
ļasopisu v sekci Pro autory. Ve snaze d§le rozġiŚovat okruh moģnĨch recenzentŢ ģ§d§me autory, aby 
souļasnŊ s pŚ²spŊvkem napsali tŚi tipy na moģn® recenzenty, samozŚejmŊ z jinĨch pracoviġŠ neģ je autor 
ļi spoluautory. Je vģdy dobr® m²t rezervu. 

Publikaļn² jazyk je ļeġtina, slovenġtina a angliļtina. Preferov§na je angliļtina a v tom pŚ²padŊ je 
nezbytnou souļ§st² ļl§nku na konci n§zev, kontakty a abstrakt v ļesk®m ļi slovensk®m jazyce, pŚiļemģ 
rozsah souhrnu nen² shora nijak omezen. 

Vyd§v§n² ļasopisu nen² nikĨm dotovan®. Proto, abychom pŚ²jmovŊ pokryli n§klady spojen® 
s vyd§v§n²m ļasopisu, vyb²r§me publikaļn² poplatek ve vĨġi 1000 Kļ za kaģdou str§nku (bez DPH). 
V pŚ²padŊ nepublikov§n² pŚ²spŊvku v dŢsledku negativn²ho vĨsledku recenzn²ho Ś²zen² je tato ļ§stka 
poloviļn². 

Uz§vŊrka nejbliģġ²ho ļ²sla ļasopisu WASTE FORUM je 8. ledna 2026, dalġ² pak 8. dubna 2026.  

 

 

 

 

For authors 

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

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

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

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

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

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

The deadline of the next issue is on January 8, 2026, more on April 8, 2026. 
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Increasing the Efficiency of a Small Heat Source by 
Reusing its Waste Heat 

Jozef JANDAĻKA, Milan MALCHO, Patrik NEMEC, ōudmila NOVĆ 

Ģilinsk§ univerzita v Ģiline, Strojn²cka fakulta, Katedra energetickej techniky, 
Univerzitn§ 8215/1, 010 26 Ģilina, e-mail: patrik.nemec@fstroj.uniza.sk 

 

Abstract 

The biggest heat loss during the energy recovery of fuels in heat sources is the loss due to the 
sensible heat of flue gases. This is waste heat removed in the flue gas, which reduces the efficiency of 
the heat source by 20 ï 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. 

Kl²ļov§ slova: waste reduction, heat recovery, increasing efficiency and sustainability, emission 
reduction, heat source 

 

Introduction 

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

Total efficiency of gas boilers and fireplaces ranges from 70% to 95%1. Devices that increase the 
efficiency of the existing small heat source in a family home reduce energy consumption and financial 
costs2. 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 device3. 

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 systems4. 

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 
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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 exchanger5. 

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 substance6. 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, 7, 8. In the condenser, the heat-carrying medium cools 
down, transfers thermal energy, and undergoes a reverse transformation into a liquid. With the help of 
these physical phenomena, the heat-carrying medium flows; therefore, it is not necessary to install 
a pump in this closed syst®m9, 10. 

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 insert10. 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 ï 9 kW and an 
efficiency of 80.0 ï 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 ï 400 ÁC, stainless steel 
was used for the construction of the evaporator. Stainless steel perfectly resists high temperatures and 
chemically aggressive environments thanks to its chemical composition, which consists of alloying 
elements such as nickel, chromium, manganese, etc. This material is also suitable from the point of view 
of compatibility with the chosen heat-carrying substance - water, with which they are well tolerated, and 
when they are combined, undesirable chemical reactions such as, for example, corrosion do not occur. 

 

Figure 1: Design of the evaporator and wick structure 

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

 

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.  



Jozef JANDAĻKA, Milan MALCHO, Patrik NEMEC, ōudmila NOVĆ: Increasing the Efficiency of a Small Heat 
Source by Reusing its Waste Heat 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

WASTE FORUM 2025, Ľ²slo 4, strana 276  

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. 

 

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 ὗ_Ὥ, is calculated from the sum of the specific heat capacity of dry flue gases 
and the specific heat capacity of water vapour contained in the flue gases, according to the STN EN 613 
standard12.  

– ρππή ή ȟϷ            [1] 

where: ɖ is heating device efficiency [%], q1 is specific heat capacity of dry flue gas [%], and q2 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: 

ὖ
Ȣ
ȟὯὡ             [2] 

ὖ 6:0ȢὗȟὯὡ            [3] 

where: Pv is heat source output [kW], P is heat source input [kW], ɖ is thermal efficiency [%], 

ὠὤὖ is natural gas consumption [m3/h], ὗὭ is calorific value of fuel [kWh/m3]. 

 

Results and discussion 

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

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

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. 

Figure 6: Temperature course during the operation of the fireplace insert with heat pipe 

 

Table 1: Selected most important research data 

 Combustion air 
temperature 

 [ÁC] 

Flue gas 
temperature [ÁC] 

Efficiency   
[%] 

Heat output 
[kW] 

original 
fireplace 

insert 

measure 1 27.25 332.39 87.36 7.71 

measure 2 31.81 339.5 87.24 7.7 

measure 3 31.64 318.84 88.1 7.77 

average 30.23 330.24 87.57 7.73 

modified 
fireplace 

insert 

measure 1 56.87 265.63 90.91 8.77 

measure 2 60.95 265.48 90.78 8.76 

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, ɖ = 87.57 % was 
calculated. With the same setting of the fireplace insert with the application of a heat pipe, the heat 
output, Pv = 8.86 kW, was measured, and the thermal efficiency, ɖ = 91.02 % was calculated. By 
applying a heat pipe to the small heat source, its efficiency increased by 3.4% and power by 1.13 kW. As 
with any heat pipe application, there is still space for improvement in the design of evaporators, 
condensers or the use of materials in combination with heat transfer fluids. This often depends on the 
manufacturers of heat sources and their options for placing such a device. If the structural designs of the 
heat pipe parts, whose errors are often only proven during experiments, are improved so that they are 
more resistant to pressure, there is a strong possibility of achieving better results. 
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Zvyġovanie ¼ļinnosti malĨch zdrojov tepla vyuģit²m ich odpadov®ho tepla 
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Ģilinsk§ univerzita v Ģiline, Strojn²cka fakulta, Katedra energetickej techniky, Univerzitn§ 8215/1, 
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S¼hrn 

Najvªļġou tepelnou stratou pri energetickom zhodnocovan² pal²v v zdrojoch tepla je strata citeŎnĨm 
teplom spal²n. Ide o odpadov® teplo odv§dzan® v spalin§ch, ktor® zniģuje ¼ļinnosŠ zdroja tepla  
o 20 ï 40 %. Rieġenia probl®mov so zvyġovan²m ¼ļinnosti zdrojov tepla prin§ġaj¼ prev§dzkovateŎovi 
¼sporu energie, zniģovanie emisi² a ġetrenie zdrojov energie, ļo m§ v koneļnom d¹sledku vplyv na 
menġiu tvorbu odpadu. ĠtandardnĨm sp¹sobom zvĨġenia ¼ļinnosti zdrojov tepla je predohrev 
prim§rneho vzduchu elektrickĨm ohrevom alebo aplik§ciou vĨmenn²ka tepla do spalinov®ho potrubia 
s riadenou cirkul§ciou teplonosn®ho m®dia, ļo m§ za n§sledok zvĨġenie spotreby energie a zvĨġenie 
n§kladov na energie. Tento ļl§nok sa zaober§ aplik§ciou sluļkovej gravitaļnej tepelnej trubice v krbovej 
vloģke, ktor§ vyuģ²va odpadov® teplo spal²n na predohrev prim§rneho spaŎovacieho vzduchu. 
VĨsledkom takejto aplik§cie je s¼ļasn® zvĨġenie teploty priv§dzan®ho vzduchu a zn²ģenie teploty 
kom²na, ļo m§ za n§sledok zvĨġenie ¼ļinnosti zdroja tepla bez pouģitia dodatoļnej energie. PodŎa 
z²skanĨch vĨsledkov m¹ģe tak®to rieġenie zvĨġiŠ ¼ļinnosŠ zdroja tepla o 2 aģ 10 % a prispieŠ k zn²ģeniu 
tvorby odpadov pri energetickom zhodnocovan² alternat²vnych pal²v. 

KŎ¼ļov® slov§: zniģovanie odpadu, spªtn® z²skavanie tepla, zvyġovanie ¼ļinnosti a udrģateŎnosti, 
zniģovanie emisi², zdroj tepla 
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Summary  

Volatile organic compounds (VOCs), which include a wide range of toxic compounds, pose 
a significant threat to the environment and public health. Reducing their emissions is therefore an 
important task for the industries in which they are produced. Given the need to process waste generated 
by non-destructive technologies, destructive technologies are coming to the fore, especially those that 
are not low-energy. These include catalytic decomposition and low-temperature plasma (non-thermal 
plasma ï 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 (MAO) technology to treat the surface of reactor 
components. The purpose of the experiments carried out on a laboratory NTP reactor with a replaceable 
cathode was to compare the efficiency of acetone and toluene reduction using a reactor cathode made 
of structural carbon steel, aluminium, and aluminium with a MAO surface treatment. During the process, 
the efficiency of the reduction of selected VOCs and process parameters, including the energy intensity 
of the process, were monitored. 

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

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

 

Introduction  

With the gradual reduction of particulate matter, SOx, and NOx pollution, the reduction of volatile 
organic compound (VOCs) emissions from various industries is becoming a focus of attention among 
experts. Due to their higher saturated vapor pressure, volatile organic compounds have a boiling point 
between 50 and 260 ÁC. Volatile organic compounds include several types of organic compounds, 
mainly aromatic hydrocarbons, alcohols, aldehydes, esters, and organic acids. They are produced by 
biological processes in nature1, but the main anthropogenic sources of VOCs are industrial processes, 
primarily in the petrochemical and chemical industries, coke production, paint manufacturing, and 
transportation etc.2. Most VOCs react easily with NOx to form ozone3,4. VOCs as precursors of secondary 
organic aerosol can create significant component of fine particular matter5. Secondary organic aerosol 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwj0yvnt14-QAxX80gIHHaW6Bi4Q4kB6BAgrEAM&url=%2Fmaps%2Fplace%2F%2Fdata%3D!4m2!3m1!1s0x4713e373bcddd2cd%3A0x6116715250bef29a%3Fsa%3DX%26ved%3D1t%3A8290%26ictx%3D111&usg=AOvVaw0lVG7zE8yLj5uNjjUPlf-K&opi=89978449
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plays a role in the atmospheric particle load, influencing both air quality and climate dynamics6. In 
addition to the negative impact on the environment, many VOCs are carcinogenic, affecting the central 
nervous system, causing respiratory diseases etc.7ï9. 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 adsorption10,11 absorption12, membrane separation13, 
condensation14 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 use15,16. Landfilling used 
adsorbent is not a solution either. Membrane separation its eminent cost as well as maintenance 
requirements limit its widespread application17 The condensation method is particularly suitable and 
effective for removing evaporating solvents2.  

Destructive technologies convert organic substances in waste gas into non-harmful substances (CO2 
and water) through chemical reactions. These technologies include biopurification18,19, thermal 
oxidation20 and advanced oxidation technologies (such as ozonation12, deep oxidation21 
photodegradation and catalytic degradation2, microwave-assisted catalysis technology22). Thermal 
oxidation converts VOCs into CO2 and H2O at high temperatures (>1000 ÁC) and is effective for treating 
high VOCs concentrations. However, its high energy consumption and the undesirable byproducts 
formation limit its use23,24. 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 time23,24. 
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/off25ï27 . 

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 (MAO) 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.28,29 In addition, 
the MAO method is relatively inexpensive and environmentally friendly30. 

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.   



Jana SEIDLEROVĆ, Petr UNUCKA, Petr BŉĻĆK, Michaela TOKARĻĉKOVĆ, Roman GABOR: Use of a low-
temperature plasma reactor to reduce volatile organic compounds  

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

WASTE FORUM 2025, Ľ²slo 4, strana 284  

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. 
Litv²nov s.r.o., Czech Republic). This equipment allows the pulse parameters to be set independently 
using appropriate electronic amplifiers, which provides great flexibility for preparing a specific coating 
microstructure. The entire process takes place in a liquid electrolyte environment, the composition of 
which also influences the chemical composition and properties of the resulting surface. Of the selectable 
parameters of the technology (voltage, current, frequency, and duty cycle), the pulse duty cycle is the 
dominant factor for regulating the characteristics of surface discharge. The entire surface treatment 
process involves several steps: 

Å No. 1 Degreasing process (1M NaOH; 45 ÁC) 

Å No. 2, 3 Rinsing (distilled water, conductivity < 10 ÕS/cm) 

Å No. 4 Pickling (HNO3 + HF)  

Å No. 5, 6 Rinsing (distilled water; conductivity < 10 ÕS/cm) 

Å No. 7 MAO process (electrolyte; pH Ó 12)  

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

The surface of the perforated aluminium sheet was treated using a constant voltage of 450 V for 25 
minutes. In the MAO process, the aluminium sheet was connected as the anode and a 2 mm thick 
stainless steel sheet (1.4301) as the cathode. The experiments were carried out in an alkaline electrolyte 
of 6 g/l NaOH, 12 g/l Na2SiO3 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 mm2, 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 CuKŬ radiation at an accelerating voltage of 40 kV, a current of 40 mA, 
a scanning speed/duration of 1Á/min, a step width of 0.02Á, and a scanning range of 10 ï 100Á. The 
phase composition was evaluated using the ICDD PDF-2 2022 database. 

 

Description of the experiment on the reduction of selected VOCs  

The aim of the experiment was to compare the effect of the cathode construction material used on the 
reduction efficiency. For this reason, the same optional parameters were maintained during the 
experiments. Acetone (boiling point is 56.29 oC) and toluene (boiling point is 110.626 oC) were selected 
for primary VOCs reduction experiments in the NTP laboratory reactor. The VOCs source was filled with 
acetone or toluene, and the temperature was adjusted to cause the substance to evaporate, which was 
then drawn in by a stream of air sucked in by a fan located at the end of the device. The stream passes 
through a plasma reactor, which excites a plasma glow discharge in the gap between the cathodes. 
During the experiment, a constant flow of air (31Ñ2 m3/hour) containing 1030Ñ150 mg/m3 of acetone or 
660Ñ15 mg/m3 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, Ion 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 ï 85% without the presence of a catalyst, while at higher power and with an optimal catalyst 
composition, efficiency of up to 90 ï 96% can be achievedįĭ-33. The effectiveness of NTP in the 
decomposition of acetone or toluene depends on the process conditions (type of plasma, presence of 
a catalyst, gas composition, power, speed of flow gas)32. 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.   

 

 
 

Figure 5: Energy consumption per unit quantity of decomposed acetone and toluene.  
 

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

after NTP processes. Magnification 1000x. 

 

Based on the results of corrosion tests on surfaces treated with MAO35,36 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. 

 

Acknowledgement 

This work was created as part of the project Application of low-temperature plasma to reduce 
gaseous emissions, which is co-financed with state support from the Technology Agency of the Czech 
Republic under the TREND Programme (No.FW10010383) and project Materials and technologies for 
sustainable development within the Jan Amos Komensky Operational Programme, financed by the 
European Union and from the state budget of the Czech Republic 
(No. CZ.02.01.01/00/22_008/0004631).  



Jana SEIDLEROVĆ, Petr UNUCKA, Petr BŉĻĆK, Michaela TOKARĻĉKOVĆ, Roman GABOR: Use of a low-
temperature plasma reactor to reduce volatile organic compounds  

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

WASTE FORUM 2025, Ľ²slo 4, strana 289  

Data Availability Statement 

The data presented in this study are available at Zenodo https://doi.org/10.5281/zenodo. 17249859. 
 

References 

1. Bergman M E., Huang X Q., Baudino S., Caissard J C., Dudareva N.: Curr. Opin. Plant Biol.  85,(2025). 

2. Kamal M S., Razzak S A., Hossain M M.: Atmos. Environ. 140, 117 ï 34 (2016). 

3. Tan Z., Lu K., Jiang M., Su R., Dong H., Zeng L., Xie S., Tan Q., Zhang Y.: Sci. Total Environ. 636, 
775 ï 86 (2018). 

4. Yan Y., Peng L., Li R., Li Y., Li L., Bai H.: Environ. Pollut. 223, 295 ï 304 (2017). 

5. Wei W., Li Y., Wang Y., Cheng S., Wang L.: Atmos. Environ. 194, 134 ï 45 (2018). 

6. McFiggans G., Mentel T F., Wildt J., Pullinen I., Kang S., Kleist E., Schmitt S., Springer M., Tillmann 
R., Wu C., Zhao D., Hallquist M., Faxon C., Le Breton M., Hallquist ¡ M., Simpson D., Bergstrºm R., 
Jenkin M E., Ehn M., Thornton J A., Alfarra M R., Bannan T J., Percival C J., Priestley M., Topping D., 
Kiendler-Scharr A.: Nature 565, 587 ï 93 (2019). 

7. Hu R., Liu G., Zhang H., Xue H., Wang X.: Ecotoxicol. Environ. Saf. 160, 301 ï 7 (2018). 

8. Wang D., Nie L., Shao X., Yu H.: Sci. Total Environ. 603ï604, 57 ï 65 (2017). 

9. Bari M A., Kindzierski W B.: Sci. Total Environ. 631ï632, 627 ï 40 (2018). 

10. Zhang X., Gao B., Creamer A E., Cao C., Li Y.: J. Hazard. Mater. 338, 102 ï 23 (2017). 

11. Wang H., Wang B., Li J., Zhu T.: Sep. Purif. Technol. 209, 535 ï 41 (2019). 

12.  Rodriguez Castillo A S., Biard P F., Guih®neuf S., Paquin L., Amrane A., Couvert A.: Chem. Eng. J. 
360, 1416 ï 26 (2019). 

13. Yang W., Zhou H., Zong C., Li Y., Jin W.: Sep. Purif. Technol. 200, 273 ï 83 (2018). 

14. Belaissaoui B., Le Moullec Y., Favre E.: Energy 95, 291 ï 302 (2016). 

15. Heymes F., Manno-Demoustier P., Charbit F., Fanlo J L., Moulin P.: Chem. Eng. J. 115, 225 ï 31 (2006). 

16. Shah R., Ali S., Raziq F., Ali S., Ismail P M., Shah S., Iqbal R., Wu X., He W., Zu X., Zada A., 
Adnan., Mabood F., Vinu A., Jhung S H., Yi J., Qiao L.: Coord. Chem. Rev. 477,(2023). 

17. Gan G., Fan S., Li X., Zhang Z., Hao Z.: J. Environ. Sci. (China) 123, 96 ï 115 (2023). 

18. Rybarczyk P.: Processes 10,(2022). 

19. Rondeau A., Mandon A., Malhautier L., Poly F., Richaume A.: J. Chem. Technol. Biotechnol. 87, 
746 ï 50 (2012). 

20. Hao X., Li R., Wang J., Yang X.: Environ. Eng. Res. 23, 397 ï 405 (2018). 

21. Huang H., Xie X., Xiao F., Liu B., Zhang T., Feng F., Lan B., Zhang C.: Environ. Sci. Technol. 58, 
18456 ï  3 (2024). 

22. Wang Y., Chen W., Zhou Y., Zhong Y., Zhong N., Jia S., Huang K.: Chem. Eng. J. 442,(2022). 

23. SğomiŒska M., Kr·l S., NamieŜnik J.: Crit. Rev. Environ. Sci. Technol. 43, 1417 ï 45 (2013). 

24. Ji J., Xu Y., Huang H., He M., Liu S., Liu G., Xie R., Feng Q., Shu Y., Zhan Y., Fang R., Ye X., 
Leung D Y C.: Chem. Eng. J. 327, 490 ï 9 (2017). 

25. Santos S., Jones K., Abdul R., Boswell J., Paca J.: Biochem. Eng. J. 37, 261 ï 70 (2007). 

26. Bogaerts A., Neyts E C.: ACS Energy Lett. 3, 1013 ï 27 (2018). 

27. Lee B., Kim D W., Park D W.: Chem. Eng. J. 357, 188 ï 97 (2019). 

28. Hanawa T.: Materials Science and Engineering C vol 24 pp 745 ï 52. 

29. Santos-Coquillat A., Mohedano M., Martinez-Campos E., Arrabal R., Pardo A., Matykina E.: Mater. 
Sci. Eng. C 97, 738 ï 52 (2019). 

30. Wang Y M., Jia D C., Guo L X., Lei T Q., Jiang B L.: Mater. Chem. Phys. 90, 128 ï 33 (2005). 

31.  Yu D., Xiao Z., ShiYa T., Hanchun B., Chao L. Yafeng G., Zongjing L., Xuan W., Shaojun X., Jie J., 
Bing S., Wei X.: J. Alloys Compd. 1037 192332 (2025). 



Jana SEIDLEROVĆ, Petr UNUCKA, Petr BŉĻĆK, Michaela TOKARĻĉKOVĆ, Roman GABOR: Use of a low-
temperature plasma reactor to reduce volatile organic compounds  

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

WASTE FORUM 2025, Ľ²slo 4, strana 290  

32.  Veerapandian Savita K P., Leys Ch., De Geyter N.,  Morent R.: Catalysts 7, 2 ï 33 (2017). 

33.  Ayub K S., Zaman W Q., Miran W., Ali M., Abbas Z., Mushtaq U., Shahzad A., Yang J.: Res. Chem. 
Intermed. 48, 4227 ï 42248 (2022). 

34.  Lestinsky P., Grycova B., Pryszcz A.: Waste Forum, 2, 183 ï 189 (2018). 

35. Gabor R., Prymus T., Cvrļek L., Nehasil V., BuŚil M., Tokarļ²kov§ M., Seidlerov§ J.: Ceram. Inter. 
48, 37433 ï 37447 (2022). 

36. Gabor R., Cvrļek L., Maġek K., Hlinka J., Motyka O., Walter J., Martynkov§ S G., Mikeskov§ G., 
Seidlerov§ J.: Int. J. Refract. Met. Hard Mater. 118, 106502 (2022). 

 

Vyuģit² reaktoru s n²zkoteplotn²m plazmatem k redukci tŊkavĨch 
organickĨch l§tek  

Jana SEIDLEROVĆa,b, Petr UNUCKAc, Petr BŉĻĆKa,b, Michaela TOKARĻĉKOVĆa, 
Roman GABORa 
a Centrum nanotechnologi² CEET, VĠB-Technick§ Univerzita Ostrava, 17. listopadu 2172/15, 
708 00 Ostrava-Poruba, Ļesk§ republika,  
b Katedra chemie a fyzik§lnŊ-chemickĨch procesŢ FMT, VĠB-Technick§ Univerzita Ostrava, 
17. listopadu 2172/15, 708 00 Ostrava-Poruba, Ļesk§ republika  
c ECOCOAL s.r.o, Mrġt²kova 4, 709 00 Ostrava 9 
e-mail: jana.seidlerova@vsb.cz, unuckap@plazkat.cz; petr.becak@vsb.cz; 
michaela.tokarcikova@vsb.cz; roman.gabor@vsb.cz 

Souhrn 

TŊkav® organick® l§tky (VOC), zahrnuj²c² celou Śadu toxickĨch slouļenin, jsou vĨraznou hrozbou 
nejen pro ģivotn² prostŚed² a lidsk® zdrav². Jejich emise mohou zpŢsobovat sekund§rn² zneļiġtŊn² 
ozonov® vrstvy a vytv§Śet fotochemickĨ smog, pŚedevġ²m v oblastech s region§ln²mi zdroji zneļiġtŊn². Je 
proto nezbytn® vŊnovat pozornost sn²ģen² jejich emis² do ovzduġ². Souļasn® technologie 
zpracov§n²/odstranŊn² tŊkavĨch organickĨch l§tek lze rozdŊlit na dva typy: technologie nedestruktivn² 
(zejm®na adsorpce, kondenzace nebo absorpce) a destruktivn², ve kterĨch se chemickĨmi reakcemi 
VOC pŚemŊn² na CO2, H2O a pŚ²padnŊ dalġ² m®nŊ ġkodliv® slouļeniny (napŚ. ozonizace, termick§ 
oxidace, katalytickĨ rozklad, n²zkoteplotn² plazma aj.). S ohledem na nutnost zpracov§n² odpadu 
vznikl®ho nedestruktivn²mi technologiemi se do poptŚed² dost§vaj² destruktivn² technologie a to zejm®na 
ty, kter® nejsou energeticky n§roļn®. Mezi nŊ patŚ² katalytickĨ rozklad a vyuģit² n²zkoteplotn²ho plazmatu 
(NTP). Aplikace NTP je spojena s konstrukc² reaktoru, kterĨ by mŊl odol§vat korozi a pŚitom mŊl 
dostateļnou ¼ļinnost rozkladu VOC. řeġen²m mŢģe bĨt volba vhodnŊjġ²ho materi§lu neģ je konstrukļn² 
uhl²kov§ ocel nebo vyuģit² korozivzdorn® povrchov® ¼pravy povrchu pŚi zachov§n² dostateļn® ¼ļinnosti 
procesu. Jednou z technologi² ¼pravy povrchu vybranĨch konstrukļn²ch materi§lŢ je technologie mikro-
obloukov® oxidace (MAO).  

C²lem experimentŢ provedenĨch na laboratorn²m reaktoru NTP s vymŊnitelnou katodou bylo porovnat 
¼ļinnost redukce acetonu a toluenu pŚi pouģit² katody vyroben® z konstrukļn² uhl²kov® oceli, hlin²ku 
a hlin²ku s povrchovou ¼pravou technologi² MAO. Experimenty byly provedeny za konstatn²ho napŊt² 
zdroje plazmatu a rychlosti proudŊn² vzduchu se zn§mou koncentrac² acetonu nebo toluenu. V prŢbŊhu 
procesu byla sledov§na ¼ļinnost redukce zvolenĨch VOC i procesn² parametry, vļetnŊ energetick® 
n§roļnosti procesu. 

Prvotn² vĨsledky experimentŢ uk§zaly, ģe pouģit² hlin²kov® katody s upravenĨm povrchem 
m§ srovnatelnou ¼ļinnost rozkladu vybranĨch l§tek (cca 70 %) jako zbĨvaj²c² pouģit® materi§ly katody 
a je srovnateln§ s liter§rn²mi ¼daji. ZvĨġen² ¼ļinnosti procesu lze dos§hnout optimalizac² volitelnĨch 
parametrŢ, pŚedevġ²m napŊt² zdroje plazmatu a rychlosti proudŊn² plynu. Vyuģit² technologie MAO 
k ¼pravŊ povrchu katody reaktoru NTP se jev² jako vhodn§ alternativa k draģġ²m a korozivzdornŊjġ²m 
konstrukļn²m materi§lŢm (napŚ. Ti, Ta). 

Kl²ļov§ slova: tŊkav® organick® l§tky, n²zkoteplotn² plazma, mikro-obloukov§ oxidace
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Abstract 

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

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

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

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

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

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

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

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

 

1.1. Origin of defects of various tungsten material 

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

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

Materials used as plasma facing components in future fusion reactors will be subjected to complex 
loading and various forms of interaction with low-Z species such as hydrogen isotopes and helium1. The 
divertor components will be among the most intensely loaded, as they will have to transfer nominal heat 
loads of up to 10 ï 20 MW/m2. 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 material2 should 
be separated from the radioactive tritium and recycled.  
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The behaviour of W and W alloys in He gas at 720 ÁC was studied1. Pure W materials underwent only 
minor surface modification. W alloys experienced oxidation, preferentially of the alloying elements. The 
surface morphology of the ITER-qualified W, after helium exposure, was assessed. While the unexposed 
surface was virtually featureless, small scattered óclustersô or ónodulesô appeared on the surface after 
exposure. They ranged from Ḑ200 nm to Ḑ2 Õm in size; the majority were smaller than 1 Õm. 
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 developed3,4. This composite addresses the brittleness of W by extrinsic 
toughening through the introduction of energy dissipation mechanisms5,6. 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 studied7 at target temperatures ranging from -100 ÁC to +400 ÁC, and 
impact speeds within 630 ï 3100 m/s. 

The release of W dust from compact surfaces can be initiated by mechanical and thermal processes. 
In the work by8, 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/m2. The predicted 
threshold base temperature lies between 200 and 400 ÁC. 

The study9 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 in10 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 parameters11. 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 machines12. No small-angle grain boundaries were formed, only 
line dislocations. 

Chemical vapor deposition tungsten (CVD-W) is a promising material for plasma-facing materials13. 
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 exposure14. From the analysis of nano-
holes formed on the surface, the density and size of surface bubbles increase with higher temperatures 
and depending on the grain orientation. 

The role of thermal stress- driven dislocation and grain boundary migration including grain orientation 
transitions on the tungsten surface under cyclic thermal shocks up to 1300 ÜC is studied in15. The depth 
of these grain orientation transitions can reach several tens of micrometres, while the resulting surface 
roughness remains around 1 ɛm.  
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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 reactor16. 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 studied17. The D transport and 
retention was assessed through measuring the D depth profiles, after various exposure times, by nuclear 
reaction analysis (NRA) using an 3He 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 ÜC, the grain boundaries (GBs) do not improve the radiation resistance. Papers10,18 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 disturbed19,20. The quantity and quality parameters of the dust are affected 
by various mechanisms and processes, and these are discussed. Surface defects and structural 
changes of a preheated (550 ÜC) tungsten plate after exposure to a plasma flux were studied21. Heating 
of the base of the tungsten plate, above the ductileïbrittle 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 Õm were found and craters and blisters were also observed. 

Neutron irradiation induced defect formation and recovery experiments have been extensively performed 
on tungsten22,23. 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 
detail24. 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 
surfaces25. 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 in26. 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 millimetres27. 
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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 neutrons28 
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 example3,12,17,28. It can be assumed that a significant part of the 
waste dusts will have very similar appearance, diverse properties and behaviour when produced by 
ITER or EU DEMO facilities in the future.  

 

2. Experimental methods for the reprocessing of tungsten waste dust 

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

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

At the Research Centre řeģ (CVR), tests are being carried out using the Molten Salt Oxidation 
technology or alternatively by the Induction Heating and Melting technology or a combination of them29. 
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 ÁC under flowing hydrogen, or in a vacuum at similar temperatures, either by direct 
sintering (self-resistance heating) or indirect sintering (resistance element heating systems). The testing 
is performed in a vacuum chamber at increased temperatures. The samples will be further examined to 
determine the diffusible hydrogen volume. Based on the results, a decision can be made on possible 
recycling of tungsten dust particles generated by the proposed EU DEMO. 

 

2.1. Molten Salt Oxidation 

Molten Salt Oxidation is a technology that utilizes flameless oxidation in salt melt29. 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 (O2, air) if the W dust 
contains organic waste or another combustible component. For the process operation to be optimal, it 
needs to take place at the interface of the three phases. The principle underlying the technology is the 
reprocessing of suitable materials through the distribution of the materials into their liquid and gaseous 
phases. At a pre-defined elevated temperature, solid and liquid materials are caught within the alkaline 
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molten salt and separated from the gaseous products. Heavy metals and radionuclides are captured 
within the salt, which can then be reprocessed.  
 

 

 

 

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

6 ï 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 Õm) through medium sizes (0.4 ï 0.8 mm) to grain sizes of 1 ï 2 mm. These tungsten 
samples are used either directly untreated or treated to contain either deuterium water or tritiated water in 
defined amounts. The samples are dosed continuously or in batches of grams into the reactor. 

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

For our reactor tests, carbonates of alkali metals (Na, K, Li) or their mixtures are used. These salts are 
melted at different monitored temperatures and tungsten dust samples are dosed into these salts in 
different ways. An example of test parameters is the use of Li2CO3 maintained at 800 ÁC, the grain fraction 
of tungsten dust dosed continuously or in batches of units of grams. 180 g of carbonate alkali salts were 
used. The temperature was maintained for 30 min followed by a rapid cooling.  

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

In separating the trapped tungsten products from the carbonate salt, the alkaline carbonates were 
separated first. This was done in such a way that neither the solid W nor the tungsten salts were lost. This 
was a procedure that alternated between washing with water and washing with suitable acids (HCl, H2SO4, 
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 0.5 ï 2 ɛm was used for the tests. This is the 
smallest fraction of tungsten that has undergone the MSO process and all washing steps. Baseline 
measurements30 were recorded. The sample was prepared according to the SUJB certified methodology31. 
The following parameters were used for the measurements: Depth-mode, accelerating voltage of 25 kV, 
current of 1 ï 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 materials32. 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 method33. 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 preparation34. It is also used in the study of the 
interactions of materials with radioactive molten corium35 and in studies of the behaviour of highly refractory 
materials, where it can be used to describe phase phenomena at high temperatures36.  

Sintering of tungsten powders can take place at relatively low temperatures (1000 ï 1200 ÁC) in a suitable 
atmosphere. The study37 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 ÁC) 
at which all the hydrogen, for example from tritiated waste, can be released in a suitable atmosphere. 

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

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

The crucible was heated by electromagnetic induction, and the sample directly heated. In order to avoid 
oxidation of the tungsten, the operation took place in an argon-inert atmosphere. The sample was produced 
by compressing a mixture with a grain size of 20 Õm to 2 mm. It was sintered at 1730 ÁC by direct induction 
heating, with a layer of ZrO2 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 

Fraction W Ò 20 Õm 
0.4 ï 0.8 

mm 
1 ï 2 
mm 

Ò 20 Õm 
0.4 ï 0.8 

mm 
1 ï 2 
mm 

Ò 20 Õm 
0.4 ï 0.8 

mm 
1 ï 2 
mm 

 Na2CO3; 950 ÁC Li2CO3; 800 ÁC K2CO3; 980 ÁC 

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.xH2O 
(g) 

13.724 2.553 5.428 18.277 0.755 5.358 15.191 4.339 0.412 

 

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

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

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

The solid products were used for further measurements. A summary of the basic measurements on the 
Lyra 3 scanning electron microscope is given in Table 2. Figure 3 shows tungsten grains with the sizes of 
0.4 to 0.8 mm from a sample that underwent the MSO process. It is the solid residue left after the removal 
of the water-soluble salts. Figures 4 and 5 show examples of fine tungsten particle clustering, where an 
irregularly shaped particle is expressed as the equivalent circle diameter (ECD) of the same area. The 
spread-out particles also tend to form more complicated clusters of some stability, as seen in Figure 6. 

