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Uvodni slovo $éfredaktora

Vazeni ¢tenari,

v minulém cisle jsem na tomto misté napsal: ,,Neni kazdy
den je posviceni. Plati to i pro tento ¢asopis. V minulém cisle
bylo 16 prispévku a v tomto jen tfi.“ Plati to i pro toto Cislo.
Ne, Ze by bylo pfimo posviceni, ale devét ¢lanki také neni

Spatné. Zda se, Zze nékteré terminy redakc¢nich uzavérek
autorum vice vyhovuji, nez jiné.

Tato nevyrovnanost nedéla na ¢tenare dobry dojem! Co
s tim? Poradime se na podzim na redakéni radé, jestli tfeba
nezménit periodicitu na dvé ¢isla v roce. Uvidime!

Minule jsem informoval o novém slozeni redakcéni rady. Jiz

L od nékterych ¢lent jsem obdrzel naméty ke zlepSeni
fungovani ¢asopisu a redakce, dalsi nepochybné vzejdou z podzimniho jednani redak¢ni rady. Ty
snadnéji realizovatelné se tykaji webovych stranek ¢asopisu, tak na jejich obsahu jsem jiz zacal
pracovat.

Patronem tohoto C€isla je spratelena slovenska konference Technika ochrany prostredia TOP
2026, jejiz jubilejni 30. Ro¢nik se bude konat 13. az 15. 10. 2026 v PieStanech. Také se tam
chystam! S poradateli konference ze Strojnické fakulty STU v Bratislavé spolupracuji (a dalo by
se Fici i pfatelim) jiz od jejiho 2. ro¢niku. Pfednasejici z konference zase budou mit moznost
publikovat své pfispévky v tomto ¢asopise, samozrejmé pri dodrzeni publikacni etiky.

Ondfej Prochazka

Editorial

Dear readers,

There were 3 papers in the last issue, 16 ones in the previous, and nine in this issue. Some
editorial deadline dates seem to suit authors better than others.

This unevenness does not make a good impression on the reader! What about that? We will
discuss at the editorial board in the fall whether we should change the periodicity to two issues a
year. We'll seel

Last time | reported on the new composition of the editorial board. | have already received
suggestions from some members to improve the functioning of the journal and the editorial
office, others will undoubtedly emerge from the autumn meeting of the editorial board. The easier
ones to implement relate to the journal's website, so | have already started working on their
content.

The patron of this issue is the international conference Environmental Protection Technology
TOP 2026, whose jubilee 30th anniversary will be held from 13 to 15 October 2026 in Piestany,
Slovakia. Speakers from the conference will have the opportunity to publish their contributions in
this journal, of course, in compliance with publication ethics.

Ondfrej Prochazka
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Pro autory

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

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

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

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

Uzdvérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. ¢ervence 2026, dalSi pak 8. Fijna 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 nhame 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 Invitations and non-commercial presentations.

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 July 8, 2026, more on October 8, 2026.
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Harnessing Fly Ash and Foundry Sand Waste Potentials for
Sustainable Concrete Towards Building a Greener Future:
A Case of South Africa

Opeoluwa R. DADA?, Fitz M. YEMBA?, Bolanle D. IKOTUN?, Makungu M.
MADIRISHA?, Patrick K. GEVERA?

4 Department of Civil and Environmental Engineering and Building Science,
College of Science, Engineering and Technology, University of South Africa,
Florida, 1709, Johannesburg, South Africa,

e-mail: dadaopeoluwa@gmail.com & dadaor@unisa.ac.za

® Chemistry Department, College of Natural and Applied Sciences, University of
Dar es Salaam, P.O Box 35061, Dar es Salaam, Tanzania.

Abstract

The effective reuse of waste resources across sectors has contributed to sustainable solid waste
management, the development of new products, and advances in materials science. This study
investigated the feasibility and effectiveness of incorporating industrial waste streams, specifically Type
F Fly Ash (FA) and Foundry Sand Waste (FSW), into concrete mixes to promote sustainability in the
African construction sector. The research assessed the effects of these secondary materials on the
mechanical properties of concrete and evaluated their potential for practical use in infrastructure
projects. A comprehensive characterization approach, including determination of the Fineness Modulus,
Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and X-ray Fluorescence (XRF) analyses,
was employed to characterise the physical and chemical properties of FSW. Concrete samples were
prepared with FSW replacement levels of 25% and 50%, while maintaining a constant 30% FA
substitution, and were tested for compressive strength, split tensile strength, and water absorption at 7,
14, and 28 days of curing. The results showed that as more FSW was added, concrete strength
decreased, but it remained within acceptable standards and was suitable for use on lightly trafficked
roads and low-load-bearing structures.

Keywords: Circular Economy, Concrete, Fly Ash, Foundry Sand Waste, Sustainable Construction

1.0 Introduction

In recent years, due to the increasing volume of waste produced by industrial operations and the
rising costs of its disposal, especially for foundry sand waste, there is a need to reconsider waste
management strategies with environmental sustainability in mind. Many industrial by-products can harm
land, water, and air quality. Consequently, researchers are exploring ways to reuse, repurpose, and
recycle this waste for both economic and environmentally friendly applications. Among these wastes,
which are generated in large quantities, are Fly Ash (FA), a byproduct of coal combustion in power
plants during energy production, and Foundry Sand Waste (FSW), a byproduct of metal casting
processes in foundries during the manufacture of ferrous and nonferrous metals. Fly ash results from
burning pulverised coal, collected via electrostatic and mechanical separators in thermal power plants™?.
Also called “pulverised fuel ash,” it accounts for approximately 85% of the total ash produced during
electricity generation®. Globally, it is estimated that over 900 million tonnes of FA are produced, but only
a tiny fraction is utilized*. Due to the large volume of waste generated by Eskom plants, as shown in
Figure 1, it is urgent to find a pathway for its utilization; therefore, one of the main sectors to utilize this
resource is civil and road construction”.
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Figure 1: Fly Ash generated from the Eskom coal-fired plant in South Africa

However, another type of ash produced by coal-fired thermal power stations is bottom ash, which is
coarser-textured and typically collected from the bottoms of furnaces. Additionally, other coal ash by-
products include boiler slag and flue gas desulfurization materials. Fly ash, a fine powder, is used as
a secondary cementitious binder in Portland cement and as the main binder in alkali-activated systems.
It consists of amorphous, spherical, glassy particles, which enhance its usability as a supplementary
material in various applications. For decades, due to its high production volume, availability, and
environmental benefits for product performance, FA has been regarded as a suitable mineral admixture
or additive for partial replacement in the manufacture of Portland cement and concrete. The benefits of
utilizing FA generally include conserving natural resources and materials, reducing greenhouse gas
emissions, conserving energy in cement manufacturing, and decreasing the water and energy needed to
produce concrete. Furthermore, FA has been successfully utilised for road embankments, soil and
asphalt stabilisation, land reclamation, and flowable fill. In concrete technology, the use of FA is not
unusual because it contains calcium oxide (CaO), the primary constituent of Portland cement. CaO
imparts pozzolanic properties to cement, contributing to its widespread acceptance and application in the
construction industry, particularly in concrete production and cement manufacturing, provided the loss of
ignition (LOI) does not exceed 7%. Generally, FA is categorised into two types based on its sources and
composition, viz: Class C and Class F. Class C fly ash originates from lignite coal combustion and is
both pozzolanic and cementitious due to its CaO content, which is usually greater than 10%. Conversely,
Class F ashes are derived from anthracite and are also pozzolanic but have a CaO content below 10%.

Similarly, foundry green sand is an essential part of the metal casting process because it can
withstand the high melting temperatures of metals and alloys. It can accommodate any casting
regardless of size, shape, or volume. Foundry sand waste (FSW), an industrial by-product of this
manufacturing process, is produced in large quantities, as shown in Figure 2. After several cycles of use
in the casting process, some of it is replaced with new sand to maintain its mechanical properties and
prevent casting defects. FSW from foundries is practically unavoidable because the moulds and cores
used for castings lose their physical and mechanical properties due to thermal stress and repeated
cycles, which is why the “weak sand” must be replaced and discarded from the casting process.
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Figure 2: Foundry sand waste from a ferrous foundry

Globally, millions of tonnes of this waste are produced annually by both ferrous and non-ferrous
foundries. However, the composition of FSW varies depending on its origin, due to factors such as the
type of castings produced, the types of sand used for moulds, the binder and additives, among others.
A typical composition of green foundry sand is shown in Table 1.

Table 1: Typical Composition of Foundry Green Sand®’

Constituents Silica Sand Bentonite Clay Additives Trace elements

% Composition 85 — 95% 4 —10% 2 -10% <1%

Foundry sand waste has become an important secondary material in recent years, especially in the
construction industry, due to its wide use as a construction material. It has been used as a replacement
for crusher sand or riverbank sand in making concrete, mortar, and grout in masonry construction; in the
production of asphalt pavement to improve stability and skid resistance; and in the manufacture of bricks
and ceramic tiles. Additionally, it serves as a flowable fill for backfilling excavations and as a road base
and sub-base for laying foundations for roads, parking lots, and pedestrian walkways®®*°. Furthermore,
another significant area of high-volume consumption is in geotechnical applications. Over the years,
FSW has been utilised for soil amendment, reinforcement, or stabilisation to improve soil engineering
properties, especially in clay soils, by increasing shear strength and reducing plasticity***2. Moreover,
despite global efforts to prevent FSW from being disposed of in landfills, it still finds applications there,
such as in landfill liners and cover materials, due to its physical and mechanical properties, including its
granular shape and low permeability. Lastly, in the manufacture of cement, glass, and ceramics, FSW
significantly reduces the use of fresh materials like sand. For example, FSW has been identified as a
suitable source of silica sand for producing Portland cement clinker and as a raw material for glass and
ceramic production because of its high silica (SiO,) content™**4>1°,

Concrete with partial cement replacement by FA and sand replacement by FSW can match or
surpass the strength of conventional concrete when FSW is kept at or below 25 — 34% and FA at around
20 — 30%'*"*8. Strength and durability improve primarily because FA’s pozzolanic reaction and the fine
particles of both materials refine the pore structure and make the interfacial transition zone denser,
thereby reducing harmful pores, water sorptivity, and chloride permeability compared with plain cement
concrete'**? Despite known international work on FA and FSW'*'"'® there is a lack of data on
concretes produced with African FA and ferrous-foundry FSW, whose composition and fineness differ
from those in other regions, limiting the ability to define safe replacement levels for local infrastructure.

Therefore, to harness the many advantages of using FSW, which is abundantly and locally available
as a secondary material under various conditions, it is important to segregate and characterize the
material before use, as it often contains contaminants and impurities due to its disposal location within

Patron of the issue / Patron ¢isla; Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Piestany, Slovensko)
WASTE FORUM 2026, éislo 2, strana 48




Opeoluwa R. DADA, Fitz M. YEMBA, Bolanle D. IKOTUN, Makungu M. MADIRISHA, Patrick K. GEVERA:
Harnessing Fly Ash and Foundry Sand Waste Potentials for Sustainable Concrete Towards Building a Greener
Future: A Case of South Africa

the foundry premises. Specifically, in this study, we characterise the physical and chemical properties of
foundry sand waste; evaluate compressive and split tensile strengths and water absorption at 7, 14, and
28 days; and identify replacement levels that meet minimum strength requirements for low-load African
infrastructure. In conclusion, this research further emphasises the numerous benefits of adopting FSW
and FA, including waste reduction, a lower construction carbon footprint, cost savings, job creation,
circular-economy opportunities, and the sustainable production of concrete for local needs within the
African continent.

2.0 Methodology

For this work, the primary materials used to produce concrete include coarse aggregate, ordinary
Portland cement (PPC CEM | 52.5N), crusher sand, and water. Waste resources used as secondary
materials incorporated into the concrete mix include Fly Ash class F (produced by AFRISAM) and
foundry sand waste (from a ferrous foundry specialized in grey iron casting). These materials were
further characterised using sieve analysis to determine the fineness modulus (FM) of the crusher sand
and FSW. Additionally, X-ray diffractometry (XRD) and X-ray fluorescence (XRF) were employed to
identify the mineralogical phase and chemical composition of the FSW, respectively, while Scanning
Electron Microscopy (SEM) was used to examine the morphology of the FSW and FA. Furthermore, the
FSW was subjected to a Toxicity Characteristic Leaching Procedure (TCLP) to assess the sand's
potential to release metals under acidic conditions and to determine whether it meets the toxicity
characteristic leaching procedure (TCLP) compliance requirement for construction sand.

For concrete production, a C25-grade mix design was prepared using a 1:2.07:3.11 (cement: sand:
coarse aggregates) mix ratio to determine the optimal mix that yields concrete with good mechanical
properties. The mix design is presented in Table 2. Samples were tested in triplicate to obtain the
average value. The FA content was kept constant at 30% by weight, while the FSW content was varied.
The following mix design was adopted to incorporate secondary materials, i.e., FA and FSW, as patrtial
replacements for cement and crusher sand, respectively, with a nominal maximum size of 20mm for the
coarse aggregate. The three-batch mix used includes: (i) control samples, i.e., concrete produced
without the addition of FA and FSW; (ii) concrete produced with 30% FA, 70% OPC, 25% FSW, and
75% crusher sand; (iii) concrete produced with 30% FA, 70% OPC, 50% FSW, and 50% crusher sand.
The concrete constituents were accurately weighed and mixed in a rotary concrete mixer to achieve
a homogeneous mixture with an optimal water-to-cement ratio of 0.45, ensuring good compaction.
Subsequently, each concrete batch was scooped into 100 x 100 x 100 mm plastic moulds and placed on
a vibratory table for 1 minute to enhance durability. The concretes were covered with polythene
overnight, then demoulded and placed in a curing tank to cure for 7, 14, and 28 days, with the water
temperature maintained at 22 °C. After each curing period, three (3) samples from the same batch were
tested in accordance with SANS 5863:2006 and SANS 6253:2006, which provide guidance for
compressive and split tensile strength tests, respectively. This was done to determine the average
strength of each design mix using a calibrated Toni Technik universal testing machine (model 1543) with
a maximum load capacity of 300 kN.

Table 2: Concrete Mix Design

Component Quantity (kg per m?® of Ratio (by weight)
concrete)

Cement (PPC CEM | 52.5N+FA) 347 1.00

Sand (FSW+ Crusher) 719 2.07

Coarse Aggregate (Stone) 1079 3.11

Water 197 0.45
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3.0 Results and Discussion

This section presents and discusses the results obtained from the characterization of the foundry
sand waste, Fly Ash and the mechanical strength properties of the concrete produced from the inclusion
of FA and FSW into different batch mixes.

3.1 Fineness Modulus of Crusher Sand and FSW

The fineness modulus was determined for both FSW and crusher sand by pouring the dry mass of
each sample into a vibratory sieve shaker to determine the fineness modulus, as the particle sizes of the
materials used in concrete contribute to its mechanical strength and texture. The result obtained is
presented in Table 3.

Table 3: Fineness Modulus for Crusher sand and Foundry sand waste
a) Crusher Sand, Dry Mass 957.6 g

Sieve size Mass Percentage | Cumulative | Percentage
(mm) retained (g) | retained (%) | percentage | passed (%)
retained (%)
10 0.000 0.000 0.000 100.000
7.1 4.100 0.428 0.428 99.572
5 64.600 6.746 7.174 92.826
2 224.100 23.402 30.576 69.424
1 163.300 17.053 47.629 52.371
0.6 113.400 11.842 59.472 40.528
0.3 130.400 13.617 73.089 26.911
0.15 96.000 10.025 83.114 16.886
0.075 57.400 5.994 89.108 10.892
Pan 6.000 0.627 89.735 10.265
FM 3.01
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b) FSW, Dry Mass 768.1 g

Sieve size Mass retained | Percentage Cumulative Percentage
(mm) (@) retained (%) percentage passed (%)
retained (%)
10 0.000 0.000 0.000 100.000
7.1 0.000 0.000 0.000 100.000
5 0.300 0.039 0.039 99.961
3.800 0.495 0.534 99.466
1 3.200 0.417 0.950 99.050
0.6 19.400 2.526 3.476 96.524
0.3 337.900 43.992 47.468 52.532
0.15 351.300 45.736 93.204 6.796
0.075 41.000 5.338 98.542 1.458
Pan 6.900 0.898 99.440 0.560
FM 1.46

The fineness modulus analysis shows that crusher sand has a fineness modulus of 3.01, whereas
FSW has a value of 1.46. This indicates that crusher sand is coarser than FSW. Given the process used
to break down sand moulds after casting, and because FSW is recycled and reused multiple times in the
casting process before it is finally discarded, the spent sand is expected to be finer than when it was
initially used for mould making. Additionally, the additives and binders used in mould production
contribute to the sand's finer texture. Nonetheless, blending these two types of sand, i.e., crusher sand
and FSW, helps achieve better grading, thereby enhancing the mechanical strength properties of the
resulting concrete.

3.2 Characterization of Fly Ash
3.2.1 Fly Ash Fineness Modulus

The fineness of the fly ash sample was determined by wet sieving in accordance with ASTM C311.
This method is preferred over dry sieving for fine materials such as fly ash, as it disperses particles and
prevents agglomeration, yielding a more accurate measurement of the mass retained on a 45-ym
(No. 325) sieve. As shown in Table 4, only 12.4% of the sample is retained, well below the maximum
allowable limit of 34% specified by ASTM C618 for Class F fly ash used in concrete.

Table 4: Fly Ash Fineness Modulus

Parameter Result Unit ASTM C618 Limit
(Class F)
Material retained on 45 pm (No. 325) sieve 12.4 % by mass < 34%

In summary, the wet-sieving result of 12.4% retention on the 45-um sieve confirms that the tested fly
ash meets ASTM C618 fineness requirements. This fineness promotes effective pozzolanic reactivity
while posing a low risk of impairing workability.
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3.2.2 Fly Ash Particle Size Distribution

The laser diffraction results presented in Table 5 indicate a median particle size (D50) of 14.6 um,
typical of moderately fine fly ash and within the typical range (12—20 um) for Class F ash used in
concrete. This median suggests that half the particles are finer than 14.6 um, providing adequate specific
surface area for pozzolanic reactions without unduly increasing water demand. Furthermore, the D90
value of 58.3 ym is significant because it indicates that only 10% of the particles by volume are larger
than approximately 58 um, confirming a limited amount of coarse material. A low proportion of coarse
particles (>45 um) is desirable, as coarse fractions tend to be less reactive and may act as inert fillers or
even weaken the cementitious matrix. Together, the D50 and D90 values indicate a well-graded,
predominantly fine ash that is likely to exhibit good reactivity, satisfactory workability, and consistent
performance in blended cement systems.

Table 5: Fly Ash Particle Size Distribution

Particle Size (um) | Typical Range for Class F
D10 (10% finer) 2.1 1-4pm
D50 (median) 14.6 12 — 20 ym
D90 (90% finer) 58.3 50 — 80 ym

3.2.3 Fly Ash Grain Size Distribution

The cumulative particle size distribution indicates a well-graded fly ash with a broad range of particle
sizes, from submicron (0.5 pm) to 150 uym. At the fine end, 3.2% of particles are smaller than 0.5 pm,
and 8.5% are below 1.0 ym. The presence of these ultrafine particles is beneficial for early pozzolanic
reactivity, as they provide a large specific surface area for rapid reaction with calcium hydroxide.
However, the proportion of such ultrafine particles is modest, which helps avoid excessive water
demand. The fly ash grain size distribution is presented in Table 6. The distribution climbs steadily, with
28.4% passing 5 ym and 41.2% passing 10 pym, indicating that nearly half of the ash mass consists of
particles finer than 10 ym, a fraction known to be highly reactive. The median particle size (D50) lies
between 10 um (41.2% passing) and 20 ym (62.8% passing); interpolation yields approximately 14 — 15
pum, consistent with typical moderately fine fly ash. This median value balances reactivity and workability:
sufficient fineness to promote strength gain without causing an overly sticky mix.

Table 6: Fly Ash Grain Size Distribution

Particle Size
(um)

% Passing
(Cumulative)

0.5 1.0 2.0 5.0 | 10.0 | 20.0 | 45.0 75.0 |100.0 | 150.0

3.2 8.5 16.7 | 284 | 41.2 | 62.8 | 87.6 953 | 98.1 99.5

A key observation is the 87.6% passing at 45 uym. This indicates that only 12.4% of the ash is retained
on a 45-um sieve, well within the ASTM C618 maximum retention limit of 34%. Such a low coarse
fraction strongly indicates good combustion efficiency and minimal unburned or inert coarse material.
Furthermore, the data show 95.3% passing at 75 ym, 98.1% at 100 ym, and 99.5% at 150 um,
confirming that virtually the entire sample is finer than 150 ym. The near-absence of particles above
150 ym eliminates the risk of oversized, unreactive agglomerates that could impair the finish or
durability. Overall, the distribution is continuous and well graded, without abrupt steps or bimodal
features that might suggest poor grinding or incomplete combustion. The combination of a moderate
D50, low 45-um retention, and negligible material above 100 um supports the classification of this fly ash
as a high-quality pozzolan suitable for concrete, soil stabilization, and other cementitious applications
where fineness and uniformity are critical for performance.
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3.2.4 Fly Ash Microstructural Analysis

Scanning Electron Microscopy (SEM) was used to investigate the microstructural properties of the fly
ash, and the micrograph reveals a heterogeneous morphology comprising spherical particles, irregular
agglomerates, porous textures, and layered crystalline structures. These microstructural characteristics
strongly influence the physical, chemical, and pozzolanic behaviour of fly ash when used in cementitious
materials such as concrete, mortar, and geopolymer systems.

As shown in Figure 3, Image A, the shape of fly ash particles is irregular and angular, with partially
fused structures and flaky, plate-like formations. Some particles appear rough and porous, indicating
incomplete combustion of coal and the presence of unburnt carbon residues. The rough surface texture
increases the specific surface area of the fly ash particles, which can enhance water demand during
mixing. At the same time, these irregular particles contribute to mechanical interlocking within the
cement matrix, improving bond characteristics. The layered and flaky morphology may also indicate the
presence of aluminosilicate glass phases and crystalline minerals such as quartz or mullite. These
phases are important because amorphous aluminosilicate content contributes significantly to pozzolanic
reactivity.

Image B shows a highly porous, sponge-like microstructure with loosely packed agglomerates. The
porosity suggests that the fly ash contains cenospheres or partially burned carbonaceous materials.
Such porosity can enhance internal curing by retaining water within the matrix, thereby supporting long-
term hydration in concrete systems. However, excessive porosity may also increase water absorption
and reduce density. The fibrous, wrinkled texture around the particles indicates the formation of reaction
products or thermally altered mineral phases. This morphology may enhance surface reactivity, as the
irregular texture provides more active sites for chemical reactions with calcium hydroxide during
hydration.

The SEM Image C shows smooth, spherical fly-ash particles (cenospheres) mixed with irregular ash
fragments. These cenospheres vary in size, improving packing density and reducing voids in the
hardened cement matrix. Their smooth, glassy surface provides a “ball-bearing effect,” lowering internal
friction, reducing water demand, and improving workability, compaction, and rheological behaviour. The
presence of both large and fine spheres indicates a wide particle-size distribution that further enhances
packing and the microstructure.

The spherical particles also indicate the presence of amorphous, silica-rich phases that formed during
the rapid cooling of molten material. This amorphous content is reactive and supports pozzolanic
reactions, in which silica and alumina react with calcium hydroxide to form additional C—S—H gel, thereby
improving strength, densifying the microstructure, and enhancing durability (e.g., resistance to sulphate
attack and chloride penetration).

Additionally, fine particles agglomerate around larger ones, indicating ultrafine fractions that fill micro-
voids, reduce pore connectivity, and refine the interfacial transition zone (ITZ), thereby generally
lowering permeability and improving mechanical performance. Overall, the SEM results confirm that fly
ash exhibits beneficial physical filler effects and chemical pozzolanic activity, resulting in a denser, more
durable cementitious matrix suitable for use as a supplementary cementitious material.
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Figure 3: Fly Ash SEM Micrograph

3.3 FSW Toxicity Characteristics Leaching Procedure (TCLP)

To determine the TCLP of the FSW, 100g of the received sample was poured into a leaching solution
prepared at a liquid-to-solid ratio of 20:1 and agitated for 18 hours in accordance with USEPA protocol.
The leachate was then examined under Atomic Absorption Flame Spectrometry to determine its metallic
composition. The result obtained is presented in Table 7.

The metals identified in the TCLP result from the casting process, as the raw sand is free of these
elements. However, they are present in trace amounts, thereby complying with the SANS 5832:2006
standard for determining organic impurities in fine aggregates used for concrete and mortar.
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Table 7: TCLP for FSW

Cast Alloy (Grey Iron)
Analysis FSW (mg/L) Raw sand (mg/L)
Al 7.12 0.60
Cr 0.00 0.04
Fe 2.71 0.55
Ni 0.10 0.00
Mn 0.00 0.00
Zn 0.00 0.00
Cu 0.00 0.00

3.4 FSW Chemical Composition — (X-ray Fluorescence)

To determine the chemical composition of the foundry sand waste used in concrete production,
a sample of the material was analysed using an X-ray Fluorescence (XRF) machine, and the results are
presented in Table 8.

Table 8: FSW Chemical Composition

Component Result (%)
Na,O 1.1355
MgO 1.2704
AlL,O; 7.6099
SiO, 83.5309
SO; 0.9959
KO 1.1790
Fe,O3 2.9882
CaO 0.5219
Cr,03 0.1069

NiO 0.1611
TiO, 0.2531

From the XRF data, it can be deduced that the main component of FSW is quartz (SiO,) at
83.5309%, while other minerals such as Fe,0s;, Al,03;, MgO, Na,O, and K,O also constitute a significant
portion of the material.

3.5 FSW mineral phase identification — (X-ray Diffraction)

X-ray Diffraction (XRD) helps identify crystalline phases and their relative proportions in the FSW,
providing greater insight into the material's characteristics. The X-ray diffractogram obtained for the FSW
used is shown in Figure 4.
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Figure 4: X-ray diffractogram of FSW

The X-ray diffractogram once again confirms that quartz (SiO,) is the most dominant mineral in the
FSW, consistent with the results of the chemical composition analysis shown in Table 4. A prominent
quartz peak at 260 (2-© degrees), together with other minor peaks, indicates the relative proportions of
quartz among other minerals and confirms the crystallinity and active state of the SiO, in the foundry
sand waste.

3.6 Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDS)

The FSW was examined using SEM-EDS to determine its elemental composition and analyse the
microstructural features of the material, including crystal structure, surface morphology, particle sizes,
grain boundaries, and other crystallographic characteristics. The SEM-EDS micrograph of the FSW is
shown in Figure 5.
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Figure 5: FSW micrograph showing surface morphology (SEM) and chemical composition (EDS)

Based on the SEM analysis presented, the interfacial phases, voids, and particle shapes of the FSW
appear to exhibit a high specific surface area. The shape of the grains of the FSW could be said to be
semi-round to angular, with many voids. Additionally, the presence of other materials, such as bentonite
clay and coal dust, in the FSW accounts for the large interparticle spacing. Furthermore, the EDS
provides a more detailed mineral composition of the material, consistent with XRD and XRF, and
indicates a high presence of Chlorine (CI), Calcium (Ca), and Potassium (K).
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3.7 Concrete Compressive Strength

The concrete samples were tested under compression to determine the maximum axial load they
could bear before deformation or failure at the end of each curing period. The result obtained is
presented in Figure 6.

Result for Compressive strength (MPa)

Compressive strength (MPa)

Controlled 30%FA+ 0%FSW 30%FA+ 25%FSW 30%FA+ 50%FSW

Samples

I 7 Days [ 14 Days[__] 28 Days|

Figure 6: Compressive strength result after 7, 14 and 28 days of curing

From the compressive strength tests, it can be deduced that the compressive strength of each
concrete increases over the curing period. Furthermore, the control mix demonstrated higher
compressive strength than concretes containing FA and FSW. This is expected given the high content of
non-replenishing materials used; however, these materials are not sustainable, and the higher
consumption of cement in concrete production does not promote environmental sustainability and green
construction because of the significant energy required, especially in heating cement kilns, and the levels
of carbon dioxide (CO,) emitted during the process. Nonetheless, concrete with only 30% FA still
achieved good compressive strength (33.68 MPa) at 28 days of curing. Since the aim was to utilise both
industrial waste by-products, it was observed that increasing the amount of FSW added to concrete
reduced its mechanical properties and resistance to carbonation, which aligns with the findings of ’.

Therefore, the literature indicates that the partial replacement of natural or crusher sand with FSW in
concrete should not exceed 20 — 30% by weight®2!2%23,
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3.8 Split tensile strength test

For all concretes, a split tensile strength test was performed to assess tensile strength, providing
insight into concrete durability and ensuring safety in concrete structures. The results obtained for each
concrete tested under tension are shown in Figure 7.
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Figure 7: Split tensile result after 7, 14 and 28 days of curing

The trend observed in the split tensile tests closely mirrors that of compressive strength, indicating
that the split tensile strength of the control sample exceeds that of concrete containing FA and FSW.
Although concrete is generally weaker in tension than in compression, this test is important because it
indirectly evaluates the bond strength between concrete components and assesses the concrete’s
resistance to cracking. Split tensile strength increased across all mix designs as the curing period
lengthened; however, adding ordinary steel fibre or polypropylene fibre, even at 0.5% or 1%, or
supplementary cementitious materials such as slag, silica fume, and silica-based activators, can
significantly enhance split tensile strength.

4.0 Conclusion

The use of industrial waste materials, such as fly ash and foundry sand waste, in Africa's construction
sector is highly beneficial and encouraged because it helps reduce the consumption of depleting non-
renewable resources. The TCLP of FSW indicates that the material is not toxic in accordance with SANS
5832:2006 and complies with SANS 1083, which relates to the use of aggregates in concrete.
Furthermore, chemical analysis of FSW showed that the combined content of SiO,, Al203;, and Fe,O3
exceeds 90%, and, according to ASTM C618, these elements can be carefully classified as Class F
pozzolan. Therefore, it is expected to exhibit high bond strength, and the FA should improve binder

Patron of the issue / Patron ¢isla: Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Pie$tany, Slovensko)
WASTE FORUM 2026, éislo 2, strana 59



Opeoluwa R. DADA, Fitz M. YEMBA, Bolanle D. IKOTUN, Makungu M. MADIRISHA, Patrick K. GEVERA:
Harnessing Fly Ash and Foundry Sand Waste Potentials for Sustainable Concrete Towards Building a Greener
Future: A Case of South Africa

efficiency; however, due to the high content of non-reactive silica (SiO,), this is not entirely the case.
Nonetheless, this research demonstrates that incorporating only fly ash into a concrete mix design can
yield a compressive strength of 33.68 MPa and a split tensile strength of 1 MPa after 28 days of curing.
When FSW is incorporated, the compressive strength decreases to 23.58 MPa, but there is a slight
increase in the split tensile strength after curing for 28 days. However, the inclusion of these two waste
materials in concrete production still produces concrete with good mechanical properties, which are
within the South African National Standards (SANS) acceptable standard of approximately 16 — 21 MPa,
particularly suitable for infrastructure with low load-bearing requirements, while also addressing
environmental issues caused by the large volume of waste generated. To further enhance the
mechanical properties of concrete made with these waste materials, especially when used in large
proportions, it is advisable to reinforce the concrete with steel or polypropylene fibres or other
supplementary cementitious materials and to conduct additional testing to determine the durability index
after an extended curing period.
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Abstrakt

Efektivni opétovné vyuZiti odpadnich zdroji napfi¢ odvétvimi pfispélo k udrzitelnému
nakladani s mineralnimi odpady, k vyvoji novych produkti a pokroku v materialovém
inZenyrstvi. Tato studie se vénovala posouzeni proveditelnosti a ucinnosti vyuZiti priamyslovych
odpadnich toku, konkrétné uletového popilku typu F (FA) a odpadniho slévarenského pisku
(FSW), do betonovych smési s cilem podporit udrzitelnost v africkém stavebnictvi. Vyzkum
posoudil viiv téchto druhotnych materiali na mechanickeé viastnosti betonu a vyhodnotil jejich
potencial pro praktické vyuZiti v infrastrukturnich projektech. K charakterizaci fyzikalnich
a chemickych vlastnosti FSW byl pouZit komplexni charakterizacni pristup, zahrnujici stanoveni
modulu jemnosti, analyzy pomoci skenovaci elektronové mikroskopie (SEM), rentgenové
difrakce (XRD) a rentgenové fluorescence (XRF). Byly pripraveny vzorky betonu s 25% a 50%
uplatnénim FSW jako nahrady standardniho pisku a s uplatnénim konstantni 30% néhrady
cementu pomoci FA. Beton byl testovan na pevnost v prostém tlaku, pevnost v tahu za ohybu
a nasakavost po 7, 14 a 28 dnech zrani. Vysledky ukazaly, Ze s rostoucim podilem FSW
pevnost betonu klesala, ale zustavala v pfijatelnych mezich a beton byl vhodny pro pouZiti
v konstrukci vozovek s nizkym dopravnim zatizenim a v konstrukcich s nizkym zatiZzenim.

Klicova slova: obéhové hospodarstvi, beton, popilek, slévarensky pisek, udrzitelné
stavebnictvi
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Abstract

The growing demand for sustainable alternative protein sources and effective food waste
management highlights the potential of Black Soldier Fly Larvae (BSFL, Hermetia illucens). This study
investigates the growth and bioconversion efficiency of BSFL reared on three substrates - lettuce,
potatoes, and pasta. These substrates were subjected to pre-treatment methods such as slicing,
blending and boiling. Larval performance was evaluated through wet and dry weight, length, and
bioconversion rate (BCR). Pasta supported the highest insect biomass yield, with blending increasing
larval weight to 77.6 mg and BCR to 14.8%, compared to 48.6 mg and 8.9% for whole pasta. Potatoes
resulted in moderate growth, with boiling enhancing BCR from 7.4% to 9.2%. Lettuce, characterized by
low nutrient content and high moisture, produced the poorest results, and blending slightly negatively
affected BCR. The findings underline that both nutrient composition and pre-treatment of substrates are
critical factors for maximizing BSFL growth and bioconversion outcomes.

Keywords: BSFL; food waste; substrate pre-treatment; bioconversion; Hermetia illucens

Introduction

The rapid growth of the world population is increasing the demand for food while simultaneously
intensifying the problem of organic waste generation. Large amounts of food, 1.3 billion tons, are wasted
annually, creating environmental and economic challenges®. To feed the world population, the search for
sustainable protein sources is essential. Insects, particularly Black Soldier Fly Larvae (BSFL), represent
a promising solution of bio-waste management. The larvae can efficiently convert organic waste into
protein- and fat-rich biomass that can be used in food production?.

BSF larvae are capable of massively increasing their weight by the end of their growth process®. The
bioconversion is however dependent on the varied nutritional value of the feeding substrate®. Most
common BSFL diets consist of manure (poultry, swine, cow), kitchen waste, human feces, sludges and
agricultural byproducts®®.

Once the waste processing is complete, the mature BSF larvae become a valuable product, as they
can be used as feed for poultry, fish, and various commonly farmed animals. According to some
estimates, such feed could partially replace fish meal thereby contributing to the restoration of natural
fish populations in the oceans and simultaneously having a significantly positive effect on CO,
emissions. This technology is suitable for both centralized and decentralized waste management
systems®*. The larvae can be processed using various technologies (roasting, cooking, drying, grinding,
pelletizing), which also extend their shelf life*’. The larvae are a high-quality source of proteins and fat,
and can be processed into biopolymers and biofuels such as biodiesel®®. The BSFL processing of
biowaste produces also a byproduct - frass. This can however be used as a fertilizer in agriculture,
boosting organic matter, nitrogen and phosphorus in soil’®*. Chitin in the frass even increases plant
resistance against pathogens’.
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In this study, lettuce, potatoes, and pasta were selected as representative feeding substrates for
BSFL. These foods are among the most discarded food wastes due to their high consumption and
perishability**™®. They also differ in nutritional composition. Lettuce is low in protein and energy density,
and high in moisture™®. Potatoes are starch-rich with low protein and moderate energy density, and pasta
has a relatively higher protein content and energy density’”*°. Each substrate allows also evaluation of
how pre-treatment methods such as slicing, boiling, or blending affect BSFL growth. These substrates
provide a relevant model system for assessing BSFL performance on common urban food waste
streams.

Experimental part
Materials and Methods
The BSFL and experimental design

The BSF Larvae (Hermetia illucens) were sourced from the company Grinsect. The larvae were
delivered as 5-DOLs (5-day-old larvae). The experiments were conducted in the summer of 2024. Each
feeding tray was initially filled with approximately 10 000 5-DOL BSF larvae. The feeding trays were
made of dark polypropylene (PP) plastic (size 60x40x12 cm). Feed substrate was added to the
containers with BSFL usually every other day ensuring the container was filled to an acceptable level. To
maintain the moisture of the feed and prevent the larvae from escaping the containers, a small amount of
coconut fiber was always added on top of the feed. Each feeding substrate was tested in triplicate, with
three independent trays prepared under identical conditions. The larvae were kept in a room without
sunlight, with stable humidity (50% £ 20%), temperature of 23 + 2 °C and non-stop air circulation. The
experiment lasted until the point when pupating individuals (prepupae) first appeared in a container (after
20 days). At that point, the experiment was concluded.

Larvae were sampled regularly to determine their wet and dry weight. Measurements were performed
gravimetrically. Fifteen randomly selected BSF larvae (5 from each tray) were taken from the containers,
washed with distilled water and dried with paper towels. Their wet weight and dry weight were recorded
with analytical scales. At the end of the experiment larvae were collected and photographed. Length of
the larvae was measured with a software program ImageJ.

Bioconversion rate was calculated from total larval dry weight at the end of the experiment and the
total dry weight of the feed substrate using the following formula:
Total final larval weight (g, DM
BCR(%) = 0taLS! welght (9.DM) 100 94
Weight of feed substrate (g, DM)
The larvae were sifted through meshes at the end of the experiment to separate them from most of
the frass. Afterwards they were dried and weighed. The drying process occurred always at 105 °C for
4 hours.

Feed substrate

Each tray with BSFL was filled with feed substrate at the beginning of the experiment. Afterwards, the
substrate was added to the trays when the old substrate disappeared, or the larvae did not feed on it
anymore.

The feed substrates were lettuce, potatoes and pasta. These substrates were always purchased from
a selected retail chain. The lettuce was prepared in two ways. The first method involved cutting it into
pieces approximately 2x4 cm in size. The second method involved blending it in a smoothie blender until
it was completely pureed.

The potatoes fed to the larvae were also prepared in two ways. In both cases, they were cut into
pieces approximately 1x2x2 cm. In the first case, the potatoes were raw. In the second case, they were
processed by being submerged in boiling water for 15 minutes, then cut to the desired size at room
temperature.
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The pasta used as feed was prepared in two ways. In the first case, it was boiled in water for
9 minutes. In the second case, it was boiled and then blended in a smoothie blender into a mash with
consistency similar to mashed potatoes. The nutritional composition of the three substrates used
(lettuce, potatoes, and pasta) is summarized in Table 1.

Table 1: Nutritional values of each feeding substrate.

Substrate Protein |Carbohydrates Fat Energy Fiber Moisture
(9/100 g) (9/100 g) (9/100 g)|(kcal/100 g)| (g/100 g) | content (%)
Lettuce™ 1 2.1 0 14 1.1 96
Potatoes (raw)"’ 2.1 17.5 0.09 77 2.1 79
Potatoes (boiled)™ 1.9 20.1 0.1 87 1.8 78
Pasta (boiled)" 5.8 30.9 0.93 158 1.8 62

Statistical analysis

Results for final larval wet and dry weight, bioconversion rate, and larval length are presented as
Mean + Standard deviation (SD). Prior to statistical analysis, normality of the data was assessed using
the Shapiro-Wilk test and homogeneity of variances was evaluated using Levene's test. The
assumptions required for ANOVA were considered satisfied for dry and wet weight, BCR, and length
measurements (p > 0.05). Differences among feed substrates and treatments were evaluated using one-
way analysis of variance (ANOVA). When significant differences were detected, Tukey's honestly
significant difference (HSD) post-hoc test was applied for pairwise comparisons. Statistical significance
was accepted at p < 0.05. Different letters for groups in Tukey's HSD indicate statistically significant
differences between feed substrates and treatments. Statistical analyses were performed using
OriginPro 2024 software. Intermediate wet and dry weight measurements were obtained from pooled
larval samples collected from the three replicate trays and are therefore presented descriptively without
statistical testing (Figure 1 and Figure 2).

Results

Final dry weight differed significantly among feeding substrates and substrate pre-treatments (one-
way ANOVA, Fs;, = 204.60, p < 0.0001). The increase in larval dry weight over time across feeding
substrates is shown in Figure 1. BSFL fed with pasta had the fastest increase in dry weight among the
tested feed materials. They were followed in growth rate by larvae fed with potatoes, while the slowest
dry weight increase was observed in larvae fed with lettuce. Tukey's HSD test separated the treatments
into four statistical groups, with blended pasta > whole pasta > potatoes > lettuce (p < 0.05) as shown in
Table 2.
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Figure: 1 Measured dry weight of BSF larvae fed with different substrates in time

Final wet weight also differed significantly among treatments (one-way ANOVA, Fsi, = 55.39,
p < 0.0001). The same trend was observed as for dry weight, with the highest values for larvae fed with
pasta (Figure 2). The highest wet and dry weight of BSFL at the end of the experiment was
77.6 mg/larva and 27.3 mg/larva for blended pasta, and the lowest was for blended lettuce at
21.4 mg/larva and 3.3 mg/larva. Larvae fed sliced lettuce reached 31.7 mg in wet weight. Those fed raw
or boiled potatoes reached 47.7 mg and 43.5 mg, respectively, while larvae provided whole pasta
reached 48.6 mg. Tukey's HSD test identified significant differences among the treatment groups
(p < 0.05) as shown in Table 2.

90,0
80,0
70,0
60,0
50,0
40,0
30,0
20,0
10,0

0,0

Wet weight (mg/larva)

0 1 2 3 4 5 6 7 8 10 11 12 13 14 16 17 18 19 20 26 28
Feeding days after 5-DOL

e | ettuce (blended) e | ettuce (sliced) Potatoes raw (sliced)

== Potatoes boiled (sliced) === Pasta boiled (whole) Pasta boiled (mixed)

Figure: 2 Measured wet weight of BSF larvae fed with different substrates in time

The dry and wet weight at the beginning of the experiment and at the end are shown in Table 2 for
each feed substrate with the groups from Tukey's HSD tests.
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Table 2: Dry weight and wet weight at the beginning and at the end of the experiment (Mean * SD)
and their significance letters based on Tukey's HSD test.

Initial Final
Lettuce Potato Pasta
. Raw Boiled Boiled Boiled
Blended | Sliced | giceq | sliced | whole | blended
Dry weight 08+0.1| 33+06 |47+09 |84+08 |{11.1+1.2|185+0.8| 27.3+1.9
(mg/larva)
A A
Groups B B
(Tukey HSD) i C
D
Wet weight 32+03(214+3.2|31.7+56|47.7+48|43.5+4.8|(48.6+2.7| 77.6+4.9
(mg/larva)
A A
Groups B B
(Tukey HSD) i C C C
D

The ratio of dry to wet weight over time is shown in Figure 3, indicating that the percentage of dry
matter in larval biomass was highest in larvae fed with pasta (33.7% and 30.0%), followed by potatoes
(18.4% and 23.2%), and lowest in larvae fed with lettuce (15.3% and 15.9%). Overall, the share of dry
matter in the biomass ranged between 11.0% and 38.9%. The larvae fed with lettuce did not grow as
well as those fed with potatoes or pasta. Larvae fed with blended and sliced lettuce grew to 4.1 and 5.9
times their initial dry weight (DW), respectively. Those given raw potatoes and boiled potatoes grew to
10.5 and 13.9 times their initial DW, respectively. BSFL that were fed whole pasta grew to 23.1 times
their initial DW and those fed with blended pasta grew the most, to 34.1 times their initial DW.

11,0

— = |ettuce (blended) — = |ettuce (sliced) Potatoes raw (sliced)
— = Potatoes boiled (sliced) Pasta boiled (whole) Pasta boiled (mixed)
S
§e]
e
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_% » /14,Z ) 12,7__13'5_13’2 3 )
2
o
a
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Figure: 3 Dry weight to wet weight ratio of BSF larvae fed with different substrates in time

Bioconversion rate (BCR)

The bioconversion rate of BSFL fed with different substrates is presented in Figure 4. It ranged for
BSFL fed on different substrates from 7.4% to 14.8%. The highest BCR was achieved with blended
pasta (14.8%), reflecting its higher protein and carbohydrate content. Blending the pasta improved
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accessibility of the substrate to the larvae, which improved the BCR significantly from 8.9% to 14.8%. In
contrast, raw potatoes had the lowest BCR, only 7.4%. Boiling increased the BCR to 9.2%. Lettuce
resulted in intermediate BCR values of around 12% despite poor larval growth.

Bioconversion rate of different feed substrates in BSFL treatment.
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Lettuce (blended) Lettuce (sliced) Potatoes raw Potatoes boiled Pasta boiled Pasta boiled
(sliced) (sliced) (whole) (blended)

— >

BCR (%)
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o

Figure: 4 Bioconversion rate of different feed substrates in BSFL treatment (mean, range,
Tukey's HSD groups)

Length of the BSFL
The average final length of BSFL reared on each substrate is shown in Figure 5. Final length of the
larvae ranged between 8.26 mm and 14.2 mm, depending on the feed substrate. On average, the

smallest larvae were those fed with lettuce, then those with potatoes, and the largest were those fed with
pasta.

Average length of BSFL at the end of the experiment

Lettuce (blended) Lettuce (sliced) Potatoes raw  Potatoes cooked  Pasta cooked Pasta cooked
(sliced) (sliced) (whole) (blended)

S
O

=
(2]

Mean Length (mm)
” S

o

Figure: 5 Average length of BSF larvae at the end of the experiment (mean, range, Tukey's
HSD groups)
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Discussion

Previous studies identified that generally BSFL grown on substrates higher in proteins have a higher
larval weight*®. This aligns with the results of our study. Our results confirm that the nutritional
composition of the feeding substrate has a decisive effect on BSFL growth. Larvae fed with pasta which
has the highest protein content of the three feeding substrates, grew the most in weight. On the other
hand, larvae fed with lettuce characterized by low protein and high moisture grew the least in weight.
The bioconversion rate further highlighted these differences.

Blending pasta increased the larval weight (48.6 mg to 77.6 mg) and BCR substantially (from 8.9% to
14.8%), indicating that substrate accessibility is an important factor for BSFL conversion efficiency.
Boiling potatoes also improved the BCR from 7.4% to 9.2%, which indicates that thermal processing of
potatoes enhances starch digestibility for the larvae. Lettuce resulted in intermediate BCR values
(approximately 12%) despite the poor growth performance of BSFL. Although the fresh weight of lettuce
provided to the larvae was comparable to that of pasta and potato, its substantially higher moisture
content resulted in a much lower dry matter input. Since BCR was calculated on a dry matter basis, the
relatively low amount of dry matter supplied by lettuce may explain why intermediate BCR values were
obtained despite limited larval biomass production. The BCR values fall mostly within the range of
approximately 2 to 33%%?! and confirm that substrate composition and pre-processing have a strong
influence on the efficiency of bioconversion.

Mechanical pretreatment is a widespread technology used in biogas production and composting.
Reduced substrate particle size has previously positively correlated with biogas and methane yield* 3.
However, a study® showed that the mechanical pretreatment of feeding substrate for BSFL, in their case
decreasing almond hull particle size from 6 to 4 mm, decreased larval mass by 10%. The authors
concluded that smaller particle size, and thus increased surface area of the substrate, could improve
access to nutrients, but BSFL may benefit from better aeration due to the larger particle size. In our
study the decreased particle size for lettuce might have hindered aeration of the BSFL and feed mixture,
having a negative effect on larval growth. This could have been exacerbated by the water released from
the blended lettuce, as indicated in a study?®. On the other hand, blending pasta had positive effect on
larval growth. It shows that the positive effect of mechanical pre-treatment on larval growth is substrate
dependent.

The main goal of thermal pre-treatment such as boiling of the substrate is to increase the solubility of
the organic matter and improving biodegradability?®>. This was confirmed in our study for potatoes as
substrate.

These findings highlight both opportunities and constraints for BSFL bioprocessing. While pasta and
potatoes are representative of carbohydrate-rich food residues that are frequently discarded by
households, restaurants, and the food industry. Lettuce, on the other hand, represents high-moisture,
low-nutrient vegetable waste. The poor performance of BSFL on lettuce alone suggests that such
residues might be best used in combination with more nutrient-rich wastes to balance diet quality and
moisture content.