 

Figure 2: XRD analysis of metal W grain size 20 Õm from the MSO reactor. The molten salt was 
Li2CO3 at 800 ÁC. 
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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 
Li2CO3 using Raman spectroscopy. 

 

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

 Area 1 Area 2 

Analysis time (min) 39  38  

Number of particles detected and analysed 54  42 

Field area (ɛm2)  1600  1600 

Total analysed area (ɛm2)  40700  58500 

Total area of particles analysed (ɛm2)  41.7  42.3 

Proportion of detected particles from the analyzed area (%) 0.1  0.07 

 

  

Figure 4 and 5: Tungsten particle size distribution in analysis area 1 (left) and analysis area 2 
(right). 
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Figure 6: A cluster of tungsten particles shown in the BSE mode; the photograph is 
complemented by measurements of the radii of individual particles that make up the cluster in 

the image. 

 

3.2. Results of induction heating of tungsten powder 

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

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

 

 

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

 

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

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

 

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

 

 

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

 

4. Discussion of experiments 

4.1. Discussion MSO 

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

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

 

4.2. Discussion IH 

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

 

5. Conclusions 

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

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

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

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

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

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

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

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

The possibility to recycle tungsten dust particles using these individual methods (IH and MSO) or 
a combination of them appears to be very promising as a method to treat this valuable waste so that it 
can be reused separately as both high-quality raw materials (tritium or tungsten). 
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WolframovĨ prach jako dŢleģitĨ odpad z jadern®ho f¼zn²ho reaktoru 
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Souhrn 

Jsou zkoum§ny zdroje wolframov®ho prachu z procesu f¼ze a posuzuje se mechanismus jeho vzniku. 
V dŢsledku prob²haj²c²ch procesŢ se v zaŚ²zen²ch souvisej²c²ch s jadernou f¼zi uvolŔuj² ļ§stice wolframu 
rŢznĨch velikost². Tento cennĨ odpadn² materi§l by mŊl bĨt oddŊlen od radioaktivn²ho tritia a recyklov§n. 
Ke koncentraci wolframu pŚi souļasn®m odstranŊn² tritia je moģn® pouģ²t buŅ technologii MSO (oxidace 
v roztaven® soli), nebo alternativnŊ indukļn² ohŚev a taven², pŚ²padnŊ jejich vhodnou kombinaci. 

Kl²ļov§ slova: wolfram; odpady, oxidace v roztaven® soli (MSO), indukļn² ohŚev (IH), velikost ļ§stic 
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Souhrn 

V r§mci t®to studie byla zkoum§na efektivita membr§nov® destilace s pŚ²mĨm kontaktem (DCMD) pŚi 
tak n²zkĨch teplotn²ch gradientech (ȹT = 25 ÁC ï 45 ÁC), kdy by mohlo bĨt pro ohŚev vyuģito odpadn² 
teplo a t²m podstatnĨm zpŢsobem sn²ģeny provozn² n§klady procesu. Byly provedeny tŚi s®rie 
experimentŢ: prvn² a druh§ s®rie testovala vliv teplotn²ho gradientu (ȹT) a membr§nov® podloģky 
Polynetex green 300 g/mĮ na permeaļn² vĨkon membr§ny, pŚiļemģ byly porovn§v§ny konfigurace 
s podloģkou i bez n². TŚet² s®rie srovn§vala permeaļn² vĨkony sedmi rŢznĨch komerļn²ch membr§n. 
VĨsledky uk§zaly, ģe membr§nov§ podloģka vĨznamnŊ zvyġuje permeaļn² vĨkon (o 35 ï 60 %) 
a zamezuje deformaci membr§n. Bylo potvrzeno, ģe MD je efektivn² i pŚi n²zkĨch ȹT, testovan® 
membr§ny (vyjma M2) dosahovaly jiģ pŚi ȹT = 25 ÁC permeaļn²ch vĨkonŢ srovnatelnĨch s reverzn² 
osm·zou (20 ï 27 l/(mĮ.h)). Testov§n² membr§n uk§zalo znaļn® rozd²ly v jejich permeaļn²ch vĨkonech, 
kter® jsou pŚi zvĨġen² teplotn²ho gradientu jeġtŊ vĨraznŊjġ². NŊkter® membr§ny (napŚ. M3) jsou pŚes 
vyġġ² permeaļn² vĨkony doprov§zeny vyġġ²mi tepelnĨmi ztr§tami, coģ sniģuje jejich specifickĨ permeaļn² 
vĨkon vztaģenĨ na spotŚebovanou energii. 

Kl²ļov§ slova: Membr§nov§ destilace, permeaļn² vĨkon membr§n, n²zk® teplotn² gradienty 

 

Đvod  

Membr§nov§ destilace je tepelnŊ Ś²zenĨ separaļn² proces, kterĨ vyuģ²v§ hydrofobn² membr§nu 
k selektivn²mu transportu vodn² p§ry z tepl®ho vstupn²ho roztoku do chladnŊjġ²ho proudu perme§tu1. 
Z technologick®ho hlediska nejjednoduġġ² a tak® nejļastŊji vyuģ²van§ je konfigurace membr§nov® 
destilace s pŚ²mĨm kontaktem zkr§cenŊ oznaļov§na jako DCMD (anglicky Direct Contact Membrane 
Distillation), kdy je vstupn² roztok i perme§t v pŚ²m®m kontaktu s membr§nou. Na obou stran§ch 
membr§ny je vodnĨ roztok a p§ra se tvoŚ² pouze ve vrstvŊ membr§ny, kondenzace perme§tu je pak 
kontrolov§na teplotou membr§ny na vĨstupn² stranŊ.  

Membr§nov§ destilace pŚedstavuje separaļn² technologii, jej²ģ aplikace byla v minulosti prim§rnŊ 
spojena s odsolov§n²m moŚsk® vody. VĨjimeļn§ ¼ļinnost t®to technologie dosahuj²c² aģ 100% retence 
netŊkavĨch kontaminantŢ vļetnŊ organickĨch l§tek, ji v souļasnosti ļin² vysoce perspektivn²m Śeġen²m 
pro ļiġtŊn² ġirok®ho spektra prŢmyslovĨch odpadn²ch vod2,3. Nach§z² uplatnŊn² napŚ²klad pŚi ļiġtŊn² 
odpadn²ch vod s obsahem kovŢ4, odpadn²ch vod z textiln²ho prŢmyslu5,6, petrochemick®ho prŢmyslu7 
a jinĨch odpadn²ch vod s vysokĨm obsahem organickĨch l§tek8 vļetnŊ farmaceutik9. Velmi vysok§ 
¼ļinnost odstranŊn² iontŢ tŊģkĨch kovŢ ļin² tuto technologii vhodnou k pro dekontaminaci dŢln²ch vod 
nebo prŢmyslovĨch odpadŢ10. S vysokou ¼ļinnost² tak® dok§ģe odstranit radioaktivn² ionty z n²zko-
radioaktivn²ch odpadn²ch vod11. Technologii membr§nov® destilace lze tak® vyuģ²t pro zkoncentrov§n² 
solanek a zpracov§n² odpadn²ch vod s vysokou salinitou, kter® jsou pro konvenļn² reverzn² osm·zu 
obt²ģnŊ zvl§dnuteln® kvŢli probl®mŢm s tlakem12, lze tak® vyuģ²t jako doļiġŠuj²c² koncovku k reverzn² 
osm·ze, kdy MD se pouģ²v§ pro ļistŊn² koncentr§tu z RO7. U komun§ln²ch odpadn²ch vod DCMD 
¼ļinnŊ odstraŔuje vŊtġinu kontaminantŢ vļetnŊ dusiļnanŢ a fosf§tŢ, omezen§ je jen m²ra odstraŔov§n² 

mailto:zuzana.honzajkova@vscht.cz


Zuzana HONZAJKOVĆ, Marek ĠĉR, JiŚ² HENDRYCH, Pavla TOMĆĠOVĆ, Marek DOLEĢEL: Membr§nov§ 
destilace pŚi n²zk®m teplotn²m gradientu a testov§n² komerļnŊ dostupnĨch membr§n 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 308  

amoniaku13. P·ry membr§n jsou dostateļnŊ mal®, aby zamezily prŢniku bakteri², virŢ a dalġ²ch 
mikroorganismŢ, coģ zajiġŠuje mikrobiologicky bezpeļnou vodu bez nutnosti dodateļn® dezinfekce14. 

Efektivita cel®ho destilaļn²ho procesu je z§visl§ na teplotn²ch podm²nk§ch, na uspoŚ§d§n² membr§ny 
v modulu a specifikaci samotn® membr§ny. K membr§nov® destilaci se vyuģ²vaj² membr§ny, vyr§bŊn® 
z hydrofobn²ch polymerŢ nejļastŊji PTFE, PVDF s p·ry o velikosti 0.2 ï 0.45 ɛm15. SouļasnĨ trh nab²z² 
ġirokou ġk§lu membr§n, kter® se vġak liġ² jak svĨmi permeabiln²mi charakteristikami, tak i mechanickou 
stabilitou. Vzhledem k t®to diverzitŊ je vhodn® pŚed aplikaci v praxi prov®st experiment§ln² hodnocen² 
membr§n v laboratorn²m mŊŚ²tku s c²lem identifikovat membr§ny s optim§ln²m vĨkonem a odolnost² pro 
specifick® aplikace16. 

Ġirġ² prŢmyslov® uplatnŊn² membr§nov® destilace je v souļasn® dobŊ limitov§no prim§rnŊ vysokĨmi 
energetickĨmi n§roky17. Navzdory t®to ekonomick® bari®Śe je podstatn® zdŢraznit, ģe membr§nov§ 
destilace umoģŔuje provoz i pŚi n²zkĨch teplot§ch, to otev²r§ potenci§l pro efektivn² vyuģit² 
n²zkopotenci§ln²ho tepla, coģ by mohlo vĨraznŊ redukovat provozn² n§klady a zvĨġit tak ekonomickou 
atraktivitu t®to separaļn² metody18,19. 

 

Experiment§ln² ļ§st 

Laboratorn² membr§nov§ destilaļn² jednotka a membr§novĨ modul 

Vġechny n²ģe popsan® experimenty prob²haly na destilaļn² membr§nov® jednotce, jej²ģ 3D model je 
zn§zornŊn na obr§zku 1. 

Rozvody tepl®ho i studen®ho media jsou svaŚeny z PPR potrub² o prŢmŊru 20 mm. ProudŊn² 
vstupn²ho roztoku a perme§tu zajiġŠuj² bezucp§vkov§ ļerpadla s magnetickou spojkou Watek M15, kter§ 
splŔuj² poģadovan§ krit®ria teplotn² a chemick® odolnosti. PrŢtok medi² je sledov§n pomoc² prŢtokomŊrŢ 
a nastavov§n pomoc² ventilŢ um²stŊnĨch na vstupn² i vĨstupn² stranŊ membr§nov®ho vĨmŊn²ku. 

N§doba pro vstupn² roztok je vybavena topnou patronou s termostatem aby bylo moģn® bŊhem 
experimentŢ udrģovat konstantn² zvolenou teplotu n§stŚiku v rozsahu 30 ï 80 ÁC. Chlazen² perme§tu je 
zajiġtŊno extern²m kryostatem pŚes trubkovĨ vĨmŊn²k, kterĨ je um²stŊn v z§sobn² n§dobŊ pro perme§t. 

MŊŚen² provozn²ch parametrŢ (teplota, prŢtok, tlak a vodivost) zajiġŠuje mŊŚ²c² technika Greisinger. 
MŊŚ²c² ļidla jsou osazena pŚ²mo do PPR potrub² vģdy pŚed a za membr§novĨm vĨmŊn²kem. Pro 
odeļ²t§n² malĨch hmotnostn²ch pŚ²rŢstkŢ perme§tu byly pouģity v§hy Radwag wlc 30/F1/K s v§ģivost² 
30 kg a pŚesnost² 0,5 g. Hodnoty namŊŚen® hmotnosti a dalġ²ch provozn²ch parametrŢ jsou bŊhem 
experimentŢ automaticky ukl§d§ny ve zvolenĨch ļasovĨch intervalech pomoc² z§znamov®ho softwaru 
pŚ²mo do pŚipojen®ho PC. 

Membr§novĨ modul byl speci§lnŊ navrģen pro ¼ļely testov§n² rŢznĨch membr§n, proto byl 
zkonstruov§n tak aby se dal snadno rozebrat a membr§ny vymŊnit. Modul se skl§d§ ze dvou identickĨch 
desek, kter® jsou po obvodu spojeny ġrouby. Skrz desky jsou vyvrt§ny otvory slouģ²c² pro n§tok a vĨtok 
vstupn²ho roztoku a perme§tu. VnitŚn² prŢhledn® ok®nko je tvoŚeno z plexiskla, na vnitŚn² stranŊ jedn® 
z desek je vyfr®zovan§ dr§ģka pro tŊsnŊn², pomoc² kter®ho je membr§na napnuta mezi dvŊma deskami. 
Mezi membr§nou a stŊnou modulu je z kaģd® strany 0,5 cm ġirokĨ volnĨ prostor pro proudŊn² vstupn²ho 
roztoku a perme§tu. Tento prostor je v pŚ²padŊ pouģit² nelaminovanĨch membr§n nutn® vyplnit vhodnou 
podloģkou, kter§ zamez² deformaci membr§n vlivem proudŊn². V r§mci provedenĨch experimentu byla 
jako podloģka pouģita polyesterov§ tkanina Polynetex green 300 g/m2. Pracovn² plocha membr§nov®ho 
modulu je stanovena tak, aby tok perme§tu byl dostateļnĨ pro zamĨġlenĨ sbŊr dat. Aktivn² plocha 
membr§ny v membr§nov®m modulu m§ rozmŊry 16 x 9 cm tj. 0,014 m2. 

 



Zuzana HONZAJKOVĆ, Marek ĠĉR, JiŚ² HENDRYCH, Pavla TOMĆĠOVĆ, Marek DOLEĢEL: Membr§nov§ 
destilace pŚi n²zk®m teplotn²m gradientu a testov§n² komerļnŊ dostupnĨch membr§n 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 309  

 
Obr§zek 1: 3D model laboratorn² membr§nov® destilaļn² jednoty 

 

Popis experimentŢ 

Celkem byly provedeny tŚi s®rie experimentŢ. Prvn² a druh§ s®rie experimentŢ byla zamŊŚena na 
testov§n² vlivu provozn² teploty na permeaļn² vĨkon membr§ny a posuzov§n² vlivu instalace 
membr§nov® podloģky na efektivitu procesu. TŚet² experiment§ln² s®rie byla zac²len§ na porovn§n² 
permeaļn²ch vĨkonŢ komerļnŊ dostupnĨch membr§n pŚi n²zk®m teplotn²m sp§du. 

PrŢbŊh jednotlivĨch experimentŢ pro vġechny tŚi s®rie stejnĨ. Po poļ§teļn²m ust§len² parametrŢ 
prob²hala destilace v r§mci jednoho experimentu vģdy po dobu 3 hod. V r§mci vġech tŚ² s®ri² 
experimentŢ byly kontinu§lnŊ zaznamen§v§ny n§sleduj²c² procesn² parametry: teplota, tlak vstupu 
a perme§tu pŚed modulem a za modulem, prŢtok a konduktivita vstupu a perme§tu. D§le byla 
kontinu§lnŊ zaznamen§v§na hmotnost perme§tu a vstupn²ho roztoku. Jako prŢtok perme§tu byl 
zhodnocen hmotnostn² pŚ²rŢstek perme§tu za jednotu ļasu. PrŢtok vstupu byl v prŢbŊhu experimentŢ 
udrģov§n v rozmez² 2 ï 2,1 l/h a rozd²l tlakŢ (pvstup ï pperme§t) 100 ï 110 mbar. Pomoc² mŊŚiļe SOLIGHT 
DT26 byla zaznamen§v§na spotŚeba energie na ohŚev, jej²ģ hodnota byla potom pouģita v pŚepoļtech 
permeaļn²ho vĨkonu na jednotku kWh. 

 

Testov§n² vlivu provozn²ch teplot a membr§nov® podloģky 

V r§mci tŊchto experimentŢ byl testov§n vliv rŢznĨch teplotn²ch gradientŢ na permeaļn² vĨkon 
membr§ny s c²lem ovŊŚit efektivitu membr§nov® destilace i pŚi n²zk®m teplotn²m sp§du. Dalġ²m c²lem 
experimentŢ bylo tak® otestovat vliv instalace membr§nov® podloģky (tkanina Polynetex green 300 g/m2) 
na efektivitu procesu. K tomuto ¼ļelu byly tyto teplotn² experimenty provedeny v uspoŚ§d§n² jak 
s pouģit²m podloģky, tak i bez podloģky. PŚi experimentech byla jako fixovanĨ parametr vyuģita 
membr§na M1, kter§ je dostateļnŊ pevn§ a lze ji tedy v modulu instalovat i bez podloģky. Jej² pevnost je 
d§na t²m, ģe je vyrobena jako kompozit, kdy aktivn² vrstva (PTFE membr§na) je nanesena na podpŢrn® 
polyamidov® vrstvŊ. Ostatn², tj. nekompozitn² membr§ny nelze bez podloģky pouģ²t, protoģe d²ky jejich 
n²zk® tlouġŠce doch§z² velice snadno k jejich mechanick®mu poġkozen².  
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V r§mci prvn² s®rie bylo realizov§no ġest rŢznĨch teplotn²ch testŢ bez vyuģit² membr§nov® podloģky, 
druh§ experiment§ln² s®rie zahrnovala pŊt rŢznĨch teplotn²ch testŢ s implementac² membr§nov® 
podloģky. Pro minimalizaci n§hodn® chyby a ovŊŚen² replikovatelnosti dat byla kaģd§ konfigurace tŚikr§t 
opakov§na, coģ vedlo k celkov®mu poļtu 18 experimentŢ v r§mci prvn² s®rie a 15 experimentŢ v r§mci 
druh® s®rie 

Teplotn² parametry byly pŚi obou s®ri²ch experimentŢ voleny tak aby byly promŊŚeny teplotn² intervaly 
æT = 15, 25, 35 a 45 ÁC. Pro generov§n² tŊchto gradientŢ byly aplikov§ny specifick® kombinace teplot 
vstupn²ho roztoku 40, 50, 55 a 60 ÁC a teplot perme§tu 15 a 25 ÁC. 

 

Testovan® membr§ny 

V r§mci tŚet² s®rie experimentŢ byly provedeny testy s c²lem porovn§n² permeaļn²ch vĨkonŢ rŢznĨch 
komerļnŊ dostupnĨch membr§n pŚi n²zk®m teplotn²m sp§du. Charakterizace jednotlivĨch membr§n, 
kter® byly pro ¼ļely experimentŢ oznaļeny M1 aģ M7, je uvedena v tabulce 1. 

 

Tabulka 1: Specifikace testovanĨch membr§n 

membr§
na 

vĨrobce obchodn² 
n§zev 

velikost p·rŢ 
ɛm 

materi§l 

M1 Huan Feng MFMPT4140 0.22 ï 0.45 PTFE - laminovan§ 

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 
Corp. 

FX20D0808 0.22 PTFE - laminovan§ 

x - parametr nebyl u membr§ny specifikov§n 

Pro testov§n² membr§n byly vybr§ny dva teplotn² intervaly vstup/perme§t 55/20 ÁC (æT = 35 ÁC) 
a 50/25 ÁC (æT = 25 ÁC). Vġechny tyto experimenty byly provedeny s pouģit²m membr§nov® podloģky, 
tj. polyesterov® tkaniny Polynetex green 300 g/m2. Celkem bylo testov§no sedm rŢznĨch membr§n, 
kaģd§ membr§na byla testov§na ve dvou rŢznĨch vĨġe uvedenĨch teplotn²ch profilech, kdy kaģdĨ test 
byl opŊt tŚikr§t opakov§n. Celkem bylo tedy provedeno 42 experimentŢ.  

 

VĨsledky a diskuse  

Testov§n² vlivu provozn²ch teplot a membr§nov® podloģky 

Hodnoty namŊŚen®ho permeaļn²ho vĨkonu pŚi rŢznĨch teplotn²ch gradientech jsou n²ģe graficky 
vyhodnoceny. Jednotliv® obr§zky vģdy porovn§vaj² vĨsledky experimentŢ bez podloģky a s podloģkou. 
Hodnoty permeaļn²ch vĨkonŢ uveden® v grafech jsou vģdy prŢmŊrem hodnot ze tŚ² opakov§n² 
experimentŢ.  

Na obr§zku 2 jsou grafy srovn§vaj²c² z§vislost permeaļn²ho vĨkonu na ȹT pŚi experimentech bez 
podloģky a s podloģkou. Je zde patrn§ line§rn² z§vislost permeaļn²ho vĨkonu na ȹT v promŊŚenĨch 
intervalech ȹT 15 ï 45 ÁC. PŚi pouģit² membr§nov® podloģky rŢst permeaļn²ch vĨkonŢ strmŊjġ² neģ 
v pŚ²padŊ experimentŢ bez podloģky. Zde je vidŊt, ģe d²ky instalaci podloģky doġlo k vĨrazn®mu n§rŢstu 
permeaļn²ch vĨkonŢ a to o 35 ï 60 % napŚ²ļ vġemi teplotn²mi experimenty. 
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Obr§zek 2: Permeaļn² vĨkon dosaģenĨ pŚi rŢznĨch ȹT bŊhem experimentŢ  
A - bez podloģky, B - s podloģkou (membr§na M1) 

 

V pŚ²padŊ, kdy je permeaļn² vĨkon vztaģen a jednotku spotŚebovan® energie (kWh) viz obr§zek 3, lze 
v r§mci experimentŢ bez podloģky vidŊt postupn® sniģov§n² rozd²lŢ v n§rŢstu permeaļn²ho vĨkonu se 
vzrŢstaj²c²m teplotn²m gradientem æT. To je d§no vŊtġ²mi tepelnĨmi ztr§tami a t²m p§dem vzrŢstaj²c² 
spotŚebou energie. Doch§z² zde vlivem prohĨb§n² membr§ny ke zmenġen² perme§tov®ho prostoru 
v modulu, ļ²mģ je negativnŊ ovlivnŊno proudŊn² a doch§z² tak k ohŚ²v§n² proudu perme§tu a t²m ke 
sn²ģen² æT a sn²ģen² permeaļn²ho vĨkonu. V pŚ²padŊ pouģit² podloģky jsou tak® d²ky zapoļ²tanĨm 
tepelnĨm ztr§t§m rozd²ly v n§rŢstu permeaļn²ho vĨkonu menġ² ale ne tak vĨraznŊ jako bez podloģky. 
Podloģka m§ tedy pŚ²znivĨ vliv na celĨ proces a to i z hlediska energetick® n§roļnosti.  

 

 

 

 

 

 

 

 

 

Obr§zek 3: Permeaļn² vĨkon vztaģenĨ na jednotku spotŚebovan® energie dosaģenĨ pŚi 
rŢznĨch ȹT bŊhem experimentŢ A - bez podloģky, B - s podloģkou (membr§na M1) 

 
Na obr§zku 4 vykresluje ploġnĨ graf vztah mezi namŊŚenou odezvou (permeaļn² vĨkon) a dvŊma 

spojitĨmi promŊnnĨmi (teplota vstupu a æT). Oproti standardn²m sloupcovĨm grafŢm tento typ zobrazen² 
umoģŔuje analyzovat z§vislost permeaļn²ho vĨkonu nejen na ȹT, ale i na aplikovan® vstupn² teplotŊ. 
KŚivka kontury zobrazuje dvourozmŊrnĨ pohled, ve kter®m jsou body, kter® maj² stejnou hodnotu 
odezvy, spojeny, ļ²mģ vzniknou obrysov® ļ§ry. Barva plochy potom odpov²d§ velikosti permeaļn²ho 
vĨkonu, ļ²m tmavġ² barva t²m je permeaļn² vĨkon vŊtġ². 

Z konturovĨch diagramŢ je zŚejm®, ģe hodnota permeaļn²ho vĨkonu nen² determinov§na vĨhradnŊ 
teplotn²m rozd²lem (ȹT), nĨbrģ je ovlivnŊna i absolutn² teplotou vstupn²ho roztoku. Bylo pozorov§no, ģe 
permeaļn² vĨkon roste s rostouc² teplotou vstupn²ho roztoku, a to i pŚi konstantn² hodnotŊ ȹT. PŚi 
porovn§n² metod navĨġen² ȹT bylo zjiġtŊno, ģe zvĨġen² permeaļn²ho vĨkonu dosaģen® zvĨġen²m teploty 
vstupu je vĨraznŊjġ² neģ pŚi navĨġen² ȹT dosaģen® sn²ģen²m teploty perme§tu. Porovn§n² obou 
diagramŢ opŊt explicitnŊ demonstruje, ģe aplikace podloģky vedla k navĨġen² hodnot permeaļn²ho 
vĨkonu v cel®m rozsahu testovanĨch teplotn²ch podm²nek experimentŢ. 
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Obr§zek 4: PloġnĨ graf permeaļn²ho vĨkonu v z§vislosti na aplikovanĨch teplot§ch ï vlevo 
bez podloģky, vpravo s podloģkou 

 
Data z provedenĨch testŢ prokazuj², ģe zvolen§ polyesterov§ tkanina Polynetex green 300 g/mĮ se 

uk§zala bĨt ¼ļinnou podporou membr§ny. BŊhem testov§n² bylo i vizu§lnŊ potvrzeno, ģe podloģka 
zamezila prohĨb§n² a deformaci membr§n. DŢleģit® je tak® zjiġtŊn², ģe v experimentech s podloģkou 
nebyl pozorov§n n§rŢst tlakov® ztr§ty v modulu, to znamen§, ģe proudŊn² por®zn²m materi§lem 
podloģky zŢstalo optim§ln² a byl trvale zajiġtŊn dobrĨ prŢtok kolem membr§ny. Tato podloģka je tedy 
vhodn§ pro n§sleduj²c² experimenty, jejichģ prioritou bude srovn§n² permeaļn²ch vĨkonŢ rŢznĨch 
membr§n.  

NamŊŚen® permeaļn² vĨkony potvrzuj², ģe membr§nov§ destilace mŢģe bĨt efektivnŊ provozov§na i 
pŚi velmi n²zkĨch teplotn²ch intervalech. Jiģ pŚi æT = 25 ÁC bylo pŚi experimentech dosaģeno 
permeaļn²ho vĨkonu 310 ml/h, coģ pŚi pŚepoļtu na aktivn² plochu membr§ny odpov²d§ permeaļn²mu 
vĨkonu 22 l/(m2.h). To je hodnota srovnateln§ s reverzn² osm·zou, kde je dosahov§no prŢmŊrnĨch 
permeaļn²ch vĨkonŢ od 10 ï 30 l/(m2.h)20. Vyuģit² odpadn²ho tepla je d²ky n²zkĨm poģadovanĨm 
teplot§m vstupn²ho roztoku velmi re§ln®.  

Na obr§zku 5 jsou konfidenļn² intervaly namŊŚenĨch hodnot se spolehlivost² 95 %. Z hlediska 
statistiky je vhodn® alespoŔ deset mŊŚen² pro kaģdĨ experiment, aby byl interval co nejmenġ² 
nejpŚesnŊjġ², ļ²m menġ² je poļet mŊŚen², t²m bĨv§ interval spolehlivosti ġirġ²21. PŚestoģe bylo v r§mci 
experimentŢ provedeno opakov§n² pouze tŚikr§t a jednotliv® experimenty byly prov§dŊny s rŢznĨm 
person§ln²m obsazen²m a v rŢzn® dny, jsou konfidenļn² intervaly na obr§zku 5 stŚednŊ ġirok®, coģ 
svŊdļ² o dobr® spolehlivosti namŊŚenĨch dat. V grafu A i v grafu B je patrnĨ jasnĨ rostouc² trend 
permeaļn²ho vĨkonu se zvĨġen²m ȹT. 

 

 

 

 

 

 

 

 

Obr§zek 5: Konfidenļn² intervaly namŊŚenĨch hodnot permeaļn²ch vĨkonŢ ï experimenty  
A - bez podloģky, B - s podloģkou 
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VĨsledky testov§n² membr§n 

Sloupcov® grafy na obr§zku 6 srovn§vaj² dosaģenĨ permeaļn² vĨkon pro jednotliv® testovan® 
membr§ny (M1 aģ M7) pŚi teplotn²ch gradientech ȹT = 25 ÁC a ȹT = 35 ÁC. Tyto gradienty reprezentuj² 
dva provozn² stavy s dostateļnĨm permeaļn²m vĨkonem, odvozen® z pŚedchoz²ch teplotn²ch 
experimentŢ. Permeaļn² vĨkon je zde normalizov§n na jednotku uģitn® plochy membr§ny a je vyj§dŚen 
v l/(m2.h). Uveden® hodnoty pŚedstavuj² prŢmŊry ze tŚ² nez§vislĨch experiment§ln²ch opakov§n². 

Z obr§zku 6 je patrn®, ģe nejniģġ² permeaļn² vĨkon vykazuje membr§na M2 pŚi obou sledovanĨch 
teplotn²ch gradientech. ZvĨġen² ȹT na 35 ÁC nevedlo v pŚ²padŊ t®to membr§ny k signifikantn²mu n§rŢstu 
permeaļn²ho vĨkonu. 

PŚi ȹT = 25 ÁC dos§hly membr§ny M1, M5, M6 a M7 relativnŊ vyrovnanĨch permeaļn²ch vĨkonŢ. 
Vyġġ² permeaļn² vĨkon v tomto reģimu byl zaznamen§n u membr§n M3 a M4. 

PŚi vyġġ²m teplotn²m gradientu (ȹT = 35 ÁC) jsou rozd²ly v permeaļn²ch vĨkonech membr§n 
vĨraznŊjġ² neģ pŚi ȹT = 25 ÁC. Membr§ny M1 a M5 dos§hly srovnateln®ho permeaļn²ho vĨkonu 
s membr§nou M4. Vġechny tŚi uveden® membr§ny vġak zaost§vaj² za membr§nou M3, kter§ dos§hla 
nejvyġġ²ho permeaļn²ho vĨkonu v cel®m souboru testovanĨch podm²nek. 

S vĨjimkou membr§ny M2 dosahuj² ostatn² membr§ny vysok® efektivity. Jejich permeaļn² vĨkony jiģ 
pŚi æT = 25 ÁC dosahuj² hodnot 20 ï 27 l/(m2.h), coģ jsou hodnoty srovnateln® s permeaļn²m vĨkonem 
reverzn² osm·zy, kterĨ se pohybuje v rozmez² 10 ï 30 l/(m2.h)20. 

 

 

 

 

 

 

 

 

Obr§zek 6: Permeaļn² vĨkon testovanĨch membr§n pŚi æT = 25 ÁC a æT = 35 ÁC 

 

 

 

 

     

 

 

 

 

Obr§zek 7: Permeaļn² vĨkon testovanĨch membr§n pŚi æT = 25 ÁC a 35 ÁC vztaģenĨ na 
jednotku spotŚebovan® energie 

 
PŚepoļet permeaļn²ho vĨkonu na jednotku spotŚebovan® energie (kWh), viz obr§zek 7, poskytuje 

vĨsledky, kter® reflektuj² i tepelnou vodivost testovanĨch membr§n. 
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Nejniģġ² permeaļn² vĨkon (l/kWh) vykazuje pŚi obou sledovanĨch teplotn²ch gradientech membr§na 
M2. PŚi æT = 25 ÁC dosahuje nejlepġ²ch vĨsledkŢ membr§na M3. PŚi vyġġ²m teplotn²m gradientu (ȹT = 
35 ÁC) je permeaļn² vĨkon membr§ny M3 statisticky srovnatelnĨ s vĨkony membr§n M1 a M4. 

U membr§n M2, M3 a M7 nedoġlo pŚi vyġġ²m teplotn²m gradientu (ȹT = 35 ÁC) k tak vĨrazn®mu 
n§rŢstu permeaļn²ho vĨkonu (l/kWh) jako u membr§n M1, M4, M5 a M6. To nastiŔuje rozd²ly v tepeln® 
vodivosti membr§n. Membr§na M3 sice dosahuje nejlepġ²ch permeaļn²ch vĨkonŢ pŚi æT = 25 ÁC, 
nicm®nŊ pŚi navĨġen² tohoto gradientu na ȹT = 35 ÁC byl pozorov§n menġ² relativn² n§rŢst permeaļn²ho 
vĨkonu v porovn§n² s ostatn²mi membr§nami. PodobnĨ jen byl pozorov§n i u membr§n M2 a M7. 
Z experimentŢ tedy vyplĨv§, ģe tyto membr§ny maj² vyġġ² tepelnou vodivost, kter§ vede ke zvĨġenĨm 
tepelnĨm ztr§t§m zpŢsobenĨm teplotn² polarizac². Teplotn² polarizace je jev, pŚi kter®m doch§z² ke 
sn²ģen² teploty na povrchu membr§ny na stranŊ tepl®ho vstupn²ho roztoku a naopak ke zvĨġen² teploty 
na stranŊ studen®ho destil§tu ve srovn§n² s teplotou ve stŚedu kapaln® f§ze. ZvĨġen² ȹT na 35 ÁC vede 
u membr§n s vyġġ² tepelnou vodivost² k intenzivnŊjġ² teplotn² polarizaci a s t²m spojen®mu n§rŢstu 
tepelnĨch ztr§t, jehoģ dŢsledkem je n§rŢst energetick® n§roļnosti na ohŚev vstupn²ho roztoku. Proto je 
n§rŢst permeaļn²ho vĨkonu normalizovan®ho na jednotku spotŚebovan® energie (kWh) u tŊchto 
membr§n (M2, M3, M7) minim§ln². 

 

Z§vŊry  

Proveden® experimenty potvrdily dostateļnou ¼ļinnost membr§nov® destilace s pŚ²mĨm kontaktem 
(DCMD) i pŚi n²zkĨch teplotn²ch gradientech, coģ naznaļuje potenci§l pro vyuģit² odpadn²ho tepla jako 
prim§rn²ho zdroje energie pro ohŚev vstupn²ho roztoku. 