A limitation of this study is that only three substrates were tested individually under controlled
laboratory conditions. In practice, food waste is heterogeneous and mixed, and BSFL are known to
perform differently on composite waste streams. Future work might thus address the BSFL performance
fed with mixed substrate from the studied substrates.

Conclusions

This study demonstrated that BSFL growth depends on the nutritional quality and pre-processing of
food substrates. Among lettuce, potatoes, and pasta, larvae fed with pasta achieved the highest biomass
yield, followed by potatoes, while lettuce supported the lowest growth. Substrate pre-treatment also
influenced outcomes: boiling improved the digestibility of potatoes, and blending increased the
accessibility of nutrients in pasta but not in lettuce. These results suggest that carbohydrate- and protein-
rich food residues such as pasta or potatoes can serve as effective substrates for BSFL biomass
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production, while watery, nutrient-poor wastes like lettuce may require co-feeding with higher-quality
substrates (higher energy density and protein content). By identifying the relationship between substrate
composition, processing, and BSFL growth, this work contributes to the optimization of insect-based
bioconversion strategies for sustainable waste management and protein production.
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Souhrn

Rastici dopyt po udrzatelnych alternativnych zdrojoch bielkovin a efektivnom nakladani
s potravinovym odpadom poukazuje na potencial lariev muchy Hermetia illucens (BSFL). Tafo Studia
skuma rast a efektivnost biokonverzie BSFL chovanych na troch substratoch — Salate, zemiakoch a
cestovinach. Tieto substraty boli predupravené metédamy, ako je krajanie, mixovanie a varenie.
Vykonnost’ procesu spracovania substratu larvami bola hodnotena na zaklade mokrej a suchej
hmotnosti, dizky a miery biokonverzie (BCR). Cestoviny vykazovali najvy$si narast biomasy, pricom
mixovanie zvysilo hmotnost lariev na 77.6 mg a BCR na 14.8 % v porovnani s 48.6 mg a 8.9 % pri
celych cestovinach. Zemiaky ako substrat viedli k strednému rastu, pricom varenie zvySilo BCR zo 7.4 %
na 9.2 %. Saléat, charakteristicky nizkym obsahom Zivin a vysokou vihkostou, vykazoval najmens$i narast
hmyzej biomasy, pricom mixovanie mierne negativne ovplyvnilo BCR. Zistenia ukazuju, Ze nutricné
zloZenie aj preduprava substratov su kfu¢ovymi faktormi pre maximalizaciu rastu BSFL a vysledkov
biokonverzie.

Klicova slova: BSFL; potravinovy odpad; preduprava substratu; biokonverzia; Hermetia illucens
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Abstract

This article assesses the environmental impacts of three-layer wood-based composites containing
automotive industry waste (incorporated into the core layer) on aquatic environments. Water leachates
from the composite samples were evaluated using ecotoxicological biotests with the test organisms
Lemna minor, Sinapis alba, and Daphnia magnha. Physicochemical parameters, specifically pH and
chemical oxygen demand (COD), were determined to represent the total amount of organic substances
leached into the water. A particleboard without automotive waste served as the control sample. The
results indicate that incorporating automotive waste into wood-based materials is a viable recycling
method, and the use of bioassays proves to be an effective tool for evaluating their environmental safety.
The findings suggest the need to optimize the quantity of waste in production to minimize inhibitory
effects on test organisms in aquatic environments while maintaining the required physical and
mechanical properties of the composites.

Keywords: waste, plastic, water leachate, automotive industry, chipboard, ecotoxicity

Introduction

The automotive industry is one of the most resource-intensive sectors of the economy in every
developed nation. Coupled with its rapid advancement, a challenge arises regarding the constant
increase in waste materials from both production and the disposal of end-of-life vehicles'. The average
weight of a car is approximately 1.2 tons, representing 102.5 million tons of processed materials—
including scrap iron, tires, non-ferrous metals, glass, polyurethane foam, car batteries, electronic waste,
textiles, insulating materials, and, significantly, a vast number of plastic components?.

Secondary raw materials that undergo further recycling include used tires and rubber parts, plastic
components, waste glass, ferrous and non-ferrous metal waste, liquids, electrical equipment, and waste
from oil filters®*. The recycling of automotive plastics is crucial for achieving overall sustainability targets.
Their primary environmental benefit lies in reducing the volume of plastic and wood waste, which helps
preserve natural resources and decrease landfill utilization®.

One method of recycling plastic waste and rubber is their incorporation into particleboards (PB), which
are molded wood-based panels produced by hot-pressing wood particles with an added adhesive. Their
quality is determined by physical and mechanical property values, which are influenced by the input raw
materials and technical factors®. Non-wood materials, such as automotive industry waste, are also added
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to particleboards to utilize this waste, reduce raw wood consumption, and achieve new material
properties. To maintain the appearance of the particleboards, the composition of the surface layers is
always kept unchanged’®. This approach reduces landfill waste and resource extraction. Compared to
traditional alternatives, wood-plastic panels offer significant environmental advantages due to the use of
recycled materials, the reduction of harmful emissions, and a lower overall carbon footprint. In the
present article, we assess the environmental impacts on the aquatic environment of three-layer
particleboards—where the core layer is manufactured from automotive plastic waste—using
ecotoxicological testing. Bioassays are significant ecotoxicological indicators of environmental pollution
and can play a vital role in enhancing environmental monitoring and determining the hazardous nature of
substances.

EXPERIMENTAL

Materials and methods

The experiment focused on evaluating the impacts of particleboards manufactured with various
automotive plastic and rubber waste contents on the aquatic environment. The procedure involved the
preparation of water leachates, in which the following parameters were determined: pH, COD¢, (chemical
oxygen demand using potassium dichromate), and ecotoxicological bioassays.

Three-layer wood-based composite materials were produced by incorporating polymers from
automotive waste into the particleboards. The boards were manufactured using wood particles derived
from spruce logs processed at Kronospan s. r. 0. in Zvolen, Slovakia. The wood particles used in the
core layer ranged from 0.25 mm to 4.0 mm in size, while the particles used in the surface layers were
finer, between 0.25 mm and 1.0 mm. Automotive plastic waste was supplied by ALUEX s. r. 0. in Zvolen,
Slovakia. This plastic waste was cut into smaller pieces, cleaned, and subsequently processed into
granules using plastic crushing equipment at the Technical University in Zvolen. Granulation was
performed using a DP 11-240/350 plastic crusher (Profing, Slovakia) and an ABS 1080 dust extractor
(Holzmann Maschinen, Austria). The granules (1 mm to 4 mm in size) were sieved using an AS 200 digit
CA analytical sieve shaker (Retsch, Germany) to ensure uniform particle size. The size of the resulting
granulates ranged from 1.0 to 4.0 mm. A urea-formaldehyde (UF) resin (Kronores CB 1100 F) was used
as a binder, containing 67.1% solids, with a viscosity of 460 mPa-s, a gel time of 55 seconds, and a pH
of 8.6. To facilitate the curing process, ammonium nitrate (NH4;NO3, 47% concentration) was used as
a hardener, along with a 30% paraffin emulsion to enhance the water resistance and durability of the
final product. The manufacturing process followed standard particleboard production technology. The
entire production methodology adhered to the procedures specified in Utility Models No. 10248 and No.
10249° *°. The particleboards used in the experimental section (Figure 1) had dimensions of 350 x 350 x
18 mm, and the granulate content in the samples was 10% (Table 1). Testing higher concentrations of
the incorporated waste in PB production led to a degradation of mechanical, physical, and fire-retardant
properties; consequently, a 10% substitution of wood mass with plastic waste was established. The
fabrication of single-layer PBs with varying volume percentages (10%, 15%, and 20%) of the
aforementioned plastics serves as a preliminary step toward optimizing the production of three-layer
PBs. Research findings concerning single-layer PBs indicated that a 10% polymer particle content is
optimal. For this reason, subsequent research focused exclusively on the production of three-layer PBs
with a 10% plastic fraction.

An increase in wood fiber content from 20% to 30% resulted in a rise in flexural strength from 44.88
MPa to 59.06 MPa, attributed to efficient stress transfer and favorable interfacial interaction between the
matrix and the reinforcement. Conversely, further increasing the fiber content to 40% caused a decline in
strength, as the higher reinforcement concentration prevented adequate fiber encapsulation by the
polymer, leading to impaired interphase adhesion. Three-layer particleboards with 10% plastic filler
exhibited superior mechanical properties compared to single-layer boards with the same plastic content,
confirming the positive influence of the layered structure on stress transfer and the overall mechanical
integrity of the material***2.

Patron of the issue / Patron ¢isla: Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Pie$tany, Slovensko)
WASTE FORUM 2026, éislo 2, strana 73



Helena HYBSKA Dagmar SAMESOVA, Iveta CABALOVA, Jozef KRILEK, Lydia SOBOTOVA, Alexandra
VIERGOVA: Evaluation of the impact of recycled automotive waste in particleboard on water quality

Table 1: Composition and designation of experimental samples

Sample designation Composition of particleboards

PB Pure particleboard

P10 PB containing granulate from waste tires

TK10 PB containing granulate from waste seals and carpets
LN10 PB containing granulate from waste painted bumpers
NN10 PB containing granulate from waste unpainted bumpers
PN10 PB containing granulate from waste fuel tanks

KVN10 PB containing granulate from waste non-flammable cables
KSH10 PB containing granulate from waste flammable cables
P10G10 PB containing granulate from waste tires and graphite
TK10G10 PB containing granulate from waste seals, carpets, and graphite

Figure 1: Three-layer particleboard with incorporated polymer (Photo: V. Mancel)

Preparation of water leachates

The quantity of the leachant (demineralized water) was calculated while maintaining a sample surface
area to leachant ratio of 1:5. The leaching period was 24 hours; following this duration, the leachates
were filtered and the resulting extracts were used for testing (Figure 2)*.

1 v '4,- , '\ S, -

Figure 2: Leachates prepared by 24-hour leaching (Photo: H. Hybska)

pH determination

Measured using an inoLab pH Level 1 pH meter (WTW, Germany) and a StirrOx G combination
electrode™.

Determination of chemical oxygen demand using potassium dichromate (CODc,)

The oxygen demand determines the amount of oxidizing agent consumed for the oxidation of organic
substances. Potassium dichromate was used as the oxidizing agent. The oxidation process took place in
a strongly acidic sulfuric acid medium during a two-hour reflux (boiling). The amount of unconsumed
potassium dichromate was determined titrimetrically. After adding the ferroin indicator, the solution is
titrated with a standard solution of ferrous ammonium sulfate (FAS) until the first color change from blue-
green to reddish-brown occurs™.
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Ecotoxicological testing of leachates

Preliminary tests were conducted with a minimum of six replicates. The following biotests were used:

Growth inhibition (stimulation) test of common duckweed (Lemna minor) — producent*®*’

(Table 2).

Table 2: Test conditions for the test organism Lemna minor

Parameter Lemna minor

Bioassay conditions 25°C £ 2°C, day/night simulation; continuous illumination with min. intensity
of 6,500 lux

Control sample Z-medium (nutrient solution from CCALA, Trebon, Czech Republic)

Reference substance | 3,5-dichlorophenol, ECg, = 3.1 mg/I (limit 2.2 — 3.8 mg/I)

Sample volume 1mL/1well

Exposure duration 3 days

Preliminary test 1 frond per 1 mL of sample under the same conditions

Validity criteria Average number of fronds in the control at the end of the test > eight times
the initial count; pH at the end of the test < 1.5 units difference compared to
initial pH

Monitored response Evaluated frond count; visual assessment — necrosis, chlorosis; growth rate
J and growth inhibition Iy (%) compared to control

From such obtained values of y inhibition (stimulation) of growth I; shall be calculated for every tested
concentration

= (44 — 44)-100
Hy

where |; = inhibition (stimulation, when I;;) of growth in % determined on the basis of comparison of
growth velocities,
Mi = growth velocity for tested concentration,

Mk = growth velocity in control.

Acute toxicity test on daphnids (Daphnia magna) — consumer®® % (Taple 3).
Table 3: Test conditions for the test organism Daphnia magna

Parameter Daphnia magna

Test organism Daphnia magna Straus (Cladocera, Crustacea), neonate individuals from
parthenogenetic culture

Bioassay conditions 21°C £ 2°C; 7.8 £ 0.2 (pH); laboratory environment

Control sample Dilution water prepared from analytical grade (p.a.) solutions of
CacCl,.2H,0 (1), MgS0,.7H,0 (2), NaHCOs; (3), KCI (4); by adding 10 ml of
each solution (1)-(4) and filling with demineralized water to a volume of

1 liter
Reference substance | K,Cr,0;, ECs, = 0.85 mg/l (limit 0.3 — 1.5 mg/l)
Sample volume Min. 5 ml per individual, maintaining a solution column height of min. 3 cm
Exposure duration 48 hours
Preliminary test 5 daphnids per undiluted sample, identical conditions for control
Validity criteria Immobilization < 10 %, change in dissolved O, concentration < 2 mg/l

Monitored response % immobilization and mortality of individuals, dissolved oxygen, ECx
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Determination of % immobilization
Immobilization (%) = 100 — (‘:—" * 100), where:

A, — number of individuals that are survivors at the end of testing,
A, — number of individuals that are survivors at the beginning of testing (humber of daphnia used).

Root growth inhibition test of a higher vascular plant (Sinapis alba) — producer?
(Table 4)

Table 4: Conditions of the preliminary test using Sinapis alba seeds

Parameter Sinapis alba

Test organism White mustard (Sinapis alba), variety — Mega, Pstrusa; color: ochre-yellow,
size: 1.5 — 2 mm, germination rate: 99%

Temperature 20°C + 1°C, TS 606 CZ/2-Var incubator (WTW, Germany)

Control Dilution water

Exposure duration 3 days

Preliminary test 10 seeds per 20 mL of sample, with an identical setup applied to the
control

Validity criteria Individual 1Cg, values must not differ by more than 30%

Monitored response Root growth inhibition compared to control — IC (%)

Inhibition (stimulation) |; of the growth of root of higher plants should be calculated using the equation:
L —L
|, =—=*—+.100,
k
where L, is the average length of root in the tested concentration of aqueous leachate in cm,
Ly is the average length of root in control in cm.

Results and discussion
Physicochemical Characterization

The pH value serves as a fundamental indicator of the system's chemical equilibrium and exerts
a significant influence on the progression of chemical and biological processes, including solute
solubility, contaminant mobility, and microbial activity”®. The pH and COD (Chemical Oxygen Demand)
values determined in the leachates following a 24-hour leaching period are presented in Table 5.

Table 5: pH and COD values

Sample PB P10 TK10 LN10 NN10 | PN10 | KVN10 | KSH10 | P10G10 | TK10G10
pH 6.07 6.31 7.29 6.05 6.20 5.54 5.96 5.86 5.57 5.56
?n(g)gllzl) 936.70 | 1133.90 | 1084.60 | 1281.80 | 345.10 | 493.00 | 542.30 | 591.60 | 443.70 443.80

Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.
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pH evaluation

The pH values presented in Table 5 range from 5.54 to 7.29, indicating a spectrum from weakly acidic
to slightly alkaline. The lowest pH value was recorded for the leachate from the sample containing 10%
fuel tank granulate (PN10). Conversely, the leachate from the particleboard (PB) containing 10% waste
seal and carpet granulate (TK10) exhibited an alkaline pH of 7.29. No significant differences in pH were
observed among the remaining leachates. In previous studies, authors®® ** reported a pH of 3.66 for
single-layer neat PB, whereas the pH of three-layer neat PB was 6.07. In the present experiments, the
pH of all single-layer PB samples containing 10% waste granulate (including unpainted and painted
bumpers and fuel tank granulate) remained acidic. These findings are consistent with the results of*,
who also reported acidic pH values for all samples (containing seal granulate, tire rubber, and neat PB).
Sackey et al.?® determined the pH of leachates from various wood species and identified the influence of
leaching duration on pH variations. They observed that alkalinity increased with leaching time, which is
presumably attributable to the release of hydroxide ions into the solution due to oxidation. The pH values
obtained after 24 hours of leaching were comparable to those of the spruce wood utilized in our
experiments.

Chemical Oxygen Demand Evaluation

Chemical Oxygen Demand (COD) represents the amount of oxygen required for the chemical
oxidation of organic and inorganic reducing substances present in water using a strong oxidizing agent.
This indicator serves as a critical parameter for assessing the degree of water pollution, where higher
COD values signify a greater concentration of oxidizable substances and a potentially higher
environmental burden on the aquatic ecosystem?. Primarily, COD reflects the extent of organic
contamination, specifically compounds susceptible to chemical oxidation, such as various soluble
organic compounds, polymer residues, plastic additives, and degradation products of lignocellulosic
materials.

In the context of aqueous leachates from particleboards (PB) containing plastic waste, the COD value
primarily reflects the quantity of released organic substances derived from the wood components (e.g.,
lignin, hemicelluloses, and extractives) as well as plastic-related additives (e.g., plasticizers, stabilizers,
or low-molecular-weight degradation products). Consequently, elevated COD levels indicate a higher
degree of organic contamination in the leachate and a potentially increased environmental impact upon
contact with aquatic environments.

As indicated in Table 5, the COD of the neat particleboard (control sample) was 936.70 mg/L. The
maximum COD value of 1281.80 mg/L was recorded in the leachate from PB containing 10% waste
painted bumper granulate (LN10); in contrast, the value for the sample with 10% unpainted bumper
granulate (NN10) was approximately four times lower. This disparity is presumably attributable to the
leaching of organic compounds from the paint into the aqueous phase. In leachates from single-layer PB
with 10% unpainted bumper granulate?*, the COD value was approximately 3.5 times higher than that
observed in our experiments with three-layer PB. Similarly, for PB containing 10% fuel tank granulate,
the literature value was 863.4 mg/L greater than our current results. Regarding PB with 10% painted
bumper granulate, the COD for the single-layer variant®® was approximately 200 mg/L higher than the
three-layer sample with the same waste type and proportion. Comparable values were determined for
leachates from PB containing 10% waste seals and 10% waste tire rubber®. Regarding the COD
indicator, the difference between single-layer and three-layer PB containing seals and tire rubber is
essentially negligible. For neat single-layer PB, COD values reported in?® > were identical; however, the
value for the three-layer neat PB used in our experiment was approximately 1310 mg/L lower (likely due
to the greater amount of material utilized in its production). It should be noted that the relationship
between COD values and the observed ecotoxicological effects is not necessarily direct. While COD
represents the total amount of oxidizable organic substances present in the leachate, it does not provide
information about the specific chemical composition or toxicity of individual compounds.

In the present study, some samples with relatively lower COD values still exhibited high levels of
biological inhibition. This may be explained by the presence of specific toxic substances, such as low-
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molecular-weight organic compounds, plastic additives, or degradation products, which can exert
significant biological effects even at low concentrations.

Therefore, COD should be interpreted as a general indicator of organic load rather than a direct
predictor of ecotoxicity. These findings underline the importance of combining chemical and biological
assessment methods when evaluating the environmental impact of composite materials containing
recycled waste.

Wood is a complex natural polymeric composite primarily composed of carbon, oxygen, hydrogen,
and trace amounts of nitrogen. Its principal constituents include cellulose (approx. 40 —50%),
hemicelluloses (20 — 30%), and lignin (20 — 30%), supplemented by extractives and ash content. During
the 24-hour leaching process, water-soluble extractives (such as tannins, pigments, and sugars) were
released from the wood structure into the aqueous medium. Therefore, Chemical Oxygen Demand
(COD) was employed as a parameter to quantify the amount of leached organic substances in the water.

Ecotoxicological Characterization

Lemna minor Growth Inhibition (Stimulation) Assay

The objective of this assay was to quantify the effects of the agueous leachates on the vegetative
growth of the plants throughout the experimental period. Table 6 summarizes the primary results
concerning the growth rate inhibition (In) of Lemna minor across the individual leachate samples, while
the corresponding graphical representation is provided in Figure 3.
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Figure 3: Graphical representation of growth inhibition (lu, %) of Lemna minor in leachates from

wood composite samples
Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.

According to'® ", a preliminary test is classified as positive if the growth inhibition of the algal culture

is = 30% or if growth stimulation reaches = 75% relative to the control. The obtained results indicate that
all growth rate inhibition (Ip) values in this assay were positive. The lowest Iy percentage was recorded
in the leachate from the sample containing 10% waste painted bumper granulate (LN10). Conversely,
the highest inhibition was observed in the sample containing 10% waste tire granulate (P10). Authors
in®* reported Iy values of 81.56% for samples with 10% painted bumper granulate, 70.08% for unpainted
bumpers, and 83.40% for fuel tanks. The inhibitory effect of the leachates from three-layer boards on the
Lemna minor test organisms was more pronounced than the results obtained from single-layer PB
leachates®. According to?®, the inhibitory effect on Lemna minor growth for the control single-layer PB
sample was comparable to the value determined for the three-layer neat PB leachate.
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Table 6: Basic statistical characteristics for Lemna minor

4, %
Sample Confidence interval
Average | STDEV | -95.00% | 95.00% |Repetitions

PB 82.84 0.64 80.08 85.59 4
P10 94.11 1.62 87.13 101.09 4
TK10 87.50 0.71 84.46 90.54 4
LN10 63.16 1.27 57.69 68.64 4
NN10 76.60 0.56 74.18 79.02 4
PN10 77.58 0.58 75.09 80.06 4
KVN10 78.68 1.76 71.10 86.25 4
KSH10 82.80 2.24 73.16 92.44 4
P10G10 84.00 1.31 78.35 89.65 4
TK10G10| 76.84 2.82 64.71 88.98 4

Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.

Sinapis alba Root Growth Inhibition Assay of a Higher Vascular Plant

The primary advantages of these bioassays include their inherent simplicity, versatility, and low
material and economic requirements. Table 7 presents the root growth inhibition percentages (IC %) for
the higher plant species—white mustard (Sinapis alba)—following exposure to the 24-hour leachates of
the individual samples, while the corresponding graphical comparison is illustrated in Figure 4.
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Figure 4: Graphical representation of root growth inhibition (Iu, %) of Sinapis alba in leachates

from wood composite samples
Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.
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Table 7: Basic statistical characteristics for Sinapis alba

IC, %
Sample Confidence Repetitions
Average | STDEV interval
-95.00% | 95.00%

PB 68.43 2.04 61.93 74.93 4
P10 70.27 0.97 67.17 73.37 4
TK10 68.63 2.47 60.77 76.49 4
LN10 73.43 1.86 67.51 79.35 4
NN10 76.05 3.00 66.50 85.61 4
PN10 65.98 3.01 56.39 75.57 4
KVN10 72.04 2.50 64.09 79.98 4
KSH10 64.85 3.07 55.07 74.63 4
P10G10 66.23 2.35 58.74 73.72 4
TK10G10| 59.29 1.68 53.95 64.63 4

Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.

According to?, the results of the preliminary assay are considered positive if the root growth inhibition
is =2 30 %. The determined values indicate that all leachates from the tested samples yielded positive
results. The maximum root growth inhibition for white mustard was recorded in the leachate from the
sample containing 10% unpainted waste bumper granulate (NN10). In contrast, the lowest value was
observed for the sample containing 20% waste seal, carpet, and graphite granulate (TK10G10). As
shown in Table 7, the leachates prepared from the experimental samples exhibited a potent inhibitory
effect on root growth. Previous findings by** indicated lower IC values for single-layer PB compared to
the values obtained from the three-layer PB leachates in the present study. Regarding samples
containing painted and unpainted bumpers, the assay was negative according to®, which contrasts with
the results obtained for the three-layer PB. For samples containing fuel tank granulate, the test was
positive, a finding that was also confirmed for the three-layer PB leachates. Authors in®® reported 1C
values of 46.26% for single-layer PB samples with 10% waste seal granulate and 51.21% for those with
waste tire rubber; however, the three-layer PB leachates in this study demonstrated a more pronounced
inhibitory effect on Sinapis alba root growth relative to the control. In the control sample investigated by
Hybska et al.?®, the IC was determined to be 58.77%, whereas the value recorded in the three-layer
board experiment was 10% higher.

Daphnia magna Acute Toxicity Assay

The Daphnia magna toxicity assay is based on monitoring the behavior and survival of the organisms,
specifically targeting immobilization—defined as the macroscopically observable inability to move
independently within the water column. Daphnia magna exhibit high sensitivity to a broad spectrum of
pollutants, making them an ideal model for ecotoxicological assessment. The immobilization percentage
was calculated from the number of immobilized individuals; the resulting values after 24 and 48 hours of
exposure are summarized in Table 8.

18, 19, 20

According to , the preliminary assay is classified as:

. Positive if mortality or immobilization reaches = 50 % relative to the control during the exposure
period. In such cases, the EC50 must be determined through range-finding and definitive tests.

. Negative if mortality or immobilization is < 50 % relative to the control, necessitating a limit test
for verification.
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The observed survival rates allowed the assay to proceed for an additional 24 hours (Table 8). Except
for samples PN10 and TK10G10, the results were negative. All experimental conditions were strictly
maintained, and the dissolved oxygen levels in the leachates met the established validity criteria for the
assay.

Table 8: Percentage immobilization of Daphnia magna after 24 and 48 hours of exposure

Exposure Observed Sample
Period Response |PB|PK10|TK10|LN10]NN10|PN10|KVNIO|KSH10|P10G10 | TK10G10
Alter 24 . |25| 25 | 40 | 50 | 20 | 65 | 15 20 20 80
hours Immobilization

0
Alter 48 (%) 25| 40 | 65 | 75 | 20 | 85 | 20 25 50 90
hours

Notes: PB — neat particleboard; PB containing: P10 — waste tire rubber granulate; TK10 — granulate from waste seals and
carpets; LN10 — granulate from waste painted bumpers; NN10 — granulate from waste unpainted bumpers; PN10 — granulate
from waste fuel tanks; KVN10 — granulate from waste flame-retardant cables; KSH10 — granulate from waste flammable cables;
P10G10 — waste tire rubber granulate and graphite; TK10G10 — granulate from waste seals, carpets, and graphite.

As indicated in Table 8, the number of immobilized individuals for the neat PB and NN10 samples
remained constant at the 48-hour mark, with no additional immobilization observed. Conversely, an
increase in immobilization was recorded for all other samples after 48 hours of exposure. The highest
immobilization rate occurred in the leachate derived from the particleboard containing waste seal, carpet,
and graphite granulate (TK10G10). Following the 48-hour exposure period, the assay yielded positive
results for samples TK10, LN10, PN10, P10G10, and TK10G10. Authors in* reported immobilization
rates of 63% and 65% after 48 hours for leachates containing 10% painted and 10% unpainted bumper
granulate, respectively. In their study, only the leachate containing 10% fuel tank waste yielded
a negative result (41%). It has been noted® that the preliminary assay for aqueous leachates from
shredded tires was negative, whereas granulated tire samples vyielded positive results (80%
immobilization); this suggests a significant influence of particle size on the resulting leachate toxicity.
Sackey et al.?® conducted 48-hour assays with Daphnia magna for leachates from various wood species,
observing immobilization across all samples. Furthermore, a team of researchers® evaluated 12
different tire types, concluding that all were toxic to Daphnia magna and consistently exhibited increased
toxicity after 48 hours of exposure.

Conclusion

The release of substances from automotive waste into the environment can be mitigated through
minimization, reuse, recovery, and recycling, pursuant to the Waste Act No. 79/2015 Coll. One viable
recycling pathway involves utilizing these wastes as wood substitutes in the production of particleboards
(PB).

Experimental findings indicate that the manufacture of three-layer PB containing automotive waste is
a technologically feasible recycling method. However, environmental impact assessments conducted via
ecotoxicological assays highlight the necessity of optimizing the specific types and proportions of wood
replacement. This optimization is essential to maintain the physical and mechanical properties of the PB
while minimizing adverse effects on environmental components.

Based on these results, it can be concluded that the most significant difference between single-layer
and three-layer PB was observed in the Daphnia magna immobilization assay. The leachate from the
three-layer PB exhibited significantly lower toxicity toward Daphnia magna compared to single-layer
PB*" 2, This is a positive outcome, as Daphnia magna is recognized as one of the most sensitive
bioindicators, a fact corroborated by numerous studies® 3% 32,

Furthermore, the results suggest a need to re-evaluate the 10% waste loading in particleboard
production to further reduce inhibitory effects on aquatic test organisms. Aligning with COD values—
representing the total organic content—the highest inhibitory effects were observed in leachates from PB
containing painted bumper granulate (LN10), waste tires (P10), and waste seals and carpets (TKZ10).
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Ultimately, the application of ecotoxicological assays across multiple trophic levels serves as an effective
tool for assessing the environmental impacts of materials on the aquatic ecosystem.

Unlike conventional WPC materials, particleboards containing polymer waste represent a separate
category of materials combining bonded lignocellulosic particles and heterogeneous polymer fractions,
for which ecotoxicological data are still insufficiently investigated.
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Suhrn

Clanok sa zaoberd hodnotenim environmentélnych vplyvov trojvrstvovych drevnych kompozitov
(DTD) vyrobenych s pouZzitim odpadu z automobilového priemysiu v jeho strednej vrstve na akvatické
prostredie. V ramci experimentalnej ¢asti sa pripravili zo vzoriek DTD vodné vyluhy, ktoré sa testovali
pomocou ekotoxikologickych testov s vyuZitim testovacich organizmov Lemna minor, Sinapis alba a
Daphnia magna. Boli stanovené vybrané ukazovatele hodnoty pH a CHSK (ako suma organickych latok
vyluhovanych do vody). Ako kontrolné vzorka bola pouZita drevotrieskova doska bez obsahu odpadu. Na
zaklade ziskanych vysledkov mbéZeme konStatovat, Ze pouZitie odpadov z automobilového priemyslu je
Jednym zo spbsobov recyklacie odpadov do novych vyrobkov a vyuZitie biotestov vhodnym nastrojom na
posudenie vplyvov na Zivotné prostredie. Z vysledkov ziskanych pri posudzovani environmentalnych
vplyvov vyplyva potreba prehodnotit mnozZstvo pouZitych odpadov pri vyrobe DTD tak, aby sa zniZil
inhibiény ac&inok na testovacie organizmy v akvatickom prostredi a pritom boli zachované fyzikalne
a mechanické vlastnosti vyrobenych DTD.

Kracové slova: plast, vodny vyluh, automobilovy priemysel, odpady, drevotrieskové dosky,
ekotoxicita
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Suhrn

Préaca sa zaobera analyzou spravania sa drevotrieskovych dosiek s obsahom recyklovanych plastov
z automobilového priemyslu v zavislosti od ich konstrukéného usporiadania. Porovnavané su jedno-
a trojvrstvové dosky z hladiska ich mechanickej pevnosti a fyzikalnych vlastnosti suvisiacich
s pésobenim vihkosti. Vysledky poukazuju na rozdielne rozloZenie napéti v materiali a na vyznam
vrstvenej Struktury pri optimalizacii viastnosti drevo-plastovych kompozitov. Praca prispieva k roz§ireniu
poznatkov o vyuZiti sekundarnych surovin pri vyrobe aglomerovanych materialov.

Kruacové slova: drevotrieskové dosky, vrstvena Struktura, recyklované plasty, mechanické viastnosti,
fyzikalne viastnosti.

Uvod

Pri vyrobe drevnych kompozitov je potrebné brat’ do uvahy, Ze drevo ma viacero nevyhod, ako je zla
rozmerova stabilita, napuciavanie pri absorpcii vihkosti a fahké napadnutie hubami a hmyzom, &o
obmedzuje jeho &iroké uplatnenie’. Drevné vldkna mézu byt v kompozitoch &iastoéne nahradené
syntetickymi plnidlami, aby sa dosiahlo zlepdenie niektorych vlastnosti kompozitov. Kompozity
s obsahom plastov maji vy3Siu odolnost vo&i poveternostnym vplyvom a biologickli odolnost?.
Polyetyléntereftalat (PET), polypropylén (PP)°, polyetylén (PE)*, kyselina polymlieéna (PLA)?
polyvinylchlorid (PVC) a polyuretan (PU)° sa bezne pouzivaju ako polymérne plnidlo pri vyrobe drevo-
plastovych kompozitov. Takéto doskové materidly sa potom mézu vyuzivat v réznych odvetviach
priemyslu, napriklad pri vystavbe budov’. KedZe drevo je anizotropny material, rozhranie medzi plastom
a drevom mdze byt vystavené znaénému namahaniu, ktoré mdze viest k jeho zlyhaniu, o spdsobi, ze
kompozit strati svoju mechanicku integritu®.

Ciefom tejto prace je posudit moznosti materidlového zhodnotenia plastovych odpadov
z automobilového priemyslu prostrednictvom ich aplikacie do jedno- a trojvrstvovych drevotrieskovych
dosiek (DTD) a porovnat vplyv vrstvenej Struktiry na mechanické a fyzikalne vlastnosti tychto
kompozitnych materialov.

Praca prinaSa noveé poznatky v oblasti vyvoja drevo-plastovych kompozitov na baze drevotrieskovych
dosiek, predovSetkym:

o Systematické porovnanie jedno- a trojvrstvovej Struktury drevotrieskovych dosiek obsahujucich
odpadové plasty z automobilového priemyslu, ¢o je v dostupnej literature zatial malo spracovana
problematika.

o Experimentédlne overenie vplyvu plastovej zloZky na mechanické (pevnost v tahu a ohybova
pevnost) a fyzikalne vlastnosti (nasiakavost, hrubkové napuciavanie) dosiek v zavislosti od ich
konstrukéného usporiadania.

e RozSirenie poznatkov o kompatibilite drevnej a plastovej zloZzky v klasickych drevotrieskovych
doskéach bez nutnosti zdsadnych zmien vyrobného procesu.
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o Identifikaciu vyhod a limitov vrstvenej Struktary pri aplikacii sekundarnych plastovych surovin, ¢o
modze sluzit ako podklad pre optimalizaciu zlozenia dosiek.

o Prispevok k materialovému zhodnoteniu automobilovych plastovych odpadov, ¢im praca reaguje
na aktualne environmentalne a legislativnhe poZiadavky obehového hospodarstva.

Jedno- a trojvrstvové drevotrieskové dosky s obsahom recyklovanych automobilovych plastov mozno
pouzit vo viacerych oblastiach, ako v nabytkarskom (nabytok, police, pricom je mozna povrchova Uprava
materialu), ¢i stavebnom (obkladové, vyplhové dosky v suchych a mierne vihkych interiéroch, nenosné
konstrukéné prvky) priemysle, alebo ako technické &i obalové materialy.

Experimentalna ¢ast’
Material

- Plastovy material: lakovane, nelakované narazniky, a palivové nadrze boli dodané spolocnostou
ALUEX s.r.o. vo Zvolene na Slovensku. Co sa tyka druhu materidlu, lakované aj nenalakované
narazniky boli vyrobené z polypropylénu (PP), a palivové nadrZze z polyetylénu s vysokou hustotou
(HDPE). Tieto odpadové plasty boli narezané na menSie kusky, vyCistené a nasledne zomleté pomocou
zariadenia na drvenie plastov (DP 11 — 240/350, Profing, Slovensko, odsavac¢ prachovych &astic ABS
1080, Holzmann Maschinen, Raklsko) na Technickej univerzite vo Zvolene. Castice sa preosiali
pomocou analytického sita AS 200 digit cA (Retsch, Nemecko), aby bola dosiahnuta frakcia od 1 mm do
4 mm.

- Drevné Castice, pripravené z Cerstvej smrekovej gufatiny, boli v experimente spracované
v spolo¢nosti Kronospan s.r.o, Zvolen, SR.

o Jednovrstvové DTD: Boli pouZité rozmery Castic beZne pouZivanych pre stredovu vrstvu od
0,25 mm do 4,0 mm.

o Trojvrstvové DTD: Drevné Castice pouZité v jadrovej vrstve mali velkost od 0,25 mm do 4,0 mm,
zatial €o Castice pouZzité v povrchovej vrstve boli jemnejsie, od 0,25 mm do 1,0 mm.

Vsetky drevné Castice boli pred pouzitim vo vyrobnom procese vysuSené na dosiahnutie obsahu
vlhkosti 4 %.

- Ako pojivo sa pouzila mocovinoformaldehydova (UF) Zivica (Kronores CB 1100 F), ktora obsahuje
67,1 hm.% pevnych latok a ma viskozitu 460 mPa.s a ¢as gélovatenia 55 sekund s pH 8,6. Na ulah&enie
procesu vytvrdzovania sa ako tvrdidlo pouzil dusi€¢nan aménny (NH4;NOz, 47 %) spolu s 30 hm.%
parafinovou emulziou na zlepSenie odolnosti vodi vode a trvanlivosti koneéného produktu.

Je nutné poznamenat, Ze UF lepidlo je charakteristické tym, Zze ma nizku odolnost voc&i pésobeniu vody
a vlhkosti. Pri kontakte s vodou dochadza k hydrolytickému rozkladu metylénovych a éterovych vazieb
vytvorenych po€as vytvrdzovania Zivice. Nasledkom je oslabenie adhéznych spojov medzi drevnymi
gasticami®. Z toho dévodu su takéto dosky uréené prevazne do suchého prostredia.

Metodika
Vyroba jednovrstvovych drevotrieskovych dosiek s obsahom plastov

Jednovrstvové drevené dosky s pridavkom drveného plastu (v objeme 10, 15 a 20 %) s rozmermi 360
mm x 280 mm x 15 mm (Sirka x dlZzka x hrubka) boli pripravené v laboratériach Technickej univerzity vo
Zvolene.

Drevotrieskové dosky boli pripravené beznou technoldgiou, t. j. najprv studenym predlisovanim
drevotrieskovych rohozi pod tlakom 1 MPa, po ktorom nasledovalo lisovanie za tepla pod tlakom
pomocou laboratérneho lisu CBJ 100-11, TOS (Rakovnik, byvalé Ceskoslovensko). Drevné &astice,
plastové Castice a adhézna zmes boli zmieSané v laboratornom aplikachom bubne. Vyroba dosiek
zahffala Specifické pomery materialov (tabulka 1):
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Tabulka 1: Zlozenie jednovrstvovej drevotrieskovej dosky. Obsah kazdej zlozky je uvedeny pre

jeden panel.
Objemova Plastové
hmotnost’ Drevné castice . Parafinova . e
8 Lepidlo (g) : Tvrdidlo (g) Castice
plastovych (9) emulzia (g) @)
&astic (%) g
10 950.4 122.7 22 7,8 105,6
15 897,6 122,7 22 7,8 158,4
20 844,8 122,7 22 7,8 211,2

Zmes bola umiestnena do hydraulického predlisu na priblizne 2 minaty. Po faze predlisovania
nasledovala faza lisovania za tepla pod hydraulickym tlakom 30 MPa, 15 MPa a 7,5 MPa v réznych
Casovych intervaloch. Celkovy &as lisovania bol priblizne 6 minut pri teplote 230 °C. Tato teplota
lisovania bola pouzita na zaklade naSich predchadzajucich skusenosti a snazili sme sa priblizit
k podmienkam lisovania v praxi. Bolo vyrobenych 6 dosiek z kazdého druhu, pricom bola vytvorena aj
referenéna DTD bez obsahu plastového plnidla (Tab. 3)*.

Vyroba trojvrstvovych drevotrieskovych dosiek s obsahom plastov

Trojvrstvové drevené dosky s pridavkom drveného plastu (v objeme 10 %) s rozmermi 360 mm x
280 mm x 18 mm (Sirka x dizka x hrubka) boli pripravené v laboratériach Technickej univerzity vo
Zvolene. Vyrobny proces sa riadil Standardnou technolégiou vyroby DTD. Prvym krokom bola priprava
drevotrieskovych rohoZzi, ktoré boli najprv lisované za studena pri tlaku 1 MPa. Nasledne boli rohoze
lisované za tepla pomocou laboratérneho lisu CBJ 100-11 (TOS Rakovnik, Ceskoslovensko).
Povrchové vrstvy dosiek boli vytvorené zmieSanim drevenych Castic s lepidlom, zatial ¢o jadrova vrstva
bola zloZzena z kombinacie drevnych Castic, drvenych plastovych Castic a lepidla. Tieto materialy boli
dbkladne premieSané, aby sa zabezpecilo rovhomerné rozlozenie plastov v jadre.

Vyroba dosiek zahffiala Specifické pomery materidlov: 396 g zmesi povrchovej vrstvy bolo
umiestnenych do formy, po ktorej nasledovalo 1110 g zmesi jadrovej vrstvy. Poslednym krokom bolo
umiestnenie dalSich 396 g materialu povrchovej vrstvy navrch. ZloZenie trojvrstvovej drevotrieskovej
dosky je popisané v tabulke 2:

Taburlka 2: ZloZenie trojvrstvovej drevotrieskovej dosky. Obsah kazdej zloZky je uvedeny pre
jeden panel.

Vrstva Drevné ¢astice | Lepidlo |Parafinova emulzia Tvrdidlo (g) Plastgvy
) @) (9) granulat (g)

Povrch 670 103.9 14.5 4.4 0

Jadro 888,3 99,1 16,3 8,4 98,7

Pozn.: obsah kaZdej zloZky je uvedeny pre jeden panel

Tato zostava formy bola potom predlisovana za studena pocas 2 minut, po ¢om nasledovalo lisovanie
za tepla pri réznych drovniach tlaku: 20 MPa, 10 MPa a 5 MPa, v réznych intervaloch, pocas celkového
asu lisovania 5 minut pri teplote 230 °C™. Vysledné trojvrstvové drevotrieskové dosky boli vyrobené
s tromi réznymi typmi plastovych plnidiel, lakovanych naraznikov, nenalakovanych naraznikov a
palivovych nadrzi. Hustota DTD bola priblizne 700 kg/m®. Kazdy typ plnidla bol pridany v mnoZstve
10 %. Okrem toho bola vyrobend aj trojvrstvova drevotrieskova doska bez plastového plnidla, ktora sluzi
ako referentna doska na porovnanie. Oznacenia vSetkych vzoriek su uvedené v tabulke 3.
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Taburlka 3: Oznacenie vzoriek kompozitov

1-DTD Jednovrstvova drevotrieskova doska bez pridaného pinidla

3-DTD Trojvrstvova drevotrieskova doska bez pridaného plnidla

1-DTD-10-LN |Jednovrstvova drevotrieskova doska s 10 %-nym obsahom lakovanych naraznikov

1-DTD-15-LN |Jednovrstvova drevotrieskova doska s 15 %-nym obsahom lakovanych naraznikov

1-DTD-20-LN |Jednovrstvova drevotrieskova doska s 20 %-nym obsahom lakovanych naraznikov

3-DTD-10-LN |Trojvrstvova drevotrieskova doska s 10 %-nym obsahom lakovanych naraznikov

1-DTD -10- NN |Jednovrstvova drevotrieskova doska s 10 %-nym obsahom nelakovanych naraznikov

1-DTD - 15- NN |Jednovrstvova drevotrieskova doska s 15 %-nym obsahom nelakovanych naraznikov

1-DTD - 20 - NN |Jednovrstvova drevotrieskova doska s 20 %-nym obsahom nelakovanych naraznikov

3-DTD-10- NN |Trojvrstvova drevotrieskova doska s 10 %-nym obsahom nelakovanych naraznikov

1-DTD - 10 - PN |Jednovrstvova drevotrieskova doska s 10 %-nym obsahom palivovych nadrzi

1-DTD -15- PN |Jedno-vrstvova drevotrieskova doska s 15 %-nym obsahom palivovych nadrzi

1-DTD - 20 - PN |Jednovrstvova drevotrieskova doska s 20 %-nym obsahom palivovych nadrzi

3-DTD-10-PN |Trojvrstvova drevotrieskova doska s 10 %-nym obsahom palivovych nadrzi

Vyrobu jednovrstvovych DTD s r6znym objemovym percentom (10, 15 a 20 %) spominanych plastov
mozno povazovat za prvy krok k optimalizacii vyroby trojvrstvovych DTD. Viaceré vysledky vyskumu
jednovrstvovych DTD poukazali na to, Ze najoptimalnejsii percentualny podiel polymérnych €astic v DTD
je 10 %2, Z toho dévodu boli v dal§om vyskume vyrobené trojvrstvové DTD iba s 10 %-nym podielom
plastov.

Pre testovanie jednotlivych viastnosti boli z DTD vyhotovené telieska v sulade s uvedenymi normami
v pocte kusov 10 pre kazdy typ skusky.

Stanovenie hustoty

Hustota jednotlivych vzoriek bola stanovena gravimetrickou metédou v sulade s normou STN EN
323%. Z kazdého typu drevotrieskovej dosky bolo analyzovanych $est sku$obnych telies s nominalnymi
rozmermi 50 x 50 x 18 mm ($irka x diZzka x hrubka) a priemernej vihkosti skiobnych telies = 6%.
Skuto&né rozmery vzoriek boli stanovené pomocou digitalneho posuvného meradla s cielom presného
urenia ich objemu. Hmotnost kazdej vzorky bola nasledne zistena vazenim na laboratérnych vahach
s primeranou presnostou. Hustota (p) bola vypoc€itana ako podiel hmotnosti vzorky (m) a jej objemu (V)
podla vztahu:

p=m/V

kde p je hustota (g-cm™), m je hmotnost vzorky (g) a V je objem vzorky (cm?3).

Vysledna hodnota hustoty pre kazdy typ materialu bola stanovena ako aritmeticky priemer zo
Siestich merani.

Stanovenie mechanickych viastnosti

Mechanické vlastnosti vzoriek sa hodnotili stanovenim ich pevnosti v tahu a v ohybe. Testovanie sa
uskutoCnilo pomocou univerzalneho testovacieho stroja Shimadzu AG-IC 20/50 KN STD (Star Teknik
Elektronik Cihazlar Sanayi, Ticaret, Turecko).

Pevnost v tahu sa stanovila podla normy EN 319" na 6smich vzorkach. Vzorky boli spojené
s blokmi pomocou vhodného lepidla a vystavené zvySujucemu sa zatazeniu, az kym nedosSlo
k poruSeniu kolmo na rovinu materidlu. Maximalne zataZenie sa dosiahlo do 60 sekund a pevnost sa
vypocitala na zaklade maximalnej sily pdsobiacej na povrch vzorky, pricom ako vstupné parametre sa
pouzila priemerna plocha prierezu a hrubka dosky.

Ohybovéa pevnost sa merala podla normy EN 310", prisom $est vzoriek bolo umiestnenych na
dvoch podperach a vystavenych centralnemu zatazeniu. Ohybova pevnost sa vypocitala ako pomer
ohybového momentu pri medznom zataZeni k modulu prierezu, priCom vstupné parametre zahfnali
priemernu Sirku v bode zatazenia a hrabku.
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Stanovenie fyzikalnych viastnosti

Na stanovenie nasiakavosti vody a napuciavania po 24 hodinach od ponorenia sa pouzila norma EN
317"". Merania sa vykonali na dsmich vzorkach z kazdého typu DTD. Vzorky boli ponorené najmenej
25 mm pod hladinu vody do vodného kupela (Nive BM 402) naplneného &istou vodou udrziavanou na
teplote 20 °C, pricom sa zabezpecilo, ze zostanu oddelené od seba navzajom a od stien nadoby. Voda
sa po kazdom teste vymenila. Po 24 hodinach sa vzorky vybrali a zmerala sa ich hrubka a hmotnost.
Napuciavanie sa zaznamenalo ako zmena hrubky, zatial ¢o nasiakavost sa urCila na zaklade zmeny
hmotnosti, pri¢om sa ako referenéné hodnoty pouzili poCiato¢na hrubka a hmotnost.

Vysledky a diskusia

V tejto praci sa vykonavala analyza vplyvu zloZzenia jedno- a trojvrstvovych DTD s obsahom
odpadovych plastov z automobilov na ich mechanické a fyzikalne vlastnosti.

Hustota drevotrieskovych dosiek s obsahom automobilovych plastov

Tabulka 4 ukazuje, ze hustota jednovrstvovych drevotrieskovych dosiek (1-DTD) sa pohybuje
v uzkom intervale 0,816 — 0,825 g-cm™, priCom referenéna doska bez pridavku granulatu dosiahla
hodnotu 0,818 g-cm™. Pridavok recyklovaného plastového plnidla v rozsahu 10 — 20 % nemal vyrazny
vplyv na hustotu, kedZze zaznamenané rozdiely medzi jednotlivymi typmi plastu (LN, NN, PN) boli
minimalne. Mierne vy$Sie hodnoty hustoty boli pozorované pri 15 % a 20 % podiele typu NN (0,824 a
0,825 g-cm™), €o mbze suvisiet s rozdielnou objemovou hmotnostou alebo Strukturou pouzitého plastu.
Naopak, trojvrstvové dosky (3-DTD) vykazovali vyrazne nizSie hodnoty hustoty v porovnani
s jednovrstvovymi doskami, pri¢om referen¢na hodnota dosiahla 0,72 g-cm™. Pri trojvrstvovych doskach
s 10 % obsahom granulatu hustota mierne kolisala v zavislosti od typu plastu (0,701 — 0,72 g-cm™), ¢o
naznacuje, Ze konstrukéna skladba dosky ma vyznamnejsi vplyv na vyslednu hustotu nez samotny typ
recyklovaného pinidla. Hustota pritom predstavuje jeden z klu€ovych faktorov ovplyviiujucich pevnostné
vlastnosti drevoplastovych kompozitov'®.