PodstatnĨm zjiġtŊn²m je prokazatelnĨ pozitivn² vliv membr§nov® podloģky z polyesterov® tkaniny 
Polynetex green 300 g/mĮ, kter§ nejenģe vĨraznŊ zvĨġila permeaļn² vĨkon (o 35 ï 60 %), ale tak® 
zlepġila stabilitu membr§ny zamezen²m jej² prohĨb§n² a deformaci. Tyto vĨsledky zdŢrazŔuj² dŢleģitost 
optimalizace membr§nov®ho modulu pro dosaģen² maxim§ln² efektivity a provozn² spolehlivosti procesu. 

Testov§n² rŢznĨch membr§n odhalilo znaļn® rozd²ly v jejich permeaļn²ch vĨkonech a tepeln® 
vodivosti. Z hlediska kombinace vysok®ho permeaļn²ho vĨkonu a n²zkĨch tepelnĨch ztr§t se jako 
nejvhodnŊjġ² uk§zaly membr§ny M1 a M4, naopak membr§na M2 vykazovala vĨraznŊ nejhorġ² vĨsledky. 
Tyto poznatky podtrhuj² potŚebu systematick®ho testov§n² a selekce membr§n v laboratorn²m mŊŚ²tku 
pŚed jejich uveden²m v praxi. Pro zajiġtŊn² maxim§ln² energetick® ¼ļinnosti destilaļn²ho procesu je 
nezbytn® volit membr§ny s optim§ln²m pomŊrem mezi vysokĨm permeaļn²m vĨkonem a n²zkou 
tepelnou vodivost². 
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Summary  

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

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

V pr§ci bylo na z§kladŊ relevantn²ch technickĨch norem navrģeno experiment§ln² uspoŚ§d§n² 
laboratorn²ho respiraļn²ho testu urļen®ho pro ovŊŚen² proveditelnosti aerobn² bioremediace 
kontaminovan® zeminy. Na tomto zaŚ²zen² byl proveden 42-denn² respiraļn² test, kde vstupn² 
kontaminovanĨ materi§l pŚedstavovala zemina s umŊle pŚidanĨm dodekanem. V r§mci testu byla 
sledov§na jednak varianta aerobn² bioremediace s pouze pŚidanĨmi ģivinami a d§le varianta aerobn² 
bioremediace s pŚidanĨmi ģivinami a souļasnŊ tak® degraduj²c²mi mikroorganismy. PrŢbŊģnĨm 
sledov§n²m produkovan®ho oxidu uhliļit®ho a proveden²m dalġ²ch doplŔkovĨch analĨz byl z²sk§n 
rozs§hlĨ soubor experiment§ln²ch dat, na jehoģ z§kladŊ byla n§slednŊ sestavena rovnice kinetiky 
biodegradace pŚ²tomn®ho dodekanu. Rovnice byla pot® pouģita pro odhad ļasov® n§roļnosti dosaģen² 
hypotetick®ho sanaļn²ho limitu.  

Kl²ļov§ slova: biodegradace, horninov® prostŚed², kontaminace, zemina, respiraļn² test 

 

Đvod 

Term²n Ălaboratorn² respiraļn² testñ je v ġirġ²m r§mci technick® p®ļe o ģivotn² prostŚed² obecnŊ 
pouģ²v§n pro oznaļen² analytick® procedury, jej²mģ prostŚednictv²m je kvantifikov§na biologick§ stabilita 
organick®ho materi§lu v aerobn²ch podm²nk§ch. PŚi omezen² na tuh® zvodnŊl® matrice je tento term²n 
odborn® veŚejnosti zn§mĨ ze dvou oblast² - 1) hodnocen² charakteristik zemŊdŊlsk® pŢdy a 2) hodnocen² 
biologick® rozloģitelnosti odpadŢ 1-4. V prvn² z uvedenĨch oblast² jsou respiraļn² testy pouģ²v§ny 
napŚ²klad pro posouzen² rozloģitelnosti organick®ho pod²lu v pŢd§ch, vyzr§losti kompostu nebo jinĨch 
aplikovanĨch produktŢ, pŚ²padnŊ dostupnosti fyziologicky vyuģiteln®ho dus²ku. Ve druh® oblasti (pŚi 
znaļn®m zjednoduġen²) slouģ² respiraļn² testy k rozliġen² odpadu biologicky stabiln²ho od odpadu 
s vĨznamnĨm pod²lem organick® sloģky a malou biologickou stabilitou. VĨsledek respiraļn²ho testu tak 
napŚ²klad umoģn² nebo naopak znemoģn² uloģen² urļit®ho odpadu na skl§dku s niģġ²m stupnŊm 
technick®ho zabezpeļen². Pro prvn² uvedenĨ pŚ²pad jsou k dispozici pŚedpisy a metodiky vych§zej²c² ze 
z§kona 334/1992 Sb. (ochrana zemŊdŊlsk®ho pŢdn²ho fondu). Druh§ oblast je potom legislativnŊ 
zakotvena zejm®na z§konem 541/2020 Sb. (z§konem o odpadech). Technick® podrobnosti 
laboratorn²ch respiraļn²ch testŢ jsou u obou vĨġe uvedenĨch a legislativnŊ zakotvenĨch oblast² 
specifikov§ny aģ do ¼rovnŊ technickĨch norem.   

Mimo dvŊ vĨġe vymezen® oblasti a citovan® legislativn² podklady je ovġem term²n Ărespiraļn² testñ 
pouģ²v§n v r§mci n§pravy ekologickĨch z§tŊģ² v§zanĨch na horninov® prostŚed², specificky potom 
v pŚ²padŊ lokalit kontaminovanĨch organickĨmi biodegradovatelnĨmi l§tkami.  
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Teoretick§ ļ§st 

V Ļesk® republice nen² k dispozici specifickĨ z§kon pro oblast n§pravy ekologickĨch z§tŊģ² a term²n 
Ăekologick§ z§tŊģñ zde tedy nem§ legislativnŊ zakotvenou definici. ObecnŊ je pŚij²m§n vĨklad MĢP ĻR 5, 
kterĨ t²mto term²nem oznaļuje z§vaģnou kontaminaci horninov®ho prostŚed², ke kter® doġlo nevhodnĨm 
nakl§d§n²m s rizikovĨmi l§tkami (vļetnŊ aktu§ln²ch havarijn²ch situac²). ZjiġtŊn§ kontaminace je 
povaģov§na za Ăstarou ekologickou z§tŊģñ, pokud vznikla pŚed platnost² z§kona o velk® privatizaci 
(z§kon ļ. 92/1991 Sb.) nebo pŢvodce kontaminace jiģ neexistuje ļi nen² zn§m. Z ļistŊ technick®ho 
pohledu nen² ale mezi obŊma terminologickĨmi variantami ģ§dnĨ rozd²l.  

Ļesk§ republika se vyznaļuje mimoŚ§dnŊ vysokĨm poļtem lokalit nesouc²ch ekologickou z§tŊģ, coģ 
je dŢsledkem dlouhodob® intenzivn² prŢmyslov® ļinnosti soustŚedŊn® na relativnŊ mal®m ¼zem². 
PrŢzkum provedenĨ jiģ pŚed dvŊma dek§dami v r§mci 38 evropskĨch st§tŢ 6 (vļetnŊ ļlenskĨch zem² EU) 
identifikoval pŚibliģnŊ 342 000 lokalit s prok§zanou kontaminac² a v²ce neģ 2 500 000 potenci§lnŊ 
kontaminovanĨch m²st. CeloevropskĨ prŢmŊr poļtu prokazatelnŊ kontaminovanĨch lokalit na 10 000 
obyvatel je zde uv§dŊn hodnotou 2,46, pro samotnou Ļeskou republiku potom hodnotou 13,2. 
V syst®mu evidence kontaminovanĨch m²st (SEKM) bylo v dobŊ pŚ²pravy tohoto textu k dispozici v²ce 
neģ 16 000 z§znamŢ 7. VĨznamn§ ļ§st z vĨġe uvedenĨch poļtŢ lokalit je kontaminov§na ropnĨmi 
l§tkami a aromatickĨmi nebo polyaromatickĨmi uhlovod²ky, pŚi jejichģ odstraŔov§n² bĨv§ typicky 
vyuģ²v§n proces aerobn² bioremediace 6.  

PŚi absenci z§konem podloģenĨch limitn²ch hodnot kontaminace horninov®ho prostŚed² je pro kaģdou 
lokalitu nezbytn® v pŚ²pravn® f§zi n§pravn®ho opatŚen² vypracovat expertn² stanovisko - tzv. analĨzu 
rizika, kde je stanovena a zdŢvodnŊna m²ra, do kter® je zapotŚeb² pŚ²tomnou kontaminaci odstranit 
(tzv. sanaļn² limit). Rozhodnut² o n§pravŊ pak vyd§ Ļesk§ inspekce ģivotn²ho prostŚed² pŚi vyuģit² 
nŊkter®ho z pŚ²buznĨch z§konŢ, nejļastŊji z§kona ļ. 254/2001 Sb. (Ä 42). V praxi bĨv§ ale bohuģel 
bŊģn®, ģe se stanovenĨ sanaļn² limit uk§ģe bĨt v pŚedepsan®m ļase technologicky nedosaģitelnĨ 
a mus² bĨt zvyġov§n, pŚ²padnŊ doch§z² ke zmŊnŊ pouģit® sanaļn² technologie. Probl®my 
s dokonļov§n²m n§pravnĨch opatŚen² jsou v odborn® veŚejnosti zn§m® a reflektuje je napŚ²klad tak® 
NKĐ 8. Jedn²m z dosud opom²jenĨch n§strojŢ ke zvĨġen² spolehlivosti z§vŊrŢ rizikovĨch analĨz je podle 
autorŢ tohoto textu z§sadn² opom²jen² laboratorn²ch sanaļn²ch testŢ.  

K ot§zce laboratorn²ho zkoum§n² bioremediaļn²ch procesŢ bylo jiģ publikov§no znaļn® mnoģstv² 
textŢ, jejichģ kritick® zhodnocen² bylo autory tohoto textu prezentov§no na jin®m m²stŊ 9. Pouze tedy ve 
zkratce lze uv®st, ģe za c²le laboratorn²ch bioremediaļn²ch testŢ je typicky povaģov§no 1) prok§z§n² 
pŚ²tomnosti degraduj²c²ch mikroorganismŢ; 2) posouzen² toxickĨch ¼ļinkŢ pŚ²tomnĨch kontaminantŢ vŢļi 
degraduj²c²m mikroorganismŢm; 3) urļen² spektra potŚebnĨch ģivin a stanoven² jejich mnoģstv²; 
4) posouzen² pŚ²padnĨch rizik pŚi aplikaci ģivin na dan® lokalitŊ. NaplnŊn² tŊchto c²lŢ vyģaduje nemal® 
a nikoli kr§tkodob® ¼sil² multioborov®ho tĨmu s velmi dobrĨm a drahĨm vybaven²m. Nad r§mec vĨġe 
specifikovan®ho a obecnŊ uzn§van®ho smyslu laboratorn²ch bioremediaļn²ch testŢ ovġem existuje jeġtŊ 
dalġ² d²lļ² c²l, kterĨ bĨv§ v literatuŚe reflektov§n jen zcela okrajovŊ 10-13. T²mto c²lem je prok§z§n² 
technologick® proveditelnosti n§pravn®ho opatŚen² v idealizovanĨch laboratorn²ch podm²nk§ch 
a n§strojem pro jeho dosaģen² je pr§vŊ laboratorn² respiraļn² test.  

Pro sestaven² laboratorn² aparatury a nastaven² podm²nek respiraļn²ho testu a jeho vyhodnocen² lze 
vyuģ²t nŊkolik technickĨch norem. PodrobnĨ popis z§kladn²ch principŢ laboratorn²ch testŢ aerobn²ho 
rozkladu organickĨch l§tek v zemin§ch pŚin§ġ² norma ĻSN EN ISO 11266 14. Zde jsou specifikov§ny 
poģadavky na 1) vĨbŊr, vzorkov§n² a popis zkuġebn² zeminy; 2) zpŢsob umŊl® kontaminace; 
3) nastaven² podm²nek laboratorn²ho testu (teplota, obsah vody, doba, monitoring); 4) zpŢsob 
vyhodnocen² vĨsledkŢ. SouļasnŊ tato norma ponech§v§ znaļnĨ prostor ohlednŊ konkr®tn²ho proveden² 
testu. PŚesnŊjġ² technick§ vod²tka k proveden² testu aerobn²ho rozkladu organickĨch l§tek poskytuje 
norma ISO 14239 15, kter§ specifikuje ġest moģnĨch laboratorn²ch a instrument§ln²ch uspoŚ§d§n²: 
1) prŢtokov® uspoŚ§d§n²; 2) kolonovĨ test se z§chytem ve smŊsi hydroxidu sodn®ho a v§penat®ho; 
3) biometrickĨ test; 4) radiorespirometrickĨ test; 5) mikroradiorespirometrickĨ test a 6) test 
s miniaturizovanĨm respirometrem. U kaģd®ho typu testu jsou zde pŚehlednŊ doloģeny vĨhody 
a nevĨhody. Postupem pro stanoven² mikrobi§ln² respirace v aerobn²ch zemin§ch se d§le specificky 
zabĨv§ norma ISO 16072 16 z roku 2002, ve kter® jsou pops§ny chemick® a instrument§ln² postupy pro 



Jana CHUMCHALOVĆ, Martin KUBAL, Tom§ġ LANK, Lucie ORAVOVĆ, Andrey BULKIN, Nat§lie JUSTOVĆ, 
Patricie MALĆ, JiŚ² HENDRYCH: Laboratorn² respiraļn² testy a jejich vĨznam v r§mci n§pravy ekologickĨch z§tŊģ² 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 318  

stanoven² ¼bytku kysl²ku nebo vzniku oxidu uhliļit®ho v prŢbŊhu respiraļn²ho testu. KoneļnŊ potom 
norma ISO 17155 17 definuje vĨpoļetn² vztahy, s jejichģ pomoc² lze na z§kladŊ laboratorn²ch 
respiraļn²ch testŢ vyj§dŚit kinetiku rozkladu degradovan® organick® l§tky.  

K vĨġe naznaļenĨm teoretickĨm podkladŢm n§leģ² d§le tak® rozs§hlĨ znalostn² apar§t souvisej²c² 
s konceptem biodostupnosti a s procesy st§rnut² kontaminace. Oba tyto vĨznamn® faktory jsou v pr§ci 
zm²nŊny pouze ve zkratce, neboŠ v dan®m kontextu nen² bohuģel prostor pro jejich obs§hlejġ² rozbor 
a nav²c zde nabĨvaj² velmi specifick® podoby. 

BiodostupnĨ pod²l kontaminantu bĨv§ ve vodnĨch syst®mech (bez pŚ²tomnosti tuh® f§ze) totoģnĨ 
s analyticky zjiġtŊnĨm mnoģstv²m pouze v ide§ln²m pŚ²padŊ, kdy je kontaminant zcela pŚ²stupnĨ 
mikrobi§ln²m (obecnŊji biochemickĨm) pŚemŊn§m. V praxi bĨv§ u ļistŊ vodnĨch syst®mŢ biodostupnĨ 
pod²l typicky niģġ² oproti analytick® hodnotŊ, ale nemŢģe bĨt vyġġ². V kontaminovanĨch zemin§ch k t®to 
situaci doj²t mŢģe. PŚi vstupu kontaminantu do zeminy se jeho ļ§st nav§ģe na tuhou matrici tak silnŊ, ģe 
se stane pro analytickou proceduru (zejm®na pŚed¼pravu vzorku) nedostupnou. PŚ²tomn® 
mikroorganismy si ovġem cestu i k takto silnŊ v§zan®mu kontaminantu naj²t mohou a potom mŢģe nastat 
situace, kdy je biodostupn® mnoģstv² vŊtġ² oproti analyticky zjiġtŊn® hodnotŊ. V pŚ²padŊ laboratorn²ch 
respiraļn²ch testŢ by se takov§ situace projevila nadstechiometrickou produkc² oxidu uhliļit®ho, pokud 
bychom jako z§klad vzali pr§vŊ analytickou koncentraci a respiraļn² test by prob²hal dostateļnŊ dlouhou 
dobu. Ot§zka st§rnut² kontaminace je u zneļiġtŊnĨch zemin rovnŊģ mimoŚ§dnŊ dŢleģit§. Doba mezi 
vstupem kontaminantu do zeminy a dosaģen² ust§len®ho stavu bĨv§ na vŊtġinŊ kontaminovanĨch lokalit 
typicky velmi dlouh§, bŊģnŊ i v Ś§du des²tek let. Procesy st§rnut² jsou mimoŚ§dnŊ komplexn² a z hlediska 
biodostupnosti mohou m²t pozitivn² a negativn² ¼ļinek. V kontextu t®to pr§ce bylo povaģov§no za 
z§sadn², aby byl charakter kontaminace do t® m²ry ust§lenĨ, aby se v prŢbŊhu respiraļn²ho testu (tedy 
v Ś§du des²tek dnŢ) nemŊnil. ModelovĨ kontaminant byl vnesen do zeminy v pŚebytku tŊkav®ho 
rozpouġtŊdla, coģ podle dlouhodobĨch zkuġenost² autorŢ zajiġŠuje po odpaŚen² rozpouġtŊdla v ļase jiģ 
stabiln² distribuci kontaminantu v syst®mu zemina ï voda ï vzduch.  

Technick® proveden² laboratorn²ho respiraļn²ho testu nem§ dosud v r§mci Ļesk® republiky ust§lenou 
podobu. V obecn®m povŊdom² souļasnŊ existuje m§lo podloģenĨ n§zor, ģe tento typ testu lze prov®st 
v kr§tk®m ļase, napŚ²klad bŊhem nŊkolika m§lo dnŢ (podobnŊ jako BSK5 ļi AT4). C²lem t®to pr§ce tedy 
bylo vypracov§n² a ovŊŚen² pŚesn® metodiky laboratorn²ho respiraļn²ho testu aerobn² bioremediace 
v souladu s ustanoven²m vĨġe uvedenĨch ISO norem a racion§lnŊ vyhodnotit potŚebnou dobu jeho 
trv§n². SpecifickĨ dŢraz byl zde kladen na zjiġtŊn² technologicky z§sadn²ch parametrŢ ï tedy urļen² 
ide§ln² kinetiky rozkladu kontaminantu a identifikace pŚ²padnĨch meziproduktŢ rozkladu. 

 

Experiment§ln² ļ§st  

Pro modelovĨ laboratorn² respiraļn² test byl na pozemku urļen®m pro residenļn² vĨstavbu domu (po 
sejmut² orniļn² vrstvy) odebr§n vzorek zeminy o hmotnosti 20 kg. OdebranĨ materi§l byl typovŊ oznaļen 
jako spraġovĨ sediment. Vzorek byl v laboratoŚi vysouġen po dobu 5 dnŢ pŚi teplotŊ okol² a n§slednŊ 
separov§n s pomoc² s²ta o velikosti oka 2 mm. Pods²tn§ frakce o hmotnosti cca 6 kg pŚi zbytkov®m 
obsahu vody 2,0 % hm. byla pouģita jako dobŚe homogenizovatelnĨ z§klad pro respiraļn² test a na tomto 
materi§lu bylo provedeno stanoven² prvkov®ho sloģen² metodou XRF a stanoven² celkov®ho 
organick®ho uhl²ku metodou element§rn² analĨzy. Z uveden®ho mnoģstv² pods²tn® frakce byly 4 kg 
urļeny pro umŊlou kontaminaci a 2 kg slouģily jako referenļn² materi§l. 

UmŊl§ kontaminace byla provedena pŚid§n²m dodekanu (C12H26, p.a. ļistota) v mnoģstv² 7 000 mg/kg 
suġiny, pŚiļemģ dodekan byl do zeminy pro zajiġtŊn² rovnomŊrn® distribuce pŚid§n v pŊtin§sobn®m 
objemov®m mnoģstv² hexanu. PŚidanĨ hexan byl n§slednŊ odpaŚen v digestoŚi pŚi laboratorn² teplotŊ. Do 
osmi umŊlohmotnĨch vzduchotŊsnĨch vzorkovnic typu Lock-Lock o objemu 1000 ml bylo nav§ģeno vģdy 
0,5 kg kontaminovan® zeminy, do jedn® dalġ² vzorkovnice bylo nav§ģeno opŊt 0,5 kg referenļn² zeminy 
bez kontaminace. Experiment§ln² podm²nky v jednotlivĨch vzorkovnic²ch byly pot® nastaveny pŚid§n²m 
vody, ģivin a bakteri§ln² kultury Pseudomonas fluorescens ATCC 13525, jak je specifikov§no v tabulce 1. 
PŚed zah§jen²m respiraļn²ch testŢ byla provedena analytick§ kontrola kontaminace metodou C10-C40, 
kde zjiġtŊn® hodnoty jsou rovnŊģ uk§z§ny v tabulce 1.  



Jana CHUMCHALOVĆ, Martin KUBAL, Tom§ġ LANK, Lucie ORAVOVĆ, Andrey BULKIN, Nat§lie JUSTOVĆ, 
Patricie MALĆ, JiŚ² HENDRYCH: Laboratorn² respiraļn² testy a jejich vĨznam v r§mci n§pravy ekologickĨch z§tŊģ² 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 319  

Tabulka 1: VĨchoz² parametry modelov®ho laboratorn²ho respiraļn²ho testu 

 
 
Stanoven²  
PŚ²davek 

Zemina 

kontaminovan§  nekontaminovan§  

ļ²slo vzorku  

1  2  3  4  5  6  7  8  

analĨza C10-C40* 
(mg/kg) 

4 650 4 680 4 580 4 080 5 260 4 860 4 790 < 20 

ģiviny** --- ano ano ano ano ano ano --- 

kultura*** --- --- --- --- ano ano ano --- 

voda (ml) 50 50 50 50 50 50 50 50 
*Stanoven² metodou plynov® chromatografie, podle ĻSN EN 14039 
**PŚ²davek ģivin v pomŊru C:N:P = 120:10:1 (pŚ²davek do jedn® vzorkovnice ļinil 0,987 g NH4Cl, 1,865 g KNO3, 
0,502 g KH2PO4. 
*** Zemina byla inokulov§na bakteri§ln² kulturou Pseudomonas fluorescens ATCC 13525. Do zeminy byl pipetov§n 
1 ml suspenze o koncentraci 10

10
 KTJ/ml. Suspenze byla pŚipravena po dvoudenn² kultivaci kmene na agarov® 

plotnŊ se ztuhlou kultivaļn² pŢdou ĂTrypton s·jovĨ agarñ pŚi 25 
o
C spl§chnut²m do fyziologick®ho roztoku. 

 
Vzorkovnice podle vĨġe uvedenĨch specifikac² byly uzavŚeny vzduchotŊsnĨmi v²ļky. Do kaģd®ho 

v²ļka byly napevno instalov§ny dvŊ polyethylenov® hadiļky pro monitoring koncentrace oxidu uhliļit®ho, 
kterĨ byl pŚedpokl§d§n jako fin§ln² produkt biodegradace zvolen®ho kontaminantu. ZvlhļenĨ vzorek 
zeminy zab²ral pŚibliģnŊ tŚetinu objemu vzorkovnice, zbylĨ objem byl vyplnŊn vzduchem. Kaģd§ 
z hadiļek byla uzavŚena z§tkou a nav²c jeġtŊ ocelovou tlaļkou. Ve zvolenĨch ļasovĨch intervalech  
(~ 2 ï 3denn²ch) byly mŊŚeny koncentrace oxidu uhliļit®ho a kysl²ku v head-space vzorkovnic 
(napojen²m pŚ²stroje Greisinger G 1910-02 nebo Multitec 540 na hadiļky). Po kaģd®m mŊŚen² byla 
vzorkovnice otevŚena, zemina peļlivŊ prom²ch§na sklenŊnou tyļinkou a opŊt vzduchotŊsnŊ uzavŚena. 
BŊģn§ pozaŅov§ koncentrace oxidu uhliļit®ho (~ 500 ppm) byla odeļ²t§na od zmŊŚenĨch hodnot. 
Celkov§ doba trv§n² laboratorn²ho respiraļn²ho testu byla urļena na 42 dnŢ, pŚiļemģ teplota byla bŊhem 
t®to doby udrģov§na na hodnotŊ 21 Ñ 1 oC. Pro udrģen² nastaven®ho obsahu vody (10 % hmot.) byly 
vzorkovnice prŢbŊģnŊ pŚevaģov§ny a zjiġtŊn® ¼bytky doplŔov§ny (toto ale bylo zapotŚeb² aģ ke konci 
testu. Na zaļ§tku a konci laboratorn²ho respiraļn²ho testu byly odebr§ny vzorky na analĨzu C10 ï C40, na 
identifikaci a kvantifikaci pŚ²padnĨch meziproduktŢ aerobn²ho rozkladu a rovnŊģ na stanoven² poļtu 
kultivovatelnĨch mikroorganismŢ. Na poļ§teļn²m referenļn²m nekontaminovan®m vzorku byla rovnŊģ 
provedena analĨza TOC a XRF. Nastaven§ vlhkost zeminy se v prŢbŊhu respiraļn²ho testu nemŊnila. 

Pro stanoven² poļtu mikroorganismŢ byla pouģita metoda op²raj²c² se o tŚi zdroje 18, 19, 20. Do 
pŚedv§ģen® steriln² Duran Schott lahviļky (objem 250 ml) se nav§ģilo 3 g zeminy. Do lahviļky byl 
napipetov§n RingerŢv roztok o ļtvrtinov® koncentraci (R1/4 roztok) v pomŊru 1 : 9. N§slednŊ byl vzorek 
homogenizov§n na tŚepaļce 10 min, 400 rpm. TŊsnŊ pŚed odbŊrem inokula byl vzorek ruļnŊ rozm²ch§n, 
ponech§n st§t 2 min. Pot® byl pipetov§n 1 ml vzorku tŊsnŊ pod hladinou a pouģit pro pŚ²pravu 
des²tkov®ho ŚedŊn² opŊt do roztoku R1/4. Na agarov® plotny se ztuhlou kultivaļn² pŢdou ĂĢivnĨ agarñ 
bylo rozetŚeno inokulum. Kultivace prob²hala za aerobn²ch podm²nek pŚi 25 oC po dobu 7 dn². Poļ²t§n² 
koloni² a stanoven² celkov®ho poļtu bylo provedeno normovanĨm postupem 21. Stanoven² poļtu 
Pseudomonas fluorescens ATCC 13525 bylo provedeno ze suspenze po rozm²ch§n² na vortexu, 
n§slednŊ byla pŚipravena Śada des²tkov®ho ŚedŊn² do roztoku R1/4. D§le stanoven² poļtu prob²halo 
stejnĨm zpŢsobem jako u vzorkŢ zemin 21.  

 

VĨsledky a diskuse 

VĨchoz² sloģen² pouģit® zeminy pŚed nad§vkov§n²m kontaminantu (6 kg pods²tn® frakce < 2 mm) je 
sumarizov§no v tabulce 2. PŚi odbŊru byla reflektov§na snaha z²skat testovac² materi§l bez zvĨġen®ho 
obsahu toxickĨch kovŢ, aby tak pozdŊji vnesen§ organick§ l§tka pŚedstavovala jedinĨ a dobŚe 
definovanĨ antropogenn² faktor. Data v tabulce 2 dokl§daj² pouze nevĨznamn® obsahy minoritn²ch 
toxickĨch prvkŢ, kter® nenaznaļuj² pŚekroļen² hodnot pŚirozen®ho pozad². Obsah celkov®ho 
organick®ho uhl²ku je d§n rozd²lem mezi TC a TIC400 a ļin² tedy 0,36 % hmot.. 
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Tabulka 2: Obsah majoritn²ch a minoritn²ch prvkŢ v pouģit® modelov® zeminŊ 

Majoritn² prvky (% hmot.) 

Si Al Fe Na K Ca Mg P Ti TIC400 TC 

36,1 5,84 3,25 0,58 2,74 3,31 0,47 0,13 0,56 0,54 0,90 

Minoritn² prvky (mg/kg suġiny) 

S Cl V Cr Ni Zn Ba Mn As Sr W 

372 89 103 < 30 64 62 810 690 < 30 220 130 
 

 

PŚi umŊl® kontaminaci byl do zeminy pŚid§n dodekan v mnoģstv² 7 000 mg/kg suġiny, pŚiļemģ 
analytick§ kontrola proveden§ stanoven²m parametru C10-C40 pŚi zah§jen² vlastn²ho respiraļn²ho testu 
uk§zala hodnotu 4 700 mg/kg suġiny. I pŚes zŚejmĨ ļ²selnĨ rozd²l se ve skuteļnosti jedn§ o dobrou 
shodu mezi pŚidanĨm mnoģstv²m dodekanu a zjiġtŊnou analytickou odezvou. Skuteļnost, ģe ļ§st 
organick®ho kontaminantu umŊle vnesen®ho do zeminy se pŚi n§sledn® analytick® kontrole Ăztrat²ñ je 
dlouhodobŊ zn§m§ a je vysvŊtlov§na zejm®na chemisorpc², pŚi kter® se urļitĨ pod²l pŚiveden®ho 
kontaminantu nav§ģe na danou matrici tak silnŊ, ģe se vŢļi analytick® proceduŚe (typicky ve f§zi 
pŚed¼pravy vzorku) stane ĂneviditelnĨmñ. U zemin bĨv§ schopnost chemisorpce pŚisuzov§na pŚirozenĨm 
organickĨm l§tk§m a j²lovĨm miner§lŢm.  

PrŢbŊģn® monitorov§n² respiraļn²ho testu spoļ²valo ve sledov§n² koncentrace oxidu uhliļit®ho, kterĨ 
byl uvaģov§n za koncovĨ produkt aerobn²ho rozkladu. Celkov§ doba trv§n² respiraļn²ho testu ļinila 
42 dnŢ a v prŢbŊhu t®to doby bylo provedeno 13 mŊŚen² koncentrace oxidu uhliļit®ho v head-space 
vzorkovnic. Ļasov® prŢbŊhy produkce oxidu uhliļit®ho v r§mci cel®ho respiraļn²ho testu jsou pro 
jednotliv® vzorkovnice uk§z§ny v souhrnn® formŊ na Obr. 1, kde jsou barevnŊ rozliġeny ļtyŚi rŢzn® 
podm²nky aerobn²ho rozkladu dodekanu, jehoģ koncovĨm produktem je oxid uhliļitĨ.  

 

Obr§zek 1: Tvorba oxidu uhliļit®ho v prŢbŊhu laboratorn²ho respiraļn²ho testu pro 

kontaminovanou zeminu bez pŚ²davku ģivin a degrad®rŢ (vzorek 1 ½); kontaminovanou zeminu 

s pŚ²davkem ģivin (vzorek 2, 3, 4 ½); kontaminovanou zeminu s pŚ²davkem ģivin a degrad®rŢ 

(vzorek 5, 6, 7 ½); nekontaminovanou zeminu (vzorek 8 ½). 

 

Ļerven§ barva odpov²d§ pozaŅov® koncentraci oxidu uhliļit®ho v nekontaminovan® zeminŊ, kterou 
z hlediska aerobn² bioremediace povaģujeme za referenļn² syst®m. Hodnoty mŊŚen® v t®to vzorkovnici 
se pohybovaly v rozmez² ~ 600 - 900 ppm a byly tak vģdy sice jen m²rnŊ, ale pŚesto mŊŚitelnŊ vyġġ² 
oproti obvykl® koncentraci v prostoru laboratoŚe, kter§ se pohybovala prŢmŊrnŊ na hodnotŊ 500 ppm 
a byla v r§mci n§slednĨch bilanļn²ch vĨpoļtŢ od mŊŚenĨch hodnot odeļ²t§na. V pŚ²padŊ 
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nekontaminovan® zeminy se jej² pŚirozen§ organick§ hmota povaģuje obecnŊ jiģ za stabilizovanou a 
dalġ² rozklad se jiģ neoļek§v§ vŢbec nebo pouze s nevĨznamnou intenzitou. Ģlut§ linie na obr§zku 1 
odpov²d§ produkci oxidu uhliļit®ho v kontaminovan® zeminŊ bez pŚ²davku ģivin a degraduj²c²ch 
mikroorganismŢ, mŊŚen® hodnoty se zde bŊhem testu pohybovaly v rozmez² 1400 ï 3500 ppm. Jedn§ 
se o hodnoty odpov²daj²c² velmi pomal®mu rozkladu, pŚi kter®m kontaminant mŢģe setrv§vat v zeminŊ 
po dobu vyġġ²ch jednotek nebo aģ niģġ²ch des²tek let.  

TŚi modr® linie na obr§zku 1 odpov²daj² aerobn²mu rozkladu po pŚid§n² ģivin, ale bez pŚidanĨch 
degrad®rŢ. DobŚe jsou zde zŚejm® trendy popsan® v teoretick®m mechanismu respirace zeminy 
kontaminovan® biodegradovatelnou organickou l§tkou17. Jedn§ se zejm®na o 1) exponenci§ln² n§rŢst 
rychlosti po zhruba pŊtidenn² indukļn² prodlevŊ a identifikaci maxim§ln² respiraļn² aktivity; 2) pokles 
respiraļn² aktivity na dlouhodobŊ vcelku ust§lenou hodnotu po dalġ²ch zhruba deseti dnech; 3) znaļnĨ 
rozptyl hodnot u tŚech opakov§n². Podrobn§ interpretace mechanismu produkce oxidu uhliļit®ho nen² 
pouze na z§kladŊ vĨsledkŢ na obr§zku 1 moģn§ a nebyla ani c²lem pr§ce. Je nicm®nŊ zŚejm®, ģe 
biodegradace dodekanu na oxid uhliļitĨ zde byla vĨsledkem komplexn²ho pŢsoben² mnoha 
biochemickĨch, chemickĨch a transportn²ch procesŢ ve sloģit®m tŚ²f§zov®m syst®mu. V experiment§ln² 
zeminŊ nemohl bŊhem testu nastat nedostatek ģivin a kysl²ku a prŢbŊģnŊ byl odv§dŊn tak® vzniklĨ oxid 
uhliļitĨ. V okamģiku dosaģen² maxim§ln² respiraļn² rychlosti (mezi 10 ï 15 dnem testu) byl degradov§n 
teprve velmi malĨ pod²l dodekanu. VĨraznĨ n§stup biodegradaļn² rychlosti a jej² n§slednĨ pokles tak 
s nejvŊtġ² pravdŊpodobnost² souvisel s dostupnost² kontaminantu (povrch ï objem ļ§stic) pŚ²padnŊ 
transportn²mi jevy. K velk®mu zjiġtŊn®mu rozptylu mŊŚenĨch dat je zapotŚeb² uv®st, ģe respiraļn² testy 
byly prov§dŊny s vyuģit²m dlouholetĨch zkuġenost² v laboratorn²m vĨzkumu a s maxim§ln² peļlivost². 
Podle dŚ²vŊjġ²ch zkuġenost² autorŢ nen² tato ¼roveŔ rozptylu u opakovanĨch mikrobiologickĨch 
experimentŢ nijak vĨjimeļn§ a probl®m lze Śeġit vŊtġ²m poļtem opakov§n². 