Tabulka 4: Priemerna hustota vzoriek drevotrieskovych dosiek s obsahom plastov z vyradenych
automobilov

M e Podiel granulatu Priemerna hustota * smerodajna odchylka
aterial h
(%) (g-cm™)
1-DTD 0 0,818 * 0,009
1-DTD - LN 10 0,820 * 0,011
1-DTD - LN 15 0,816 £ 0,010
1-DTD - LN 20 0,822 + 0,009
1-DTD - NN 10 0,818 * 0,009
1-DTD - NN 15 0,824 + 0,006
1-DTD - NN 20 0,825 * 0,009
1-DTD - PN 10 0,818 £ 0,012
1-DTD - PN 15 0,822 £ 0,010
1-DTD - PN 20 0,819 * 0,009
3-DTD 0 0,720 £ 0,030
3-DTD-10-LN 10 0,701 £ 0,020
3-DTD-10-NN 10 0,712 £ 0,030
3-DTD-10-PN 10 0,720 £ 0,030

Pri lisovanych drevnych materialoch sa v doésledku zhutnenia Struktury bezne dosahuje zvySenie
hustoty o 5 az 40 %" (Deppe, Ernst, 2000). K vyslednej hustote sledovanych kompozitov prispieva aj
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pritomnost recyklovaného plastu z automobilového priemyslu, najmd HDPE a PP, ktorych hustota je
relativne vysoka (0,954 — 0,96 g-cm™3, resp. 0,90 — 0,91 g-cm™2)%. Vzhladom na tieto hodnoty plastova
zlozka prirodzene ovplyviuje objemovl hmotnost vysledného materialu a méze sa podielat na zmene
jeho mechanického spravania.

Drevna mucka pouzivana v drevoplastovych kompozitoch, kde plast tvori matricu, méze dosahovat
hustotu v irokom rozmedzi 0,4 az 1,35 g-cm™ v zavislosti od pdvodu a spdsobu spracovania?*. Wang a
Sun® vyrobili kompozitné dosky z p$enicnej slamy a kukuriéného pithu a preukézali, Ze pevnostné
vlastnosti mozno dosiahnut' aj pri relativne nizkej hustote materialu (0,34 g-cm™), priCom vyznamnu
ulohu zohrava aj optimalizovana vihkost suroviny.

Pevnost’ v tahu drevotrieskovych dosiek s obsahom automobilovych plastov

Obrazok 1 znazornuje vplyv obsahu a typu recyklovaného plastového plnidla na pevnost v tahu
kolmo na rovinu jedno- a trojvrstvovych drevotrieskovych dosiek. Vysledky ukazuju, Ze pritomnost
plastového plnidla vo vSeobecnosti ovplyviiuje sudrznost Struktiury dosky, pricom tento efekt je
vyraznejsi pri jednovrstvovych doskach. So zvySujucim sa podielom plastov v jednovrstvovych doskach
dochadza k postupnému poklesu pevnosti v tahu, o mozno pripisat znizeniu efektivneho kontaktu
medzi drevnymi Casticami a obmedzenej adhézii medzi drevom a polymérnou fazou. V literature sa
uvadza, ze mechanické vlastnosti kompozitov je mozné vyznamne zlepsit' pouZzitim kompatibilizatorov,
napriklad maleatovaného polyetylénu, ktory zvySuje pevnost v tahu v dbsledku lepsej medzifazovej
adhézie medzi drevnou a polymérnou zlozkou, hoci modul pruznosti sa vyrazne nemeni %.
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Obrazok 1: Pevnost’v tahu jedno- a trojvrstvovych drevotrieskovych dosiek s obsahom
plastového pinidla; 10, 15 a 20 — percentualny podiel plastového plnidla; LN- lakované ndrazniky,
NN- nelakované narazniky, PN- palivové nadrze. Hodnoty su uvedené ako priemer * smerodajna
odchyilka.

Tento poznatok naznacuje, Ze pokles pevnosti pozorovany v nasej praci moze suvisiet s absenciou
kompatibilizaénych prisad, ¢o obmedzuje efektivny prenos napéatia medzi jednotlivymi fazami kompozitu.
VyraznejSi pokles bol pozorovany pri vySSich podieloch plastového plnidla. Typ plastu ma taktiez
vyznamny vplyv, pri€om dosky s obsahom palivovych nadrzi (HDPE) vykazuju spravidla nizSie hodnoty
pevnosti v porovnani s doskami obsahujucimi polypropylénové narazniky. Lakované narazniky mozu
negativne ovplyvnit adhéziu v désledku pritomnosti zvySkov povrchovych uprav, ktoré pdsobia ako
separacna vrstva. Naopak, nelakované narazniky vykazuju mierne priaznivejsi vplyv na pevnost v tahu.
Trojvrstvové dosky s 10 % obsahom plastu dosahuju vySSie hodnoty pevnosti v porovnani
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s jednovrstvovymi doskami s rovnakym podielom pinidla. Tento jav mozno vysvetlit priaznivejSim
rozloZzenim napati vdaka jemnejSim Casticiam v povrchovych vrstvach, koncentraciou plastového pinidla
v jadre dosky a v neposlednom rade rozdielnou hustotou DTD. Vrstvena Struktura tak znizuje negativny
vplyv plastovej zloZky na tuto pevnost. Vysledky potvrdzuju, Ze konstrukéné usporiadanie dosky zohrava
kfu€ovu ulohu pri zachovani jej mechanickej integrity. Z hfadiska aplikacii su trojvrstvové dosky s niz§im
obsahom plastového plnidla mechanicky stabilnejSim rieSenim. Podobné zistenia uvadzaju aj Gozdecki
et al.**, ktori skumali vyuZitie recyklovanych drevnych &astic ziskanych z frézovania trojvrstvovych
drevotrieskovych dosiek pri vyrobe drevo-plastovych kompozitov na baze polypropylénu. Zistili, Ze
napriek odlinej morfoldgii astic (kratsia dizka a nizsi pomer dizky k hrubke) nevykazovali vysledné
kompozity Statisticky vyznamné rozdiely v mechanickych ani fyzikalnych vlastnostiach v porovnani
s kompozitmi vyrobenymi z priemyselnych drevnych cCastic alebo drevnej mucky. Tieto vysledky
naznacuju, ze samotna pritomnost recyklovanej zlozky nemusi nevyhnutne viest k zhorSeniu
mechanickej integrity kompozitu, pokial je zabezpedena dostato¢na homogenita systému. Zaroven vsak
autori poukazuju na potrebu dalSieho vyskumu zameraného na objasnenie ulohy
mocovinoformaldehydovej Zivice pritomnej v recyklovanych ¢&asticiach, ktora mdéze ovplyviiovat
medzifazové interakcie medzi drevnou a polymérnou zlozkou .

Pevnost’ v ohybe drevotrieskovych dosiek s obsahom automobilovych plastov

Obrazok 2 zobrazuje zavislost ohybovej pevnosti jedno- a trojvrstvovych drevotrieskovych dosiek od
typu a mnozstva plastového plnidla. Vo v8eobecnosti je mozné pozorovat, Ze jednovrstvové dosky
vykazuju s rastucim obsahom plastu narast ohybovej pevnosti. NajvyraznejSi pokles pevnosti je
zaznamenany pri 20 % obsahu palivovych nadrzi. Dosky s obsahom palivovych nadrzi vykazuju nizSiu
ohybovu pevnost’ v porovnani s doskami s naraznikmi, o méze suvisiet’ s vydSou pruznostou HDPE a
niz§im modulom elasticity. Lakované narazniky maju mierne nepriaznivejsi vplyv na ohybovu pevnost
nez nelakované, pravdepodobne v désledku zhorSenej vazby medzi Casticami. Trojvrstvové dosky
s 10% obsahom plastu v8ak vykazuju porovnatelné alebo len mierne nizSie hodnoty ohybovej pevnosti
v porovnani s referenénymi doskami bez plastu.
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Obrazok 2: Pevnost’ v ohybe jedno- a trojvrstvovych drevotrieskovych dosiek s obsahom
plastového plnidla; 10, 15 a 20 — percentualny podiel plastového plnidla; LN- lakované narazniky,
NN- nelakované narazniky, PN- palivové nadrze. Hodnoty su uvedené ako priemer * smerodajna
odchylka.

Tento jav poukazuje na pozitivny vplyv vrstvenej Struktury, kde povrchové vrstvy z jemnych drevnych
Castic efektivne prenasaju ohybové napéatia. Plastové plnidlo umiestnené v jadre ma v tomto pripade
mensi negativny vplyv na celkova pevnost. Vysledky potvrdzuju, Ze optimalizacia konstrukéného
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usporiadania dosky je kfu€ova pre zachovanie ohybovych vlastnosti. Mechanizmus zmien ohybovej
pevnosti mozno vysvetlit aj na zaklade poznatkov z vyskumu drevo-plastovych kompozitov, kde sa
preukazalo, Ze existuje optimalny pomer medzi vystuznou drevnou zlozkou a polymérnou matricou.
Al-Magdasi et al.”® uvadzaju, Ze zvySenie obsahu drevnych viakien z 20 % na 30 % v drevoplastovych
kompozitoch viedlo k narastu ohybovej pevnosti z 44,88 MPa na 59,06 MPa v désledku efektivneho
prenosu napatia a priaznivej medzifazovej interakcie medzi plastovou matricou a vystuzou.

Naopak, dalSie zvySenie podielu vldkien na 40 % spdsobilo pokles pevnosti, kedZze vysSia
koncentracia vystuze znemoznila dostatoCné obalenie vliakien polymérom a viedla k zhorSenej adhézii
medzi jednotlivymi fazami®®. Tento princip je aplikovatelny aj na skimané drevotrieskové dosky
s plastovym pinidlom, kde zmena pomeru drevnej a plastovej zlozky ovplyvriuje schopnost matrice
efektivne prenasat napatie. Vysledky naznacuju, Ze existuje optimalny podiel plastového plnidla, pri
ktorom dochadza k zachovaniu alebo miernemu zlepSeniu ohybovej pevnosti, zatial ¢o jeho nadmerné
mnozstvo méze viest k oslabeniu medzifazovej sudrznosti. Z praktického hladiska su trojvrstvové dosky
vhodnejsie pre aplikacie, kde je ohybova pevnost rozhodujucim parametrom.

Absorpcia vody a hrubkové napuciavanie drevotrieskovych dosiek s obsahom
automobilovych plastov

Obrazok 3 znazoruje vplyv plastového plnidla na absorpciu vody po 24 hodinach u jedno-
a trojvrstvovych drevotrieskovych dosiek. Z vysledkov je zrejmé, Ze pridavok plastov vedie vo
v8eobecnosti k zniZzeniu nasiakavosti v porovnani s referenénymi doskami bez plastu. Tento efekt je
spbsobeny hydrofébnym charakterom polymérnych materidlov, ktoré obmedzuju prenikanie vody do
Struktury dosky. V jednovrstvovych doskach je pokles absorpcie vody vyraznejSi so zvySujucim sa

165 T

150

3 B I I
- T [T | T

60

45

Absorpciavody po 24 hodinach (%)

—

30

15

3-DTD- 10 -HEN—
3-DTD-10- NN—

1-DTD-20-PN

3-DTD-10-PN—

1-DTD

3-DTD
1-DTD-10-LN
1-DTD-15-LN
1-DTD-20-LN
1-DTD-10-NN
1-DTD-15-NN
1-DTD-20-NN
1-DTD-10-PN
1-DTD-15-PN

0

Obrazok 3. Absorpcia vody po 24 hodinach jedno- a trojvrstvovych drevotrieskovych dosiek
s obsahom plastového plnidla; 10, 15 a 20 — percentualny podiel plastového plnidla;
LN- lakované narazniky, NN- nelakované narazniky, PN- palivové nadrze. Hodnoty su uvedené
ako priemer * smerodajna odchylka.

Typ plastu ma vyznamny vplyv, priom dosky s obsahom palivovych nadrzi (HDPE) vykazuju

svove

narazniky vykazuju mierne vySSiu absorpciu, avSak stéle niZSiu nez referen¢né dosky. Lakované
narazniky mézu lokalne zniZovat prienik vody, avsak ich nehomogénne rozloZenie mdze viest' k vacsej
variabilite vysledkov. Trojvrstvové dosky dosahuju niZ8iu absorpciu vody v porovnani s jednovrstvovymi
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doskami s rovnakym podielom plastu. Tento jav mozno vysvetlit hustejSimi a jemnejSimi povrchovymi
vrstvami, ktoré pdsobia ako bariéra proti prenikaniu vody. Kombinacia vrstvenej Struktury a plastového
plnidla sa tak javi ako ucinny spdsob zlepSenia vlhkostnej odolnosti DTD. Vysledky naznaduju, ze takéto
kompozitné dosky su vhodnejSie pre pouZitie v prostrediach so zvy3enou vihkostou. Pri vyrobe drevo-
plastovych kompozitov sa uvadza optimalne teplotné rozmedzie spracovania termoplastov priblizne
170 — 205 °C, &o zabezpeduje dostatodné premie$anie plastovej matrice s drevnymi asticami®’. V tejto
praci bola pouzita teplota 230 °C, ktora pravdepodobne umoznila &iastoné natavenie plastovych Castic
a ich redistribaciu v Strukture dosky, €o mohlo prispiet k zniZeniu nasiakavosti a hrubkového
napuciavania.
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Obrdzok 4: Hrabkové napuciavanie po 24 hodinach jedno- a trojvrstvovych drevotrieskovych
dosiek s obsahom plastového pinidla; 10, 15 a 20 — percentualny podiel plastového plnidla;
LN- lakované narazniky, NN- nelakované narazniky, PN- palivové nadrze. Hodnoty su uvedené
ako priemer * smerodajna odchylka.

Obrazok 4 znazorfiuje vplyv typu plastového plnidla, jeho objemového podielu a konStrukéného
usporiadania dosiek na hribkové napugiavanie po 24-hodinovom ponoreni do vody. Statistické modely
regresnej analyzy publikované v literature preukazali, ze typ pouZitého termoplastu ma Statisticky
vyznamny vplyv na hrubkové napuciavanie kompozitov (p < 0,05), pri€om koeficient determinacie potvrdil
silni zavislost medzi druhom polyméru a rozmerovou stabilitou materialu®®. Referenéné drevotrieskové
dosky bez obsahu plastu vykazovali najvysdie hodnoty napuciavania, ¢o potvrdzuje vyrazna citlivost
klasickych DTD na pésobenie vihkosti. Pridavok recyklovanych plastov v jedno-vrstvovych doskach viedol
k zretelnému znizeniu hrabkového napuciavania, priCom tento efekt sa zvySoval so stupajiucim obsahom
plastového pinidla z 10 % na 20 %. Plastové &astice pésobili v Struktire dosky ako bariéra proti prenikaniu
vody a obmedzovali rozmerové zmeny drevnej zlozky. V kompozitoch na baze PP a HDPE boli v literature
zaznamenané velmi nizke hodnoty hribkového napuciavania, napr. 0,18 — 0,29 % pri HDPE kompozitoch
so 40-60 % drevnej mucky bez aditiv® a priblizne 0,7 — 1,6 % pri kompresne lisovanych HDPE
kompozitoch s vy$8im podielom drevnej zlozky***'. Tieto vysledky potvrdzuji, Ze polymérna matrica
hodnoty napuciavania boli zaznamenané pri doskach s obsahom lakovanych naraznikov (LN). Dosky
s 10 a 15 % nelakovanych naraznikov a palivovych nadrzi dosahovali porovnatelné hodnoty napuciavania,
pricom rozdiely medzi nimi neboli vyrazné. Trojvrstvové drevotrieskové dosky s 10 % plastového pinidla
vykazovali niZzSie hrubkové napuciavanie v porovnani s jednovrstvovymi doskami s rovnakym obsahom
plastu. Tento jav mozno pripisat’ hustejSim a kompaktnejSim povrchovym vrstvam, ktoré znizuju prienik
vody do jadra dosky. Vrstvena Struktura zaroven prispieva k rovnomernejSiemu rozloZeniu vnutornych
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napati vznikajucich pri zvlihéovani materidlu. Vysledky potvrdzuju, Ze kombinacia vrstvenej Struktury a
pridavku recyklovanych plastov ma pozitivny vplyv na rozmerovl stabilitu drevotrieskovych dosiek.
Z hladiska praktického vyuzitia predstavuje znizené hrubkové napuciavanie vyznamny faktor pre aplikacie
v prostredi so zvySenou vihkostou. Podfa Studii zameranych na konvencné drevotrieskové dosky sa
predpoklada, ze so zvySujucou sa hustotou mdze dochadzat k zvy3eniu hribkového napuciavania
v dosledku vy$sieho vnutorného napatového stavu materialu®. V pripade drevo-plastovych kompozitov
vSak tento vztah nemusi byt jednoznacny. V naSej praci vykazovali jednovrstvové dosky vysSiu hustotu
nez trojvrstvove, napriek tomu dosahovali vy3Sie hodnoty hrubkového napuciavania. Tento vysledok
naznacuje, ze samotna hustota nebola rozhodujucim faktorom rozmerovej stability, ale vyznamnua ulohu
zohralo konstruk&né usporiadanie dosky a pritomnost’ termoplastickej fazy, ktora obmedzuje prenikanie
vody do $truktiry materialu a redukuje uvolfiovanie vnitornych napatovych sil pogas zvihéovania®.

Zavery

V tejto praci bol hodnoteny vplyv recyklovanych plastov z automobilového priemyslu na mechanické a
fyzikalne vlastnosti jedno- a trojvrstvovych drevotrieskovych dosiek. Vysledky poukazali na to, ze
konstrukéné usporiadanie dosiek a podiel plastového pinidla ovplyviuju jednotlivé sledované vlastnosti
rozdielnym spésobom.

Pri pevnosti v tahu kolmo na rovinu dosky (IB) sa pri jednovrstvovych doskach pozoroval mierny
pokles hodnét so zvySujucim sa obsahom plastového plnidla. Jednovrstvové dosky pritom vo viacerych
pripadoch nedosiahli poziadavky normy pre dany typ materialu. Trojvrstvové dosky s 10 % obsahom
plastu vykazovali porovnatelné hodnoty IB s referenénymi doskami, pri€om rozdiely medzi jednotlivymi
typmi plastov neboli vyrazné. Vysledky naznacuju, ze vrstvena Struktura CiastoCne eliminuje negativny
vplyv plastového plnidla na vnatornu sudrznost’ dosiek.

Pri ohybovej pevnosti (MOR) sa pri jednovrstvovych doskach prejavil narast hodnét pri vy$8Som
obsahu plastového plnidla, pricom pri niektorych variantoch dosahovalo zvySenie priblizne 50 % oproti
referenCnej doske. Napriek tomu ¢ast jednovrstvovych dosiek nedosiahla poziadavky normy.
Trojvrstvové dosky vykazovali hodnoty ohybovej pevnosti porovnatelné s referenénymi doskami a vo
vadsine pripadov spifali poziadavky pre dany typ dosiek. Rozdiely medzi jednotlivymi typmi plastov v§ak
neboli vyrazné.

Z fyzikalnych vilastnosti sa potvrdil priaznivy vplyv plastového plnidla na znizenie absorpcie vody a
hrabkového napudiavania. Tento efekt bol vyraznejSi pri jednovrstvovych doskach s vy$88im obsahom
plastu. Trojvrstvové dosky vykazovali nizSie hodnoty absorpcie vody a hrubkového napuciavania
v porovnani s referenénymi doskami, pricom rozdiely medzi jednotlivymi typmi plastov boli relativhe
malé. Pri hrubkovom napuciavani dosiahli trojvrstvové dosky hodnoty blizke poziadavkam pre dosky
typu P3, €o naznacCuje pozitivny vplyv kompaktnejSich povrchovych vrstiev na rozmerovu stabilitu
materialu.

Na zaklade dosiahnutych vysledkov mozno konsStatovat, Ze aplikacia recyklovanych plastov do
drevotrieskovych dosiek predstavuje perspektivny spésob materialového zhodnotenia automobilovych
plastovych odpadov. Vysledky zaroven ukazali, ze z pohladu vyvazenia mechanickych a fyzikalnych
vlastnosti su vhodnej§im riedenim trojvrstvové drevotrieskové dosky s nizSim podielom plastového
pinidla, predovSetkym pri poZiadavke na zachovanie mechanickej stability materialu.

Z aplikaéného hladiska sa vyvinuté drevotrieskové dosky javia ako perspektivne najma pre vyuZitie
v nabytkarskom priemysle (korpusovy nabytok, police, deliace prvky), v stavebnictve (vyplfiové a
obkladové dosky, nenosné konstrukéné prvky v suchych a mierne vihkych interiéroch) a v oblasti
technickych a obalovych materialov. Vyznamnym prinosom je aj moznost materialového zhodnotenia
plastovych odpadov z automobilového priemyslu bez potreby zasadnych zmien existujuceho vyrobného
procesu drevotrieskovych dosiek, ¢o podporuje principy obehového hospodarstva a udrzatefného
vyuzivania sekundarnych surovin.
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The Importance of the Layered Structure in the Application of Recycled
Automotive Plastics into Particleboards
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Faculty of Wood Sciences and Technology, Faculty of Technology, Technical University in
Zvolen, T.G. Masaryka 24, 96001 Zvolen, Slovak Republic

Summary

This paper deals with the analysis of the behavior of particleboards containing recycled plastics from
the automotive industry depending on their structural arrangement. Single- and threelayer boards are
compared in terms of their mechanical strength and physical properties related to the ifluence of
moisture. The results point to a different distribution of stresses in the material and the importance of the
layered structure in optimizing the properties of wood-plastic composites. The work contributes to the
expansion of knowledge about the use of secondary raw materials in the production of agglomerated
materials.

Keywords: particleboard, layered structure, recycled plastics, mechanical properties, physical
properties.
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Summary

Polyurethane (PU) tooling boards generate clean pre-consumer waste during CNC machining, but
crosslinked PU cannot be remelted like thermoplastics. This preliminary proof-of-concept study
evaluates two simple recycling routes for chips from rigid SB-0140 and SB-0600 boards: thermo-
mechanical hot pressing without binder and cold pressing with binder followed by optional epoxy sealing.
The exploratory matrix was not statistically replicated; therefore, the results are reported as qualitative
observations of compactness, apparent porosity, machinability and surface integrity. Hot pressing gave
the most coherent blocks, while cold pressing was feasible mainly at higher nominal pressure and with
crushed feedstock. Epoxy sealing improved the surface of cold-pressed blocks. The results indicate
possible internal recovery of clean PU tooling-board waste as non-structural semi-finished blocks, but
not certified material-property data. Further work should quantify density, porosity, mechanical
properties, dimensional stability and surface durability on replicated specimens.

Keywords: polyurethane waste; tooling boards; mechanical recycling; compression moulding;
epoxy sealing

Introduction

Polyurethanes are widely used in tooling, transport, automotive and building applications because
their density, stiffness and thermal behaviour can be tailored for many products * 2. Their end-of-life
management is nevertheless difficult, particularly for crosslinked foams and rigid tooling boards, which
cannot be remelted and reshaped like thermoplastics ' * °. PU waste can be treated by disposal, energy
recovery, mechanical recycling or chemical recycling. Chemical routes such as glycolysis can recover
polyol-rich fractions, but their usefulness depends on waste purity, formulation and logistics % > * °.
Mechanical recycling is simpler and is especially relevant for clean pre-consumer streams with limited
sorting and contamination issues - *.

Mechanical routes usually include size reduction, densification, rebonding with a binder, adhesive
pressing or compression moulding * " °. Product quality is affected mainly by particle size, bulk density,
binder distribution, temperature and compaction pressure *”, which is important because PU foam waste
has low bulk density and high transport volume. Most published work concerns flexible foams, insulation
products or mixed PU waste * > ® 8, Less attention has been paid to clean chips from rigid polyurethane
tooling boards used for models, patterns and moulds. This stream is generated on site, has a relatively
stable composition and could be returned to the same workshop as secondary semi-finished material.
This work therefore focuses on dry chips from two rigid PU board grades, SB-0140 and SB-0600. The
waste was crushed where needed and processed by cold pressing with binder, thermo-mechanical
compression moulding and optional epoxy surface sealing. Typical source chips are shown in Figure 1.
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The aim was to assess, at proof-of-concept level, whether internal PU tooling-board waste can be
converted into machinable semi-finished blocks. Particle size, processing route, board grade and epoxy
sealing were considered as qualitative factors. The study was not a replicated optimization or
standardized material characterization; it identifies feasible routes and limitations for follow-up testing.

Figure 1: Chips from CNC machining of PU tooling boards.

Materials and Methods
Source material and waste preparation

The input material consisted of chips and fragments from rigid PU tooling boards SB-0140 and SB-
0600, which differ in density and mechanical performance and are used mainly for models, patterns and
moulds.The waste contained fine dust, loose particles and coarse chips. Before pressing, it was sieved
and, where needed, crushed to improve mould filling and compaction. Part of the SB-0140 waste was
kept as coarse non-crushed chips to assess the qualitative influence of particle size during cold pressing.

The feedstock was therefore evaluated in two practical categories: coarse non-crushed chips and
crushed feedstock. Detailed particle-size distribution, including fines, remains a parameter for future
optimization. The processing variants were prepared to verify feasibility and obtain comparative
technological observations. They were not produced in a statistically evaluable number of replicates;
therefore, no variability or confidence intervals are reported. Terms such as better or improved refer only
to qualitative comparison within this material set.

This preparation is important because particle size affects bulk density, interparticle contact, binder
distribution and final porosity “°. The crushed feedstock is shown in Figure 2.
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Figure 2: Crushed PU feedstock: SB-0600 (left) and SB-0140 (right).
Final machining of recycled blocks

After pressing and, where applicable, epoxy sealing, the blocks were machined to assess
machinability, edge stability and surface integrity. The conditions in Table 1 refer to this final machining
step, not to generation of the original PU chip waste. The source waste originated from routine dry CNC
machining, but the original cutting conditions were not reconstructed as controlled variables; therefore,
their effect on recyclability cannot be evaluated here.

Table 1: Cutting conditions for final machining of pressed PU blocks.

Tool Board ap (mm) | ae (mm) | Vc (m/min) | fz (mm/tooth)
Toroidal end mill D20 R4 SB-0140 15 8 500 0.30
Toroidal end mill D20 R4 SB-0600 15 6 600 0.30
Ball-nose end mill D12 SB-0140 15 0.5 600 0.25
Ball-nose end mill D12 SB-0600 15 0.5 700 0.20
Flat end mill D16 SB-0140 15 5 600 0.30
Flat end mill D16 SB-0600 15 5 700 0.20

These values are representative settings for the post-pressing machining assessment. They improve
transparency of the machinability evaluation but were not systematically varied and were not used to
produce the original chip waste.

Hot pressing without binder

For thermo-mechanical recompression, crushed PU feedstock was placed into a steel mould of
approximately 100 x 100 x 150 mm (Figure 3). The mould was heated in a laboratory furnace and
compacted using a hydraulic press. Trials were performed at about 220 °C for SB-0140 and 300 °C for
SB-0600, followed by compaction during cooling. These exploratory, grade-specific temperatures were
not optimized or directly compared.

Because elevated temperature was used, this route is better described as thermo-mechanical
compression moulding. No depolymerization or reactive recycling agent was intentionally applied, but
thermally induced interfacial changes cannot be excluded without FTIR, DSC or TGA. The absence of
a common temperature matrix for both grades is a limitation.

This route corresponds to compression moulding of recycled polyurethane, where temperature and
pressure may support interparticle bonding without added binder * ’. Representative blocks are shown in
Figure 4.
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Figure 4: Hot-pressed recycled blocks: SB-0140 (left) and SB-0600 (right).

Cold pressing with binder

In the second route, crushed or uncrushed PU waste was mixed with a commercial penetration/binder
system and compacted at room temperature. Pressing variants are reported as nominal pressures
calculated from the applied force and the 100 x 100 mm mould cross-section: 4.9, 9.8 and 14.7 MPa for
coarse SB-0140 chips, and 14.7 MPa for crushed SB-0140 and SB-0600 feedstock (Figure 5).

The binder amount was selected practically to wet the particles and enable compaction; dosage,
uptake and distribution were not optimized or quantified. The results therefore indicate processability and
surface response, not a final formulation. After demoulding, the blocks cured for at least seven days
under laboratory conditions. A representative SB-0600 block is shown in Figure 6. This route is related to
rebonding and adhesive pressing **.

Figure 5: SB-0140 cold pressing with binder: coarse chips at (a) 4.9, (b) 9.8 and (c) 14.7 MPa;
crushed chips at (d) 14.7 MPa.
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Figure 6: Cold-pressed block from crushed SB-0600 chips with binder.

Epoxy surface sealing

Because cold-pressed samples had a porous and fragile surface, the outer layer was strengthened by
epoxy impregnation. LH 288 resin with H 146 hardener was applied in one or two layers, followed by
light sanding. A second layer was used where the first coating was absorbed into open pores.

This post-treatment was intended to reduce open porosity and improve surface integrity, not to alter
the bulk structure.

Evaluation approach

The observations are qualitative because this phase documented visual compactness, machinability,
edge stability and surface appearance rather than standardized material properties. No numerical
density, porosity, roughness, strength or durability values were measured. Ratings in Table 2 are
comparative within this material set and do not represent certified performance levels.

Results and Discussion
Performance of hot-pressed blocks

Within the tested conditions, hot pressing appeared to provide the most compact bodies. Both foams
consolidated into coherent blocks without added binder. SB-0140 showed acceptable machinability and
no obvious internal separation, whereas denser SB-0600 appeared more compact and gave better edge
stability and a smoother machined surface.

This agrees with reports on compression-moulded PU recyclates, where fine feedstock, temperature
and pressure may support dense products * ’. For clean tooling-board waste, the route is relevant
because it avoids added binder, but density, dimensional stability and mechanical properties must still be
gquantified. Machined products are shown in Figures 7 and 8.

The different temperatures were exploratory. The higher temperature for SB-0600 may reflect its
higher density and lower compressibility. Because no temperature matrix was performed, the response
of SB-0140 at 300 °C or SB-0600 at 220 °C cannot be concluded.
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Figure 7: Machined semi-finished product from recycled SB-0140.

Figure 8: Machined semi-finished product from recycled SB-0600.

Effect of pressure and particle size during cold pressing

Cold pressing with binder also produced coherent blocks, but quality depended on pressure and
feedstock morphology. Coarse SB-0140 chips at lower pressure showed more visible voids and local
pull-out during machining. Higher pressure improved compactness, while crushed feedstock gave the
most uniform SB-0140 structure (Figure 9).

Finer particles can improve packing, contact area and binder coverage. In SB-0140 they may fill voids
and reduce macroporosity, improving edge stability. Too many fines, however, may increase binder
demand, trap air and create weaker dust- or binder-rich zones. Particle-size distribution should therefore
be optimized, not simply minimized **°.

Patron of the issue / Patron ¢isla; Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Piestany, Slovensko)
WASTE FORUM 2026, éislo 2, strana 103



Filip HAVLICEK, Islam GIMADIEV, Petr MOHYLA, Marek HAROK, Marek BESEDA, Jan RYGEL, Pavel KLAUS,
Michal WEISZ: Mechanical and Thermo-Mechanical Recycling of Polyurethane Waste Generated during CNC
Machining of Tooling Boards

Figure 9: Machined cold-pressed SB-0140 blocks from coarse chips at (a) 4.9, (b) 9.8 and (c) 14.7
MPa.

Influence of input foam grade

Higher-density SB-0600 showed more favourable qualitative behaviour than SB-0140 in both routes.
In cold pressing, crushed SB-0600 with binder gave a visually more compact block with lower apparent
porosity and better edge integrity than comparable SB-0140 samples. Examples are shown in Figures 10

and 11.

The initial board grade therefore remains important. The better SB-0600 behaviour is probably linked
to higher density, more compact particles, lower elastic recovery and improved contact between
particles. Lower-density SB-0140 likely retains more internal porosity and larger interparticle voids,
especially as coarse chips. Separate recycling streams may therefore be useful.

Figure 10: Machined SB-0140 block pressed at 4.9 MPa.
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Figure 11: Machined SB-0600 block from crushed feedstock pressed at 14.7 MPa.

Surface consolidation by epoxy impregnation

Epoxy treatment visibly improved cold-pressed samples. The first coating penetrated the porous
surface and a second layer closed residual pores. After curing and sanding, surfaces were smoother,
less friable and easier to finish. This should be quantified by roughness, water uptake or abrasion tests.

This is relevant for patterns, temporary moulds and support tooling, where surface quality matters.
The additional step and material should be included in future cost and life-cycle assessments.

Practical implications and limitations

The observations suggest that clean internal PU machining waste may be converted into semi-
finished blocks instead of mixed polymer waste. This agrees with the view that mechanical recycling can
be favourable for clean, homogeneous streams * 3.8 Economic and environmental benefits still require
cost and life-cycle assessment.

Within the tested variants, SB-0600 appears more suitable for semi-finished products requiring better
edge integrity and lower visible porosity. SB-0140 may fit less demanding support or filling applications,
especially with crushed feedstock, higher pressure and epoxy sealing.

Recycled blocks should be considered mainly for non-structural, low-load uses such as model-making
blanks, temporary patterns, auxiliary tooling, support blocks, fixtures and prototype boards. Precision
moulds, thermally loaded moulds, structural parts or long-term service components require validation of
density, stability, strength, durability and ageing resistance.

The study remains a proof-of-concept: evidence is qualitative and not statistically replicated.
Validation should include density, porosity, compressive and flexural strength, abrasion resistance,
dimensional stability and service-cycle durability. Binder dosage, dwell time, hot-pressing temperature
and particle-size distribution also need optimization.
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Table 2: Qualitative comparison of recycling routes and observed product quality.

Route Material / condition Main observations Rating
Hot pressing SB-0140; ~220 °C Coherent bIocI_<; good machinability; minor Good
residual porosity.
Hot pressing SB-0600: ~300 °C Coherent block; stable edges; smoothest Very good
machined surface.
Cold pressing + | SB-0140 coarse Coherent but porous; larger voids and local
: . Moderate
binder chips; 4.9 MPa pull-out.
Cold pressing + | SB-0140 coarse Higher pressure improved compactness; less Good
binder chips; 9.8-14.7 MPa uniform than crushed feedstock.
Cold pressing + | SB-0140 crushed More uniform structure; smaller visible pores; | Good-very
binder feedstock; 14.7 MPa | benefits from epoxy sealing. good
Cold pressing + | SB-0600 crushed Low visible porosity; strong edge integrity; Verv qood
binder feedstock; 14.7 MPa | one epoxy layer often sufficient. Y9

Note: ratings are qualitative assessments from visual inspection and machining response. No standardized
mechanical testing or statistically evaluable replication was done.

Conclusion

This proof-of-concept study indicates that PU waste from CNC machining of rigid tooling boards
can be converted, under the tested exploratory conditions, into coherent semi-finished blocks. Thermo-
mechanical hot pressing without binder gave the most favourable qualitative combination of
compactness, cohesion and surface quality. Cold pressing with binder was also feasible but more
sensitive to particle size and pressure and benefited from epoxy sealing. These observations indicate
process feasibility, not quantitative material qualification.

The denser SB-0600 feedstock gave the most promising qualitative products, indicating that source-
board density affects recycling performance. The investigated routes may reduce disposal volume and
retain some material value of clean PU scrap, especially for non-structural model-making and auxiliary
tooling.

Follow-up work should quantify density, porosity, compressive and flexural properties, dimensional
stability, surface roughness and machining performance on replicated specimens. It should also
compare both grades at identical hot-pressing temperatures and optimize binder dosage, dwell time and
particle-size distribution.
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Souhrn

Polyuretanové (PU) modelarské desky vytvareji pfi CNC obrabéni Cisty pfedspotfebni odpad, ktery
nelze kvuli zesiténé strukture znovu tavit jako termoplasty. Tato prfedbézna koncepcni studie hodnoti dvé
Jjednoduché recyklaéni cesty pro tfisky z desek SB-0140 a SB-0600: termo-mechanické lisovani za tepla
bez pojiva a lisovani za studena s pojivem, pripadné doplnéneé epoxidovym utésnénim povrchu.
Experimentalni matice nebyla statisticky opakovana, proto jsou vysledky prezentovany jako kvalitativni
pozorovani kompaktnosti, zdanlivé poérovitosti, obrobitelnosti a integrity povrchu. Lisovani za tepla
poskytlo nejkompaktnéjsi bloky, zatimco lisovani za studena bylo pouZitelné hlavné pfi vy$§im
nominalnim tlaku a s drcenou surovinou. Epoxidové utésnéni zlepSilo povrch blok( lisovanych za
studena. Vysledky naznacuji moznost interniho vyuZziti ¢istého PU odpadu.

Klicova slova: polyuretanovy odpad, modelafské desky, mechanicka recyklace; lisovani; epoxidové
utésnéni
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Souhrn

Azbestocementové materialy patfi mezi nejrozSifenéjsi formy nebezpecného odpadu s obsahem
azbestu. Jejich likvidace se obvykle provadi formou skladkovani. V souCasné cirkularni ekonomice vsak
mohou s vyhodou slouZzit jako surovina pro vyrobu stavebnich materialti. Jejich vypalem v Sachtové peci
bez predchozi upravy a pomletim po tepelné inertizaci je mozné ziskat hydraulické pojivo. Pojivo je
navic karbonatovatelné a Ize jej pouZzit k vyrobé prefabrikati v . CO, komorach. Tim by vznikly produkt
mohl pfispét k velmi aktualnimu cili soucasnosti, kterym je snizovani emisi sklenikovych plynd. V prvnim
pripadé je mozné ziskat hydraulické pojivo typu silné hydraulické vapno s pevnosti v tlaku po 28 dnech
nad 5 MPa. S vyuzitim zrychlené karbonatace se pevnost v tlaku po 2 dnech zvySi 6krat. Pri vyzkumu
byly pouZity metody rentgenové fluorescencni analyzy, rentgenové difrakce, optické a elektronové
mikroskopie a technologické zkou$ky podle norem Ffady EN 196.

Kli¢ova slova: Nebezpecny odpad, azbestocement, hydraulické vapno, karbonatovatelné pojivo.

Uvod

Azbestové mineraly, které patfi do skupiny silikatl, se pfirozené vyskytuji ve dvou hlavnich formach:
chryzotii a amfibol (krokydolit, amosit, tremolit, aktinolit) **3. KliSovou charakteristikou v&ech
azbestovych minerall je jejich vlaknita struktura s délkou, ktera vyrazné presahuje jejich prifez.
Materidly obsahujici azbest jsou definovany jako materidly s obsahem azbestu pfesahujicim
0,1 hm. %?*. Ptestoze je azbest klasifikovan jako karcinogenni a mutagenni nebezpeéna latka, byl
v minulosti Siroce vyuzivan diky svym vyjime€nym vlastnostem, vCetné nehoflavosti, odolnosti vici
kyselinam azasadam, pevnosti a ohebnosti. Vyznamnou Kkategorii pfredstavuji zejména
azbestocementové vyrobky, které se hojné pouzivaly ve stavebnictvi. V dlsledku toho v existujicich
budovach zlistava znacné mnozstvi azbestu, coz vyzaduje nakladné ukladani na specializovanych
skladkach >**. Tyto skladky pfedstavuiji potencidlni rizika pro budouci generace a zd(irazfiuji potiebu
praktickych a bezpe¢nych metod likvidace nebo v idealnim pfipadé prepracovani azbestu na materialy
vhodné pro alternativni aplikace >°’. Chryzotil Ize dehydroxylovat tepelnym oSetfenim pfi teplotach mezi
650 — 750 °C za vzniku forsteritu, a nasledné enstatitu. Krokydolit se rozklada na enstatit, hematit
a cristobalit pfi 1050 — 1100 °C. Tremolit se rozklada pfi 1050 °C za vzniku diopsidu, enstatitu
a cristobalitu. Amosit se transformuje na spinel, hematit, pyroxen a amorfni SiO, v teplotnim rozmezi od
800 do 1100 °C°.

Viani a kol.® zkoumali tepelny rozklad raznych azbestovych odpadd. Zvolili teplotu 1200 °C a dobu
zihani 15 a 30 minut. Jejich vysledky poskytuji zaklad pro optimalizaci recyklaénich procesu téchto
materialt a optimalizaci inertizaénich procesd v primyslovém méfitku®. Tepelnym zpracovanim se
azbestocementové materialy mohou transformovat na hydraulické belitické pojivo vhodné pro pouziti ve
stavebnictvi *°.

SoucCasné technologie zpracovani azbestového odpadu se déli do péti kategorii: termické,
termochemické, chemické, fyzikalné-chemické a mechanochemické 1 Termicka metoda, pouzivana
v omezeném a pilotnim méfitku v Nizozemsku, se pouziva k vyrobé& keramiky a umélého kameniva.
Chemicka metoda, rovnéz v pilotni fazi, se pouziva pfedevSim ve Francii k vyrobé siliky a hof€iku.
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Nevyhodou jsou silné korozivni podminky pfi vyuzivani velmi agresivnich chemikalii. Termochemicka
metoda spociva v pFidavku tavidel pro snizeni teploty pfi pfepracovani odpadu s obsahem azbestu na
inertni umélé kamenivo, a uplatiiuje se zejména v Australi a USA. Mechanochemické zpracovani
vyzaduje dikladnou filtraci vznikajiciho prachu, pfipadné se provadi v kapalném médiu. V Nizozemsku a
USA tento pfistup poskytuje hydrat kfemicitanu vapenatého, ktery lze pouzit do cementu, barev a
katalyzator(. Fyzikalné-chemicka technologie zahrnuje metodu MID-MIX, kterd zpracovava azbestovy
prach a kal s pfidavkem paleného vapna za ucelem vyroby plniva do betonu nebo asfaltu (pouziva se
v Chorvatsku a Nizozemsku). Pro v8echna tato feSeni byly vétSinou navrZeny specialni technologické
linky a procesy. Naproti tomu nas navrhovany pfistup vyuziva stavajici technologii k recyklaci
azbestocementového odpadu a vznika funk&ni hydraulické nebo karbonovatelné pojivo, aktivni a
udrzitelny stavebni material.

Jednou z potencialnich metod neutralizace nebezpecného odpadu s obsahem azbestu je i zrychlena
karbonatace, ktera predstavuje slibné FeSeni pro zpracovani tohoto odpadu®. Metoda muZe Usp&$né
preménit nebezpetna azbestova vlakna na stabilni uhliCitany a ucinné neutralizovat jejich Skodlive
vlastnosti >®*?. Zrychlena karbonatace pfedem upravenych azbestocementovych kompozitl nabizi jak
environmentalni, tak ekonomické vyhody. Neutralizuje nebezpecna vlakna a zaroven trvale vaze CO,,
C¢imz pfispivda ke zmirdovani zmény klimatu. Uvedeny proces je v souladu s principy cirkularni
ekonomiky, protoZe transformuje nebezpeény odpad na bezpelné, opakované pouzitelné materialy pro
stavebni aplikace, ¢imz snizuje skladkovani a potfebu pfirodnich surovin. Karbonatace navic muize
zvysit trvanlivost materialu, coz z ni Cini udrzitelné a praktické feSeni pro nakladani s azbestovym
odpadem 21314,

Cilem prispévku je poukazat na moznost vyuziti nebezpecného odpadu, azbestocementovych
vyrobkl, jejichz vhodné slozeni umoznuje po tepelné degradaci azbestu ziskat plnohodnotné
hydraulické pojivo. Ziskané pojivo dosahuje parametrl hydraulického vapna a jeho mechanické
vlastnosti Ize dale vyrazné zvysit zrychlenou karbonataci, ktera souCasné pfispiva k vazani CO, a
sniZzovani uhlikové stopy.

Experimentalni ¢ast

Pro experimenty byl pouzit vzorek eternitovych $ablon o hmotnosti cca 30 kg uloZeny v plastovém
obalu. Jednalo se o tmavé Sedé nezvétralé Sablony s typickym rozmérem 40 x 40 cm a jejich zlomky. Na
reprezentativnim vzorku byla provedena chemicka analyza pomoci rentgenové fluorescence (XRF) za
pouziti spektrometru Bruker S8 TIGER a fazova analyza pomoci rentgenoveé difrakce (XRD) s vnitfnim
standardem (20 hm. % CaF,) na aparatufe Bruker D8 Advance. Méfeni XRD bylo provedeno s Co
anodou v rozsahu 5-100° uhlu 20 s krokem 0,02° a variabilnimi divergen&nimi clonami pfi reflexni Bragg-
Brentano parafokusacéni geometrii. Pro identifikaci azbestovych fazi byl vzorek Caste¢né rozpustén
v 35% HCI a inertni slozky byly analyzovany pomoci XRD.

Cely vzorek nebezpe&ného odpadu, vEetné plastového obalu, byl vypalen v peci LAC PK 105/12
o objemu 105 litrt. Vypal probihal pfi teploté 1100 °C s dobou nabéhu 12 hodin a dobou vydrze
3 hodiny. Chlazeni na 30 °C probihalo v peci. Vypal simuloval tepelné podminky Sachtové vapenické
pece.

Po vypaleni byly Sablony rozdrceny v laboratornim Celistovém drti€i a drt pomleta v laboratornim
kulovém mlynu. Rozemlety vzorek byl znovu analyzovan pomoci XRD za u€elem stanoveni jeho
vysledného fazového sloZeni. Pfipravené na povrchu lesténé nabrusy vypaleného vzorku byly leptany
parami kyseliny octové a zkoumany v odrazeném svétle optického mikroskopu Nikon Eclipse LV100.
Dale byla pro sledovani mikrostruktury vyuzita také skenovaci elektronova mikroskopie (SEM)
s energiové disperznim analyzatorem (EDS) OXFORD X-Max 80 mm?. Vzorky byly pokoveny zlatem a
analyzy byly provedeny pfi urychlovacim napéti 15 kV a proudu 4,5 nA. Vzorky po hydrataci nebo
karbonataci byly analyzovany na lomové ploSe, ktera byla pfilepena k nosi€i uhlikovou paskou a
pokovena zlatem. Odstranéni zbytkové vihkosti bylo provedeno vakuovanim v méfici cele.

Distribuce velikosti Castic mletého vypaleného vzorku byla stanovena pomoci laserového
granulometru Cilas 920 v prostfedi isopropylalkoholu. Doba tuhnuti pfipraveného pojiva byla stanovena
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podle normy CSN EN 196-3, pficemz jako regulator tuhnuti byla pouZita kyselina vinna. Tramecky
o rozmérech 40 x 40 x 160 mm byly pfipraveny se 3 normovymi pisky v souladu s normou CSN EN 196-
1 (3 dily piskd a 1 dil pojiva, vodni soucinitel 0,5) a jejich pevnost vtahu za ohybu a v tlaku byla
stanovena po 7 a 28 dnech hydratace, coZ jsou obvyklé terminy pro posuzovani kvality hydraulického
vapna podle CSN EN 459-1. Tramedky byly uloZzeny ve vihkém uloZeni pfi teploté 20 °C+1 °C a relativni
vlhkosti minimainé 90 %.

Vypaleny a rozemlety vzorek azbestocementu byl dale testovan jako karbonatovatelné pojivo.
Urychlena karbonatace probihala v CO, komofe Memmert ICO 150 pfi koncentraci CO, 20 %, teploté
30 °C a relativni vihkosti 75 % po dobu 2 a 7 dnu. Nasledné byly stanoveny pevnosti v tahu za ohybu a v
tlaku téchto karbonatovanych vzorkud. Pro testovani karbonatace byly pfipraveny tramecky o rozmérech
20 x 20 x 100 mm jak z pojivové pasty, tak i z malty se 3 normovymi pisky v pomérech specifikovanych
normou CSN EN 196-1. Pro kazdy sledovany termin byly pfipraveny 3 trameéky a stanoveny 3 hodnoty
pevnosti vtahu za ohybu a 6 pevnosti v tlaku. Vysledky byly nasledné zprimérovany a vypoctena
smérodatna odchylka. Stuper karbonatace byl orientaéné sledovan pomoci fenolftaleinového testu ™.
Trame€ek na lomu byl postfikan roztokem fenolftaleinu. Pokles pH z vysoce zasaditého na témér
neutralni v dusledku karbonatace je doprovazen zménou barvy z tmavé fialové na bezbarvou, coz
umoziuje odliSit karbonatovanou vrstvu od nekarbonatovaného pojiva.