Zelen® linie na obr§zku 1 potom ukazuj² produkci oxidu uhliļit®ho ve vzorkovnic²ch, do kterĨch byly 
pŚid§ny ģiviny a souļasnŊ kultura mikroorganismŢ s prok§zanou schopnost² degradovat ropn® 
uhlovod²ky. ĻasovĨ prŢbŊh zjiġtŊnĨch z§vislost² je v tomto pŚ²padŊ podobnĨ jako u vzorkovnic bez 
degrad®rŢ a jejich interpretace je tedy v podstatŊ stejn§. ZŚejmĨm rozd²lem je zde pouze menġ² rozptyl 
mezi tŚemi prezentovanĨmi liniemi. Jelikoģ varianta s pŚidanĨmi degrad®ry je technicky vĨraznŊ sloģitŊjġ² 
neģ varianta pouze s pŚidanĨmi ģivinami, je velmi dŢleģit® vyhodnotit a porovnat obŊ tato uspoŚ§d§n² 
z hlediska ļasu potŚebn®ho pro dosaģen² zvolen® zbytkov® koncentrace kontaminantu (v technologick® 
praxi tedy odhad doby potŚebn® pro dosaģen² sanaļn²ho limitu). 

Pro porovn§n² obou variant aerobn² biodegradace byly tedy hodnoty mŊŚen® vģdy ve tŚech stejnĨch 
vzorkovnic²ch (2, 3, 4; 5, 6, 7) nejprve zprŢmŊrov§ny a posl®ze pŚepoļ²t§ny na mnoģstv² degradovan®ho 
dodekanu podle stechiometrick® rovnice: 

 2 C12H26   +   37 O2   ­   24 CO2   +   26 H2O 

Đbytek koncentrace dodekanu v prŢbŊhu respiraļn²ho testu je potom v souhrnn® formŊ uk§z§n na 
obr§zku 2, kde je dobŚe zŚejmĨ rozd²l v rychlosti biodegradace v samotn® kontaminovan® zeminŊ 
a v zeminŊ po pŚ²davku ģivin nebo ģivin a degrad®rŢ. Referenļn² ļasov§ z§vislost pro kontaminovanou 
zeminu bez pŚ²davku ģivin a degrad®rŢ (ģlut§ linie) prezentuje vĨsledky pouze z jednoho mŊŚen² a m§ 
tedy sp²ġe indikativn² charakter. V praxi by tato referenļn² linie odpov²dala situaci, kdy je rozklad 
kontaminantu v zeminŊ ponech§n pouze na pŢsoben² pŚirozenĨch dŊjŢ. Ļasov® z§vislosti na obr§zku 2 
byly n§slednŊ vyhodnoceny prostŚednictv²m kinetiky prvn²ho Ś§du a vĨsledn® kinetick® rovnice jsou 
prezentov§ny v tabulce 3. SouļasnŊ jsou zde uvedeny teoretick® doby potŚebn® pro dosaģen² dvou 
hypotetickĨch sanaļn²ch limitŢ - 2000 mg/kg a 1000 mg/kg suġiny. Vyhodnocen² biodegradace 
dodekanu prostŚednictv²m kinetiky prvn²ho Ś§du pŚedstavuje velmi zjednoduġenou formu interpretace. 
V kontextu t®to pr§ce jde ovġem o akceptovatelnĨ postup, neboŠ laboratorn² respiraļn² test je zde 
ch§p§n jako n§stroj z§sadn²ho potvrzen² nebo vylouļen² technologick® proveditelnosti. Pro podrobnŊjġ² 
pozn§n² sloģitĨch biodegradaļn²ch mechanismŢ potom slouģ² experimenty vĨraznŊ komplexnŊjġ² 
a instrument§lnŊ sofistikovanŊjġ². 
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Obr§zek 2: Pokles koncentrace dodekanu v prŢbŊhu laboratorn²ho respiraļn²ho testu pro 

kontaminovanou zeminu bez pŚ²davku ģivin a degrad®rŢ (vzorek 1 ½); kontaminovanou zeminu 

s pŚ²davkem ģivin (vzorek 2, 3, 4 ½); kontaminovanou zeminu s pŚ²davkem ģivin a degrad®rŢ 

(vzorek 5, 6, 7 ½). 

 
Tabulka 3: Vyhodnocen² laboratorn²ho respiraļn²ho testu s pomoc² kinetiky prvn²ho Ś§du 

Varianta testu Kinetick§ rovnice* TeoretickĨ ļas pro 
dosaģen² 

sanaļn²ho limitu 
2000 mg/kg  

TeoretickĨ ļas pro 
dosaģen² 

sanaļn²ho limitu 
1000 mg/kg  

kont. zem. y = 4,7 . e-0,0005.t 1708 dnŢ 3095 dnŢ 

kont. zem. + ĢIV y = 4,7 . e-0,005.t 171 dnŢ 310 dnŢ 

kont. zem. + ĢIV + DG y = 4,7 . e-0,008.t 107 dnŢ 193 dnŢ 

* y = koncentrace dodekanu v ȊŜƳƛƴŠ όƳƎκƪƎ ȊŜƳƛƴȅύΤ ǘ Ґ őŀǎ όŘŜƴύ 
 

AnalĨza C10 ï C40, kter§ byla provedena na zaļ§tku testu u vġech vzorkovnic a na konci testu 
u vzorkovnic 2 ï 7 neuk§zala pŚ²tomnost jinĨch l§tek neģ dodekanu. Bylo tedy zŚejm®, ģe pŢvodn² 
chemik§lie byla dod§na v Ś§dn® p.a. ļistotŊ a d§le, ģe v prŢbŊhu aerobn²ho rozkladu nevznikaly stabiln² 
meziprodukty. 

V r§mci respiraļn²ho testu bylo d§le provedeno stanoven² celkov®ho poļtu kultivovatelnĨch 
mikroorganismŢ na zaļ§tku respiraļn²ho testu a ve tŚic§tĨ den jeho trv§n². Z²skan® vĨsledky jsou 
v souhrnn® formŊ uk§z§ny v tabulce 4. Na poļ§tku testu se poļty kultivovatelnĨch mikroorganismŢ 
pohybovaly v Ś§du 105 aģ 106 KTJ/g zeminy, coģ je obvykl§ ¼roveŔ pro nekontaminovanou nebo m§lo 
kontaminovanou zeminu s n²zkĨm obsahem ģivin. OdbŊr vzorku pro poļ§teļn² mikrobiologick® 
stanoven² byl proveden pouze nŊkolik hodin po vm²ch§n² kultury do zeminy, coģ byla pŚ²liġ kr§tk§ doba 
pro adaptaci. Jak je zŚejm® z obr§zku 1, projevil se n§stup degradaļn² schopnosti pŚ²tomnĨch 
mikroorganismŢ (aŠ jiģ autochtonn²ch nebo vnesenĨch) aģ pŚibliģnŊ po pŊti dnech od zah§jen² testu. 
OdbŊr provedenĨ tŚic§t®ho dne respiraļn²ho testu (tedy pŚi vcelku jiģ ust§len® degradaļn² rychlosti) 
uk§zal jasnĨ Ś§dovĨ rozd²l v kvantitŊ mikrobi§ln²ho os²dlen² mezi referenļn²mi vzorky 1 a 8 
a podporovanĨmi vzorky 2 ï 7. Ļ²seln® rozd²ly prezentovan® pro triplikovan§ stanoven² 2 ï 4 a 5 ï 7 
jsou pro n§roļn§ mikrobiologick§ stanoven² v zemin§ch bŊģn§.   
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Tabulka 4: VĨsledky stanoven² poļtŢ mikroorganismŢ ve vzorc²ch na zaļ§tku a na konci pokusu 

 Zemina 

kontaminovan§ nekontam. 

Ļ²slo vzorku*** 

1  2  3 4 5 6  7  8 

 CPM [KTJ/g zeminy] 

poļ§teļn² stanoven²** 3,4x10
5
 7,1x10

5
 1,1x10

6
 1,2x10

6
 1,9x10

6
 4,9x10

5
 1,5x10

6
 2,6x10

6
 

prŢmŊr  1,0x10
6
 1,3x10

6
  

stanoven² 30. den testu 2,1x10
6
 2,5x10

9
 6,9x10

8
 6,1x10

8
 2,3x10

9
 1,3x10

9
 1,7x10

9
 2,9x10

6
 

prŢmŊr  1,3x10
9
 1,8x10

9
  

n§rŢst oproti poļ§tku  6,2 3521 627 508 1211 2653 1133 1,12 

n§rŢst proti nekontam.  0,72 862 238 210 793 448 586 1 

* CPM = celkovĨ poļet mikroorganismŢ; KTJ = jednotky tvoŚ²c² kolonie 
**ve stejnĨ den, kdy bylo provedeno pŚid§n² kultury 
***barevn§ oznaļen² odpov²daj² logice Obr. 1 a 2 

 
Pokud interpretujeme vĨstupy prezentovan® vĨġe na obr§zc²ch 1 a 2 a v tabulk§ch 1 ï 4 

v logice hlavn²ho c²le tohoto textu (doloģen² praktick®ho vĨznamu laboratorn²ch respiraļn²ch testŢ 
v pŚ²pravn® f§zi bioremediaļn²ho z§sahu), vznik§ potŚeba upŚesnit n§sleduj²c² technick® aspekty: 

1) Jak dlouho m§ (mus²) respiraļn² test trvat? 

2) Jak® technick® uspoŚ§d§n² respiraļn²ho testu je pro danĨ ¼ļel vhodn®? 

3) Jak® parametry je nutn® v r§mci respiraļn²ho testu sledovat? 

4) JakĨm zpŢsobem m§ bĨt respiraļn² test interpretov§n? 

 

Ad. 1: PotŚebn§ doba trv§n² respiraļn²ho testu 

Laboratorn² respiraļn² test uk§zanĨ v t®to pr§ci bŊhem zhruba jednoho mŊs²ce trv§n² dobŚe zachytil 
tŚi f§ze biodegradaļn²ho dŊje (adaptaļn², exponenci§ln², stacion§rn²). Test prob²hal v podm²nk§ch, kter® 
v realitŊ n§pravy ekologickĨch z§tŊģ² mŢģeme povaģovat za ide§ln² a kde za prvotn² ¼spŊch nutno 
povaģovat jiģ fakt, ģe biodegradace vŢbec prob²h§. Existuje mnoho dŢvodŢ, proļ tomu tak nemus² bĨt 
a doloģiteln® skuteļnosti v teoretick® ļ§sti textu ukazuj², ģe tomu tak v mnoha re§lnĨch situac²ch tak® 
nebĨv§. Relevantn² technickĨ pŚedpis EN ISO 11266 minim§ln² dobu respiraļn²ho testu nedefinuje, 
pouze d§v§ doporuļen², aby test netrval d®le neģ 120 dnŢ. 

Obvykl§ praxe n§pravy ekologickĨch z§tŊģ² poskytuje pro realizaci n§pravn®ho opatŚen² dobu tŚ² let. 
Hlavn²m c²lem laboratorn²ho respiraļn²ho testu je objektivn² doloģen² skuteļnosti, ģe biodegradace 
(v idealizovanĨch podm²nk§ch) alespoŔ v nŊjak® m²Śe prob²h§. Sekund§rn²m c²lem je potom stanoven² 
kinetiky biodegradaļn²ho procesu. Pro doloģen² tohoto hlavn²ho c²le mus² prob²hat respiraļn² test 
nejm®nŊ po dobu adaptace. Ta bĨv§ v odborn® literatuŚe dokumentov§na pro ļasov® ¼seky od nŊkolika 
des²tek hodin aģ po nŊkolik des²tek dnŢ. Minim§ln² ļasov§ hranice respiraļn²ho testu se tedy definuje 
jen velmi tŊģko. Podle autorŢ tohoto textu by ale tato hranice nemŊla bĨt kratġ² neģ jeden mŊs²c. Pro 
doloģen² vĨġe uveden®ho sekund§rn²ho c²le je potom zapotŚeb² z²skat takov® mnoģstv² dat k produkci 
oxidu uhliļit®ho, aby bylo moģn® rozumnŊ vykreslit kinetickou rovnici a extrapolovat ji na 
pŚedpokl§danou dobu n§pravn®ho opatŚen². Jako vhodn® ļasov® rozmez² se zde ukazuje interval 1 ï 4 
mŊs²ce. 
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Ad. 2: Technick® uspoŚ§d§n² respiraļn²ho testu 

ZpŢsob proveden² respiraļn²ho testu pouģitĨ v t®to pr§ci (viz Obr. 1) vych§zel z technickĨch norem 
EN ISO 14239 a EN ISO 16072. Podle n§zoru autorŢ byly z obou technickĨch norem vybr§ny 
a zkombinov§ny nejvĨhodnŊjġ² d²lļ² konstrukļn² a mŊŚ²c² prvky a principy. Mezi ġesti konstrukļn²mi 
principy respiraļn²ho testu, kter® nab²z² norma EN ISO 14239, byl vybr§n prŢtoļnĨ syst®m (flow-through 
incubation system), kterĨ byl zjednoduġen tak, aby kladl minim§ln² n§roky na laboratorn² z§zem² a pŚi 
zachov§n² vĨhod tohoto syst®mu (zejm®na jeho vhodnost pro dlouhodob® testov§n²). Zjednoduġen² zde 
spoļ²valo zejm®na v pouģit² semi-kontinu§ln²ho prŢtokov®ho reģimu a absenci z§chytu oxidu uhliļit®ho 
ve vstupn²m vzduchu. Semikontinu§ln² reģim (oproti plnŊ kontinu§ln²mu) l®pe vystihuje proces 
bioremediace v horninov®m prostŚed² a klade menġ² n§roky na instrument§ln² vybaven². Vynech§n² 
z§chytu oxidu uhliļit®ho ve vstupn²m vzduchu je umoģnŊno skuteļnost², ģe bŊģn® pozaŅov® 
koncentrace v ovzduġ² (400 ï 500 ppm) nejsou v dan®m kontextu nijak vĨznamn® a bylo takto dosaģeno 
vĨznamn®ho zjednoduġen² aparatury.  

 

Ad. 3: Sledovan® parametry 

NejdŢleģitŊjġ²m sledovanĨm parametrem respiraļn²ho testu je koncentrace oxidu uhliļit®ho v head-
space vzorkovnic, pŚiļemģ je vhodn® sledovat tak® o obsahy kysl²ku, methanu a sirovod²ku. U kysl²ku 
jde o doloģen² jeho vĨrazn®ho pŚebytku v prŢbŊhu testu, v pŚ²padŊ methanu a sirovod²ku potom 
o vylouļen² jejich pŚ²tomnosti, kter® by pŚ²padnŊ indikovalo jinĨ neģ aerobn² reģim. Vstupn² analĨza 
pouģit® zeminy zde zahrnuje prvkovou analĨzu s dŢrazem na toxick® prvky a stanoven² C, H, N. 
Minim§lnŊ na poļ§tku a konci respiraļn²ho testu je nutn§ analĨza kontaminace, kde ¼kolem koncov® 
analĨzy je tak® prok§z§n² ļi vylouļen² meziproduktŢ biodegradace. PodobnŊ na zaļ§tku a konci testu by 
mŊlo bĨt provedeno stanoven² kultivovatelnĨch mikroorganismŢ. 

 

Ad. 4: Interpretace respiraļn²ho testu 

Z§kladem pro vyhodnocen² laboratorn²ho respiraļn²ho testu je matematickĨ popis teoretick® 
respiraļn² kŚivky specifikovanĨ v technick® normŊ EN-ISO 17155 17. Produkci oxidu uhliļit®ho ve 
vzorkovnic²ch je pro tento ¼ļel nutn® nejprve normalizovat (vyj§dŚit v gramech na kilogram zeminy a den 
ï viz obr§zek 1) a n§slednŊ vyhodnotit vztahem pro kinetiku prvn²ho Ś§du. Na tomto m²stŊ je nutn® 
pŚipomenout hlavn² smysl respiraļn²ho testu ï tedy zjiġtŊn² proveditelnosti bioremediaļn²ho z§sahu 
a odhadu ļasov® n§roļnosti tohoto z§sahu. Vypoļ²tan§ kinetick§ rovnice v tomto smŊru slouģ² 
k extrapolaci namŊŚenĨch dat a pŚesnost odhadu bude t²m vŊtġ², ļ²m d®le laboratorn² respiraļn² test 
pobŊģ². Zejm®na je dŢleģit®, aby test bŊģel dostateļnŊ dlouho v ust§len® f§zi produkce oxidu uhliļit®ho.  

 

Z§vŊr 

Laboratorn² aerobn² biodegradace zeminy umŊle kontaminovan® dodekanem prokazetelnŊ doloģila 
znaļnou ļasovou n§roļnost potŚebnou pro Ś§dn® proveden² laboratorn²ho respiraļn²ho testu. Spolehliv§ 
interpretace respiraļn²ho testu je moģn§ aģ po dosaģen² ust§len® rychlosti biodegradace a dostateļnŊ 
dlouh®m ponech§n² testovan® zeminy v t®to f§zi procesu. Jako vhodnĨ ļasovĨ r§mec pro proveden² 
respiraļn²ho testu je na z§kladŊ zde prezentovanĨch vĨsledkŢ navrģeno rozmez² 1 ï 4 mŊs²ce. 
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Laboratory-scale respiratory tests and their importance in reducing the 
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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 Fe2O3, FeO, Al2O3, CaO, MgO, MnO, SiO2 in various 
weight ratios. Fly ash from combustion processes contains mainly Al2O3, 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 
filling 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 works1. According to strategic approaches to this 
basic requirement, the remediation of damaged structures is prioritised over demolition, thus fulfilling the 
principle of waste prevention2. 

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 

mailto:unuckap@plazkat.cz
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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 improves3-7. 

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 ĻSN P 
730610 as an "industrially manufactured repair mortar mix." This standard also defines a "repair plaster 
system," which is classified in this standard as an indirect as an indirect repair method in this standard 
repair method. The system of requirements for restoration plasters is available, for example, in WTA 
Guideline No. 2-9-04/D8. 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. 39. 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 202410. Approximately 120 ï 130 million tons of iron ore were consumed for this 
production11. 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 losses12-14.  

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 20,000ï30,000 tons of dust per year15. 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 XEPOS using the pellet method. The 
pellets were prepared from the samples after grinding them to a grain size of less than 0.06 Õm.  

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 CuKŬ radiation at an acceleration voltage of 40 kV, a current of 40 mA, a scanning speed/duration 
of 1Á/min, a step width of 0.02Á and a scanning range of 10-100Á. The phase composition was evaluated 
using the ICDD PDF-2 2022 database. 

The free CaO content was determined according to EN 459-216. The principle of determination is 
based on dissolving free calcium oxide in water in a sucrose solution and titrating the resulting solution 
with hydrochloric acid. The free CaO content is calculated from the volume of hydrochloric acid used to 
neutralise the solution. 

The moisture content of the analytical sample was determined by drying at 105 ÁC gravimetrically 
according to EN ISO 17892-117 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 196-118. A standardised programmable 
laboratory mixing device of the type HOBART was used to prepare the mortars, meeting the specific 
requirements of the EN 196-1 standard. Slow speed: rotation around the axis of the broom 140Ñ5/min, 
rotation around the axis of the container 62Ñ5/min. Compared to the EN 196-1, the mixing time was 
5 minutes.  

The bulk density, flexural strength, compressive strength, porosity, and frost resistance were 
determined on samples of hardened mortar. Water absorption and frost resistance. The samples were 
tested at 14, 28, and 56 days of age. The bulk density of the hardened mortar was determined according 
to EN 1015-1019. 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 ISO 
1514821. Water absorption values were used to determine porosity. Porosity was determined according 
to the formula: 

ὠ
  

  
 ρππ Ϸ                            (1) 

Where:  Vp porosity [%] 
ɟ bulk density of the dried test specimen [kg/m3] 
mF1  = ms - md 
ɟF1 density of the liquid, in this case water [kg/m3] 
mF1 weight of the liquid (water) absorbed by the test specimen  
md weight of the dried test specimen [kg] 
ms weight of the water-soaked test specimen [kg] 

The frost resistance of the mortars was tested in accordance with ĻSN 72 245222, but the 
environmental parameters were adjusted. The samples were subjected to 3 cycles. One cycle lasted 
6 hours, with the climate chamber set as follows: freezing at -8 ÁC for 4 hours, then thawing at +10 ÁC for 
2 hours. The cycle was adjusted based on the assumption that the material would be used in a building 
structure below ground level, where the minimum and maximum temperatures fluctuate within a range 
with lower limit values than those recommended by the standard. 
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The pore size and pore size distribution were measured in a liquid nitrogen atmosphere by means of 
Thermo Scientific Surfer (Milan, Italy). The pore size was evaluated from the desorption curve of 
individual samples. Before determining the pore size, all samples were dried at 50 ÁC for 12 hours and 
degassed at 50 ÁC for 24 hours. The measurements were performed under two basic conditions: 

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

Wastes 

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

 

 

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

Binder 

The binder in the tested mortars was PROMPT natural cement23-24. 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 ï 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 

1 ï 0.2 14.2 0.5 
0.2 ï 0.125 18.4 0.4 

0.125 ï 0.04 45.6 25.9 
<0.04 21.9 73.3 

 

 Table 2: Chemical composition of the waste samples. 

Element 

Dry matter content [wt.%] 

O P Mix No. 1 (O+P) 

Al2O3 5.29 11.5 6.53 

CaO 18.6 33.6 21.6 

Fe2O3 27.3 4.69 22.8 

K2O 4.29 <0.01 3.43 

MgO 14.9 0.939 12.1 

MnO 5.56 0.016 4.45 

Na2O 12.0 1.44 9.89 

P2O5 0.135 0.053 0.119 

SiO2 4.62 32.0 10.1 

SO3 3.51 5.12 3.83 

TiO2 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 Fe2O3 

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 SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O P2O5 MnO TiO2 

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 %. 
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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) 110 g 96 g 

Sand 110 g 384 g 

Water 439 g 384 g 

 

 

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.  

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

 

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/m3) <1400 900 1 241 

Compressive strength (MPa) 1.5 ï 5 1.1 2.15 

Porosity (volume %) > 40 34  32 
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Table 8: Frost resistance. Average weight loss of test specimens at 28 days after cycling. 

 Mortar 2E-1 Mortar 2E-3 

Average weight loss (%) 8.6 9.2 

 
The results of the frost resistance test showed that the mortars are frost resistant under the given 

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

As shown in Table 7, porosity values (Fig. 4) develop depending on the formation of the material 
structure. The formation of the structure of PROMPT cement-based mortars is specific and is not 
identical to the scenario of the formation of the structure of OPC-based mortars25. 

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

 

Conclusion 

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

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

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

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

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

V souladu s politikou udrģiteln®ho rozvoje je dalġ² smŊŚov§n² vġech odvŊtv² prŢmyslu a sluģeb 
smŊrem k cirkul§rn² ekonomice velmi aktu§ln²m t®matem. St§vaj²c² analĨzy na toto t®ma odhaduj² 
vysokĨ potenci§l pro rozvoj cirkul§rn² ekonomiky zejm®na v oblasti vĨroby oceli, cementu, betonu 
a stavebnictv². T®matem tohoto pŚ²spŊvku je multidisciplin§rn² experiment§ln² analĨza moģnosti aplikace 
vybranĨch metalurgickĨch odpadŢ jako hlavn²ch surovin pro vĨrobu sanaļn²ch a vĨplŔovĨch malt pro 
zdivo. Sn²ģen² pevnĨch ļ§stic v emis²ch v posledn²ch letech vede k produkci tzv. jemnozrnnĨch odpadŢ, 
kter® nelze bez ¼pravy recyklovat. Mezi takov® patŚ² pŚedevġ²m metalurgick® odpraġky ze such®ho 
ļiġtŊn² odpadn²ch plynŢ aglomerace, vĨroby ģeleza a oceli, nebo pop²lky ze spalovac²ch procesŢ, 
cement§ren aj. Hlavn²mi sloģkami metalurgickĨch odpraġkŢ jsou Fe2O3, FeO, Al2O3, CaO, MgO, MnO, 
SiO2 v rŢznĨch hmotnostn²ch pomŊrech, pop²lek ze spalovac²ch procesŢ obsahuje pŚedevġ²m Al2O3, 
SiO2, CaO ve formŊ voln®ho CaO, s²rany. Oba druhy odpadŢ pak mohou obsahovat dalġ² prvky 
v mnoģstv² menġ²m neģ 1 hmot. %. DŢleģitou sloģkou pro recyklaci je obsah v§pn²ku ve formŊ voln®ho 
CaO, kterĨ slouģ² jako pojivo. Jemnozrnn® metalurgick® odpady ï odpraġky nebo smŊs odpraġkŢ a kalŢ 
ï se sm²chaj² s pop²lkem ze spalovac²ch procesŢ v hmotnostn²m pomŊru 4:1. Uvedenou smŊs lze 
zkusovŊt nebo pŚ²mo vyuģ²t v dalġ²ch odvŊtv²ch prŢmyslu, a tedy i stavebnictv². V oboru stavebnictv² je 
realizace sanaļn²ch opatŚen² na konstrukc²ch a objektech z§sadn²m pŚ²stupem pro eliminaci vzniku 
odpadŢ, prodlouģen² ģivotnosti staveb a pro sniģov§n² hodnot environment§ln²ch dopadŢ pŚi vĨstavbŊ 
a uģ²v§n² staveb. VĨplŔov® malty jsou urļeny pro vyplŔov§n² dutin a sp§r ve zdivu, pŚ²padnŊ pro sanaci 
degradovanĨch betonovĨch a ģelezobetonovĨch konstrukc². Sanaļn² malty pro zdivo jsou materi§ly 
urļen® pro aplikaci sekund§rn²ch opatŚen² pro sniģov§n² vlhkosti a zasolen² zdŊnĨch konstrukc² s c²lem 
obnovit jejich funkce. SouļasnĨ sortiment sanaļn²ch a vĨplŔovĨch malt je pŚev§ģnŊ zaloģen na 
materi§lech na b§zi cementu, pŚ²rodn²ch neobnovitelnĨch surovin, pŚ²padnŊ se jedn§ o smŊsn® 
polymercementov® materi§ly. V t®to experiment§ln² studii byly ovŊŚov§ny vlastnosti malt, u kterĨch bylo 
80 % cementu nahrazeno vybranĨmi metalurgickĨmi odpady a nebyly pouģity ģ§dn® pŚ²davn® polymern² 
l§tky pro ¼pravu jejich vlastnost². VĨsledky ¼vodn² experiment§ln² studie jsou perspektivn² a budou 
pouģity pro dalġ² vĨzkum a vĨvoj Śeġen® problematiky. 

Kl²ļov§ slova: malty, pŚ²rodn² cement, metalurgick® odpady, stavebn² materi§ly, sanaļn² malty pro zdivo
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Summary 

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

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

Based on the results, it can be concluded that magnetic fractions with a higher FeϜOϝ content 
generate darker, more saturated shades suitable for dark decorative glazes. In contrast, non-magnetic 
fractions with higher AlϜOϝ 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 SiOϜ content and the presence of fluxes NaϜO 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, FeϜOϝ, 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 componentsĭ. 

Unburned carbon levels in combustion residues can be highly variable, reaching over 30% in some 
domestic and industrial boilersĮ. Carbon-rich residues, originating from incomplete combustion of fossil 
fuels or biomassį, have been investigated for applications such as graphite synthesis , adsorbents , and 
electrocatalysts . Similarly, the non-magnetic fractions composed mainly of glass, quartzïmullite 
(or corundum), calcium silicate hydroxide, and salts  are being explored as alternative sources of 
alumina  or as precursors for zeolites , mulliteĭ , and Noseanĭĭ, in response to the high cost and 
environmental burden of primary aluminum production. 
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Experimental part 

Materials and experimental procedure 

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

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

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

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

The second tested samples were commercial ceramic too with grain sizes ranging from 0 to 0.2 mm. 
The recommended firing temperature range is between 980 ÁC and 1250 ÁC. For this series was 
prepared disc with a diameter of 5 cm. This ceramic matrix was use for the series labelled as G1-G12 
with final firing temperature of 1060 ÁC and 1200 ÁC. Both ceramic materials consisted mainly of SiO2 
(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 Al2O3 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.o.). The firing process of glazed tiles was performed using laboratory furnace LAC (LAC s.r.o.).  

The particle size distribution (laser diffraction method) and specific surface area (BET surface area 

method) of milled coal ash and waste white glass samples was determined using a Malvern Instrument 

device with the Aero method, covering a range of 0.1 ï 10000 ɛm (Malvern Panalytical Ltd., Malvern, UK).  

Colour measurements were carried out using a spectrophotometer (MiniScan EZ0828, HunterLab, 

model 45Á/0Á, small viewing area), based on CIEL*a*b* coordinates according to the CIE (Commission 

Internationale de l'£clairage) system. 3 values were measured from different parts of the sample and 

then averaged.  

The chemical composition of samples was determined by a method of energy-dispersive X-Ray 

fluorescence spectroscopy (ED-XRF) on the SPECTRO XEPOS (Spectro Analytical Instruments, Kleve, 

Germany).  
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Results and discussions 

Particle size is important information for glaze creation. The resulting volume-based particle size 
distribution curve (Figure 1) for BULK CA sample shows a log-normal distribution with the following size 
parameters: Dv10 = 1.54 ɛm, Dv50 = 6.29 ɛm and Dv90 = 22.3 ɛm. Dv10, Dv50 and Dv90 values 
indicate that most of the particle volume is in the range of 1.5 ï 22 ɛm. The coal ash sample shows 
a broad and non-uniform particle size distribution with a dominance of fine fractions and a small 
proportion of larger particles. The specific surface area (1139 mĮ/kg) indicates a significant fineness of 
the particles, which may be important from the point of view of reactivity or use in ceramics, concrete or 
other binders. 

 

 

Figure 1: Particle size distribution analyses of BULK CA 

 

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

 

 

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). 



Michaela TOPINKOVĆ, Filip KOVĆR, Hana OVĻAĻĉKOVĆ: Use of Magnetic and Non-Magnetic Fractions of Coal 
Ash in the Preparation of Glazes from Waste Materials 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 340  

Table 1: Chemical composition of waste materials tested by XRF analysis 

Oxides (wt. %) 
Materials (wt. %) 

Bulk CA MF CA NF CA WG 

Na2O 0.25 0.30 0.23 11.64 

MgO 2.02 2.34 2.04 3.13 

Al2O3 18.06 20.68 19.85 0.97 

SiO2 34.64 39.04 36.66 68.06 

P2O5 0.32 0.29 0.25 - 

SO3 1.2 1.09 1.24 0.53 

Cl 0.01 0.01 0.01 0.13 

K2O 2.64 2.71 2.56 0.56 

CaO 5.69 3.10 2.77 13.57 

TiO2 0.9 0.92 0.83 0.12 

Cr2O3 0.07 0.03 0.03 - 

MnO 0.41 0.16 0.12 - 

Fe2O3 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 

As2O3 - 0.01 0.01 - 

Rb2O 0.02 0.2 0.02 - 

SrO 0.05 0.05 0.05 0.02 

ZrO2 - 0.03 0.02 0.02 

Y2O3 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 (SiOϜ ranging from 
34.64 wt. % to 39.04 wt. %) and aluminium oxide (AlϜOϝ 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, KϜO, 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 (FeϜOϝ - 11.85 wt. %), fluxes, and loss 
on ignition (LOI ï 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 (SiOϜ ï 68.06 wt. %) and a high 

proportion of fluxes, especially NaϜO (11.64 wt. %) and CaO (13.57 wt. %). Its low content of AlϜOϝ 
(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 codes12,13, a different format for representing colours. 

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

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

1060 ÁC 

K1 
BULK CA (10g) 

K2 
NF CA (10g) 

K3 
MF CA (10g) 

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

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

b* = 31.75 b* = 21.30 b* = 21.84 

K4 
BULK CA (5 g) + WG (5 g) 

K5 
NF CA (5 g) + WG (5 g) 

K6 
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 
BULK CA (3 g) + WG (7 g) 

K8 
NF CA (3 g) + WG (7 g) 

K9 
MF 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 I parameter L. These glazes also displayed slightly desaturated orange tones. These glazes were 
prepared in a 3/7 ratio (CA/WWG). 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 Al2O3 and SiO2 (Table 2) in NF CA compared to the BULK CA sample. 

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

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

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

1200 ÁC 1060 ÁC 

G1 
NF CA (10g) 

G2 
MF CA (10g) 

G3 
NF CA (10g) 

G4 
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 
NF CA (5 g) + WG (5 g) 

G6 
MF CA (5 g) + WG (5 g) 

G7 
NF CA (5 g) + WG (5 g) 

G8 
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 
NF CA (3 g) + WG (7 g) 

G10 
MF CA (3 g) + WG (7 g) 

G11 
NF CA (3 g) + WG (7 g) 

G12 
MF CA (3 g) + WG (7 g) 

    
L* = 68.85 L* = 65.38 L* = 72.28 L* = 64.62 

a* = 3.94 a* = 6.67 a* = 10.30 a* = 12.84 

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

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

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

Increasing the concentration of ferric oxide (FeϜOϝ) in glaze compositions significantly affects the final 
optical properties of glazes. According to international research14-17 that supports this study, increasing FeϜOϝ 
content leads to a systematic change in glaze colour. In an oxidising atmosphere, a colour transition was 
observedðfrom light cream shades (at low concentrations) through yellow and brown tones (around 5%), to 
dark brown and even black tones at concentrations above 7%. This colour shift results from changes in the 
oxidation state of iron and its distribution within the surface layer of the glaze. The presence of ferric oxide 
promotes the formation of pigment structures and increases colour intensity depending on its concentration. 
Another important factor is temperature: at higher firing temperatures (1100 ï 1200 ÁC), more intensive 
dissolution and redistribution of iron occur, which enhances its pigmentation effect. 