Vysledky a diskuse

Analyza vzorku rozpusténého v HCI ukazala, ze chryzotil je jedinym azbestovym mineralem
pfitomnym v materialu. Inertni frakce se dale skladala z kfemene a lizarditu, pfi€¢emz druhy jmenovany je
strukturné analogicky chryzotilu. Naproti tomu vypaleny vzorek rozpustény v HCI tvofila vyhradné
rentgen amorfni hmota.

Chemické slozeni vzorku azbestocementového odpadu (ACW) pred vypalem je uvedeno v tabulce 1.
Vysledek ukazuje, Ze sloZeni tohoto materidlu se velmi podoba sloZeni hydraulickych malt. Proto byly
z vysledkl chemické analyzy vypogitany i cementarské zakladni chemické parametry podle Taylora *°.
Lze tedy predpokladat, ze procesem vypalu dochazi k degradaci nebezpecnych azbestovych viaken za
vzniku hydraulického pojiva. Kvantitativni fazova analyza pomoci metody XRD s vnitfnim standardem
ukazala, Ze material pfed vypalem obsahoval pfiblizné 25 hm. % fazi portlandského slinku. Po vypalu se
tento podil zvySil na pfiblizné 69 hm. % s pfevahou belitu (viz tabulka 2). Vysledna mikrostruktura je
znazornéna na obrazcich 1 a 2.

Tabulka 1: Chemické slozeni azbestocementoveho odpadu ACW a vypoctené zakladni
chemické parametry.

Slozka Z.z. |SiO; |AlL,O3 |Fe,0O3 |CaO |[MgO | SO; [P,Os |Na,O | K;O | TiO, |[MnO
Obsah hm. % (18,33 |18,14 | 4,42 | 2,78 |46,80 | 6,66 |1,69 |0,07 |0,08 |0,47 |0,23 |0,06
Parametr SLP | Ms Ma HM

Hodnota 80,9 |2,52 (1,59 | 1,85
Kde:
Syceni vapnem — SLP = 100-Ca0/(2,8-SiO, + 1,18-Al,03 + 0,65-Fe,05) (1)
Silikatovy modul — Ms = SiO,/(Al,03 + Fe,05) (2)
Aluminatovy modul — Ma = Al,Os/ Fe,03 3)
Hydraulicky modul — HM = CaO/(SiO, + Al,O3 + Fe,053) (4)

Patron of the issue / Patron ¢isla: Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Pie$tany, Slovensko)
WASTE FORUM 2026, &islo 2, strana 111



Theodor STANEK, Martin NGUYEN, Michaela KREJCI KOTLANOVA, Jiti HOLUB, Zdenék KREJZA: Transformace
nebezpecného azbestocementového odpadu na bezpecné funkéni produkty

TR N -y TN

00kV SE1 WD=1199mm Mag= 400KX IProbe= 10nA 4Hm
—

;;" 3 -

1024768 Pixel Size = 16 nm 15,

Obrazek 1: Mikrostruktura vzorku ACW po vypalu: Uprostred vzorku je patrny transformovany
svazek chryzotilu. Snimek porizeny pomoci SEM v rezimu sekundarnich elektrondu.

- »

Obrdzek 2: Mikrostruktura vzorku ACW po vypalu: Jsou patrné zbytky ulomku portlandského
slinku. Modré krystaly — alit, hnéda zrna — belit, svétla vypln mezi krystaly a zrny — slinkova
mezerni hmota (C;A a C,AF). Jemnozrnné hnédé oblasti — sekundarné vytvoreny belit.
Odrazené svétlo, nabrus obarveny parami kyseliny octové.
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Tabulka 2: Kvantitativni fazové sloZeni azbestocementového odpadu ACW v hm. % pred a po
vypalu stanovené rentgenovou difrakci.

Faze Vzorec Pred vypalem Po vypalu
B-C.S Ca,SiO, 8,6 53,0
y-C,S Ca,SiO, 3,4 1,6
CsS CasSiOs 6,0 3,7
C,AF Ca,(Al,Fe),05 2,0 8,0
CsA CazAl,Op 1,6 1,4
Portlandit | Ca(OH), 3,2 1,3
Kalcit CaCO4 11,2 0,0
Ettringit CagAlx(S04)3(0OH),-26H,0 0,1 0,0
Sadrovec | CaS0,4,2H,0 1,1 0,0
Chryzotil Mg3Si>O5(0OH), 2,5 0,0
Kfemen Sio, 0,4 0,0
Diopsid MgCaSi,O¢ 0,0 1,3
Enstatit Mg,Si,Og 0,0 3,8
Forsterit Mg,SiO, 0,0 0,7
Periklas MgO 0,0 5,0
Spinel MgAl,O4 0,0 0,6
Anortit CaAl,Si,Og 0,0 4,0
Magnetit Fes;04 0,5 0,0
Yeelimit Ca,Als01,(S0O,) 0,0 1,5
Ternesit Cas(Si04),(S0,) 0,0 41
Gehlenit Ca,Al(SIAIO, 0,0 3,9
Merwinit CasMg(SiOy,), 0,0 15
Amorf - 59,4 4.6

Vzorek po mleti vykazoval primérnou velikost ¢astic stanovenou laserovou granulometrii 18,5 pum.
Vysledné pojivo bez pfidavku regulatoru tuhnuti velmi rychle tuhlo, coz ho €inilo nezpracovatelnym.
Pokusy prodlouzit dobu tuhnuti pomoci sadrovce, jak je bézné u primyslového cementu, se ukazaly jako
neucinné. Proto byla jako regulator tuhnuti pouzita kyselina vinna v davce 0,5 hm. %. Pevnosti v tlaku
pripravenych normovych tramecku, uvedené v tabulce 3, odpovidaji klasifikaci hydraulického vapna HL 5
podle normy CSN EN 459-1.

Potencial tepelné upraveného azbestocementového odpadu jako alternativniho pojiva vzhledem
k vysokému podilu belitu popisuje i Carneiro a kol.'". Navrhuji v8ak teplotu zpracovani pouze 800 °C,
ktera je dostateCna k pfeméné chryzotilu na forsterit nebo enstatit, ale nové faze mohou stéle zustat ve
formé respirabilnich vlaken, jejichz zdravotni riziko neni znamo. Uvedeny problém je také feSen ve studii
japonskych autort 2.

Tabulka 4 uvadi vysledky pevnosti v tlaku dvou typu tramec¢kl vyrobenych z tohoto pojiva (pasta
a malta), karbonatovanych v CO, komofe. Zatimco pevnosti po hydrataci byly stanoveny ve
standardnich terminech 7 a 28 dni, pro karbonataci byly zvoleny terminy 2 a 7 dni, protoze tento proces
probiha vyrazné rychleji a podstatna ¢ast pevnostniho nartstu nastava jiz béhem prvnich dni. Hloubka
karbonatace po 2 dnech je patrna na obrazku 3 a 4.
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Tabulka 3: Pevnost v tlaku a v tahu za ohybu pojiva v MPa podle CSN EN 196-1, objemovd
hmotnost vzorkii v kg/m?.

7 dni 28 dni
Vzorek . .
ohyb tlak |obj. hmotnost | ohyb tlak obj. hmotnost
Malta ACW 1100 1,4+0,1 |2,60,3 2185131 1,8+0,3 |5,1+0,4 2142128

Tabulka 4: Pevnost v tlaku a v tahu za ohybu pojiva v MPa po karbonataci v CO, komofre,
objemova hmotnost vzorkii v kg/m®.

2 dny 7 dni
Vzorek . .
ohyb tlak obj. hmotnost | ohyb tlak obj. hmotnost
Pasta ACW 1100 | 2,6+0,7 |10,4+1,9 170010 9,6+0,9 |36,0+4,4 1877115
Malta ACW 1100 | 6,940,7 |33,5+4,3 2110453 9,640,6 |43,4+3,5 2117423

Obrazek 3: Vzhled lomovych ploch tramecku z pojivové pasty po fenolftaleinové zkousce po 2
dnech v CO, komofre.

Obrazek 4: Vzhled lomovych ploch trameckt z pojivové malty po fenolftaleinové zkousce
po 2 dnech v CO, komore.

Vysledky ukazuji, ze zrychlena karbonatace vyrazné zvySuje pevnost tohoto pojiva (viz vysledky
v tabulce 3 a 4). TrameCky po 2 dnech v CO, komofe vykazuji 2krat (v pfipadé pasty) a az 6krat
(v pfipadé malty) vysSi pevnost v tlaku nez tramecky vyrobené z malty po 28 dnech hydratace ve vihkém
prostfedi. U malt je vy$Si stupen karbonatace ve srovnani s pastami pravdépodobné zplsoben vysSi
poérovitosti, ktera umozriuje lepsi pronikani CO,. Vy$Si pevnost malty je pak zpusobena vy$Sim stupném
prorastani uhli¢itanu vapenatého.
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Na obrazcich 5 — 7 jsou patrné pfiklady mikrostruktury v misté lomu vybranych tramecka po 2 a
7 dnech karbonatace a 7 dnech hydratace. Zda se jedna o krystaly kalcitu nebo portlanditu, bylo uréeno
podle morfologie krystalt a potvrzeno orientacni EDS analyzou, zejména podle obsahu uhliku a vapniku.
Vysledky primérnych analyz z 10 krystald ve vzorku ACW 1100 po 2 dnech karbonatace a 7 dnech
hydratace jsou uvedeny v tabulce 5.

Obrazek 5: Lom tramecku ACW 1100 po 2 dnech karbonatace — ¢ast poru vyplnéna kalcitem
(SEM - BSE).

\
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Obrazek 6: Lom tramecku ACW 1100 po 7 dnech karbonatace — krystaly kalcitu na okraji péru
s patrnymi prirustkovymi zénami (SEM — BSE).
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Obrazek 7: Lom tramecku ACW 1100 po 7 dnech hydratace ve vihkém prostredi — por s patrnym
tabulkovitym portlanditem (SEM — BSE).

Tabulka 5: Primérna prvkova analyza krystali ve vzorku ACW 1100 po 7 dnech hydratace
a 2 dnech karbonatace v CO, komore stanovena EDS analyzatorem.

Portlandit Kalcit

Prvek i
hydratace 7 dni karbonatace 2 dny

C 4,54 13,93
©) 46,57 52,77
Na 0,00 0,13
Mg 1,17 1,27
Al 1,09 1,35
Si 5,34 4,52
S 0,30 0,36
K 0,03 0,36
Ca 39,52 23,98
Fe 1,44 1,26
Suma 100,00 99,93

Zmeény fazového slozeni béhem karbonatace a porovnani s fazovym sloZzenim béhem hydratace jsou
patrné na obrazku 8 — 10. Je zfejmé, Ze kromé karbonatace s tvorbou uhliitand vapenatych (hlavné
kalcitu a v mensi mife vateritu) dochazi v CO, komofe také k hydrataci slinkovych fazi. Pokles obsahu
belitu je po 7 dnech karbonatace vy$Si nez po 7 dnech hydratace ve vihkém uloZeni. Neni jasné, zda
k tomu kromé zvySené teploty v komore (30 °C) pfispiva i plsobeni CO..

Rentgenova difrakce (XRD) také potvrdila malé mnozstvi magnezitu (MgCO3), ktery vznika z hof€iku
obsazeného v chryzotilu, jak popisuje Radvanec a kol. **. Studie zaroveri uvadi, Zze vypal pfi 650 °C
s naslednou karbonataci neutralizuje vysoké pH, inertizuje nebezpeény chryzotil a €ini tak eternit
bezpeénym pro likvidaci nebo dal$i pouziti. Uvedeny proces také trvale eliminuje ¢ast primyslovych
emisi CO,. V naSem pfipadé vSak lze ziskat novy produkt pouZitelny ve stavebnictvi. Ve vzorcich
sycenych oxidem uhli¢itym po dobu 2 a 7 dnl byl také identifikovan monohydrokalcit. Vznika karbonataci
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slou€enin obsahujicich vapnik v prostfedi bohatém na hofcik, coz je i pfFiklad tepelného rozkladu

chryzotilu v azbestocementovém odpadu a je to v souladu s literaturou popisujici jeho krystalizaci
&tyFstupfiovym procesem z amorfniho prekurzoru obsahujiciho horéik *°.

S ohledem na nejvySsi stupen karbonatace Ize konstatovat, Ze po 7 dnech v CO, komofe je pojivo
pfipravené z azbestocementového odpadu schopno vazat az 103 kg CO, na 1 tunu hmoty. Hodnota byla
stanovena na zakladé zmén fazového slozeni zjisténych metodou XRD.
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Obrazek 8: Porovnani fazového slozeni pojivové pasty po 7 dnech karbonatace a 7 dnech
hydratace.
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Obrazek 9: Zmény fazového sloZzeni mezi plivodnim a karbonatovanym vzorkem pojivové pasty
po 2 a 7 dnech uloZeni v CO, komore (povrch tramecku).
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Obrazek 10: Zmény fazového sloZeni mezi ptvodnim a karbonatovanym vzorkem pojivové pasty
po 2 a 7 dnech uloZeni v CO, komore (stfed tramecku).
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Zavéry

Pfispévek se zabyva likvidaci nebezpecného azbestocementového odpadu tepelnym procesem
s naslednym vyuzitim vzniklého produktu. BEhem procesu vypalu prochazeji azbestova vlakna fazovymi
a strukturnimi transformacemi, ¢imz vznika material, ktery je po nasledném mleti bezpeény a vykazuje
vlastnosti hydraulického vapna. Produkt Ize pouzit bud jako samostatné pojivo, nebo v suchych
maltovych a omitkovych smésich. Produkt mize také fungovat jako karbonatovatelné pojivo, schopné
zachytavat nezadouci CO,, a Ize jej pouzit k vyrobé prefabrikovanych vyrobkul ve specializovanych CO,
komorach. Tento dvoji pfistup fe8i dva naléhavé problémy: bezpecnou likvidaci azbestového odpadu
a snizovani emisi CO,. Navrhovana metoda muze vyuzivat stavajici primyslovou infrastrukturu, jako
jsou vapenické Sachtové pece, kde Ize azbestocementovy odpad zpracovavat spoleéné s vapencem
v pomérech pfizplsobenych pozadovanym vlastnostem vysledného produktu. Pojivo ziskané
z vypalenych eternitovych Sablon vykazalo po 2 dnech karbonatace 6krat vétSi pevnost v tlaku, nez byla
pevnost v tlaku po 28 dnech pfi bézné hydrataci. Kromé toho miize pojivo vazat az 103 kg CO, na 1 tunu
hmoty.

Podékovani

Prispévek byl vypracovan v ramci projektu ¢islo SS07020041, spolufinancovaného Technologickou
agenturou Ceské republiky a Ministerstvem Zivotniho prostredi CR v ramci Programu Prostredi pro Zivot
a Narodniho planu obnovy z evropského Nastroje pro oZiveni a odolnost.
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Transformation of hazardous asbestos-cement waste into safe functional
products
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Summary

Asbestos-cement materials are among the most widespread forms of hazardous waste containing
asbestos. Their disposal is usually carried out in the form of landfilling. However, in the current circular
economy, they can advantageously serve as a raw material for the production of building materials. By
burning them in a shaft furnace without prior treatment and grinding after thermal inertization, it is
possible to obtain a hydraulic binder. In addition, the binder is carbonatable and can be used to produce
prefabricated parts in CO, chambers. The resulting product could thus contribute to the very current goal
of today, which is the reduction of greenhouse gas emissions. In the first case, it is possible to obtain
a hydraulic binder of the strongly hydraulic lime type with a compressive strength after 28 days of over
5 MPa. Using accelerated carbonation, the compressive strength after 2 days increases 6 times. The
research used methods of X-ray fluorescence analysis, X-ray diffraction, optical and electron microscopy
and technological tests according to the EN 196 series standards.

Keywords: Hazardous waste, asbestos cement, hydraulic lime, carbonatable binder.
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Vliv zanasivych vlastnosti popilku na navrh ohnisteé kotle
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Souhrn

Clanek se zabyvé potfebou aktualizace empirickych parametrii pouzivanych pfi névrhu kotlovych
ohnist' v souvislosti s pfechodem od spalovani uslechtilého uhli k paliviim nizsi kvality, jako jsou odpady
a biomasa. Zaméfuje se na Vvliv tfi parametri souvisejicich s vlastnostmi uletového popilku a jeho
zanasivosti v ramci tzv. Gurvi¢ovy metody vypoctu ohnisté. Zakladni citlivostni studie byla provedena na
realném referencnim zarizeni porovnanim vysledku tepelnych vypoctlu s namérenymi vystupnimi
teplotami spalin pfi riznych ustalenych provoznich stavech. Vysledky ukazaly, Ze zejména uprava
empirického parametru zaneseni stén ohnisté (¢) vyrazné zlepSuje shodu mezi vypoctem a méfenim.
Soucasti prace je také prfedstaveni nové vyvinutého testovaciho zafizeni pro hodnoceni zanaSivosti
popilku, zejména pro navrh navazujicich konvekénich sekci, ovéfeného pro biomasova paliva.

Klicova slova: zarizeni pro energetické vyuZiti odpadu, rostové spalovani odpadu, rostové spalovani
biomasy, navrh ohnisté, jizkova teplota, pevna odpadni paliva, popilkové a ¢asticové zanaseni
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1. Uvod

V poslednich desetiletich je z ekonomickych a environmetalnich ddvodld patrny posun ve slozeni
palivové zakladny v energetice. Poptavka po teple a elektfiné roste spolec¢né s populaci a objemem
pramyslové vyroby. V mnoha Castech svéta, zejména v Evropé, zacinaji dochazet loZiska vysoce
uSlechtilych uhli o velkém energetickém obsahu, coz vyrazné zvySuje cenu topného uhli. Zaroven je
zvySovan tlak na snizeni environmentalni zatéze ustoupenim od spalovani fosilnich paliv. Na vyznamu
tak ziskavaji rizné energetické mixy na bazi biomasy a spalitelnych odpadd “. Tato novéa, neuslechtila
paliva se vyznacuji znacné& proménlivymi charakteristikami jako je vyhfevnost, podil popeloviny, nebo
velikost &astic, coz vede k vysoké vhodnosti jejich spalovani v rostovych ohnistich **.
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Vyhodou rostového spalovani nad fluidnimi kotli je pro tento typ paliv také mozZnost velké variability
palivovych smési, které je mozné spalovat v jednom konkrétnim zafizeni. Pro srovnani, alternativné
uzivané fluidni kotle naproti tomu vyzaduji dikladnou predpfipravu paliva jednoho daného druhu a jejich
ucinnost mlze velmi vyrazné kolisat se zménou rozmérd a hustoty ¢astic paliva.

Zaméfime-li se blize na rozmach ziskavani energii z neuslechtilych paliv, je vhodné zarover zmifiovat
dal$i z vyraznych trendd dne$ni energetiky, kterym je decentralizace a stavba menSich zafizeni
o nizSich tepelnych pfikonech (jednotky az desitky MW), zajistujicich tepelné potfeby obci €i podnika.
Teplarenské kotelny, ve velkém mnozstvi pfipadu s kogeneraci tepla a elektfiny, uzivajici jako palivo
Stépku a zbytky ztézby dfeva zlokalnich lesl, &i nerecyklovatelny vyhfevny zbytek z Upravy
komunalniho odpadu z obce & mensiho svazku obci, v kapacitach spadajicich do diskutovaného
intervalu jsou na vzestupu. U paliv na bazi dfevni a travni biomasy je pak mimo finanéni stranku véci
hlavnim hnacim faktorem nizka bilance uhlikové stopy, u spalitelnych komunalnich a dalSich odpadu je
jim pak zejména snaha omezit skladkovani vyhfevnych odpad(, které neni mozné snadno materialové
znovu vyuzit °.

Je zamérné, Ze je tento Clanek vénovan obéma vy3e zminénym skupindm paliv, nebot provozni
zkuSenosti ze sou€asnych kotelen ukazuji vhodnost rostovych spalovacich zafizeni obdobné konstrukce
jak pro paliva na bazi biomasy, tak pro spalitelné odpady — neni pak vyjimkou, kdyZ je jedno teplarenské
zarizeni provozovano s kotlem na smés obou téchto sloZzek. Jako pfiklady, potvrzujici aktualnost tohoto
tvrzeni, |ze z Eeského prostiedi zminit napfiklad momentalné budovanou teplarenskou kotelnu v Plané
nad LuZnici o projektované zpracovatelské kapacité 80 kt palivové smési roéné ©, nebo pfipravovanou
kotelnu v Tiebitské severni teplarné o kapacité 20 kt/rok ‘. V obou pFipadech budou kotelny osazeny
roStovymi kotly na palivovou smés odpadu a biomasy. Pro zjednoduseni terminologie budou v tomto
¢lanku dale vSechna teplarenska zafizeni na smésna pevna paliva odpadniho a odpado-biomasového
charakteru oznaCovana jako ZEVO (Zafizeni pro Energetické VyuZiti Odpadu), je vSak nutné zde prvné
zminit existenci urcitych rozdili mezi zafizenimi spalujicimi Cisté odpad a zafizenimi spalujicimi jeho
smeés s biomasou. Zejména se jedna o legislativné zavazné pozadavky na emisni limity, v Ceském
prostfedi upravené vyhlaskou 415/2012 Sb. '° a které jsou pro kotle na odpady obecné pfisné&jsi nez pro
kotle na biomasu. Pro zafizeni na spoluspalovani palivovych smési jsou pak emisni limity vypocteny
podle vazenych hodnot specifickych emisnich limitd pro slozky smési paliv. S emisnimi limity jsou
u spalovani odpadu spojena primarni opatfeni pro snizovani produkce emisi, zejména oxid{ dusiku a
dioxinl, v podobé predepsané zadrzné teploty spalin pfed prvni konvekéni teplosménnou plochou.
Velikost této zadrzné teploty se odviji od zastoupeni chloru v hoflaviné paliva a v praxi tak pfes realny
objem spalin ovliviuje jak velikost dohofivaciho traktu ohnisté, tak moznosti spoluspalovani s biomasou
z diivodtl nevhodnych teplot méknuti popilku ®.

Proto je tento &lanek zaméfen na problematiku standardniho navrhového vypoctu tradiéné uzivaného
pfi projektovani kotlovych ohnist ana diskusi vlivu vySe popsanych aktualnich trendl v oblasti
palivovych mixu na jeho vhodnost a presnost.

1.1. Kotle decentralizovanych zdroju tepla

Zasadnim rozdilem mezi velkymi teplarenskymi kotli na neuslechtila pevna paliva a Kkotli
navrhovanymi pro mensi, lokalni teplarenské provozy na tytéz palivové smési, je pfevliadajici konstrukce
(viz obrazek 1).

Kotle v centralizovanych ZEVO jsou zpravidla koncipovany jako roStovy vodotrubny kotel tak, ze
obalku prostoru ohniété tvofi vodou chlazené membranové stény ° (viz obréazek 1, vpravo). Tato
koncepce umoznuje provoz pii vysokych tlacich a teplotach pary, coz sice vede k vySSi dosazitelné
termické ucinnosti systému, nicméné ma dostateCnou navratnost pouze u velkych, investicné narocnych
zarizeni. Je proto vhodna pro energetické vyuziti odpadu ve velkém méfitku. Typicka kapacita téchto
zarizeni se pohybuje od desitek do stovek MW tepelného vykonu, pfi¢emz elektricky vykon takového
ZEVO byva fadoveé jednotky az desitky MWe.
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Obrazek 1: Charakteristické Fezy roStovymi spalovacimi komorami — Zarotrubného kotle na
biomasovy odpad (vlevo), standardniho u jednotek nizsich tepelnych prikonti — a vodotrubného
kotle (vpravo), standardniho u velkych jednotek

U menSich kotld je pak ekonomicky vyhodné&jsi drzet se na nizSich parametrech pary, pfipadné jen
horké vody a vhodné tak jsou spiSe Zarotrubné kotle s nechlazenym ohnistém (viz obrazek 1, vlevo).
Primarni spalovaci komora je zde prostorové oddélena od hlavniho vodniho objemu kotle, ktery bud
chladi sekundarni - tzv. dohofivaci — komoru ve formé prvniho tahu Zarotrubného kotle (u biomasy),
nebo je Zarotrubny kotel osazen az za vyzdivkovanou, nechlazenou dohofivaci komoru .