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

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



Michaela TOPINKOVĆ, Filip KOVĆR, Hana OVĻAĻĉKOVĆ: Use of Magnetic and Non-Magnetic Fractions of Coal 
Ash in the Preparation of Glazes from Waste Materials 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 344  

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 FeϜOϝ content, produced darker and more 

saturated tones suitable for decorative applications, while non-magnetic fractions, with higher AlϜOϝ and 
lower FeϜOϝ content, enabled the formation of lighter or matte glazes. Waste glass, owing to its high 

SiOϜ and flux content, contributed to enhanced fusibility and the development of glossy glazes. 

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

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

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

 

List of symbols 

BULK CA ï Bulk Coal Ash 
CIELab / CIELab* ï colour model defined by the International Commission on Illumination 
ED-XRF ï Energy-Dispersive X-Ray Fluorescence 
HEX ï Hexadecimal colour coding 
LOI ï Loss on Ignition 
MF CA ï Magnetic Fraction of Coal Ash 
NF CA ï Non-magnetic Fraction of Coal Ash 
WG ï Waste Glass 
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Abstrakt 

PŚ²spŊvek se zabĨv§ vyuģit²m magnetickĨch a nemagnetickĨch frakc² pop²lku ze spalov§n² uhl² pro 
pŚ²pravu keramickĨch glazur s odpadn²m sklem. C²lem studie bylo ovŊŚit vhodnost pouģit² tŊchto 
druhotnĨch surovin pro pŚ²pravu tzv. odpadn²ch glazur s rŢznĨmi funkļn²mi a estetickĨmi vlastnostmi. 

Experiment§lnŊ byly analyzov§ny fyzik§ln² (distribuce velikosti ļ§stic, specifickĨ povrch) i chemick® 
vlastnosti jednotlivĨch materi§lŢ. Navrģen® mixy glazur byly aplikov§ny na dva typy keramickĨch 
podkladŢ a vypalov§na na teploty 1060ל ÁC a 1200ל ÁC. RovnŊģ byly analyzov§ny barevn® parametry 
a pŚ²padn® defekty glazur po vĨpalu.  

Na z§kladŊ vĨsledkŢ, lze Ś²ci, ģe magnetick® frakce s vyġġ²m obsahem FeϜOϝ generuj² tmavġ², sytŊjġ² 
odst²ny vhodn® pro tmav® dekoraļn² glazury. Naproti tomu nemagnetick® frakce s vyġġ²m obsahem 
AlϜOϝ a niģġ²m obsahem ģeleza umoģŔuj² tvorbu matnĨch nebo svŊtlejġ²ch glazur. Funkce odpadn²ho 
skla pŚisp²v§ k dobr® tavitelnosti a umoģŔuje tvorbu svŊtlĨch, lesklĨch glazur d²ky vysok®mu obsahu 
SiOϜ a tavidel NaϜO a CaO. 

Studie d§le potvrzuje, ģe sloģen² vstupn²ch surovin, jejich pomŊr a teplota vĨpalu vĨznamnŊ ovlivŔuj² 
barvu a vlastnosti glazur. ZjiġtŊn® vĨsledky podporuj² vyuģit² pop²lku a odpadn²ho skla v keramick®m 
prŢmyslu a nab²zej² alternativu k prim§rn²m surovin§m. 

Kl²ļov§ slova: UhelnĨ popel, magnetick§ separace, glazura, druhotn® suroviny, FeϜOϝ, udrģiteln® 
materi§ly, recyklace, keramika. 
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Summary 

The study investigates the recovery of iron from steel slag using two different approaches: vibrofluid 
magnetic separation (VMS) and wet magnetic separation (WMS). VMS achieved a high iron 
concentration in the magnetic fraction (55.08 wt. % FeϜOϝ), 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. % FeϜOϝ in the magnetic 
fraction, but captured almost half of the sample, resulting in lower overall selectivity. 

Keywords: Steel slag, magnetic separation, iron, recovery, FeϜOϝ. 

 

Introduction  

Steel slag is a major industrial by-product generated during steelmaking, representing about  
10 ï 15% of crude steel output1. While developed regions such as Europe and the United States achieve 
utilization rates of 80 ï 90 %, in many countries most of the slag is still stockpiled or landfilled, leading to 
resource loss and environmental concerns2,3. 

Steel slags (SS) differ from blast furnace slag (BFS) in their chemical and mineralogical variability, 

which complicates their direct application4. They contain valuable components including Fe, CaO, SiOϜ, 
and PϜOϟ, but also potentially harmful heavy metals such as Cr, Cd, and Pb5. 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 pollution6. 

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 ï 65%) and high-water 
consumption7,8. 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 selectivity9-11. Complementary strategies 

such as oxidative modification, controlled cooling, or the addition of modifiers (SiOϜ, TiOϜ, AlϜOϝ) can 
further enhance Fe recovery12-14. 

Besides metallurgical recycling, steel slag has been investigated as a cementitious material due to the 
presence of minerals such as dicalcium silicate (CϜS), tricalcium silicate (CϝS), and dicalcium ferrite (CϜF), 
which account for over 45% of its composition and resemble those in Portland cement clinker15. However, the 
coexistence of inert phases and free-CaO significantly reduces its hydration activity and long-term 
stability16,17. Activation methods including mechanical grinding18, chemical activation19, carbonation20, and 
high-temperature reconstruction21 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 production22. 
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Experimental part 

Procedure description 

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

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

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

In this method (VMS), 100 g of sample was spread over a large area in a very thin layer on the base 
of a laboratory sampler. The distance between the magnet and the sample layer was 3 cm (Ñ1 cm), and 
the magnet was placed exactly in the center of the device. For 2 minutes, the sample was exposed to 
the vibrational forces of a modified laboratory vibrating device, in which a permanent magnet with 
a breaking force of 21 kg was installed. The magnet placed in the middle of the device held the second 
magnet through the plexiglass. After the separation, the upper magnet was removed, releasing the lower 
magnet with the sample. The fraction separated in this way was designated as VMF in the study. 

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

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

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

 

Characterization methods 

The chemical composition of sample was determined by a method of energy-dispersive X-Ray 

fluorescence spectroscopy (ED-XRF) on the SPECTRO XEPOS (Spectro Analytical Instruments, Kleve, 

Germany). The iron content was determined by the standard ISO 2597-2:2019. 

The mineralogical composition of the samples was determined using X-ray diffraction analysis (XRD) 
performed on a MiniFlex 600 diffractometer equipped with a Co tube and a D/teX Ultra detector. 
Diffraction patterns were collected within the 2ɗ range of 5 ï 90Á at a scanning speed of 5Á/min (Rigaku, 
Japan). The XRD data obtained were processed using the Highscore software to identify the qualitative 
phase composition. 
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The particle size distribution and specific surface of steel slag sample was determined using 
a Malvern Instrument device with the Aero method, covering a range of 0.1 ï 10000 ɛm (Malvern 
Panalytical Ltd., Malvern, UK). 

 

Results and discussions 

Particle size distribution 

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

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

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

Parameter SS 

Dv (10) (ɛm) 1.48 

Dv (50) (ɛm) 8.35 

Dv (90) (ɛm) 47.4 

D [3,2] (ɛm) 3.51 

D [4,3] (ɛm) 18.7 

Specific Surface Area (mĮ/kg) 1179 

Span 5.499 

Uniformity 1.814 

 

Chemical composition 

The chemical composition of sample SS is shown in the Table 2. Chemical composition was 

dominated by CaO (47.93 wt. %) and FeϜOϝ (29.73 wt. %). Significant amounts of SiOϜ (9.40 wt. %) and 
MnO (4.38 wt. %) were also present. Minor oxides included MgO (3.57 wt. %) and AlϜOϝ (1.53 wt. %), 
while SOϝ (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 
SiO2 content between 10 and 18 wt. %23. Depending on the efficiency of the furnace, the iron oxide 
(FeO/Fe2O3) content of steel slag can be as high as 38%24. 

 
Table 2: Chemical compositions of sample SS 

Oxides 
(wt. %) 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

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¿stite and magnetite), lime, larnite, Srebrodolskite 
and mayenite. The coexistence of W¿stite and magnetite indicates a redox equilibrium between Fe(II) 
and Fe(III) during slag solidification25, 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 CaOïSiO2ïAl2O3ïFeO system, and they 
are known carriers of latent hydraulic activity26. 
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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 FeϜOϝ contents of the 
fractions are summarized in Tables 3 and 4. 

 

  

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 non-magnetic fraction) 

During VMS, the sample SS was divided into several distinct fractions. The highest FeϜOϝ 
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 FeϜOϝ concentration (39.19 wt. %), indicating the presence of less pure 
magnetic grains. The fraction of aggregated particles (FAP) showed an FeϜOϝ 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 FeϜOϝ concentration of 32.23 wt. %, while the non-magnetic fraction 
(WNF) exhibited a significantly lower value of 27.60 wt.%.  

a) 

  a) 

b) 

 
 a) 
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Table 3. Fe2O3 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 Fe2O3 (wt. %) 

VMF 55.08 

MMF 39.19 

FAP 30.08 

TR 28.09 

 

Table 3. Fe2O3 contents in the prepared fractions after wet magnetic separation (WMF = wet 

magnetic fraction and WNM = wet non-magnetic fraction) 

Fractions Fe2O3 (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 ï 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 ï Blast furnace slag 
DMS ï Dry magnetic separation 
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Abstrakt 

Studie zkoum§ zpŊtn® z²sk§v§n² ģeleza z ocelov® strusky pomoc² dvou rŢznĨch pŚ²stupŢ: vibrofluidn² 
magnetick® separace (VMS) a mokr® magnetick® separace (WMS). VMS dos§hla vysok® koncentrace 
ģeleza v magnetick® frakci (55,08 hmot. % FeϜOϝ), coģ demonstruje potenci§l t®to metody selektivnŊ 
zachytit ļ§stice bohat® na ģelezo bez pouģit² vody. Celkov® mnoģstv² magnetick®ho koncentr§tu 
z²skan®ho pomoc² VMS vġak bylo n²zk®. Manu§ln² magnetick§ separace pŚinesla dalġ² frakce, ale ty 
obsahovaly niģġ² koncentrace Fe. Naproti tomu WMS s velmi silnĨm magnetem dos§hla 55,08 hmot. % 

FeϜOϝ v magnetick® frakci, ale zachytila t®mŊŚ polovinu vzorku, coģ vedlo k niģġ² celkov® selektivitŊ. 

Kl²ļov§ slova: Ocelov§ struska, magnetick§ separace, ģelezo, regenerace, FeϜOϝ. 
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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 composition 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 1ï3. 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 4ï7. 
The amorphous phase has pozzolanic properties 8, which can contribute to the mechanical strength 
of cement mixtures 1,9. Fluidized bed co-combustion (FBC), which includes fly ash (FBC FA) and bottom 
ash (FBC BA), occurs at lower temperatures 10,11 and leads to the formation of non-glassy amorphous 
phases that increase the reactivity of these ashes 12. FBC FA differs from FA in its irregular particle 
shape, higher content of free lime and sulphates, and crystalline structure 10,11,13. However, these 
samples have the potential to be used in the construction industry as alternative binders 14,15. 

Fly ash can be used as a cement replacement, bringing several benefits, including lower 
CO2 emissions, which are significant in combating climate change 16,17. One way to reduce the carbon 
footprint of cement is to partially replace Portland clinker with supplementary cementitious materials 
(SCM) 9,18, 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 19 ensures that the FA meets the required parameters for use in cement, while 
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tests according to EN 196-1 20 and EN 206+A1 21 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 16907-422 or as fly ash for hydraulically bound mixtures according to EN 14227-423, 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 18,24. Biomass, 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 24ï26.  

Biomass ashes show significant heterogeneity in composition, which is a key difference compared to 

coal ash 27,28. Silicon dioxide (SiOϜ) dominates in ash from rice husk and rice straw 27,29,30. A high 
proportion of SiOϜ is also found in agricultural residues such as wheat straw and in energy crops. 

Phosphorus (PϜOϟ) occurs most abundantly in ash from animal-derived materials, especially bone 
meal 27. 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 27,28,31. Chlorides appear in elevated 
concentrations in straw and animal waste 27,28. 

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

 

Materials and methods 

Ash samples from various locations in the Czech Republic and from various types of coal and 
biomass combustion and co-combustion were selected as input materials. FA was obtained from 
the power plant in Tuġimice (TU), while FBC ash from fluidized bed combustion of coal comes from 
Ledvice (LE). Another raw material that was analyzed was ash from FBC co-combustion of coal and 
biomass (CC-BMA) from the power plants PoŚ²ļ² (PO) and Hodon²n (HO). Additionally, ash from pure 
biomass from grate combustion (GC-BMA) from JindŚichŢv Hradec (JH) was analysed. Sampling of all 
materials was carried out in 2022. The specifications of locations, combustions, and combustion 
products (ashes) are provided in Table 1.  

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

Sample Location 
Method of 

combustion 
Type of ash 

FA power plant Tuġimice 
(TU) 

PCC of coal* 
fly ash 

FBC FA power plant Ledvice 
(LE) 

FBC of coal** 
FBC fly ash 

FBC BA FBC bottom ash 

CC-BMA FA (PO) 
power plant PoŚ²ļ² (PO) 

FBC co-combustion 
(80 % coal + 20 % 
biomass)** 

BMA fly ash 

CC-BMA BA (PO) BMA bottom ash 

CC-BMA FA (HO) 
power plant Hodon²n 
(HO) 

FBC co-combustion 
(80 % coal + 20 % 
biomass)** 

BMA fly ash 

CC-BMA BA (HO) BMA bottom ash 

GC-BMA FA+BA Energeticke centrum 
s.r.o. JindŚichŢv Hradec 
(JH) 

grate combustion 
(hay and straw) 

BMA fly ash + bottom ash 

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

 

Results and discussions 

X-ray fluorescence analysis (XRF) 

The chemical composition of the ashes is very diverse and is presented in Table 2. The ashes are 
rich in silica (SiO2), alumina (Al2O3), and iron oxide (Fe2O3). The SiO2 content ranges from 31.50% to 
69.02%. The content of Al2O3 ranges from 1.83% to 32.80%, and for Fe2O3 it ranges from 0.83% to 
9.40%. Classical pulverized coal combustion FA (TU) is characterized by an iron oxide (Fe2O3) content 
of 9.40%. The silica (SiO2) content is 50.00% and the alumina (Al2O3) content is 32.80%. FBC FA and 
FBC BA (LE) are characterized by silica (SiO2) content of 36.20% to 42.45%, alumina (Al2O3) content of 
27.51% to 32.5%, and iron oxide (Fe2O3) content of 3.57% to 4.11%. All CC-BMA (PO) and (HO) are 
characterized by silica (SiO2) content ranging from 39.43% to 69.02%, alumina (Al2O3) content of 9.67% 
to 10.78 % and iron oxide (Fe2O3) content of 2.03 % to 5.04 %. GC-BMA FA+BA (JH) shows silica (SiO2) 
content of 31.5% and the lowest content of alumina (Al2O3) at 1.83% and iron oxide (Fe2O3) at 0.83%. 

In terms of using ashes in concrete, according to the standards EN 450-1, the ash must contain more 
than 70% SiO2 + Al2O3 + Fe2O3, which is not met by the FBC BA, CC-BMA and GC-BMA samples. 
The amount of alkalis Na2Oeq 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 SO3 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 SiO2 (>25%) was met by all samples. The limit for P2O5 (<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, SOϝ, 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 32.  The results of the 
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BMA analyses are in good agreement with the work of Form§ļek et al. 26, who analysed the Czech BMA 
from 2021. The results show only slight variability in the chemical composition of BMA for the same 
location and the same type of combustion and biomass.  

 

X-ray diffraction analysis (XRD) 

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

The FA sample contains a mullite phase (35.0%) which indicates high-temperature combustion of fuel 
4,16,17. It also contains 9 % quartz and 1 % magnetite. FBC ash contains 57 ï 61% amorphous phase as 
well as crystalline phases such as quartz, anhydrite, lime, portlandite, hematite, magnetite and calcite, 
which agrees with Ohenoja et. al. 10, 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 33. 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 ÁC, should not be present in the sample. This mineral probably formed after the combustion 
process due to the action of air humidity. Regarding the GC-BMA samples, which contained 14.53% 
CaO according to XRF results, but do not include common calcium-bearing phases in their phase 
composition, this discrepancy can be explained by the fact that, given the firing temperature of the 
samples, calcium-bearing phases are present mainly in the amorphous phase. Fly ash from biomass 
sources such as hay and straw is naturally rich in calcium, and therefore, the high CaO content likely 
originates from the biomass itself 28,34,35. 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 ï sylvite (KCl) and arcanite (KϜSOϞ) ï 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 36,37. The results of the XRD analysis are again in good agreement with the results of 
the 2021 analysis of BMA by Form§ļek et al. 26. However, the results show some variability in the phase 
content of BMA for the same location and the same type of combustion and biomass.  
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Table 2: Chemical composition of input raw material, XRF [%] 

Sample Al2O3 SiO2 Fe2O3 Na2O K2O MgO CaO TiO2 P2O5 SO3 Cl- Others 

FA 32.80 50.00 9.40 - 1.70 - 1.90 1.24 - - - 2.96 

FBC FA 32.50 42.45 4.11 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 4.77 0.44 

 
Table 3: Phase composition of input raw material, XRD [%] 
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FA 54.0 9.0    1.0 1.0 35.0         

FBC FA 60.5 6.5 2.5 6.0 14.0 0.5 2.0        2.0 6.0 

FBC BA 57.0 8.0 2.0 5.0 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) 35.6 32.8 2.5 3.0      8.7 1.4 4.2   11.8  

CC-BMA FA (HO) 33.4 30.9 6.5 2.3 2.3 1.2   1.2 12.0 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 14.1  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 38. The FA is characterized 
by a median particle size of 40.29 Õm, and its particle size distribution is relatively wide, ranging from 
submicron particles up to 372.70 Õm. The fluidized bed combustion fly ash (FBC FA) is characterized by 
a higher median particle size compared to conventional FA, while exhibiting a narrower particle size 
distribution. The median particle size of FBC FA is 82.06 Õm, whereas that of FBC BA is 261.50 Õm. 
From the curves, it can be seen that samples from HO, particularly CC-BMA FA (HO), contain fine 
particles with a median particle size of 24.14 Õm and with a wide particle distribution. CC-BMA BA (HO) 
contains particles with a median particle size of 209.00 Õm and with a narrow particle distribution. 
Samples from PO show a similar particle size distribution to samples from HO. CC-BMA FA (PO) 
contains fine particles with a median particle size of 30.53 Õm and with a wide particle distribution, and 
CC-BMA BA (PO) contains particles with a median particle size of 161.00 Õm and is characterized by a 
double peak, which refers to the presence of two fractions. The GC-BMA FA+BA (JH) shows a very wide 
particle distribution, with a median particle size of 93.09 Õm. Similar findings were also reported by 
Form§ļek et al. 26. This particle size distribution of BA indicates the need for further processing (grinding) 
of these types of ash so that they fulfil the function of a fine filler 39. 

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. 

 

 

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

Conclusion 

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

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

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

S postupnĨm ¼tlumem uhelnĨch elektr§ren a rostouc²m dŢrazem na obnoviteln® zdroje energie se 
pop²lek z biomasy st§v§ jedn²m z potenci§ln²ch alternativn²ch zdrojŢ surovin pro stavebnictv². Zat²mco 
pop²lky z uhl² jsou dlouhodobŊ vyuģ²v§ny jako pŚ²mŊsi do cementŢ a betonŢ, pop²lky vznikaj²c² 
spalov§n²m nebo spoluspalov§n²m biomasy pŚedstavuj² novou vĨzvu. Jejich chemick® a mineralogick® 
sloģen² se vĨraznŊ liġ² v z§vislosti na typu biomasy a technologii spalov§n², coģ komplikuje jejich pŚ²m® 
vyuģit² ve stavebn²ch materi§lech. Tato pr§ce se zamŊŚuje na charakterizaci pop²lkŢ z biomasy 
poch§zej²c²ch z rŢznĨch spalovac²ch procesŢ v Ļesk® republice. PŚedstavuje jejich chemick® a f§zov® 
sloģen² a porovn§v§ je s ¼letovĨm (FA) a fluidn²m (FBC) pop²lkem, jakoģ i s poģadavky kladenĨmi na 
materi§ly vyuģiteln® ve stavebnictv². 

AnalĨzy ukazuj², ģe ¼letovĨ pop²lek splŔuje poģadavky normy EN 450-1, zat²mco pop²lky z biomasy je 
obecnŊ nesplŔuj², a to hlavnŊ kvŢli zvĨġen®mu obsahu alk§li², s²ranŢ, chloridŢ a f§z² obsahuj²c²ch 
v§pn²k. Navzdory tŊmto omezen²m mineralogick® sloģen² potvrdilo vysokĨ pod²l amorfn² f§ze v pop²lc²ch 
z biomasy, coģ naznaļuje potenci§ln² pucol§novou aktivitu. Z hlediska fyzik§ln²ch vlastnost² vyģaduj² 
pop²lky z biomasy dalġ² zpracov§n², napŚ²klad mlet², aby bylo dosaģeno vhodn® velikosti ļ§stic pro 
pouģit² jako doplŔkovĨ cementovĨ materi§l (SCM). 

Kl²ļov§ slova: pop²lek, pop²lek z biomasy, pop²lek z fluidn²ho spalov§n², rentgenov§ difrakce, 
rentgenov§ fluorescenļn² analĨza, analĨza velikosti ļ§stic 
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Souhrn 

PŚedloģenĨ ļl§nek se vŊnuje hlavn²m parametrŢm elektricky vodivĨch cementovĨch past s pŚ²mŊs² 
prim§rn²ho a odpadn²ho grafitu. V r§mci experiment§ln²ho ovŊŚov§n² byly testov§ny receptury 
s n§hradou cementu vybranĨmi typy grafitŢ v pod²lu 0 ï 19 % hm. Jednalo se o prim§rn² pŚ²rodn² grafit 
Supragraphite C 63 a odpadn² grafit ĂOdpad vysavaļñ, z²sk§vanĨ ods§v§n²m z vĨrobn²ch prostor. 
Postupn® zvyġov§n² obsahu grafitŢ ve smŊsi umoģŔuje sniģov§n² elektrick® rezistivity. Vyġġ² zastoupen² 
jemnĨch ļ§stic v odpadn²m grafitu umoģnilo dosaģen² niģġ²ch hodnot elektrick® rezistivity a pŚi 19% 
n§hradŊ cementu dosaģen² perkolaļn²ho prahu. PŚ²mŊs obou grafitŢ sniģuje objemovou hmotnost 
a pomŊrnŊ vĨraznŊ pevnost v tlaku. Pozitivn² efekt m§ pŚ²mŊs grafitŢ na pevnost v tahu ohybem. 
ObecnŊ lze konstatovat, ģe odpadn² grafit ĂOdpad vysavaļñ zaznamenal niģġ² rezistivitu pŚi vyġġ²ch 
pevnostech a lze tak povaģovat za vhodnou n§hradu srovnateln®ho prim§rn²ho plniva Supragraphite 
C 63. 

Kl²ļov§ slova: Elektricky vodivĨ kompozit, grafit, odpad, perkolaļn² pr§h. 

 

Đvod 

Beton je dielektrickĨ, vysoce heterogenn² materi§l. Je velmi obt²ģn® rozliġit elektrick® vlastnosti 
rŢznĨch sloģek, jako je hydratovan§ cementov§ pasta, skelet kameniva a mezif§zov§ pŚechodov§ z·na. 
ElektrickĨ odpor betonu je ovlivnŊn rŢznĨmi faktory, vļetnŊ spojitosti p·rŢ, p·rovitosti, vodivosti 
p·rov®ho roztoku, obsahu vlhkosti, teploty a dalġ².1-3 

VysokĨ mŊrnĨ elektrickĨ odpor betonu a dalġ²ch silik§tovĨch materi§lŢ potvrdili rŢzn² autoŚi. ElektrickĨ 
odpor betonu vysuġen®ho na voln®m vzduchu byl namŊŚen v Ś§dech 105 ɋĀcm. Pro nasycenĨ beton jsou 
uv§dŊny hodnoty elektrick®ho odporu 106 ï 109 ɋĀcm.4 

ObecnŊ lze Ś²ct, ģe cementov® kompozity dovoluj² m²rnĨ pohyby elektronŢ v dŢsledku pŚ²tomnosti 
vlhkosti. Na pŚirozenou elektrovodivost silik§tovĨch kompozitŢ m§ vliv objem a druh kameniva. 
Elektrovodivost kompozitŢ se sniģuje s n§rŢstem objemu kameniva v betonu. ZnaļnĨ ¼ļinek na 
mnoģstv² vodivĨch iontŢ rozpuġtŊnĨch v p·rov®m roztoku mŢģe m²t adsorpce alk§li² na povrchu 
kameniva. NŊkter® vodiv® ionty mohou bĨt extrahov§ny z kameniva a rozpuġtŊny do p·rov®ho roztoku, 
t²m rovnŊģ zvyġovat elektrickou vodivost betonu. Malta je ġpatnĨm elektrickĨm vodiļem, zejm®na za 
sucha jsou jej² podm²nky pouģit² v elektrickĨch aplikac²ch omezen®.5-8 

 

Perkolaļn² pr§h 

Perkolaļn² pr§h ud§v§ takov® mnoģstv² funkļn²ho plniva, pŚi kter®m se vytv§Ś² dostateļnŊ propojen§ 
vodiv§ s²Š pŚ²mo se dotĨkaj²c²ch ļ§stic a kompozit se st§v§ vodiļem elektrick®ho proudu. Perkolaļn² 
pr§h je vyj§dŚen v objemovĨch % pouģit®ho funkļn²ho plniva z celkov®ho mnoģstv² hmoty. Je z§vislĨ na 
druhu funkļn² pŚ²mŊsi, na jej² struktuŚe, chemick®m sloģen² a pomŊru d®lek ļ§stic k jejich ġ²Śce. Z§vislost 
rezistivity na mnoģstv² funkļn²ho plniva se bude d§le vĨraznŊ mŊnit v z§vislosti na tvaru ļ§stic. Je 
zn§mo, ģe pŚi pouģit² vodivĨch plniv v podobŊ vl§ken s vysokĨm pomŊrem stran je potŚeba menġ²ho 
mnoģstv² plniva neģ pŚi pouģit² plniv se zrny kulovĨmi. Z pohledu velikosti ļ§stic, bylo zjiġtŊno, ģe 
jemnŊjġ² grafit sniģuje perkolaļn² pr§h a zlepġuje elektrickou vodivost pŚi niģġ²ch d§vk§ch.9 Z hlediska 
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vĨroby spolehliv®ho elektricky-vodiv®ho materi§lu je tŚeba volit mnoģstv² plniva za perkolaļn²m prahem. 
Lze tak s vŊtġ² jistotou zaruļit dobrou elektrickou vodivost pŚi opakovan® vĨrobŊ kompozitn²ho materi§lu 
stejn®ho sloģen². V materi§lech s obsahem funkļn²ch plniv za perkolaļn²m prahem pŚevl§d§ pŚ²m® 
kontaktn² veden². Je to zpŢsobeno spojitou trojrozmŊrnou s²t² tvoŚenou vodivĨmi ļ§sticemi v pŚ²m®m 
kontaktu. U materi§lŢ s obsahem vodivĨch ļ§stic, kter® perkolaļn² pr§h nepŚekraļuj², je elektrick§ 
vodivost niģġ². Je to zpŢsobeno pod²lem tunelov®ho a skokov®ho zpŢsobu veden² elektrick®ho proudu, 
neboŠ se nŊkter® ļ§stice pŚ²mo nedotĨkaj². 10 

 

Grafit 

Grafit je jedna ze dvou nejbŊģnŊji pŚirozenŊ se vyskytuj²c²ch modifikac² uhl²ku. Grafit je krystalickou 
formou uhl²ku s atomy uspoŚ§danĨmi do hexagon§ln² struktury, tedy orbit§ln² hybridizace sp2. V t®to 
formŊ se vyskytuje v pŚ²rodŊ a za standardn²ch podm²nek je nejstabilnŊjġ² formou uhl²ku. Druhou bŊģnou 
formou uhl²ku je diamant s hybridizac² sp3.10-13 

M§ excelentn² tepeln® vlastnosti a dobr® elektrick® vlastnosti, k pŚenosu elektrick®ho n§boje mŢģe 
doch§zet pomoc² volnĨch elektronŢ pŚ²tomnĨch v kovalentn² vazbŊ. I pŚesto, ģe k pŚenosu elektrick®ho 
n§boje doch§z² pŚev§ģnŊ ve smŊru roviny vrstev, jsou i vloļkov® a prachov® grafity dobrĨmi elektrickĨmi 
vodiļi.11-13 

 

Fyzik§lnŊ-mechanick® parametry elektricky vodivĨch kompozitŢ 

Zvyġov§n² pod²lu grafitu v cementov®m kompozitu sniģuje jej² objemovou hmotnost. To n§slednŊ 
pŚ²mo zpŢsobuje sn²ģen² jejich pevnosti v tlaku. Prok§zan® je ale tak® zvĨġen² zejm®na pevnosti v tahu 
ohybem, zpŢsoben® vloļkovitĨm tvarem grafitovĨch ļ§stic. Izostatick® rozloģen² grafitu v cementov® 
hmotŊ mŢģe zlepġit pŚenos napŊt², jak ukazuj² jin® studie s grafitem. 14 

 

Experiment§ln² ļ§st 

Metodick® postupy 

Velikost a distribuce ļ§stic byla pro plniva s pŚevaģuj²c²m pod²lem ļ§stic vŊtġ²ch neģ 0,063 mm 
zjiġŠov§na nejprve na s²tech, dle normy ĻSN EN 933-1. Pods²tnĨ zbytek tŊchto plniv byl n§slednŊ 
analyzov§n laserovou difrakļn² analĨzou provedenou dle normy ISO 13320:2009. U vġech plniv byla 
zkouġka nas§kavosti provedena podle normy pro p·rovit§ kameniva ĻSN EN 13055 (D). Veġker® tyto 
zkouġky byly provedeny vģdy 3x pro danĨ typ vzorku. 

Pro mŊŚen² impedance plniv byl pouģit pŚ²pravek, zhotovenĨ pomoc² polymern²ho 3DP (viz obr§zek 1). 
PŚ²pravek je vĨsledkem postupn®ho vĨvoje s c²lem zajistit plynul® a rovnomŊrn® hutnŊn² vzorku pŚi 
souļasn®m mŊŚen² impedance pomoc² vloģenĨch elektrod. Do pŚ²pravku byly vloģeny elektrody 
s pozlacenou elektricky vodivou plochou 1 cm2. PŚ²pravek byl naplnŊn pŚedepsanĨm mnoģstv²m 
materi§lu a n§slednŊ bylo v lisu vyvozeno napŊt². Jako maxim§ln² s²la, kterou je zat²ģen pŚ²pravek 
s vodorovnou plochou 6 cm2, byla na z§kladŊ Śady experimentŢ zvolena 250 N. Ta vyvol§ v such® smŊsi 
napŊt² 420 kPa. Toto napŊt² zajist² dostateļn® zhutnŊn² smŊsi tak, aby bylo dosaģeno reprezentativn²ch 
a stabiln²ch vĨsledkŢ. PŚi experiment§ln²m ovŊŚov§n² cementovĨch past s pŚ²mŊs² grafitŢ byla vytv§Śena 
tŊlesa o rozmŊrech 40 Ĭ 40 Ĭ 160 mm. TŊlesa pro stanoven² elektrick®ho odporu byla opatŚena dvŊma 
mŊdŊnĨmi elektrodami (viz obr§zek 2). Stanoven² rezistivity zkuġebn²ch vzorkŢ po 28 dnech zr§n² bylo 
provedeno podle ĻSN EN IEC 62561-7. Pro mŊŚen² bylo vyuģito zaŚ²zen² GW Instek LCR-6020. Pro 
stanoven² perkolaļn²ho prahu byl zaveden Faktor SZR, kterĨ vyjadŚuje, kolikr§t je rezistivita na zaļ§tku 
zvolen®ho intervalu vŊtġ² neģ rezistivita na konci intervalu. Na zkuġebn²ch tŊlesech po 28 dnech zr§n² 
byly zkouġeny z§kladn² mechanick® parametry. Byla zjiġŠov§na objemov§ hmotnost, pevnost v tahu za 
ohybu a pevnost v tlaku. Pevnost v tahu za ohybu byla zkouġena dle ĻSN EN 12390-5. Pevnost v tlaku 
byla zkouġena dle ĻSN EN 12390-4. DynamickĨ modul pruģnosti byl stanoven dle normy ĻSN EN 
14146. 
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Obr§zek 1: PŚ²pravek PTP6 pro mŊŚen² impedance sypkĨch materi§lŢ s um²stŊnĨmi 
elektrodami, rozloģenĨ (vlevo), pŚi zkouġce v lisu (vpravo) 

 

 

Obr§zek 2: MŊŚen² impedance v cementovĨch past§ch, mŊdŊn§ elektroda (vlevo), 
rozm²stŊn² elektrod ve vzorku (vpravo) 

 

AnalĨza surovin 

Jako pojivo byl uvaģov§n cement portlandskĨ CEM I 42,5 R (Mokr§) s rezistivitou (mŊrnĨm 
elektrickĨm odporem) pŚi napŊt² 420 kPa na hodnotŊ 5.360.000 [Ý.cm]. VŊtġinu uvaģovanĨch 
elektrovodivĨch plniv tvoŚ² rŢznŊ hrub® grafitov® vloļky a prachy od jihoļesk® firmy Epinikon a.s. 
VĨjimku tvoŚ² speci§ln² elektricky vodiv® saze od americk® firmy Cabot Corporation, kter§ je svŊtovou 
ġpiļkou ve vĨrobŊ pokroļilĨch materi§lŢ a surovin pro nejrŢznŊjġ² odvŊtv² prŢmyslu. Na n§sleduj²c²ch 
grafech jsou uvedeny hlavn² sledovan® vlastnosti vġech uvaģovanĨch plniv, ze kterĨch byl proveden 
vĨbŊr dvojice nejvhodnŊjġ²ch pro dalġ² f§zi Śeġen².  

Z uvedenĨch elektricky vodivĨch plniv byl vybr§n jako referenļn² Supragraphite C 63 a jako 
alternativa byla vybr§na odpadn² smŊs grafitŢ Odpad vysavaļ. Oba z§stupci maj² obdobnou zrnitost 
(viz obr§zek 3 a tabulka 1), nas§kavost a rezistivitu (viz obr§zek 4 a 5) a budou v dalġ² f§zi m²seny 
spoleļnŊ s cementem, sledov§na schopnost dosaģen² perkolaļn²ho prahu a stanoveny z§kladn² 
mechanick® vlastnosti. 

Supragraphite C 63 je vloļkovĨ pŚ²rodn² grafit. Podle vĨrobce je maxim§lnŊ 10 % ļ§stic Supragraphitu 
C 63 nad 63,0 ɛm. Odpad vysavaļ je oznaļen² pro odpadn² smŊs pŚ²rodn²ch i syntetickĨch grafitovĨch 
materi§lŢ. SmŊs je z²sk§v§na pravidelnĨm vys§v§n²m vĨrobn²ch prostor. Obsahuje bl²ģe 
nespecifikovan® mnoģstv² neļistot, kter® neobsahuj² vysokĨ pod²l uhl²ku. Obsah uhl²ku a velikost ļ§stic 
nen² producentem garantov§na.  
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Obr§zek 3: KŚivky distribuce ļ§sti vġech uvaģovanĨch elektrovodivĨch plniv 

 

Tabulka 1: StŚedn² prŢmŊr zrna pro uvaģovan§ plniva 
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d(50) [ɛm] 2.9 3.5 3.5 7.5 8.5 15.2 23.2 38.9 36.1 197.0 234.7 294.1 

 

 

 
Obr§zek 4: Rezistivita pŚi napŊt² 420 kPa pro vġechna uvaģovan§ elektrovodiv§ plniva 
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Obr§zek 5: Nas§kavost vġech uvaģovanĨch elektrovodivĨch plniv 

 
VĨsledky a diskuze 

Stanoven² perkolaļn²ch prahŢ grafitŢ v cementov® pastŊ po 28 dnech zr§n² 

V r§mci experiment§ln²ho ovŊŚov§n² byly testov§ny receptury s n§hradou cementu v pod²lu 0, 4, 7, 
10, 13, 16 a 19 % hm. Vodn² souļinitel byl vzhledem k obdobn® zrnitosti a nas§kavosti podobnĨ, a to 
0,46 u smŊs² se Supragraphite C 63 a 0,49 u smŊs² s Odpad vysavaļ. V n§sleduj²c²ch grafech jsou 
uvedeny rezistivity jednotlivĨch past v z§vislosti na obsahu grafit a n§slednŊ stanoven® faktory SZR pro 
zjiġtŊn² perkolaļn²ch prahŢ.  

 

Obr§zek 6: VĨvoj elektrick® rezistivity cementovĨch past s obsahem grafitŢ 

 

Obr§zek 7: Faktor SZR pro cementov® pasty s pŚ²mŊs² grafitŢ 



V²t ĻERNħ, JindŚich MELICHAR, Lenka M£SZĆROSOVĆ: OvŊŚen² vyuģitelnosti odpadŢ jako n§hrady elektricky 
vodivĨch plniv v cementovĨch past§ch 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 369  

Pro plniva Supragraphite C 63 nebyl perkolaļn² pr§h cementovĨch past nalezen v rozmez² 0 ï 19 hm. % 
n§hrady cementu plnivem. V pŚ²padŊ smŊs² na b§zi Odpad vysavaļ lze mluvit o nalezen² perkolaļn²ho 
prahu v rozmez² 16 ï 19 %, kdy byl zaznamen§n nejvŊtġ² pokles rezistivity a bylo dosaģeno pomŊrnŊ 
n²zkĨch hodnot. To je zpŢsobeno zejm®na vyġġ²m pod²lem jemnĨch ļ§stic v odpadn²m uhl²ku a t²m 
efektivnŊjġ²m rozm²stŊn² elektricky vodivĨch ļ§stic v cementov® pastŊ, coģ odpov²d§ i z§vŊrŢm 
Papanikolaou9. 

 

Stanoven² hlavn²ch fyzik§lnŊ-mechanickĨch parametrŢ cementovĨch past po 28 dnech 
zr§n² 

 
Obr§zek 8: Objemov§ hmotnost cementovĨch past ve vodou nasycen®m (troj¼heln²ky)  

a v such®m stavu (ļtverce) 

Z grafŢ objemovĨch hmotnost² v nasycen®m i vysuġen®m stavu je zn§t, ģe plniva maj² ļ§steļnĨ vliv 
na sn²ģen² objemov® hmotnosti kompozitu. DŢvodem rozd²ln®ho vlivu rŢznĨch grafitŢ na objemovou 
hmotnost kompozitu je nejen rozd²ln§ objemov§ hmotnost jich samotnĨch, ale tak® mŊrnĨ povrch 
a nas§kavost, kter® ovlivŔuj² vodn² souļinitel. 

 
Obr§zek 9: Pevnost v tlaku (ļtverce) a v tahu ohybem (troj¼heln²ky) vzorkŢ cementovĨch past 

Z grafu je zŚejmĨ zahraniļn²mi partnery potvrzenĨ14 trend, kdy se zvyġuj²c²m se pod²lem grafitu 
v cementov® pastŊ kles§ pevnost v tlaku. Vzhledem k obdobnĨm vlastnostem obou grafitŢ je pokles 
obdobnĨ. Na perkolaļn²m prahu je vġak jedn§ aģ o 50% pokles pevnosti v tlaku v pŚ²padŊ vzorkŢ na b§zi 
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Odpad vysavaļ. Vzhledem k tomu, ģe vzorky na b§zi Supragraphite C 63 nedos§hly v testovan®m 
rozsahu perkolaļn²ho prahu, pokles pevnosti na t®to hranici by byl vĨznamnŊ vyġġ². Pevnost v tahu 
ohybem cementovĨch past zaznamenala se zvyġuj²c²m se pod²lem grafitu sp²ġe n§rŢst. Ten je moģn® 
pŚisoudit destiļkovit®mu charakteru ļ§stic grafitu. V obou pevnostn²ch parametrech zaznamenal 
odpadn² grafit vyġġ²ch hodnot d²ky rovnomŊrn®mu rozptĨlen² ļ§stic v matrici, kter® m®nŊ oslabuj² 
strukturu kompozitu. V pŚ²padŊ hodnocen² rozptylu dosaģenĨch vĨsledkŢ, lze uv®st, ģe se v pŚ²padŊ 
pevnost² v tahu za ohybu jednalo o odchylky v prŢmŊru kolem 5,5 % a v pŚ²padŊ pevnost² v tlaku kolem 
3,5 %. VĨjimeļnŊ dos§hla nŊkter§ ze sad 10% rozptylu hodnot. 

  

Obr§zek 10: DynamickĨ modul pruģnosti cementovĨch past 

 
VĨsledky stanoven² dynamick®ho modulu pruģnosti koresponduj² s vĨsledky pevnost². Vyġġ²ch hodnot 

bylo dosaģeno pŚi pouģit² odpadn²ho uhl²ku Odpad vysavaļ s vyġġ²m pod²lem jemnĨch ļ§stic. Vlivem 
kombinace sn²ģen® objemov® hmotnosti, vyġġ² porozity a niģġ² pevnosti v tlaku lze pŚedpokl§dat 
negativn² dopad vyġġ²ch pŚ²mŊs² grafitovĨch ļ§stic na mrazuvzdornost a trvanlivost kompozitu.  

 

 

Z§vŊr 

PŚedloģenĨ ļl§nek se vŊnuje hlavn²m parametrŢm elektricky vodivĨch cementovĨch past s pŚ²mŊs² 
prim§rn²ho a odpadn²ho grafitu. Postupn® zvyġov§n² obsahu grafitŢ ve smŊsi umoģŔuje sniģov§n² 
elektrick® rezistivity, kter® bylo zaznamen§no u obou zkouġenĨch typŢ. Vyġġ² zastoupen² jemnĨch ļ§stic 
v odpadn²m grafitu ĂOdpad vysavaļñ umoģnilo dosaģen² niģġ²ch hodnot elektrick® rezistivity a pŚi 19% 
n§hradŊ cementu ve smŊsi perkolaļn²ho prahu. PŚ²mŊs obou grafitŢ ļ§steļnŊ sniģuje objemovou 
hmotnost cementovĨch past a pomŊrnŊ vĨraznŊ pevnost v tlaku (aģ o 50 %). Pozitivn² efekt m§ pŚ²mŊs 
grafitŢ na pevnost v tahu ohybem, kdy jejich destiļkovitĨ tvar m²rnŊ zvyġuje tuto pevnost. ObecnŊ lze 
konstatovat, ģe odpadn² grafit ĂOdpad vysavaļñ zaznamenal niģġ² rezistivitu pŚi vyġġ²ch pevnostech a lze 
jej tak povaģovat za vhodnou n§hradu srovnateln®ho prim§rn²ho plniva Supragraphite C 63. V dalġ²ch 
f§z²ch Śeġen² je ho tak moģn® pouģ²t napŚ²klad v cementovĨch malt§ch se schopnost² vyhŚ²v§n² 
elektrickĨm proudem.  
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Verification of the usability of waste as a substitute for electrically 
conductive fillers in cement pastes 

V²t ĻERNħ, JindŚich MELICHAR, Lenka M£SZĆROSOVĆ 

Brno University of Technology, Faculty of Civil Engineering, VeveŚ² 95, 63500 Brno, Czech 
Republic 
e-mail: vit.cerny@vut.cz 

 

Summary 

The presented article deals with the main parameters of electrically conductive cement pastes with an 
admixture of primary and waste graphite. As part of the experimental verification, recipes were tested 
with cement replacement by selected types of graphite in a proportion of 0 ï 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.  

 

mailto:vit.cerny@vut.cz


Michal HIMMEL, Rostislav ĠULC: VĨvoj alkalicky aktivovan®ho smŊsn®ho pojiva s c²lem minimalizace objemovĨch 
deformac² 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 373  

VĨvoj alkalicky aktivovan®ho smŊsn®ho pojiva s c²lem 
minimalizace objemovĨch deformac² 
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Ļesk® vysok® uļen² technick® v Praze, Fakulta stavebn², Katedra technologie 
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Souhrn 

V t®to pr§ci je zkoum§na moģnost vĨroby smŊsn®ho pojiva na b§zi alkalicky aktivovanĨch 
elektr§renskĨch pop²lkŢ. Fluidn² ¼letovĨ pop²lek (FBC) je rozp²navĨ, a d²ky pŚ²mŊsi v§pence je reaktivn². 
Na druhou stranu vysokoteplotn² loģovĨ pop²lek (FA) vykazuje znaļn® smrġtŊn² a z§roveŔ m§ extr®mnŊ 
pomalĨ n§bŊh pevnosti. Sm²sen²m tŊchto dvou pop²lkŢ oļek§v§me vytvoŚen² pojiva, kter® bude 
objemovŊ st§l® a bude m²t i dalġ² parametry (zpracovatelnost, dlouhodob® pevnosti) tak® na 
dostateļnĨch ¼rovn²ch. V t®to pr§ci bylo vyuģito pojivo SORFIX na b§zi fluidn²ho pop²lku 
a vysokoteplotn² loģovĨ popel z elektr§rny Tuġimice. LoģovĨ popel byl alkalicky aktivov§n (AA) roztokem 
hydroxidu sodn®ho a sodn®ho vodn²ho skla. Hlavn²m sledovanĨm parametrem experimentu byla 
objemov§ st§lost, sekund§rnŊ pak pevnost v tlaku. Byly vyrobeny i referenļn² smŊsi pouze z jednotlivĨch 
pojiv. SmŊsi s pomŊrem bl²zkĨm 50:50 nebylo, z dŢvodu vysok® reaktivity FBC, moģn® vyrobit. Kaġe 
s pomŊrem 10:90 aģ 20:80 se jev² jako optim§ln² z hlediska kontrolovanĨch parametrŢ. 

Kl²ļov§ slova: Alkalick§ aktivace; smŊsn® pojivo; ¼letovĨ pop²lek, fluidn² pop²lek; objemov® zmŊny; 
smrġtŊn²; FA; FBC 

 

Đvod 
V Ļesk® republice kaģdoroļnŊ vznikaj² stovky tis²c tun fluidn²ch pop²lkŢ (FBC) jako vedlejġ² produkt 

spalov§n² uhl² ve fluidn²ch kotl²ch. PŚestoģe tyto materi§ly vykazuj² zaj²mav® technick® hydraulick® 
a pucol§nov® vlastnosti a potenci§l pro vyuģit² ve stavebnictv² ļi pŚi rekultivac²ch, jejich praktick® vyuģit² 
zŢst§v§ minim§ln². DŢvodem je nedostatek komplexn²ho vĨzkumu, legislativn² nejasnosti a n²zk§ 
informovanost odborn® i laick® veŚejnosti. VĨsledkem je, ģe vŊtġina fluidn²ch pop²lkŢ konļ² bez dalġ²ho 
vyuģit² na skl§dk§ch, coģ pŚedstavuje nejen ekologickou z§tŊģ, ale i pŚ²leģitost pro cirkul§rn² ekonomiku. 
Zejm®na v dneġn² dobŊ vĨznamnĨch zmŊn ve sloģen² cementŢ a jejich dostupnosti. 1,2 

Na druhou stranu vysokoteplotn² ¼letovĨ pop²lek (FA), vznikaj²c² pŚi spalov§n² uhl² v klasickĨch 
roġtovĨch a pr§ġkovĨch ohniġt²ch, pŚedstavuje vĨznamnou druhotnou surovinu. PŚestoģe jeho pŚ²davek 
do betonu pŚin§ġ² ekologick® i ekonomick® vĨhody, jeho ġirġ² aplikaci v bezcementovĨch smŊs²ch br§n² 
technick® komplikace. Mezi nejvĨznamnŊjġ² patŚ² pomalĨ n§bŊh pevnosti v poļ§teļn²ch f§z²ch zr§n² 
a riziko smrġŠov§n², kter® mŢģe v®st ke vzniku trhlin. Tyto vlastnosti vyģaduj² peļlivou optimalizaci 
receptur a kombinaci s dalġ²mi pŚ²mŊsemi. 3 

Perspektivn² cestou pro eliminaci pomal®ho n§bŊhu pevnosti FA je alkalick§ aktivace. Alkalick§ 
aktivace (AA) pŚedstavuje komplexn² chemickĨ proces, pŚi nŊmģ doch§z² k transformaci 
alumosilik§tovĨch surovin za pŚ²tomnosti silnŊ alkalick®ho prostŚed². Z§kladn²m principem tohoto 
procesu je rozklad pŢvodn²ch struktur a n§sledn§ tvorba novĨch polymern²ch f§z². PŚestoģe je alkalick§ 
aktivace intenzivnŊ studov§na, jej² detailn² reakļn² mechanismus zŢst§v§ dosud ne zcela objasnŊn. 4 

Na z§kladŊ souļasnĨch poznatkŢ lze tento proces popsat jako v²cestupŔovou reakci, kter§ zaļ²n§ 
naruġen²m vazeb SiïOïSi (tzv. depolymerizac², jak ji definuje Davidovits5). T²m vznikaj² reaktivn² 
oligomery obsahuj²c² kŚem²k, hlin²k, kysl²k a hydroxylov® skupiny. Tyto oligomery n§slednŊ podl®haj² 
kondenzaci, pŚi n²ģ se formuj² nov® amorfn² nebo krystalick® f§zov® struktury, kter® tvoŚ² z§klad 
geopolymern² matrice. 5,6 

mailto:michal.himmel@fsv.cvut.cz
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Sloģen² alkalick®ho aktiv§toru m§ z§sadn² vliv na vĨvoj mikrostruktury a mechanickĨch vlastnost² 
geopolymern²ch materi§lŢ. Studie Criado a kol.7 uk§zala, ģe vyġġ² pomŊr vodn²ho skla k hydroxidu 

sodn®mu (NaϜSiOϝ/NaOH) podporuje vznik amorfn² geopolymern² matrice a vede ke zvĨġen² pevnosti 
v tlaku. Naopak nadmŊrn§ koncentrace NaOH mŢģe iniciovat tvorbu krystalickĨch f§z², coģ negativnŊ 
ovlivŔuje mechanickou pevnost vĨsledn®ho kompozitu. 

Okoye a kol.8 d§le prok§zali, ģe pŚ²davek mikrosiliky do geopolymern²ho betonu zlepġuje soudrģnost 
struktury a pŚisp²v§ k vyġġ² pevnosti, ļ²mģ potvrzuj² vĨznam optimalizace nejen sloģen² aktiv§toru, ale 
i pouģitĨch pŚ²mŊs². PŚehledov§ studie Qaidiho 9 uv§d², ģe vĨsledn® vlastnosti geopolymern²ch 
kompozitŢ jsou ovlivnŊny nejen typem a koncentrac² aktiv§toru, ale tak® jeho pomŊrem k vĨchoz²mu 
materi§lu. Spr§vnŊ zvolen§ kombinace sloģek mŢģe vĨraznŊ zvĨġit mechanickou odolnost i trvanlivost 
geopolymern²ch syst®mŢ. 

DruhĨm hlavn²m probl®mem vysokoteplotn²ho pop²lku je smrġtŊn². Chemick® smrġtŊn² v alkalicky 
aktivovanĨch materi§lech ¼zce souvis² s procesem alkalick® aktivace, bŊhem nŊhoģ doch§z² 
k rozpouġtŊn² amorfn²ch sloģek ï zejm®na oxidu kŚemiļit®ho (SiOϜ) a oxidu hlinit®ho (AlϜOϝ) ï v silnŊ 
alkalick®m prostŚed². N§sledn§ polykondenzace vede k tvorbŊ trojrozmŊrn® gelov® s²tŊ typu N-A-S-H 
nebo C-A-S-H. Tento proces spotŚebov§v§ vodu, kter§ nen² chemicky v§z§na, ale slouģ² jako transportn² 
m®dium pro ionty. Jej² ¼bytek zpŢsobuje pokles vnitŚn² relativn² vlhkosti, coģ vede ke vzniku kapil§rn²ho 
tlaku v jemnĨch p·rech a n§slednĨm objemovĨm zmŊn§m. 10,11,12 

Autogenn² smrġtŊn², kter® prob²h§ bez vĨmŊny vlhkosti s okol²m, je dŢsledkem samodesikace bŊhem 
polymerizaļn² reakce. V t®to f§zi doch§z² ke spotŚebŊ vody a poklesu vnitŚn² vlhkosti materi§lu. Podle 
studie Sun a Fan 10 je autogenn² smrġtŊn² u geopolymern²ch syst®mŢ vĨraznŊ vyġġ² neģ u cementovĨch 
kompozitŢ, coģ souvis² s jemnŊjġ² p·rovou strukturou a vyġġ²m pod²lem mezip·rŢ generuj²c²ch kapil§rn² 
tlak. Ten pŢsob² na stŊny p·rŢ a zpŢsobuje jejich deformaci, coģ se projevuje jako objemov§ kontrakce. 
Tento jev je obzvl§ġŠ vĨraznĨ u smŊs² s vysokĨm obsahem aktiv§toru a n²zkĨm pomŊrem kapaln® a tuh® 
f§ze. 10,11,12 

Dalġ²m faktorem pŚisp²vaj²c²m ke smrġtŊn² je chemick§ reorganizace gelov® f§ze bŊhem zr§n². 
Gelov® struktury typu N-A-S-H a C-A-S-H vykazuj² viskoelastick® chov§n², kter® se v ļase mŊn² 
v z§vislosti na teplotŊ, vlhkosti a sloģen² smŊsi. BŊhem zr§n² doch§z² k redistribuci iontŢ 
a restrukturalizaci gelov® s²tŊ, coģ vede ke zmŊnŊ p·rov® struktury a dodateļn®mu smrġtŊn². 11,12,13 

Vijayakumar14 ve sv® pr§ci upozorŔuje, ģe m²ra chemick®ho smrġtŊn² z§vis² na typu prekurzoru. 
Syst®my na b§zi strusky vykazuj² niģġ² autogenn² smrġtŊn² neģ smŊsi na b§zi pop²lku, coģ je pŚiļ²t§no 
rozd²ln® reaktivitŊ a schopnosti gelov® f§ze v§zat vodu. 

Sm²sen²m FA a FBC si slibujeme eliminaci neģ§douc²ch objemovĨch zmŊn pŚi co moģn§ nejvŊtġ² 
m²Śe zachov§n² pozitivn²ch vlastnost² jednotlivĨch sloģek jako je zpracovatelnost, n§bŊh pevnosti (FBC), 
pevnost v tlaku.  

 

Experiment§ln² ļ§st 

Suroviny 

Prvn² hlavn² surovinou bylo FBC pojivo SORFIX. SORFIX je bezcementov® hydraulick® pojivo na b§zi 
sulf§tov§penat®ho syst®mu, vyvinut® z vedlejġ²ch energetickĨch produktŢ z fluidn²ho spalov§n². 
Po zatvrdnut² vytv§Ś² amorfn² hydratovanĨ hlinitokŚemiļitan v§penatĨ (C-A-S-H f§zi), kterĨ je analogickĨ 
pojivov® f§zi Ś²msk®ho betonu, a hlavn² krystalickou sloģkou je stabiln² ettringit. D²ky t®to mineralogii 
vykazuje Sorfix vysokou odolnost vŢļi agresivn²m prostŚed²m, vļetnŊ solnĨch roztokŢ, a dlouhodobou 
trvanlivost. Avġak d²ky ettringitu je tak® objemovŊ expanzivn². I kdyģ je ovŊŚeno, ģe objemov§ st§lost 
tohoto pojiva je v norm§ch tak ze znalost² tohoto pojiva v²me, ģe vykazuje urļitou m²ru expanze. 15,16  

Druhou hlavn² surovinou byl vysokoteplotn² loģovĨ popel (FA) z elektr§rny Tuġimice II. Elektr§rna 
Tuġimice II je hnŊdouheln§ kondenzaļn² elektr§rna s instalovanĨm vĨkonem 4 Ĭ 200 MW, kter§ vyuģ²v§ 
kotle typu PG 660 s granulaļn²m ohniġtŊm a pŚ²mĨm fouk§n²m uheln®ho pr§ġku. Mezi roky 2007 ï 2012 
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dos§hla d²ky komplexn² modernizaci zvĨġen² ¼ļinnosti a sn²ģen² emis² SOϜ a NO .17 Na z§kladŊ 
pŚedchoz²ch experimentŢ byl pop²lek pŚed pouģit²m upraven mlet²m v kulov®m mlĨnu po dobu 45 minut.  

Dalġ²mi pouģitĨmi surovinami byly: laboratorn² hydroxid sodnĨ ve formŊ perliļek, sodn® vodn² sklo 
s obsahem suġiny 35,33 %, hustotou 1373 kg/m3 a mol§rn²m pomŊrem SiO2/Na2O = 2,87. 
Superplastifik§tor MasterGlenium ACE 40, pro sn²ģen² vodn²ho souļinitele smŊsi, a voda z vodovodn²ho 
Śadu v laboratoŚi. 

Tabulka 1: Sloģen² surovin zjiġtŊn® metodou XRF (hm. %) 

 SiOϜ AlϜOϝ FeϜOϝ KϜO CaO TiOϜ MgO NaϜO SOϝ PϜOϟ 

FA 51,27 33,3 8,13 1,86 1,6 1,12 1,08 0,56 0,52 0,18 

FBC 34,81 27,4 4,71 0,55 19,89 2,47 0,7 0,17 8,84 0,17 
 

PŚ²prava kaġ² 

Prvn²m krokem bylo nav§ģen² surovin a odmŊŚen² kapalin. Vodn² sklo, voda a hydroxid sodnĨ byly 
sm²seny a vĨslednĨ roztok byl ponech§n na vychladnut². Roztok byl n§slednŊ ponech§n na vychladnut² 
na pokojovou teplotu. N§slednŊ byl roztok pŚid§n za pomal®ho m²ch§n² do m²chaļky s pop²lkem. Po 
nŊkolika minut§ch m²ch§n² bylo pŚid§no ACE 40. SmŊs byla m²ch§na celkem cca 10 minut. ObŊ smŊsi 
(AA FA a FBC) byly pro vĨrobu smŊsn®ho pojiva, vyr§bŊny souļasnŊ ve dvou m²chaļk§ch, a nakonec 
byly kr§tce (1 ï 2 minuty) sm²ch§ny dohromady.  

Pro referenci byly vyrobeny i s®rie pouze z FBC nebo FA. Sloģen² tŊchto s®ri² bylo urļeno na z§kladŊ 
pŚedchoz²ho vĨzkumu. SmŊsn® pojivo (AA FBC/FA) bylo vyrobeno vģdy z tŊchto referenļn²ch s®ri² 
v pomŊru pop²lku dle n§zvu s®rie. 

Tabulka 2: Sloģen² s®ri² 

S®rie 

FBC FA vodn² sklo vodn² sklo NaOH voda ACE 40 

IV 2018 

 [l] 
Suġiny 

 [kg] 
[kg] [l] [%] 

[kg] [kg] 

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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Metody 

Za ¼ļelem zjiġtŊn² prvkov®ho sloģen² surovin byla provedena rentgenov§ fluorescenļn² analĨza 
(XRF). MŊŚen² bylo provedeno na sekvenļn²m rentgenov®m spektrometru ARL 9400 XP (Thermo 
Scientific ARL, CH). Intenzity spektr§ln²ch ļar prvkŢ byly mŊŚeny programem WinXRF a namŊŚen§ data 
byla vyhodnocena pomoc² softwaru Uniquant 4. Za ¼ļelem zjiġtŊn² f§zov®ho rozloģen² prvkŢ ve smŊsi 
byla provedena rentgenov§ difrakļn² analĨza (XRD. Byla mŊŚena na pr§ġkov®m difraktometru XôPert3 
(PANalytical, NL). VĨsledky kvalitativn² a kvantitativn² analĨzy byly vyhodnoceny pomoc² programu 
HighScore Plus 5 (PANalytical, NL). Do vzorkŢ bylo pŚid§no ZnO jako intern² standard pro kvantifikaci 
amorfn² f§ze. D§le byly mŊŚeny vybran® fyzik§ln² vlastnosti surovin. Pevnost v tlaku byla mŊŚena 
na zaŚ²zen² Matest Servo-plus progress. Na speci§ln² vlnovcov® formŊ18 byla mŊŚena chemick§ 
objemov§ zmŊna v prvn²ch dnech zr§n². D§le byly na tr§mc²ch mŊŚeny dlouhodob® objemov® zmŊny 
v soupravŊ Matest Treviolo E077. 

 

 

Obr§zek 1: Vlnovcov§ forma se smŊs²; tr§meļek pŚi mŊŚen² d®lkovĨch zmŊn 

 

VĨsledky a diskuse 

Poļ§tek tuhnut² a tvrdnut² 

Prvn²m krokem bylo vyhodnocen² zpracovatelnosti ļerstv® smŊsi. SmŊsi pomŊrem FBC/FA 60:40 
aģ 30:70 nebylo moģn® vŢbec vyrobit. Tyto smŊsi byly natolik reaktivn², ģe tvrdly uģ bŊhem m²ch§n², 
a proto nejsou d§le uv§dŊny. Vġechny ostatn² smŊsi mŊly dobrou zpracovatelnost s vĨjimkou smŊsi AA 
FBC/FA 70/30, kter§ jiģ bŊhem m²ch§n² zaļala tuhnout. SmŊs ļist®ho AA FA projevila svou niģġ² 
reaktivitu a zaļala tuhnout po dlouhĨch 960 minut§ch (16 h). 
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Tabulka 3: Vyhodnocen² poļ§tku a konce tuhnut² na smŊs²ch FBC-FA 

N§zev sady Poļ§tek tuhnut² Konec tuhnut² 

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 

 

Dlouhodob® pevnosti 

 

Graf 1: VĨvoj pevnosti v ļase na smŊs²ch AA FBC/FA 

 

Experiment dlouhodob® pevnosti byl prov§dŊn na tr§mc²ch 160x40x40 mm, a to vģdy na tŚech 
tŊlesech. v grafu jsou uvedeny prŢmŊrn® hodnoty. Nejvyġġ² pevnosti dos§hla referenļn² smŊs AA FBC 
3, a to cca 90 MPa po 28 dnech. SmŊs AA FBC/FA 70/30 dos§hla dlouhodob® pevnosti pouze 20 MPa 
a to jiģ po 14 dnech od t® doby pevnost prakticky nezmŊnila. PŚedpokl§d§m, ģe tomu nastalo, protoģe 
pomŊr FBC a alkalick®ho aktiv§toru ve FA byl jiģ znaļnŊ nevhodnĨ, pŚ²liġ rychle se vytv§Śely prim§rn² 
polymery a nedoġlo ke kvalitn²mu vĨvoji matrice. T²m lze vysvŊtlit i obt²ģnou manipulaci bŊhem vĨroby 
tŊles, jelikoģ byla smŊs jiģ znaļnŊ zatuhl§, jak znaļ² vĨsledky v kapitole tuhnut² a tvrdnut². 

Referenļn² smŊs ļist®ho AA FA vykazuje pozvolnĨ dlouhodobĨ rŢst pevnosti aģ na hodnotu 70 MPa 
po 105 dnech. Ostatn² smŊsi maj² 28denn² i 90 denn² pevnosti v rozmez² mezi 30-55 MPa. 
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Objemov® zmŊny ï Chemick® zmŊny na vlnovci 

 

Graf 2: VĨvoj objemovĨch zmŊn na vlnovc²ch 

 

V prvn²ch hodin§ch po vĨrobŊ smŊs² doch§z² u vġech variant k poļ§teļn²mu sed§n², kter® se 
projevuje jako drobn® propady na zaļ§tku grafu. Tento jev je typickĨ pro ļerstv® smŊsi, kdy doch§z² 
k redistribuci z§mŊsov® vody a ust§len² struktury pŚed zah§jen²m hydratace. 

SmŊs AA FBC/FA 70/30 se po t®to f§zi zaļ²n§ velmi rychle rozp²nat, a to natolik intenzivnŊ, ģe jej² 
expanze pŚekroļila mŊŚiteln® rozmez² pŚ²stroje. Tato extr®mn² expanze je pravdŊpodobnŊ 
dŢsledkem prudk® tvorby ettringitu, jak naznaļuje XRD analĨza (ettringit 9 %, portlandit 1 %, kalcit 8 %), 
v kombinaci s vysokou reaktivitou FBC. V pozdŊjġ²ch f§z²ch vġak doch§z² k vĨrazn®mu smrġtŊn² vlivem 
vysych§n², kter® tuto chemickou expanzi kompenzuje. VĨsledkem je, ģe smŊs AA FBC/FA 70/30 
vykazuje t®mŊŚ nulovou celkovou objemovou zmŊnu po 48 dnech, jak je vidŊt v dalġ² kapitole 

SmŊsi AA FBC 3, AA FBC/FA 90/10 a 80/20 rovnŊģ vykazuj² poļ§teļn² expanzi, avġak m²rnŊjġ² neģ 
smŊs 70/30. Tato expanze odpov²d§ jejich XRD sloģen², kde je patrnĨ vyġġ² obsah ettringitu (10 ï 12 %) 
a dalġ²ch CaO-f§z². Jejich chov§n² je konzistentn² s oļek§v§n²m pro smŊsi s dominantn²m pod²lem FBC. 

Naopak smŊsi s pŚevahou FA jako AA FA IV, vykazuj² chemick® smrġtŊn². NejvŊtġ²ho smrġtŊn² 
dos§hla pr§vŊ smŊs AA FA IV, a to 7,2 mm/m po 120 hodin§ch. XRD analĨza t®to smŊsi ukazuje vysokĨ 
pod²l mullitu (24 %) a nulovĨ obsah expanzn²ch f§z², coģ potvrzuje jej² n²zkou reaktivitu a tendenci ke 
kontrakci. 

Z hlediska reġerġn²ch pŚedpokladŢ (napŚ. pr§ce Form§ļka19) se chov§n² smŊs² s dominantn²m FBC 
a FA obecnŊ shoduje s oļek§v§n²m. VĨjimku tvoŚ² pr§vŊ smŊs AA FBC/FA 70/30, jej²ģ extr®mn² 
expanze v ran® f§zi a n§sledn§ kompenzace vysych§n²m ji ļin² vĨraznŊ odliġnou od ostatn²ch variant. 
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Objemov® zmŊny ï Celkov® zmŊny na tr§mci 

 

Graf 3: VĨvoj dlouhodobĨch objemovĨch zmŊn na tr§mc²ch 

 

Pro zjiġtŊn² informac² o dlouhodob®m chov§n² pŚipravenĨch AA smŊs², bylo provedeno dlouhodob® 
mŊŚen² zmŊny d®lky na tr§mc²ch 160x40x40mm.  

Po 48 dnech zr§n² jsou objemov® zmŊny vġech smŊs² jiģ prakticky nulov®, coģ naznaļuje ust§len² 
rozmŊrŢ tr§meļkŢ jednotlivĨch smŊs². NejvŊtġ² smrġtŊn² vyk§zala smŊs s pop²lkem FA IV, a to aģ 
32,8 mm/m po 48 dnech od vĨroby. Se zvyġuj²c²m se pod²lem FBC ve smŊsi se m²ra smrġtŊn² sniģuje. 
Naopak nejvŊtġ² expanze byla zaznamen§na u smŊsi tvoŚen® ļistĨm FBC, kter§ dos§hla 3,3 mm/m po 
48 dnech. 

SmŊs AA FBC/FA 70/30 vykazuje prakticky nulovou celkovou d®lkovou zmŊnu, pŚestoģe chemick® 
mŊŚen² naznaļuje vĨrazn® rozp²n§n². PravdŊpodobnŊ doch§z² k rychl®mu vzniku prim§rn²ch 
hydrataļn²ch f§z², po kter®m n§sleduje odpaŚov§n² z§mŊsov® vody. VĨsledn® chemick® rozp²n§n² je tak 
kompenzov§no fyzik§ln²m smrġtŊn²m. 

PodobnĨ prŢbŊh, lze pozorovat u smŊs² AA FBC/FA 90/10 a 80/20, kter® rovnŊģ vykazuj² velmi mal® 
celkov® objemov® zmŊny. 

Zvl§ġtn² chov§n² vykazuje smŊs AA FA IV, kter§ v poļ§teļn² f§zi zr§n² expanduje, pŚestoģe chemick® 
procesy naznaļuj² smrġtŊn². N§sledn® vysych§n² vede k vĨrazn®mu smrġtŊn² aģ -32,8 mm/m po 48 
dnech. 

PŚ²mŊs AA FA sniģuje expanzn² chov§n² smŊsi FBC. PŚi pŚ²davku 30 % AA FA byla dlouhodob§ 
d®lkov§ zmŊna prakticky nulov§. Tato smŊs vġak vykazuje nejniģġ² pevnosti a zpracovatelnost ze vġech 
testovanĨch variant. 

PŚid§n²m mal®ho mnoģstv² FBC do AA FA se podaŚilo ļ§steļnŊ eliminovat negativn² vlastnosti 
smrġtŊn². NapŚ²klad smŊs AA FBC/FA 20/80 vyk§zala smrġtŊn² 6,5 mm/m, coģ pŚedstavuje pŚibliģnŊ 
20 % pŢvodn² hodnoty zaznamenan® u ļist® smŊsi AA FA. 
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Obr§zek 2: Vizu§ln² porovn§n² d®lkovĨch zmŊn na zkuġebn²ch tŊlesech 

 

Rentgenov§ difrakļn² analĨza (XRD) 

Tabulka 4: Sloģen² smŊs² zjiġtŊn® metodou XRD (hm. %), 28 dn² 

N§zev sady Amorf. kŚemen 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 1,5 7 1,5 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 rostouc²m pod²lem FBC ve smŊsi doch§z² k vĨraznĨm zmŊn§m v mineralogick®m sloģen², coģ m§ 

pŚ²mĨ vliv na objemov® chov§n² materi§lu. 

NejvĨraznŊjġ² zmŊnou je n§rŢst obsahu ettringitu, kterĨ stoup§ od 0 % u smŊsi AA FA IV aģ na 18 % 
u ļist® smŊsi AA FBC 3. Tento trend je oļek§vanĨ, protoģe FBC obsahuje vyġġ² mnoģstv² CaO, kter® 
podporuje tvorbu ettringitu. Ettringit je zn§mĨ svou schopnost² zpŢsobovat expanzi materi§lu, coģ 
koreluje s pozorovanĨm objemovĨm chov§n²m ï smŊsi s vyġġ²m obsahem FBC vykazuj² vŊtġ² rozp²n§n². 

Dalġ² zmŊnou je pokles mullitu, stabiln² f§ze typick® pro FA. Zat²mco smŊsi s vysokĨm pod²lem FA 
obsahuj² aģ 26 % mullitu, jehoģ mnoģstv² kles§ aģ na 2 % ve smŊsi ļist®ho FBC. 

Anhydrit a magnetit se vyskytuj² v n²zkĨch koncentrac²ch, ale jejich pŚ²tomnost je rovnŊģ spojena 
s FBC. NapŚ²klad smŊs AA FBC 3 obsahuje 2 % anhydritu a 2 % magnetitu, zat²mco smŊsi s pŚevahou 
FA tyto f§ze neobsahuj². Zaj²mav§ je tak® smŊs AA FBC/FA 70/30, kter§ m§ vyv§ģen® sloģen²: obsahuje 
9 % ettringitu, 1 % portlanditu, 8 % kalcitu, a z§roveŔ jeġtŊ 7 % mullitu. Tato smŊs vykazuje prakticky 
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nulovou objemovou zmŊnu, coģ naznaļuje rovnov§hu mezi expanzn²mi a smrġtivĨmi procesy. Bohuģel 
tato smŊs vykazuje nejhorġ² zpracovatelnost a nejniģġ² dlouhodob® pevnosti. 

 

Z§vŊr 

Synt®za smŊsn®ho pojiva na b§zi AA FA a FBC je moģn§. Na z§kladŊ provedenĨch experimentŢ 
a analĨz lze jednoznaļnŊ konstatovat, ģe pomŊr mezi fluidn²m pop²lkem (FBC) a pop²lkem z klasick®ho 
spalov§n² (FA) z§sadnŊ ovlivŔuje mechanick®, objemov® i mineralogick® vlastnosti vĨslednĨch smŊs². 
Rozd²ln® reaktivity jednotlivĨch materi§lŢ vġak neumoģŔuj² m²sen² pŚ²m®, ale je nutn® jednotliv® 
materi§ly sm²sit samostatnŊ a n§slednŊ v dalġ²m kroku sm²sit dohromady. SmŊsi s pomŊrem pop²lkŢ 
bl²zkĨm 50:50 nebylo moģn® vŢbec vyrobit, smŊs zcela vytvrdla jiģ bŊhem kr§tk®ho druhotn®ho m²sen².  

SmŊsi s pŚevahou FA maj² vĨrazn® dlouhodob® smrġtŊn². Naopak smŊsi s pŚevahou FBC se bl²ģ² 
nulovĨm dlouhodobĨm objemovĨm zmŊn§m. Z hlediska dalġ²ho vyuģit² se jev² jako optim§ln² smŊs 
s pomŊrem  FBC/FA 90/10 aģ 80/20, tyto smŊsi vykazovaly nejmenġ² objemov® zmŊny za zachov§n² 
vysok® pevnosti v tlaku 30 ï 50 MPa. 
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Development of an alkaline activated mixed binder with the aim of 
minimizing volumetric deformations 

Michal HIMMEL, Rostislav ĠULC 

Faculty of Civil Engineering CTU in Prague, Czech Republic 

Summary 

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

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

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

V t®to pr§ci byl zkoum§n vliv rŢznĨch hydraulickĨch pojiv a pop²lkŢ z fluidn²ho spalov§n² smŊsi uhl² 
a biomasy (CC-BMA) v pomŊru 4:1 na vĨvoj hydrataļn²ho tepla malt bŊhem hydratace. Byly vybr§ny 
loģovĨ a ¼letovĨ pop²lek z elektr§rny Hodon²n (ĻEZ EP a.s., CZ), u kterĨch byla posouzena hydrataļn² 
kapacita pro moģn® vyuģit² ve stavebnictv². SouļasnŊ byl zkoum§n vliv mlet² pop²lkŢ na vĨvoj 
hydrataļn²ho tepla. D§le byla mŊŚena malta z Portlandsk®ho cementu, pojiva Sorfix na b§zi fluidn²ch 
pop²lkŢ a alternativn²ho bezsl²nkov®ho pojiva 3C na b§zi kalcinovanĨch j²lŢ. Kalorimetrick§ mŊŚen² byla 
prov§dŊna pomoc² semi-adiabatick®ho kalorimetru dle normy ĻSN EN 196-9. Druhou srovn§vac² 
metodou bylo mŊŚen² vĨvinu teploty bŊhem hydratace smŊs² v soustavŊ uzavŚenĨch DewarovĨch n§dob. 
Bylo zjiġtŊno, ģe malta s cementem dos§hla nejvŊtġ²ho hydrataļn²ho tepla po 72 hodin§ch. U malt 
s bezsl²nkovĨm pojivem 3C a malty s pojivem Sorfix byl zaznamen§n hlavn² n§rŢst hydrataļn²ho tepla 
v poļ§tc²ch mŊŚen² vlivem hydratace voln®ho v§pna a anhydritu. Malty s ¼letovĨm pop²lkem CC-BMA 
zaznamenaly n²zkĨ n§rŢst hydrataļn²ho tepla, pŚiļemģ v²ce jemnĨ pop²lek dos§hl vyġġ²ho hydrataļn²ho 
tepla. U malt s loģovĨm pop²lkem CC-BMA bŊhem mŊŚen² hydrataļn² reakce neprobŊhly. 

Kl²ļov§ slova: kalorimetrie, hydrataļn² teplo, bezsl²nkov® pojivo 3C, fluidn² pop²lek CC-BMA, 
ekologie 

 

Đvod 

Biomasa pŚedstavuje jeden z nejstarġ²ch zdrojŢ energie, jehoģ vĨznam v posledn²ch desetilet²ch opŊt 
roste v souvislosti s tlakem na udrģitelnou energetiku. Spalov§n² biomasy je povaģov§no za emisnŊ 
neutr§ln², protoģe mnoģstv² COϜ uvolnŊn®ho pŚi spalov§n² odpov²d§ mnoģstv² absorbovan®mu bŊhem 
rŢstu rostlin 1. NejļastŊji se vyuģ²v§ roġtov® spalov§n², kter® je vhodn® pro vlhļ² a hrubġ² materi§ly, ale 
m§ niģġ² ¼ļinnost. ModernŊjġ² metodou je spalov§n² ve fluidn²m loģi, kter® umoģŔuje efektivnŊjġ² 
pŚemŊnu energie a niģġ² emise NO  a SO , ale vyģaduje pŚesnŊjġ² Ś²zen² procesu. NejproblematiļtŊjġ² je 
pr§ġkov® spalov§n², kter® je nevhodn® pro vŊtġinu biomasy kvŢli nutnosti jemn®ho mlet² a riziku tvorby 
speļen®ho popela 2, 3. V souļasn® dobŊ je ve vybranĨch elektr§rn§ch provozov§no fluidn² spalov§n² 
biomasy spoleļnŊ s uhl²m. Takto vzniklĨ popel (CC-BMA) se dŊl² na loģovĨ a ¼letovĨ, dle m²sta odbŊru 
z procesu. Chemick® a f§zov® sloģen² CC-BMA popelŢ je z§visl® na sloģen² smŊsi, kter§ je spalov§na. 
Majoritn²mi sloģkami jsou SiO2, CaO, MgO, d§le pak Al2O3, alkalick® prvky, chloridy a zbytky 
nevyhoŚel®ho uhl²ku 4, 5. Mineralogick® sloģen² souvis² i s typem spalov§n², souļasnŊ mŢģe bĨt 
ovlivnŊno i procesem odsiŚov§n². Pop²lky z fluidn²ch kotlŢ obsahuj² nejļastŊji kŚemen, hlinito-kŚemiļit® 
miner§ly, v§penec, voln® v§pno, anhydrit a dalġ² 4. VĨsledkem je, ģe takto vzniklĨ pop²lek mŢģe m²t 
pucol§nov®, resp. i hydraulick® vlastnosti. Pro vyuģit² popela ve stavebnictv² nicm®nŊ plat² evropsk§ 
norma EN 450-1 6, kter§ stanovuje poģadavky na chemick® a fyzik§ln² vlastnosti popela pro pouģit² 
v betonu dle EN 206-1, a v ĻR tak® normy ĻSN 72 2071, ĻSN 72 2072 a ĻSN 72 2080 pro popel 
z fluidn²ho spalov§n², tabulka 1.  

mailto:lukas.mauermann@vscht.cz
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Tabulka 1: Poģadavky na chemick® sloģen² pop²lku dle normy EN 450-1 

Chemick® sloģen² Krit®rium 

Cl- <0,1 hm. % 

SO3  <3,0 hm. % 

CaO  <10,0 hm. % 

SiO2 >25,0 hm. % 

SiO2 + Al2O3 + Fe2O3  >70,0 hm. % 

Na2Oeq  <5,0 hm. % 

MgO  <4,0 hm. % 

P2O5 <5,0 hm. % 

 

V roce 2023 byla produkce fluidn²ch pop²lkŢ v ĻR pŚibliģnŊ 1,081 milionŢ tun, coģ ļinilo asi 12,3 % 
z celkov® roļn² produkce vedlejġ²ch energetickĨch zdrojŢ (VEP) 7. Jelikoģ je jejich vyuģit² jako pŚ²mŊsi do 
betonŢ z pohledu normy ĻSN EN 450 ï 1 6 zak§z§no, je jejich uplatnŊn² velice omezen®, a proto ļasto 
konļ² na sloģiġt²ch bez vyuģit². PŚesto jsou fluidn² pop²lky vzhledem ke svĨm hydraulickĨm 
a pucol§novĨm vlastnostem nadŊjnĨm materi§lem pro vyuģit² ve stavebnictv². Zaj²mavĨm zpŢsobem 
zpracov§n² fluidn²ch pop²lkŢ se zabĨv§ pracovn² skupina na VĠCHT, kter§ ve spolupr§ci s ĻVUT a ĻEZ 
EP vyv²j² alternativn² hydraulick® pojivo Sorfix 8, 9, 10. Sulf§to-v§penat® pojivo Sorfix je smŊs fluidn²ho 
pop²lku, kter® mŢģe nav²c obsahovat v§penec, vysokoteplotn² pop²lek, kŚemiļitĨ ¼let a vysokopecn² 
strusku. Nezbytnou sloģkou pojiva je plastifik§tor na b§zi polykarboxyl§tŢ. Na z§kladŊ pozn§n² 
hydraulick®ho pojiva Sorfix bylo d§le pŚipraveno nov® alternativn² pojivo 3C ï podle tŚ² majoritn²ch 
sloģek, ze kterĨch se skl§d§ ï kalcinovanĨ j²l, anhydrit II a v§pno 11, 12. 3C pojivo je bezsl²nkov®, 
dlouhodobŊ stabiln², hydraulick® pojivo, jehoģ hlavn² sloģkou je kalcinovanĨ amorfn² aluminosilik§t. D§le 
obsahuje bezvodĨ anhydrit CaSO4, coģ toto pojivo odliġuje od ostatn²ch doposud zn§mĨch sulf§to-
v§penatĨch pojiv. Tato sloģka se v pojivu pohybuje v mnoģstv² 8 ï 45 %. Posledn² sloģkou 3C pojiva je 
v§pno v p§len® (CaO), ļi haġen® (Ca(OH)2) formŊ 

13, 11. 

Hydrataci anorganickĨch pojiv lze obecnŊ rozdŊlit do tŚ² f§z², tj. indukļn² f§ze, f§ze tuhnut² a f§ze 
tvrdnut². Hydratace cementu je pomŊrnŊ dobŚe pops§na, kdy v indukļn² f§zi doch§z² k rychl® hydrataci 
kalciumalumin§tu C3A a je spojena s intenzivn²m vĨvojem tepla. Po nŊkolika minut§ch vġak doch§z² 
k ¼tlumu vĨvoje tepla vlivem retardaļn²ho mechanismu s²ranŢ a k tvorbŊ ettringitu. Rychl® hydrataci 
podl®h§ i hlavn² sl²nkovĨ miner§l alit C3S. Rychlost rozpouġtŊn² a hydratace C3S v prvn²ch minut§ch 
hydratace neline§rnŊ kles§ aģ do okamģiku rovnov§hy nasycen² roztoku Ca2+ ionty. Od prvn² chv²le 
kontaktu vody s cementem vznik§ tzv. C-S-H f§ze, kter§ je hlavn²m nositelem pevnosti cementu. Po 2 ï 3 
hodin§ch zaļ²n§ f§ze tuhnut², kter§ se vyznaļuje velkĨm vĨvinem tepla, kterĨ znaļ² hydrataci hlavn² 
sl²nkov® f§ze C3S. BŊhem tohoto dŊje vznik§ C-S-H f§ze a portlandit. Do f§ze tvrdnut² pŚech§z² 
hydratace cementu pŚibliģnŊ po 5-8 hodin§ch. V t®to f§zi zaļ²n§ prob²hat hydratace C2S a doch§z² 
k rozpadu ettringitu na monosulf§t. Na kŚivce hydratace jsou tyto dva dŊje zn§zornŊn® drobnĨm 
n§rŢstem tepeln®ho toku 14, 15, 16. Konkr®tn² pr§ce na hydrataci CC-BMA pouģit®ho samostatnŊ jako 
pojivo nebyla v r§mci reġerġe nalezena. V n§sleduj²c²ch pracech 17, 18 byl pop²lek CC-BMA pouģit jako 
pŚ²mŊs do cementu (SCM). Bylo dok§z§no, ģe u cementov® malty s 25% n§hradou CC-BMA doch§z² ke 
sn²ģen² hydrataļn²ho tepla a k negativn²mu ovlivnŊn² zpracovatelnosti 17. U pojiv s fluidn²m popelem ï 
Sorfix a 3C prob²h§ hydratace rozd²lnĨm zpŢsobem, neģ jakĨ je u cementu. PrŢbŊh vĨvinu tepla v ļase 
z§vis² pŚedevġ²m na chemick®m a mineralogick®m sloģen². V pr§ci Bet§kov® a kol. 12 bylo zjiġtŊno, ģe 
u pojiva 3C pŚipraven®ho ze sloģek metakaolinu, anhydritu II a haġen®ho v§pna, z§vis² vĨvin tepla na 
mnoģstv² metakaolinu. U pojiva 3C pŚipraven®ho z v§pna p§len®ho a u pojiva Sorfix, kter® tak® obsahuje 
p§len® v§pno, dosud nebylo provedeno mŊŚen² vĨvinu tepla bŊhem hydratace. Lze vġak s jistotou 
pŚedpokl§dat, ģe na samotn®m zaļ§tku mŊŚen² dojde k siln® exotermn² reakci, bŊhem kter® dojde 
k hydrataci p§len®ho v§pna. 

Mezi hlavn² faktory ovlivŔuj²c² rychlost hydratace a uvolŔov§n² hydrataļn²ho tepla patŚ² pŚedevġ²m 
chemick® a mineralogick® sloģen² pojiv. Rychlost hydratace d§le z§vis² na vnŊjġ²ch podm²nk§ch, a to 
pŚedevġ²m na teplotŊ a vodn²m souļiniteli smŊsi (w). Ide§ln² vodn² souļinitel pro hydrataci portlandsk®ho 
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cementu se uv§d² 0,38, je -li vodn² souļinitel niģġ², doch§z² k ne¼pln® hydrataci cementu 19, 20. Za 
standardn²ch teplot mezi 20-25 ÁC doch§z² k vrcholu toku tepla vlivem hydratace po 12 hodin§ch 
hydratace. Je-li teplota vyġġ², rychlost hydratace se urychluje, naopak pŚi niģġ²ch teplot§ch doch§z² ke 
zpomalen² hydrataļn²ch dŊjŢ 21. Na rychlost hydratace m§ souļasnŊ velkĨ vliv i velikost ļ§stic pojiva, 
resp. mŊrnĨ povrch. U klasickĨch cementŢ se uv§d² hloubka hydratace zrna po dobu 6 mŊs²cŢ mezi  
3 ï 15 Õm 20. Z toho vyplĨv§, ģe hrubŊ namletĨ cement obsahuj²c² hrub® ļ§stice sl²nku mŢģe m²t niģġ² 
hydrataļn² teplo neģ jemnŊ namletĨ. 

Hydrataļn² teplo pojiv patŚ² mezi jejich z§kladn² charakteristiky. U alternativn²ch pojiv, jako jsou pr§vŊ 
pojiva Sorfix a 3C, obsahuj²c²ch voln® v§pno doch§z² k silnĨm exotermickĨm reakc²m na poļ§tku 
hydratace, coģ mŢģe bĨt n§slednŊ spojeno se smrġŠovac²mi trhlinami. Je proto nutn® zn§t hydrataļn² 
kŚivky tŊchto pojiv a na jejich z§kladŊ optimalizovat jejich sloģen² ï napŚ. pŚ²davkem Ca(OH)2 nam²sto 
CaO. Hydrataļn² teplo je mŊŚeno tŚemi standardizovanĨmi metodami, a to: rozpouġtŊc² metodou 
(EN 196-8), semi-adiabatickou (EN 196-9) a izotermn² vodivostn² kalorimetrickou metodou (EN 196-11). 
Pro ide§lnŊ tepelnŊ izolovanĨ syst®m lze z prvn²ho termodynamick®ho z§kona odvodit, ģe zmŊna teploty 
vyvinut® hydratac² malty nen² z§visl§ na hmotnosti malty. V re§lnĨch syst®mech vġak doch§z² 
k tepelnĨm ztr§t§m, kter® pŢsob² proti rŢstu teploty bŊhem hydratace. V takovĨch syst®mech hmotnost 
malty ovlivŔuje vĨvin teploty d²ky tepeln® kapacitŊ, kter§ roste s rostouc² hmotnost² malty 27. HmotnŊjġ² 
malta m§ vyġġ² tepelnou kapacitu a ochlazov§n² d²ky tepelnĨm ztr§t§m prob²h§ pomaleji. Nav²c vŊtġ² 
vrstva malty kolem mŊŚ²c²ho termoļl§nku vytv§Ś² dalġ² izolaļn² vrstvu. Dalġ²m ovlivŔuj²c²m faktorem je 
tepeln§ izolace zaŚ²zen², ve kter®m hydratace prob²h§. 

V t®to pr§ci je hydrataļn² teplo pojiv mŊŚeno semi-adiabatickou metodou dle normy EN 196-9. D§le 
bylo provedeno paraleln² mŊŚen² vĨvinu tepla vlivem hydratace pojiv v uzavŚenĨch DewarovĨch 
n§dob§ch, kter® klade vĨraznŊ menġ² n§roky na pŚ²strojov® vybaven², a nav²c je jednoduġġ² na realizaci. 
SouļasnŊ bylo provedeno srovn§n² tŊchto dvou metod. 

 

Experiment§ln² ļ§st 

Suroviny 

Pro kalorimetrick§ mŊŚen² byly vybr§ny loģov® a ¼letov® pop²lky (oznaļeno EHO LP, EHO ĐP) 
z elektr§rny Hodon²n (ĻEZ EP a.s., CZ), kter® vznikly z fluidn²ho spalov§n² smŊsi uhl² a biomasy 
v pomŊru 4:1 pŚi teplotŊ cca 850 ÁC. Pop²lky byly mlety v om²lac²m bubnu pro diskontinu§ln² mlet² OM-20 
(Brio Hranice, CZ) po dobu 15 minut (oznaļeno II) a 45 minut (oznaļeno IV), obr§zek 1. 

    

    

Obr§zek 1: Fotografie pouģitĨch surovin ï zleva nahoŚe CEM, EHO LP II, EHO LP IV, EHO ĐP II, 
EHO ĐP IV, SFX, 3C M1, 3C M5 
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D§le byla pouģita tŚi referenļn² hydraulick§ pojiva, konkr®tnŊ PortlandskĨ cement CEM I 42,5 R 
(oznaļeno CEM) z cement§rny Mokr§ (Heidelberg Materials CZ, a.s., CZ), pojivo Sorfix (oznaļeno SFX) 
na b§zi fluidn²ch pop²lkŢ (ĻEZ EP a.s., CZ) a nov® bezsl²nkov® hydraulick® pojivo 3C na b§zi 
kalcinovan®ho j²lu, anhydritu AII a v§pna, kter® bylo pŚipraveno dvŊma zpŢsoby, samostatnĨm vĨpalem 
surovin (oznaļeno 3C M1) a spoluvĨpalem surovin (oznaļeno 3C M5). ObŊ 3C pojiva byla vyp§lena ve 
statick® peci. Pro pŚ²pravu 3C pojiva byl pouģit j²l L05 (ĻLUĢ, CZ), energos§drovce z elektr§rny Tuġimice 
(ĻEZ, CZ) a v§penec (Ļertovy schody, CZ). Pojivo 3C M1 bylo sm²ch§no ze samostatnŊ vyp§lenĨch 
3 surovin ï j²lu, energos§drovce a v§pence ï v pomŊru 65:20:15. Pojivo 3C M5 bylo vyrobeno 
spoleļnĨm vĨpalem 3 surovin tak, aby po vĨpalu bylo chemick® sloģen² stejn®, jako u pojiva 3C ï M1. 
Chemick® (XRF) a f§zov® (XRD) sloģen² vybranĨch pop²lkŢ a pojiv je prezentov§no v tabulce 2 a 3. 
Z§kladn² fyzik§ln² vlastnosti jako je velikost ļ§stic, hustota a mŊrnĨ povrch je prezentov§no v tabulce 4. 

 

Tabulka 2: Sloģen² surovin XRF (hm. %) 

XRF Al2O3 SiO2 Fe2O3 Na2O K2O MgO CaO TiO2 P2O5 SO3 Cl- Ostatn² 

CEM  4,11 17,60 3,38 0,00 0,83 1,45 67,77 0,31 0,16 3,79 0,03 0,56 

EHO LP 8,08 68,48 2,07 1,03 3,87 2,65 10,94 0,32 1,48 0,48 0,11 0,60 

EHO ĐP 11,26 41,83 4,96 1,18 5,17 4,47 23,37 0,76 2,61 2,85 0,39 1,54 

SFX  26,60 33,80 4,60 0,10 0,60 0,70 21,60 2,50 0,00 9,00 0,00 0,50 

3C M1 32,14 33,32 0,60 0,13 0,40 0,43 24,92 1,22 0,06 6,62 0,00 0,16 

3C M5 30,37 32,01 0,63 0,13 0,40 0,46 25,87 1,18 0,07 8,67 0,02 0,18 

 

Tabulka 3: Sloģen² surovin XRD (hm. %) 
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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 ĐP 59 0 0 0 0 9 6 13 2 1 1 0 4 1 4 

SFX  58 0 0 0 0 8 6 15 6 0 2 0 0 0 5 

3C M1 47 0 0 0 0 6 12 26 5 2 2 0 0 0 0 

3C M5 54 0 0 0 0 5 6 27 4 2 2 0 0 0 0 

 

Tabulka 4: PSD ï rozdŊlen² velikosti ļ§stic ï kvantily, D10, D50 a D90, hustota a mŊrnĨ povrch 

 PSD [ɛm] Hustota MŊrnĨ povrch 

 
D10 D50 D90 [g.cm-3] [cm2.g-1] 

CEM  2,30 13,36 40,90 3,417 3 760 

EHO LP II 3,05 41,11 143,00 2,856 2 723 

EHO LP IV 1,77 10,28 44,39 2,962 5 044 

EHO ĐP II 1,84 10,87 47,42 2,953 5 647 

EHO ĐP IV 1,34 7,618 40,62 2,984 7 920 

SFX 1,60 12,10 73,00 2,640 10 106 

3C M1 2,36 23,26 95,48 2,433 5 437 

3C M5 2,82 23,54 99,13 2,467 3 584 
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PŚ²prava malt 

Prvn²m krokem bylo nav§ģen² suchĨch sloģek v pomŊru 1 d²l pojiva ku 3 d²lŢm p²sku. Hmotnost 1 d²lu 
byla 489 g. N§sledovala such§ homogenizace po dobu 30 s. Po pŚid§n² destilovan® vody o vodn²m 
souļiniteli w = 0,5 byla malta m²ch§na v laboratorn² m²chaļce ToniMix (Toni Technik, DE) dle EN 196-9 
po dobu 2 minut. U vĨroby malt s vyġġ²m obsahem voln®ho v§pna ï SFX, 3C M1 a M5 ï byl do 
z§mŊsov® vody pŚid§n plastifik§tor v mnoģstv² 2 hm. % na hmotnost pojiva, z dŢvodu dosaģen² stejn® 
zpracovatelnosti vġech smŊs². Po sm²ch§n² byly naplnŊny mŊŚ²c² n§doby, kter® byly vloģeny do 
kalorimetru (1575 g) a Dewarovy n§doby (400 g) za ¼ļelem mŊŚen² hydrataļn²ho tepla. 

 

Metody 

Rentgenov§ fluorescenļn² analĨza (XRF) byla provedena za ¼ļelem zjiġtŊn² prvkov®ho sloģen² 
surovin. Byla mŊŚena na sekvenļn²m rentgenov®m spektrometru ARL 9400 XP (Thermo Scientific ARL, 
CH). Intenzity spektr§ln²ch ļar prvkŢ byly mŊŚeny programem WinXRF a namŊŚen§ data byla 
vyhodnocena pomoc² softwaru Uniquant 4. Rentgenov§ difrakļn² analĨza (XRD) byla provedena za 
¼ļelem zjiġtŊn² f§zov®ho sloģen² surovin. Byla mŊŚena na pr§ġkov®m difraktometru XôPert3 (PANalytical, 
NL). VĨsledky kvalitativn² a kvantitativn² analĨzy byly vyhodnoceny pomoc² programu HighScore Plus 5 
(PANalytical, NL). Do vzorkŢ bylo pŚid§no ZnO jako intern² standard pro kvantifikaci amorfn² f§ze. D§le 
byly mŊŚeny vybran® fyzik§ln² vlastnosti surovin. Distribuce velikosti ļ§stic (PSD) byla stanovena pomoc² 
laserov®ho granulometru Bettersizer ST (Dandong Bettersize Instruments, CN). Hustota byla mŊŚena 
heliovĨm pyknometrem Pycnomatic ATC Evo (Microtrac, DE) a mŊrnĨ povrch byl mŊŚen automatickĨm 
BlainovĨm (Testing, DE) dle normy EN 196-6 23. 

Pro mŊŚen² hydrataļn²ho tepla dle normy EN 196-9 24 byl pouģit semi-adiabatickĨ kalorimetr 
Langavant Method Calorimeter (Testing, DE). PŚ²prava a mŊŚen² prob²halo po dobu 72 hodin dle 
pŚ²sluġn® normy. VĨsledky jsou prezentov§ny jako aktu§ln² tepelnĨ tok v mW/g se zamŊŚen²m na prvn²ch 
24 hodin mŊŚen², kterĨ byl vypoļten derivac² teplotn²ho toku v J/g podle ļasu t. Tento pŚepoļet je l®pe 
srovnatelnĨ s dostupnou literaturou a poskytuje informace o prŢbŊhu hydratace v ļase. Pro stanoven² 
hydrataļn² teploty malt pomoc² DewarovĨch n§dob, byla sestavena sada dvou n§dob, kter® byly 
vybaveny horn²m polystyrenovĨm tŊsnŊn²m. Prvn², referenļn², n§doba byla naplnŊna kŚemiļitĨm 
p²skem. Do druh® n§doby byl do 6 minut po sm²ch§n² pojiva s vodou um²stŊn kel²mek s 400 g ļerstv® 
malty. V²kem obou n§dob byl provleļen termoļl§nek Termio-2 (Termoprodukt, PL), kterĨ zaznamen§val 
teploty uvnitŚ n§dob v 1 minutovĨch intervalech po dobu 72 hodin. Bylo pouģito stejn® uspoŚ§d§n² jako 
v pr§ci Bet§kov§ a kol. 12. Vyhodnocen² vĨvinu teplot probŊhlo pro obŊ zaŚ²zen² identickĨm zpŢsobem. 
Od hodnot teplot z mŊŚ²c²ch cel byly odeļteny hodnoty z cel referenļn²ch a k rozd²lu byla pŚipoļ²t§na 
konstanta 20Á C. ObŊ mŊŚen² prob²hala v identick® m²stnosti se stejnĨmi klimatickĨmi podm²nkami 
(zajiġtŊno klimatizac²). Teplota laboratoŚe byla po celou dobu mŊŚen² 21,5 Ñ 0,5 ÁC. 

 

  

Obr§zek 2: Semi-adiabatickĨ kalorimetr (vlevo) dle EN 196-9 a soustava DewarovĨch n§dob pro 
mŊŚen² teplot pŚi hydrataci (vpravo) 
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VĨsledky a diskuze 

Semi-adiabatickĨ kalorimetr 

Na obr§zku 3 je vyobrazen z§znam vĨvoje kumulovan®ho hydrataļn²ho tepla dle EN 196-9 
v z§vislosti na ļase. Po 72 hodin§ch dos§hla nejvŊtġ² hodnoty hydrataļn²ho tepla malta CEM, a to 
374,7 J/g. Pot® n§sledovala malta 3C M1 s hodnotou 323,5 J/g, malta 3C M5 278,0 J/g a malta SFX 
263,6 J/g. Malty vyroben® z pop²lkŢ z uhl² a biomasy (EHO) dosahovaly vĨraznŊ niģġ²ch hydrataļn²ch 
tepel, malta z loģov®ho pop²lku EHO LP niģġ² des²tky J/g a malta z ¼letov®ho pop²lku EHO UP vyġġ² 
des²tky J/g. Hodnoty kumulovan®ho hydrataļn²ho tepla v danĨch ļasech jsou pŚehlednŊ vyps§ny 
v tabulce 5.  

 

 

Obr§zek 3: VĨvoj hydrataļn²ho tepla malt z mŊŚen² v Semi-adiabatick®m kalorimetru 

 

U malt CEM, SFX, 3C M1 a 3C M5 byl pozorov§n odliġnĨ prŢbŊh hydratace v porovn§n² s maltami 
EHO LP a ĐP. PrŢbŊh hydratace CEM, SFX , 3C M1 a 3C M5 lze rozdŊlit na tŚi f§ze, podobnŊ jako 
u hydratace cementu dle dostupn® literatury 14, 15, 16, a to na indukļn² f§zi, f§zi tuhnut² a f§zi tvrdnut², 
obr§zek 3, 4. Indukļn² f§ze je spojena s velkĨm vĨvinem hydrataļn²ho tepla, coģ je charakterizov§no 
vysokĨm p²kem na poļ§tku mŊŚen². Nejvyġġ² hodnoty hydrataļn²ho tepla v prvn² f§zi dos§hly malty se 
sulf§to-v§penatĨm pojivem 3C M1 a 3C M5.  

ZvĨġen§ hodnota byla zaznamen§na i pro SFX a n§slednŊ i pro EHO ĐP. PŚ²ļinou je vyġġ² pod²l 
rychle hydratuj²c²ho voln®ho CaO a obsah anhydritu, kterĨ m§ za n§sledek silnŊ exotermn² reakci, pŚi 
kter® vznik§ prim§rn² ettringit 25, 26. PŚ²tomnost ettringitu v tŊchto pojivech byla nav²c prok§z§na 
v pŚedchoz²ch prac²ch 25, 8, 11, 12. KvantitativnŊ je hydrataļn² teplo v ļase 0,33 h u malt 3C v²ce neģ 
dvakr§t vyġġ² neģ u malty SFX, coģ odpov²d§ pŚibliģnŊ dvakr§t vyġġ²mu obsahu anhydritu v pojivu, viz 
tabulce 3.  

Niģġ²ho indukļn²ho p²ku dos§hla malta CEM, kter§ dle mineralogick® analĨzy obsahuje v porovn§n² 
s ostatn²mi pojivy zanedbateln® mnoģstv² voln®ho CaO a anhydritu/s§drovce. U malty CEM doch§z² 
mimo tvorbu ettringitu d§le k hydrataci kalciumalumin§tŢ, coģ je popisov§no v prac²ch o hydrataci 
cementu 15, 16. Vzorky pop²lku z biomasy EHO LP dos§hly vŢbec nejniģġ²ch hodnot hydrataļn²ho teplota 
po 3 hodin§ch mŊŚen² a hodnoty nepŚes§hly 14 J/g. Indukļn² f§ze dozn²v§ mezi 1. ï 3. hodinou mŊŚen², 
coģ znaļ² lok§ln² minima, obr§zek 4. Po t®to f§zi pŚich§z² f§ze tuhnut². V t®to f§zi zaļ²n§ u klasickĨch 
cementŢ tvorba C-S-H f§ze, jak je popisov§no v pr§ci Kasal a kol. 16.  

C-S-H f§ze je takt®ģ tvoŚena v sulf§to-v§penatĨch pojivech, coģ bylo prok§z§no pomoc² MAS-NMR 
v n§sleduj²c²ch prac²ch 8, 9. F§ze tuhnut² je zaznamen§na prudkĨm n§rŢstem hydrataļn²ch tepel. Konec 
t®to f§ze nelze jasnŊ definovat, ponŊvadģ pŚechod do f§ze tvrdnut² je plynulĨ a u kaģd®ho pojiva je 
rozd²lnĨ v z§vislosti na rozd²ln®m prŢbŊhu hydratace, zpravidla vġak bĨv§ oznaļov§n maximem na 
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hydrataļn² kŚivce ï hlavn² hydrataļn² p²k. Malta CEM dos§hla nejvyġġ²ho hlavn²ho p²ku, a to v ļase 12 
hodin, n§slednŊ malta 3C M1 v ļase 11 hodin, pot® malta 3C M5 v ļase 5 hodin a nakonec malta SFX 
v ļase 14 hodin. U malt EHO LP doġlo po skonļen² indukļn² f§ze k ust§len² vĨvinu hydrataļn²ho tepla 
bez dalġ²ho vĨrazn®ho p²ku. U malt EHO ĐP II a ĐP IV doġlo k nepatrn®mu zvĨġen² hydrataļn²ho tepla 
po 18 hodin§ch, resp. po 13 hodin§ch hydratace. Tyto vĨsledky naznaļuj², ģe v tŊchto syst®mech 
prakticky nedoch§z² ke vzniku C-S-H f§ze, jeģ je doprov§zena charakteristickĨm p²kem bŊhem f§ze 
tuhnut², resp. tvrdnut² smŊsi.  

 

Tabulka 5: Hodnoty tepelnĨch tokŢ malt v ļasech 0,33, 12, 24, 48, 72 hodin a maxim§ln² dosaģen§ 
teplota bŊhem hydratace 

 

 

 

Obr§zek 4: Aktu§ln² hydrataļn² teplo malt vypoļten® derivac² hydrataļn²ho tepla podle ļasu 
z mŊŚen² v Semi-adiabatick®m kalorimetru 

 

Vliv mlet², resp. vyġġ² mŊrnĨ povrch u pop²lkŢ z biomasy (EHO ĐP IV a EHO LP IV), mŊl na vĨsledn® 
hodnoty hydrataļn²ho tepla jen malĨ vliv. Malta EHO ĐP IV s vyġġ²m mŊrnĨm povrchem dos§hla vyġġ²ho 
hydrataļn²ho tepla po 72 hodin§ch (102,7 J/g) neģ malta EHO ĐP II s hrubġ²m pop²lkem (84,3 J/g), coģ 
koresponduje s vĨsledky z literatury 19. Naproti tomu malta EHO LP IV s vyġġ²m mŊrnĨm povrchem 
dos§hla niģġ²ho hydrataļn²ho tepla po 72 hodin§ch (11,5 J/g) ve srovn§n² s maltou EHO LP II (25,9 J/g). 
Takto n²zk® hodnoty hydrataļn²ho tepla jsou nicm®nŊ obecnŊ diskutabiln² a opaļnĨ trend, neģ byl 
oļek§v§n, mŢģe bĨt zpŢsoben urļitou chybou mŊŚen² dan® metody. 

Malta 
Hydrataļn² teplo [J/g] Teplota 

0,33 h 3 h 12 h 24 h 48 h 72 h Max [ÁC] 

CEM 19,3 34,9 182,4 290,8 355,8 374,7 48,0 

EHO LP II 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 ĐP II 29,4 36,6 46,1 60,5 73,5 84,3 25,2 

EHO ĐP IV 39,5 44,2 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 
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Obr§zek 5: VĨvoj teplot bŊhem hydratace malt z mŊŚen² v Semi-adiabatick®m kalorimetru 

Obr§zek 5 zn§zorŔuje z§znam teplot namŊŚenĨch bŊhem hydratace malt. Nejvyġġ²ch teplot bŊhem 
hydratace dos§hly smŊsi 3C M1 ï 50,6 ÁC a CEM ï 48,0 ÁC. N§sledovala malta 3C M5 s hodnotou 
teploty 47,4 ÁC a malta SFX s hodnotou teploty 46,1 ÁC. Malty s pop²lky z biomasy EHO zaznamenaly 
malĨ n§rŢst teploty ihned po um²ch§n² smŊsi, pot® byly v r§mci odchylky konstantn² aģ do konce mŊŚen². 
Maxim§ln² dosaģen® teploty jsou zaznamen§ny v tabulce 5. Obr§zek 5 popisuj²c² vĨvin teplot bŊhem 
mŊŚen² reflektuje vĨvin hydrataļn²ho tepla z obr§zku 4, avġak hodnoty maxim jsou posunuty d§l od 
poļ§tku mŊŚen². To nasvŊdļuje kumulaci a setrvaļnosti tepla v mŊŚic² cele.  

 

Soustava DewarovĨch n§dob 

N§sleduj²c² obr§zek 6 popisuje vĨvin teplot vlivem hydratace malt v soustavŊ DewarovĨch n§dob. 
Nejvyġġ²ch teplot bŊhem hydratace dos§hly smŊsi 3C M1 ï 30,4 ÁC a 3C M5 ï 28,6 ÁC. RychlĨ n§rŢst 
teplot ihned po sm²ch§n² malty s vodou nasvŊdļuje opŊt rychl® hydrataci voln®ho CaO a tvorbŊ ettringitu 
v pojivu11. N§sledovala malta CEM s hodnotou teploty 27,9 ÁC a malta SFX s hodnotou teploty 25,1 ÁC. 
Hydratace malty CEM prob²hala v prvn²ch hodin§ch pozvolnŊ, prudkĨ n§rŢst teploty mezi 4 aģ 18 
hodinou od zam²ch§n² malty s vodou nasvŊdļuje tvorbŊ C-S-H f§ze ze sl²nkovĨch miner§lŢ 15.  

Malty s pop²lky z biomasy EHO ĐP zaznamenaly n§rŢst teploty ihned po zam²ch§n² s vodou, malty 
s pop²lky EHO LP nezaznamenaly ģ§dnĨ n§rŢst teploty bŊhem mŊŚen². Tento syst®m uspoŚ§d§n² mŊŚen² 
byl jiģ vyuģit v pr§ci Bet§kov§ a kol. 12. pro stanoven² hydrataļn²ch tepel kaġ² rŢznĨch 3C pojiv a 
cementu CEM 42,5 R. Jelikoģ tato pr§ce byla provedena na malt§ch, lze s touto prac² srovn§vat pouze 
okrajovŊ. Nicm®nŊ pro kaġi CEM v pr§ci Bet§kov§ a kol. 12 a pro maltu CEM v t®to pr§ci byl volen stejnĨ 
cement. Malta CEM dos§hla maxim§ln² teploty po 16 hodin§ch od zaļ§tku mŊŚen², zat²mco kaġe CEM 12 
po 11 hodin§ch mŊŚen². Z tohoto vĨsledku lze pŚedpokl§dat, ģe vĨvin teploty v malt§ch prob²h§ pomaleji.  

Odliġn® vĨsledky byly zaznamen§ny i pro smŊsi obsahuj²c² pojivo 3C. U malt 3C M1 a 3C M5 byl 
zaznamen§n nejvŊtġ² vĨvin teploty na poļ§tku mŊŚen², coģ nekoreluje s vĨvinem teplot 3C pojiv 
mŊŚenĨch ve srovn§vac² pr§ci 12. To je zpŢsobeno odliġnĨmi vstupy v pŚipravenĨch syst®mech, kdy 
Bet§kov§ a kol. 12 pouģili jako zdroj Ca2+ hydroxid v§penatĨ, zat²mco v t®to pr§ci je pouģ²t oxid v§penatĨ. 
Tento vĨsledek jasnŊ poukazuje na rychlost vĨvinu tepla rychle hydratuj²c²ho voln®ho CaO. 
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Obr§zek 6: VĨvoj teplot bŊhem hydratace malt z mŊŚen² v DewarovĨch n§dob§ch 

 

Srovn§n² mŊŚen² ze semi-adiabatick®ho kalorimetru a mŊŚen² z DewarovĨch n§dob 

Podle pŚedpokladu vġechny malty mŊŚen® v DewarovŊ n§dobŊ dos§hly niģġ²ch maxim§ln²ch teplot 
v porovn§n² s maxim§ln²mi teplotami ze Semi-adiabatick®ho kalorimetru. N§sleduj²c² tabulka 6 obsahuje 
hodnoty maxim§ln²ch dosaģenĨch teplot vlivem hydratace malt. Je zaj²mav®, ģe u vġech pojiv tvoŚ²c²ch 
prokazatelnŊ C-S-H f§zi (CEM, SFX, 3C) byl zaznamen§n rozd²l v teplot§ch kolem 20 ÁC. Pop²lky 
z biomasy EHO naproti tomu vykazuj² jen minim§ln² rozd²l teplot, coģ souvis² celkovĨmi n²zkĨmi 
hodnotami hydrataļn²ch tepel. BodovĨ graf vynesenĨ z hodnot maxim§ln²ch teplot z obou mŊŚen² 
potvrzuje pozitivn² line§rn² z§vislost, viz obr§zek 7.  

Lze tak konstatovat, ģe Dewarova n§doba mŢģe slouģit jako dostupnĨ a praktickĨ n§stroj pro 
orientaļn² posouzen² tepeln®ho vĨvoje bŊhem hydratace pojiv, zejm®na v pŚ²padech, kdy nen² 
k dispozici standardizovan® zaŚ²zen² dle EN 196-9. Aļkoliv jej² izolaļn² vlastnosti nejsou tak ¼ļinn® jako 
u semi-adiabatick®ho kalorimetru, umoģŔuje sledovat relativn² rozd²ly mezi jednotlivĨmi typy malt a pojiv. 
Jej² vyuģit² je vhodn® zejm®na pro srovn§vac² studie, kde je c²lem identifikovat materi§ly s vyġġ² nebo 
niģġ² hydrataļn² aktivitou, nikoliv pŚesnŊ kvantifikovat hydrataļn² teplo. 

 

Tabulka 6. Srovn§n² maxim§ln²ch dosaģenĨch teplot bŊhem hydratace v Semi-adiabatick®m 
kalorimetru a DewarovŊ n§dobŊ 

Malta 

Teplota ze Semi-adiabatick®ho 
kalorimetru 

Teplota z Dewarovy 
n§doby 

ȹT 

Max [ÁC] Max [ÁC] [ÁC] 

CEM 48,0 27,9 20,1 

EHO LP II 21,8 20,4 1,4 

EHO LP IV 20,5 20,2 0,3 

EHO ĐP II 25,2 22,0 3,2 

EHO ĐP IV 26,3 23,1 3,2 

SFX 46,1 25,1 21,0 

3C M1 50,6 30,4 20,2 

3C M5 47,4 28,6 18,8 
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Obr§zek 7: Srovn§n² mezi namŊŚenĨmi maxim§ln²mi teplotami v DewarovŊ n§dobŊ a  
Semi-adiabatick®m kalorimetru 

 

Z§vŊr 

Tato pr§ce se vŊnovala mŊŚen² hydrataļn²ho tepla malt obsahuj²c² fluidn² pop²lky ze spoluspalov§n² 
uhl² s biomasou a malt se sulf§to-v§penatĨmi pojivy (3C M1, 3C M5, SFX) pŚiļemģ bylo zjiġtŊno: 

¶ PrŢbŊh hydratace sulf§to-v§penatĨch pojiv byl charakteristickĨ prudkĨm n§rŢstem teploty 
v poļ§teļn² f§zi mŊŚen², coģ souvis² s pŚ²tomnost² voln®ho CaO a anhydritu. 

¶ VĨsledky u pop²lkŢ z biomasy spalovan® spolu s uhl²m naznaļuj², ģe v tŊchto syst®mech 
prob²haj² hydrataļn² procesy pouze velmi slabŊ. 

¶ Vliv mlet², resp. vyġġ² mŊrnĨ povrch u pop²lkŢ z biomasy (EHO ĐP IV a EHO LP IV), mŊl na 
vĨsledn® hodnoty hydrataļn²ho tepla jen malĨ vliv. 

¶ Maxim§ln² dosaģen® teploty ze semi-adiabatick®ho kalorimetru a DewarovĨch n§dob byly 
proloģeny line§rn² regresn² kŚivkou s vysokĨm koeficientem determinace R2 0,9021. Z tohoto 
dŢvodu se Dewarovy n§doby jev² jako vhodn§ alternativa pro srovn§v§n² reaktivity jednotlivĨch 
malt. 

¶ Semi-adiabatickĨ kalorimetr prok§zal v porovn§n² s DewarovĨmi n§dobami vyġġ² schopnost 
izolace, nav²c sofistikovanĨ z§znam mŊŚen² poskytuje mnoho dŢleģitĨch dat o hydrataci malt.  
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Summary  

In this work, the effect of various hydraulic binders and fly ashes from fluidized combustion of a coal 
and biomass mixture (CC-BMA) in a 4:1 ratio on the development of the hydration heat of mortars during 
hydration was investigated. Bed and fly ash from the Hodon²n power plant (ĻEZ EP a.s., CZ) were 
selected, and their hydration capacity for possible use in construction was assessed. At the same time, 
the effect of ash grinding on the development of hydration heat was studied. Mortars made of Portland 
cement, Sorfix binder based on fluidized fly ash, and an alternative clinker-free 3C binder based on 
calcined clays were also measured. Calorimetric measurements were carried out using a semi-adiabatic 
calorimeter according to the ĻSN EN 196-9 standard. A second comparative method was the 
measurement of temperature evolution during hydration of mixtures in a system of closed Dewar 
vessels. It was found that the mortar with cement reached the highest hydration heat after 72 hours. For 
mortars with the clinker-free 3C binder and Sorfix binder, the main increase in hydration heat was 
observed at the beginning of the measurements due to the hydration of free lime and anhydrite. Mortars 
with CC-BMA fly ash recorded a low increase in hydration heat, with the finer ash achieving a higher 
hydration heat. In mortars with CC-BMA bed ash, no hydration reactions occurred during the 
measurement. 

Keywords: calorimetry, hydration heat, Clinker-free binder 3C, Fluid ash CC-BMA, ecology 

mailto:lukas.mauermann@vscht.cz


Lenka M£SZĆROSOVĆ, V²t ĻERNħ, JindŚich MELICHAR, Ġimon BARĆNEK, Jakub HODUL a Rostislav 
DROCHYTKA: Vliv odpadn² celul·zy na vlastnosti autokl§vovan®ho p·robetonu 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 395  

Vliv odpadn² celul·zy na vlastnosti autokl§vovan®ho 
p·robetonu 

Lenka M£SZĆROSOVĆ, V²t ĻERNħ, JindŚich MELICHAR, Ġimon BARĆNEK, 
Jakub HODUL, Rostislav DROCHYTKA 

Vysok® uļen² technick® v BrnŊ, Fakulta stavebn², VeveŚ² 331/94, 605 00 Brno,  
e-mail: lenka.meszarosova@vut.cz   

 

Souhrn  

PŚ²spŊvek se zabĨv§ hodnocen²m vlivu pŚ²davku celul·zovĨch vl§ken, a to prim§rn² mikrocelul·zy 
a odpadn² celul·zy (v mnoģstv² 0,5 %, 1,0 % a 1,5 % hm.) na technologick® vlastnosti v prŢbŊhu 
pŚ²pravy a tak® fyzik§lnŊ mechanick® vlastnosti autokl§vovan®ho p·robetonu. C²lem bylo 
experiment§lnŊ ovŊŚit, jakĨm zpŢsobem celul·zov§ vl§kna ovlivŔuj² z§kladn² vlastnosti: objemovou 
hmotnost, pevnost v tlaku, koeficient konstruktivnosti, p·rovou strukturu a mikrostrukturu vĨsledn®ho 
materi§lu.  a t²m souļasnŊ provŊŚit moģnosti vyuģit² pap²rov®ho odpadu jako pŚ²mŊsi pŚi vĨrobŊ 
p·robetonŢ. Z vĨsledkŢ vyplĨv§, ģe odpadn² celul·za mŢģe bĨt vhodnou alternativn² surovinou pro 
modifikaci autokl§vovan®ho p·robetonu, jelikoģ pom§h§ zlepġit mechanick® vlastnosti. Vyuģit² t®to 
druhotn® suroviny tak pŚedstavuje environment§lnŊ i technicky pŚ²nosnĨ pŚ²stup k vĨrobŊ lehkĨch 
stavebn²ch materi§lŢ s niģġ²mi environment§ln²mi dopady. 

Kl²ļov§ slova: autokl§vovanĨ p·robeton, odpadn² vl§kna, odpadn² celul·za, mikrostruktura, pevnost 
v tlaku, koeficient konstruktivnosti. 

 

Đvod  

Autokl§vovanĨ p·robeton je anorganickĨ kompozitn² stavebn² materi§l, kterĨ se vyznaļuje velice 
n²zkou objemovou hmotnost² (nejļastŊji 300 aģ 600 kgĀm-3), tvoŚenĨ aģ z 80 % makrop·ry a mikrop·ry, 
kter® jsou uzavŚen® a maj² prŢmŊr do 2,5 mm. D²ky t®to struktuŚe je p·robeton lehkĨ, m§ vĨborn® 
tepelnŊ izolaļn² vlastnosti a je velmi snadno opracovatelnĨ, coģ zrychluje moģnosti vĨstavby z tohoto 
materi§lu. VelkĨ pod²l p·rŢ ve struktuŚe vġak zpŢsobuje jeho kŚehkost. Plat², ģe se zvyġuj²c² se 
p·rovitost² doch§z² ke sniģov§n² pevnosti v tlaku, kter§ se obvykle pohybuje v rozmez² 2 aģ 7 MPa.  

Z§kladn² suroviny pro vĨrobu p·robetonu mŢģeme rozdŊlit do nŊkolika skupin: maltoviny, kŚemiļit® 
sloģky, plynotvorn® l§tky a pomocn® suroviny. Mezi maltoviny patŚ² pŚedevġ²m v§pno a cement, kter® 
maj² funkci pojiva a vstupuj² do hydroterm§ln²ch reakc². KŚemiļit® sloģky jsou zastoupeny nejļastŊji 
v podobŊ kŚemiļit®ho p²sku, ale mŢģe bĨt pouģit i pop²lek nebo struska. Plynotvorn® l§tky bĨvaj² 
pŚid§v§ny nejļastŊji ve formŊ hlin²kov®ho pr§ġku, kterĨ reaguje s hydroxidem v§penatĨm obsaģenĨm ve 
smŊsi za vzniku vod²ku, kterĨ celou smŊs nadouv§. Jako pomocn® suroviny se pouģ²vaj² napŚ. s§drovec 
nebo anhydrit1.  

Mechanick® vlastnosti souvis² p·rovitost², s tlouġŠkou stŊn mezi p·ry a stupnŊm krystalinity produktŢ 
hydrataļn²ch reakc². D²ky hydroterm§ln²mu oġetŚen², kter® je jedn²m ze z§kladn²ch krokŢ prŢmyslov® 
vĨroby, doch§z² k mineralogick® tranzici z C-S-H II pŚes C-S-H I na tobermorit. Pro jeho optim§ln² vznik 
je dŢleģit® zachovat pomŊr mezi oxidy CaO a SiO2, kterĨ se pohybuje mezi 0,8 ï 1,0.2 

Dosavadn² vĨzkumy v oblasti vyuģit² vl§ken na organick® b§zi prok§zaly, ģe pŚ²davek organickĨch 
vl§ken, jako jsou napŚ²klad bambusov§ celul·zov§ vl§kna3, vl§kna z dŚevn² hmoty4,5 a rĨģov® slupky6, do 
autokl§vovan®ho p·robetonu mŢģe zlepġovat jeho mechanick® vlastnosti. Jsou-li tyto materi§ly 
d§vkov§ny v optim§ln²m mnoģstv², je d²ky jejich pŚ²davku moģn® zlepġit jejich pevnosti i o v²ce neģ 20 %.  

J. Zhang3 v sv® pr§ci uv§d², ģe pŚid§n² 0,3 % hmotnostn²ch bambusovĨch celul·zovĨch nanovl§ken 
modifikovanĨch 3-merkaptopropyl-trimethoxysilanem vede ke zvĨġen² pevnosti v tahu za ohybu o 49,2 % 
a ke zvĨġen² pevnosti v tlaku o 20,7 %. Chemick® a mikroskopick® analĨzy materi§lu s bambusovĨmi 
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vl§kny uk§zaly, ģe silanov§ ¼prava zlepġuje mezif§zovou adhezi a ļerstv§ smŊs vykazuje 
pseudoplastick® chov§n² s potenci§ln²mi dŢsledky pro zpracovatelnost. Naproti tomu M. Bentchikou7 
zjistil, ģe recyklovan§ celul·zov§ vl§kna v mnoģstv² aģ 15 % hm. sniģuj² pevnost v tlaku i v ohybu. 
Aļkoliv hodnoty pevnost² zŢstaly v r§mci standardn²ch limitŢ, vl§kna pomohla sn²ģit objemovou hmotnost 
a tepelnou vodivost. Celul·zov§ vl§kna tak® ovlivŔuj² mezif§zov® spojen² a strukturu p·rŢ. Zhang3 
podrobnŊ popsal, jak siloxanov® skupiny chemicky reaguj² s hydroxylovĨmi skupinami na povrchu vl§ken 
a pŚisp²vaj² ke zlepġen² adheze vl§ken a matrice. T. Ni8 ve sv® pr§ci zdokumentoval, ģe pŚid§n² 
rostlinnĨch vl§ken v mnoģstv² 1,5 % hmotnosti zvyġuje pevnost v ohybu o v²ce neģ 20 % bez 
vĨznamn®ho vlivu na tlakov® pevnosti. Banthia9 zkoumal moģnosti vyuģit² celul·zovĨch vl§ken 
v klasick®m betonu a pŚiġel se zjiġtŊn²m, ģe pŚ²davek celul·zovĨch vl§ken (pŚi d§vkov§n² 0,1 ï 0,3 % obj.) 
ovlivŔuje p·rovou strukturu.  

Rozliļn® vyuģit² vl§ken na b§zi celul·zy bylo prozkoum§no v r§mci jinĨch aplikac². Dosud proveden® 
studie uv§dŊj², ģe ¼ļinky z§vis² na typu vl§ken, jejich ¼pravŊ, d§vkov§n² a zpŢsobu pŚ²pravy hmoty10. 
Chov§n² odpadn²ch vl§ken na b§zi celul·zy pŚi pŚ²pravŊ autokl§vovan®ho p·robetonu vġak nebylo dosud 
dostateļnŊ prozkoum§no. C²lem tohoto pŚ²spŊvku je zhodnotit vliv konkr®tn²ch odpadn²ch celul·zovĨch 
vl§ken vzniklĨch z rozvl§knŊn² odpadn²ho pap²ru na fyzik§lnŊ mechanick® parametry a zhodnotit tak 
potenci§ln² benefity tohoto odpadn²ho materi§lu v produkci p·robetonu oġetŚen®ho v hydroterm§ln²ch 
podm²nk§ch.  

 

Experiment§ln² ļ§st  

Jako vstupn² suroviny referenļn²ch vzorkŢ byly pouģity nehaġen® v§pno (s minim§ln²m obsahem CaO 
90 %), cement, fluidn² pop²lek, kŚemiļitĨ p²sek (s obsahem SiO2 min. 90 %, pomletĨ na mŊrnĨ povrch 
200 m2/kg a velikost ļ§stic viz obr§zek 1), s²ranov® kaly (pŚipraven® z energos§drovce) a hlin²kovĨ 
pr§ġek.  

 

Obr§zek 1: Distribuce velikosti ļ§stic pouģit®ho kŚemiļit®ho p²sku. 

 

Hlavn² sloģky byly d§vkov§ny dle z§kladn² receptury v pomŊru uveden®m na obr§zku 2. 

 

 

Obr§zek 2: Z§kladn² receptura (d§vkov§n² v % hm.)  
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Upraven® receptury nav²c obsahovaly pŚ²davek celul·zovĨch vl§ken dvoj²ho typu. Jednak prim§rn² 
mikrocelul·zu (znaļena MC) a d§le celul·zu z²skanou rozvl§knŊn²m odpadn²ho pap²ru (znaļena OC). 
Receptura byla modifikov§na pŚ²davkem celul·zovĨch vl§ken MC (resp. OC) v mnoģstv² 0,5 %, 1,0 % 
a 1,5 % hm. Celul·za je polysacharid se sum§rn²m vzorcem (CϠHϛϚOϟ)n a tvoŚ² dlouh® nerozvŊtven® 
ŚetŊzce a vl§kna obou typŢ celul·zy maj² tedy nepravidelnou strukturu (jak je patrn® i z obr§zkŢ 3 a 4). 

 

  

Obr§zek 3. Odpadn² celul·za (OC)  
pŚi zvŊtġen² 200Ĭ 

Obr§zek 4. Mikrocelul·za (MC)  
pŚi zvŊtġen² 200Ĭ 

PŚitestov§n² ļerstv® smŊsi byla sledov§na konzistence za pomoc² zkouġky rozlit². V r§mci 
pŚedchoz²ho vĨzkumu bylo experiment§lnŊ stanoveno, ģe ļerstv§ hmota m§ optim§ln² konzistenci pŚi 
rozlit² (200 Ñ 2) mm. Reologick® vlastnosti jsou z§visl® na teplotŊ ļerstv® smŊsi i okol². Z tohoto dŢvodu 
byly zkouġky prov§dŊny v laboratorn²m prostŚed² a vġechny vstupn² suroviny byly pŚed vlastn²m 
m²ch§n²m temperov§ny na 50 ÁC. Poģadovan® konzistence bylo dosaģeno pŚi vodn²m souļiniteli w=1,5. 
Pro stanoven² m²ry nakypŚen² v ļase bylo 100 ml ļerstv® smŊsi nad§vkov§no do odmŊrn®ho v§lce a byl 
sledov§n prŢbŊh zmŊny objemu smŊsi po 2 minut§ch. VĨsledkem mŊŚen² je z§vislost procentu§ln² 
zmŊny objemu na ļase. Vzorky ve tvaru krychl² o hranŊ 100 mm byly n§slednŊ autokl§vov§ny 
v prostŚed² s nasycenou vodn² parou s maxim§ln² dosaģenou teplotou 194 ÁC s izotermickou vĨdrģ² 
8 hodin. Na hydroterm§lnŊ oġetŚenĨch vzorc²ch byla stanovov§na objemov§ hmotnost dle normy 
ĻSN EN 678 ĂStanoven² objemov® hmotnosti v such®m stavu autokl§vovan®ho p·robetonuñ a pevnost 
v tlaku dle normy ĻSN EN 679 ĂStanoven² pevnosti v tlaku autokl§vovan®ho p·robetonuñ. Koeficient 
konstruktivnosti byl vypoļten jako pomŊr mezi pevnost² v tlaku a objemovou hmotnost² s bezrozmŊrnou 
jednotkou. Mikrostruktura a p·rov§ struktura byly analyzov§ny vizu§lnŊ a d§le pomoc² rastrovac²ho 
elektronov®ho mikroskopu Tescan MIRA3.  

 

VĨsledky a diskuse  

PŚ²davek odpadn² celul·zy (OC) ovlivnil proces nakypŚen² smŊsi zejm®na v poļ§teļn²ch minut§ch. 
Vzorky s OC vykazovaly rychlejġ² n§rŢst objemu, coģ naznaļuje zvĨġenou reaktivitu a efektivnŊjġ² 
uvolŔov§n² plynu. SmŊsi s mikrocelul·zou (MC) vykazovaly s rostouc² d§vkou pomalejġ² n§rŢst objemu. 
Na z§kladŊ vĨsledkŢ (viz obr§zek 5) lze Ś²ci, ģe pŚ²davek odpadn² celul·zy urychlil a zefektivnil proces 
expanze ļerstv® smŊsi bez vĨrazn®ho zhorġen² stability. 



Lenka M£SZĆROSOVĆ, V²t ĻERNħ, JindŚich MELICHAR, Ġimon BARĆNEK, Jakub HODUL a Rostislav 
DROCHYTKA: Vliv odpadn² celul·zy na vlastnosti autokl§vovan®ho p·robetonu 

Patron of the issue / Patron ļ²sla: Symposium ODPADOV£ FORUM 2026 (21. ï 23. 4. 2026, Hustopeļe, Ļesk§ republika) 

 WASTE FORUM 2025, Ľ²slo 4, strana 398  

 

Obr§zek 5: Intenzita nakypŚen² v ļase. 

U vzorkŢ s pŚ²davkem odpadn² celul·zy doġlo v porovn§n² s referenļn² smŊs² k m²rn®mu sn²ģen² 
objemov® hmotnosti (o cca 10 %), coģ je dŢsledkem zvĨġen® p·rovitosti vznikl® pŚi nakypŚen² (obr§zek 6 
zn§zorŔuj²c² rozd²ly v objemov® hmotnosti vļ. smŊrodatn® odchylky). Efekt sniģuj²c² se objemov® 
hmotnosti byl vĨraznŊjġ² s rostouc² d§vkou vl§ken (1,0 ï 1,5 % hm.), naproti tomu pŚ²davek 
mikrocelul·zy nemŊl na objemovou hmotnost vliv.  

 

 

Obr§zek 6: Objemov§ hmotnost.  

Pevnostn² zkouġky uk§zaly, ģe odpadn² celul·za pozitivnŊ ovlivnila pevnost v tlaku, zejm®na pŚi 
d§vkov§n² 1 a 1,5 % hm., coģ je patrn® z obr§zku 7, na kter®m jsou zn§zornŊny hodnoty pevnosti vļetnŊ 
smŊrodatn® odchylky. N§rŢst tlakov® pevnosti lze pŚiļ²st lepġ²mu prov§z§n² mezi matric² a vl§kny 
a rovnomŊrnŊjġ² distribuci p·rŢ. Mikrocelul·za naopak zpŢsobila m²rnĨ pokles pevnosti (aģ 30% pokles 
u vzorku s 1,5% hm. pod²lem mikrocelul·zy). Uk§zalo se, ģe odpadn² celul·za pŚispŊla ke zvĨġen² 
mechanick® stability autokl§vovan®ho p·robetonu.  

D²ky koeficientu konstruktivnosti je moģn® l®pe posoudit, jakĨm zpŢsobem ovlivŔuje pŚ²davek vl§ken 
fyzik§lnŊ mechanick® parametry, jelikoģ souļasnŊ zohledŔuje hodnoty objemov® hmotnosti i tlakov® 
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pevnosti. Zat²mco u klasickĨch cementovĨch kompozitŢ, jejichģ mŊn²c² se vlastnosti vlivem pouģit² 
celul·zovĨch vl§ken pŚi d§vkov§n² 0,2 aģ 0,5 % hm. ve sv® pr§ci porovn§v§ A. Siļ§kov§11, doch§z² ke 
sniģov§n² nejen objemov® hmotnosti, ale i pevnost² v tlaku, z vĨsledkŢ z²skanĨch v r§mci 
experiment§ln²ho ovŊŚen² na vzorc²ch p·robetonu je patrn®, ģe smŊsi s odpadn² celul·zou dosahovaly 
lepġ²ch vlastnost² oproti referenļn² smŊsi i oproti vzorkŢm s mikrocelul·zou. Na z§kladŊ tohoto 
porovn§n² se jako nejvĨhodnŊjġ² jev² d§vkov§n² 1 % hm. odpadn² celul·zy. PŚ²davek mikrocelul·zy vedl 
ke zhorġen² vlastnost².  

 

 

Obr§zek 7: Pevnost v tlaku a koeficient konstruktivnosti zkoumanĨch vzorkŢ. 

 

Vizu§ln² zhodnocen² (obr§zek 8 aģ 10) i mikroskopick§ analĨza (obr§zek 11 aģ 13) potvrdily, ģe 
pŚ²davek celul·zy ovlivŔuje velikost, tvar i distribuci p·rŢ. Vyuģit² odpadn² celul·zy vedlo ke vzniku 
pravidelnŊjġ²ch a rovnomŊrnŊji distribuovanĨch p·rŢ s menġ²m poļtem defektŢ. Naopak pŚi pouģit² 
mikrocelul·zy doch§zelo bŊhem procesu expanze k postupn®mu sluļov§n² pŢvodnŊ jemnŊ 
dispergovanĨch p·rŢ do vŊtġ²ch celkŢ, coģ vedlo k naruġen² pravideln® p·rov® struktury materi§lu 
a n§sledn®mu poklesu jeho mechanickĨch pevnost² v dŢsledku sn²ģen® efektivn² nosn® plochy 
matricov® f§ze.  

 

   

Obr§zek 8:  
P·rov§ struktura 

referenļn²ho vzorku v Śezu. 

Obr§zek 9:  
P·rov§ struktura vzorku  

s odpadn² celul·zou (v Śezu). 

Obr§zek 10:  
P·rov§ struktura vzorku  
s mikrocelul·zou (v Śezu).  

ZmŊna 
p·rov® 
struktury 