Druhé zminéné feSeni je typické pro mala ohnisté na odpad, kdy nechlazena dohofivaci komora
umoznuje lepSi kontrolu zadrzné doby a teploty spalin s ohledem na tvorbu plynnych polutanti ve formé
oxidl dusiku a dioxind. Schematicky Fez tohoto provedeni je znazornén na obrazku 2 spolu s typickym
prostorovym uspofadanim téchto zafizeni a fotografii typického provedeni roStového ohnisté. Vykon
téchto zafizeni je obvykle Fadové jednotky az nizSi desitky MW tepelného vykonu. Z tohoto divodu jsou
zarotrubné rostové kotle vyuzivany spiSe v menSich energetickych zdrojich nebo primyslovych
provozech. Tyto a dalSi rozdily maji vliv na vypovidajici schopnost standardniho navrhového vypoctu.
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Obrazek 2: Charakteristicky fez roStovou spalovaci komorou Zarotrubného kotle v sestavé pro

spalovani pevného odpadu (nahore), typické prostorové usporadani sestavy (vlevo dole),
fotografie ohnisté s rostem pri odstavce (vpravo dole)

1.2. Navrh ohnisté kotle

Tradicné spociva projekéni vypoCet ohnisté zpravidla v semiempirickém vypoctu teploty
produkovanych spalin, ktera musi odpovidat pfedem stanovenym parametrim. Interval pozadovanych
teplot pro dané ohnisté je pak urcen teplotou méknuti popilku pro dané palivo, konstrukci navazujiciho
kotle a rosnym bodem spalin pro dané palivo, teplotnim intervalem pfijatelné uc€innosti pro pfipadné
osazené technologie Cidténi spalin, legislativnimi limity atd. Vzhledem ke komplexnimu vlivu geometrie
spalovaci komory na hledané vystupy, neni pfi tomto standardnim pfistupu mozné odvodit vzorce pro
pfimy vypocCet rozméru ohnisté. Pfi zpracovavani nového projektu se tak vypoclty provadi kontrolnim
zpusobem na vybraném konstrukénim FeSeni. Zohlednuji se zkuSenosti pfislusného konstruktéra, know-
how vyrobniho podniku a obecna doporuceni, jez je v omezené mife mozné nalézt v odborné literature.
Navrhovy postup spociva v iteraénich upravach geometrie a opakovanych kontrolnich vypoctech, dokud
nejsou dosazeny pozadované parametry. Nutno podotknout, Ze vysledkem tohoto postupu je pouze
navrhova dokumentace prototypu, ktera bezpeéné nezarucuje dosazeni vSech pozadovanych parametrt
na fyzickém zafizeni. Dosahované parametry se potvrdi béhem provoznich zkouSek a jejich hodnoty
garantované vyrobcem pfed zhotovenim zafizeni tak zavisi zejména na urovni zkuSenosti vyrobce
s danym konstruk&nim typem z dfivéjSich realizaci. Rozméry spalovacich komor se urcuji dle zkuSenosti
¢i doporucenych hodnot z pfislusné odborné literatury. Zakladnimi ur€ujicimi parametry jsou pfitom
pFipustné tepelné zatiZzeni (empirické, zavisi na uzitych materialech) a vystupni teplota spalin (T,,).
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PFi vypoCtu spalovacich komor mensich vykonu je dullezitou soucasti postupu vypocet potiebné
salavé plochy vymény tepla (jak membranové stény, tak nechlazené vyzdivky s charakteristickym
prostupem tepla do okoli), pro dosazeni pozadované vystupni teploty. U velkych zafizeni je zvykem
pokryvat aktivné chlazenou plochou v8echny stény ohnisté a zpétné se kontroluje, zda je vystupni
teplota dostate¢né nizka. Ve zuzené vystupni ¢asti ohnisté, nad pfivodem sekundarniho vzduchu, kde
dochazi k dohofeni prchavych slozek hoflaviny, tzn. v dohofivaci komofe, musi byt pfi spalovani paliv na
odpadni bazi z legislativnich diivod(i zadrzna doba spalin minimalné =g, = 2 s ®. Studie uvaZujici tuto
zadrznou dobu spiSe podle fyzikalni podstaty a neuvaZzuji rezervu udavaji sp > 1,55 °. Jsou zde
zaroven umistény radiacni vyhfevné plochy, které snizuji realnou teplotu spalin na pfedem urenou
teplotu. Ta je legislativné vazana nad 850 °C (resp. 1100 °C) dle obsahu chloru a povahy paliva 8. Vy$si
teplota vede ke zvySené tvorbé termickych NO,. Pfesahnuti teplotniho intervalu pak tedy neni vhodné
pro efektivni pouziti SNCR technologie pro snizovani NO, a zarovenn muze zpusobit vznik nanosu
z mékkého popela.

Zadrzna doba se zajisti dostateCnym objemem dohofivaci komory a tokem spalin pfisluSnou stfedni
rychlosti. Rychlost spalin a jejich hmotnostni tok pak uréi potfebny prifez komory, ze kterého jsou
uréeny jeji rozméry. Tepelny vypocet ohnisté vyuziva podobnostni Cislo znamé jako Boltzmannovo ¢islo.
Umoznuje vypocet pfiblizné teploty spalin ve vystupnim okné dohofivaci komory v zavislosti na geometrii
spalovaciho zafizeni, podilu nechlazené vyzdivky a chlazené membranové stény tvofici vnitfni povrch
ohnité zafizeni a nékolika dal$ich koeficientech popisujicich chovani spalin a typ zafizeni *°.

Popis vypo&etniho postupu je mozné v rliznych stupnich detailu nalézt v pfislugné literature *°**

a zalozen na tzv. Gurvicové metodé (podle jednoho z autor(l), resp. obecnéji na tzv. metodé CKTI (podle
instituce, ktera je puvodcem prvni sjednocené metodologie — ,Centralni Kotloturbinovy Institut
v byvalém Sovétském Svazu) *2. Do vypoétu vstupuje velké mnoZstvi empirickych dat z provozu z doby
jeji definice, zejména uhelnych kotll stfednich a vysSich vykonu, coz v dneSni dobé& znamena nutnost
korekci pro zafizeni vyraznéji vybocujici z této skupiny. Korekce takto publikované v poslednich letech
zahrnuji naptiklad Upravu pro fluidni kotle velmi vysokych tepelnych p¥ikon( *2.

Postup vypodtu, pouzivany v primyslu, se od své prvni definice vyrazné nemeénil. V odborné literature
(napt. ) Ize sledovat zmény v dilgich vypoétech, ¢&i definicich podobnostnich &isel pro zjednoduseni, &i
zobecnéni vypoctl. Celkem takto mizeme rozeznat nékolik sovétskych variant vypocétu a v soucasné
dobé dvé navazujici Cinské varianty. Jejich aplikovatelnost pfi rizném zatizeni kotle, posouzena
srovnanim s namérenymi hodnotami, je prehledné analyzovana napriklad ve vy$e zminé&ném ¢&lanku *2.

Cely prostor ohnisté je povazovan za jednu vypoc&tovou doménu — zénu. Jde o zjednodu$eni bézné
pfi projekénich vypoctech. DalSi, jemné&jsi déleni domény pak muize slouzit pro odhad tepelného zatizeni
po vySce ohnisté. To vSak vyzaduje znalost pfibliznych vysledku dle prvni iterace vypocetniho postupu
a také predpokladany prab&h vyhoreni paliva *3. Jadro vySe zmifiované Gurvicovy metody je zaloZzeno
na nasledujicim semiempirickém vzorci, popisujicim pomérné zchlazeni spalin mezi plamenem a
vystupem z ohnisté *°:

Ty Bo%®

Tea M- a;® + Bo®S

#(1)

kde:

e T,, [K] je nastavena a iteraCné& upfesnovana teplota spalin na vystupu ze spalovaci komory
(oznaceni z anglického ,bridgewall temperature®; jindy uvadéno jako FEGT (,furnace exit gas
temperature®), nebo v Ceském prostfedi také oznaCovana a nazyvana jako T., — teplota ve
vystupnim okné ohnisté, anebo nejCastéji jako ,jizkova teplota“)

e T,q [K] je analyticky vypoCtena adiabaticka teplota plamene daného paliva

e Bo|[-] je Boltzmannovo podobnostni Cislo (zavislé na T,; a vyjadfujici pfispévek zafeni
k celkovému pfenosu tepla ve spalovaci komofre)

e M [—] empiricky soucinitel pozice plamene v ohnisti

e ays [—] charakteristicka emisivita prostoru ohnisté (obCas oznacovana také jako ,Cernost” ohnisté)

Tato metoda je velmi vhodna pro rlizné typy spalovacich komor (s roStem, s hofakem, fluidni loze

atd.) uréené pro vysSi vykony, ale u spalovacich komor se stfednim a nizkym vykonem ma tendenci ke
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ztraté presnosti '°. Kromé toho vak ztraci presnost i zménou nékterych vlastnosti paliv, ktera jsou
v navrhovanych zafizenich spalovana. Mezi empirickymi parametry, vstupujicimi do navrhového
vypoctu, jsou mimo jiné i hodnoty popisujici charakteristické chovani produkovaného uletového popilku.
Jejich vztah k ¢lendm rovnice (1) schematicky znazorriuje obrazek 3.

vysledek
Z mezivypodétu
vstupni parametr (méfeny i empiricky e
pnip (mefeny & emprrciy) =1 (jizkova feplota) - cykiicky odkaz, |
D T ——— \nuinditerace!
[= 7 (fok spalovaného paliva) ] = f (teplota nechlazeného plamene)
1= f (teplota nechlazeného plamene) | =f (sloZeni spalin, [+ij paliva a okyslicovadia])
. . . = f (povrch ohnisté) -
Navrhova vystupni = - - - )
teplota spalin f (tepeina kapacita spalin) = f (ucinnost kotle)

DL = f (koef. uchovani tepla v ohnisti) - . L
(jizkova teplota) - In3 olekt &0 ohnita \ - empiricky odhad, casto nenavazano na
= f (tepelna efektiv. stén ohnisté) zbytek vpodtu, nepf die GSN 07 0305

\ Boltzmannovo podobnaostni &islo f i=trata tanla radiacl do okol

S 56 {(pomér kondukce a radiace v ohnisti)

Tw Bo" = koot dového osdlén) |
N 0.6 0.6 \= f (koef. zaneseni stén ohniste) |

Tad ‘ |BO +° |= f (pomér chlazeného povrchu |

ohnisté k jeho celkovému povrchu)

Souginitel teplotniho Emisivita (Sernost) = f (pomér nechlazeného povrchu
pole v ohnisti prostoru ohnisté ohnisté k jeho celkovému povrchu
= f (pomérna poloha =f (fepeind efektiv. -
ohniska plamene) stén ohnisté) = f (pomér objemu k povrchu ohniste,
=7 (emisivita plamene] |igeometrie) ‘
Teplota nechlazeného plamene = f (pomer chlazensho =f(tlakvohnist)
= f (sloZeni paiiva, sloZeni okyslicovadia, \povrchu ohnisté k jeho, = f (odpor vrstvy plynu v ohnisti vuci
vstupni entalpie obojiho) |celkovému povrehu) | $ifent tepla radiaci)

E?ﬁﬁk_ﬂﬁr‘.ﬁ_—_____
= f (sloZeni paliva a okysliovadla) _ = f (zeslabeni radiace plyny s velkymi
molekulami)

e e = f (zeslabeni radiace dletovym popilkem)|
E f {velikost castic popilku v unosu, i her T e s Tolae e
k

oncentrace popilku ve spalinach)

Obrazek 3: Schematické znazornéni vzajemnych funkcnich zavislosti vstupnich parametru
projekéniho vypoctu dle rovnice 1 (identifikované zanasivé parametry jsou poditrzeny)

Empirické parametry zanaseni vstupujici do standardniho navrhového vypocCtu a identifikované
na obrazku 3 jsou pak detailngji popsany v tabulce 1.

s v

Tabulka 1: Parametry popisujici zanasivé chovani popilku, vstupujici do projekéniho vypoctu
dle rovnice (1)

Param. | Jednotka. |Popis Ovlivnéno (¢im) Ovliviujici (co)
9 . o Obsah popela Charakteristicka
M e Koncentrace popilku ve spalinach Y pgllvu,  lemisivita a
N Objem mokrych spalin U
Soucinitel znecisténi stény pece, Zvlasté z Charakteristicka
nezaménovat se soucinitelem znecisténi pro |§€<0,1;0,4 > emisivita a
4 - vyméniky tepla — zde parametr popisuje (tradiéni hodnoty Boltzmann{) ’vo
vy3Sim Cislem povrch s tendenci absorbovat |pouzivané pro uhelné |,
vice tepla kotle) Cislo Bo
Popisuje ztratu mechanickym nedopalem
v palivu.
Ze hm.% HoFIavin_y o?s_a?ené v un,évéer)ém popillfu maji Obsah popela v palivu I?pltzmannovo
tendenci ménit jeho zanaseci vlastnosti, Cislo Bo
pokud jsou zastoupeny v dostate€ném
procentu.
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Popilek z nékterych neuslechtilych paliv a mix( vykazuje tak nizkou teplotu méknuti, Ze je tfeba
pocitat se znacnym znecisténim i pfi teplotach nezbytnych pro ekonomicky provoz kotle. Zejména pfi
spalovani nebo spoluspalovani travni biomasy se Casto vyskytuje popel s teplotou méknuti nizsi nez
700 °C . Nanosové vrstvy, zabrafujici pfenosu tepla, véak mohou vznikat i jinymi procesy. Je mozné
se napfiklad setkat sfrakcemi popilku, které maji tendenci tvofit nanosy pfevazné mechanickym
vazanim.

2. Studie vlivu parametri zanaseni

Byla provedena studie vlivu parametrl uvedenych vtabulce 1 zohledriujicich vlastnosti
produkovaného popilku, resp. zanaSivé vlastnosti pfi spalovani daného paliva na referenénim souboru
dat ziskanych provoznim méfeni na zafizeni, spadajicim do vySe definované kategorie ,malych®, {j.
lokalnich spalovacich zafizeni. Jako provozni méfeni je zde mySlen soubor kontinualné snimanych
veli€in systému méfeni a regulace kotle, nezbytnych pro automaticky provoz jednotky ZEVO.

Hlavni nominalni provozni a konstrukéni parametry sledovaného zafizeni ve trojici ustalenych rezima
provozu a srovnani vlivu umélé manipulace sledovanych proménnych s vysledkem rovnice (1) pfi
standardnich empirickych hodnotach parametrd z tabulky 1 popisuje tabulka 2.

Tabulka 2: Referen¢ni provozni a konstruk¢ni parametry studovaného zafizeni v ustalenych
reZimech

, Hodnota
Parametr Popis Provoznistav 1|2 | 3 Jednotka
Geometrie: Rozmér spalovaci komory 46x3x1,3 m
Plocha rostu 5,16 m*
Sklon rostu 16 °
Plocha vymén tepla 45,23 m?
Plocha vyzdivky 38,43 m*
Spalovaci Primarni/sekundarni Ano -
Vzduch: Prebytek vzduchu 2,2511,78]1,49 -
Recirkulace spalin Ne -
Palivo: Druh paliva Nemocni¢ni odpad -
Vyhievnost (LHV) 15547 * kJ/kg
Pratok 352319303 kg/h
Obsah vihkosti 34 hm.%
Obsah popelovin 6,0 hm.%
Tepelny vykon 152]11,42|1,76 MW
Zanaseni: Koncentrace uletového popilku (u) 1,84 g/my°
(empirické hodnoty) Soucinitel zaneseni stén pece (&) 0,1 (vyzdivkované) -
Ztrata nedopalem (Z¢) 5,7 hm.%
Stredni velikost Castice popilku (d.,) | 20 pm
Mezivypocty: Adiabaticka teplota plamene (T,4) 1053,1]1263,8 | 1439,4 °C
Boltzmannovo ¢islo (Bo) 19,0708 -
Soucinitel polohy plamene (M) 0,59 -
Cernost prostoru ohnisté (ar) 0,0434 -
Teploty: Stredni teplota v ohnisti 990,4 | 955,3]969,0 °C
Jizkova teplota (T},,) - méfena 927,6 | 936,4 | 1000,7 °C
Jizkova teplota (T},,) - vypoctena 943,0]1084 | 1183,4 °C

* Navrhova hodnota kotle, zaloZeno na predchazejicim hrubém rozboru sloZek zneskodriovaného odpadu
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2.1. Metodika

Obrazek 3 (vySe) znazorfiuje vzajemné souvislosti parametrl kotlového ohnisté, vstupujici do
projekcniho vypoctu jizkové teploty v ohnisti dle rovnice (1). Navrhovy vypoc€et nového ohnisté vyzaduje
nékolikanasobnou iteraci vypoCtu (implicitné vyjadfena rovnice s cyklickou zavislosti hodnoty Ty, na
sobé sama), kdy jsou mezi iteracemi provadény zmény v geometrii ohni§t€ a na souvisejicich
teplosménnych plochach % — vtomto pfipadé je v8ak vypodet kontrolni, vazany na existujici
referenCni spalovaci zafizeni a zejména jeho fixni parametry, cozZ iteraci omezuje pouze na nalezeni
feSeni implicitni rovnice (1). Je pouzit vypocetni skript v prostfedi Matlab R2020b pro nalezeni feSeni
rovnice (1), pfi navrhovych parametrech svazanych s referenénim zafizenim (napf. T,4, geometrické
parametry) v nékolika ustalenych provoznich stavech a parametrech doporucenych dle literatury pro
dany typ ohnisté (napi. M, d,, ¢, 1), ajeho srovnani s nameéfenou jizkovou teplotou ze systému MaR
(,méfeni a regulace®) pfedmétného zafizeni.

Definice pomocnych vypodtu, vstupujicich do feSeni rovnice (1), je mozné nalézt v odborné literature
(napt. ***% a z dGivodu rozsahu &lanku zde nebudou uvadény.

Trojice referenCnich stavl je nasledné pouzita jako zaklad citlivostni studie vlivu vybranych
parametrl, spojenych se zanaSivymi vlastnostmi popilku v proudu spalin, u kterych Ize o&ekavat zménu
hodnoty ve spojeni se zménou pouzitého paliva, na vysledek rovnice (1).

Pro simulovani referenénich stavl jsou pouzity bodové hodnoty odectené ve tfech riznych dnech
z fidiciho systému ve chuvili, kdy bylo na zafizeni sledovano predchazejici alespor pulhodinové drzeni
meérfené teploty v intervalu = 10 °C, bez zmén v nastaveni regulovanych velicin.

Pouzité prvky MaR referenéniho kotle:

o Meéfeni teploty — Termoclanek do jimky, typ K, SenzoTemp PT22, tfida pfesnosti 2 dle EN
60584, deklarovana odchylka £ (2,5 °C + 0,0075 x T). Mé&Fici jimka T}, umisténa v hrdle
vystupni pfiruby dohofivaci komory.

o Meéfeni pritoku — Nepfimé méreni z rozdilu tlak( na Prandtlové sondé AirFlow AL-V650 T2A6,
deklarovana odchylka méfeni rychlosti £ (0,2 m/s + 3 % z méfené hodnoty). Méfeni prutoku
spalovaciho vzduchu umisténo na rovnych Usecich vytlaku ventilator spalovaciho vzduchu.

e Tlak vohnisti — Diferenéni snimac¢ tlaku SenzoDelta PRE-50G, deklarovana odchylka
+ 0,25 %

e Davkovani paliva — Tenzometricka vaha na vstupu do plniciho zafizeni (deklarovana odchylka
1 0,5 kg) + €asovy zdznam o pInéni, primérovano za 1 hodinu

Geometrické parametry referenéniho zafizeni byly ziskany z provozni dokumentace zafizeni, kterou
neni mozné sdilet. Prebytek spalovaciho vzduchu byl vyjadien ze stechiometrie hofeni vici
prfedpokladanému chemickému slozeni paliva — pouzito navrhové slozeni paliva u daného kotle,
u odpadu vSak muze byt realné slozeni v pribéhu ¢asu vyrazné kolisajici.

V naSem pripadé je referencnim zafizenim kotel spalujici nemocni¢ni odpad, ktery vzhledem ke své
nebezpeéné povaze neumoZfuje rutinné provadét elementarni rozbory svého slozeni . Pro odhad
slozeni paliva, nutny pfi navrhovém vypoctu ohnisté je k dispozici omezené mnozstvi elementarnich
rozbor( vyhfevného nemocniéniho odpadu v literatufe (napf. *°), ale dle zaméFeni nemocnice &i oblasti
se mohou vyrazné odliSovat. Je v8ak mozné provést alespon hrubé zjisténi hmotnostniho zastoupeni
hlavnich pFipustnych skupin material( ve spalované smési (papir, plasty, kovy, ...) a nutna data jako je
vyhfevnost, bilance spalin, atd. odhadnout na zakladé vazeného poméru slozek (pfistup napf. dle ).
Spolu s uvedenymi nepresnostmi jednotlivych prvki MaR to prakticky znamena, Ze nize diskutované
vysledky je nutné povazovat za nepfesné a zaméfit se pouze na informaci o pomérné velikosti zmény
jejich hodnot, nikoli samotné jejich Ciselné hodnoty.
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2.2, Vysledky a diskuse

Hrubou citlivostni analyzou parametrli zanaseni vstupujicich do rovnice (1) v rozsahu technicky
dosazitelnych hodnot — tj. bud pfimou manipulaci se zkoumanym parametrem, nebo s charakteristikou
paliva, ktera jej ovliviiuje — bylo zjisténo, Ze ani koncentrace popilku ve spalinach (u), ani tepelné ztraty
zbytkovou hoflavou latkou v ném obsazenou (Zc) nemaji tak vyznamny vliv na zménu T, jaky ma
soucinitel znecisténi povrchu pece (€) v soucasné vypoctové struktufe. Teplotni rozdily zplsobené
parametry u a Zc faktory byly zjistény jako nepatrné za podminek, které by mohly vést az k takovym
stavim, jako jsou nepfipustné emise. V pfipadé ¢ bylo vycisleni provedeno pres interval literaturou
doporucovanych pfipustnych hodnot pro rtizné druhy nechlazenych vnitfnich povrcha ohnisté, v pfipadé
U byl posuzovan cely interval od pfedpokladu nulové koncentrace uletového popilku po plny proud,
v pfipadé Z. potom vycisleni probé&hlo v intervalu voleném mezi kompletnim vyhofenim hoflaviny v palivu
po zachovani cca 1/3 hm.% hoflaviny v uletovém popilku. Vycisleni je pak provedeno na kazdém
zintervall v minimalné 5 ekvidistantnich bodech, pfi zachovani vSech ostatnich neovlivnénych
parametrd na konstantni hodnoté. Zobrazené zavislosti jsou prolozenim vysledk( polynomy druhého
stupné, s koeficientem determinace ve v$ech pfipadech R? > 99 %.

Popilky z rdznych paliv maji rizné vlastnosti znecisténi. Je proto zfejmé, ze napfiklad vysoce
znecistujici popilek ze spalovani biomasy nebo popilek z uréitych slozek hoflavého pevného odpadu
muZze vést k zaneseni vnitiniho prostfedi ke zméné skute¢né hodnoty parametru ¢&.

Obrazek 4 jasné ukazuje, ze rozdil v T,,, zjiStény ve studovaném ohnisti je mozné (pokud vynechame
dal$i mozné zdroje chyb) pokryt — UpIné, nebo z témér Uplné — zménou hodnoty navrhového parametru
¢. U referenCniho provozniho stavu 1 vychazi plné pokryti chyby zménou hodnoty € pro vnitfni povrch
prostoru ohni§té z 0,1 na 0,136, coz je stale v mezich jeho pfijatelnych hodnot. U referenénich
provoznich stavd 2 a 3, charakteristickych vyS$Simi naméfenymi hodnotami T, oproti stavu 1, je
viditelné nedokonalé pokryti odchylky i pfi uvaZzovani hodnoty ¢ na urovni vodou chlazené stény bez
shizené ucinnosti pokryvajici kompletné cely povrch prostoru ohnisté.
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860 = - = Polyn. (Provozni stav 3)
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Obrazek 4: Zavislost vypoctené jizkové teploty spalin na parametru  (soucinitel zaneseni
stény ohnisté); T1-3 zna¢i mérenou hodnotu Ty, pro dany referen¢ni provozni stav

Z obrazku 5 je patrné, Ze sou€asny vypocetni aparat pro spalovaci komory neni koncipovan tak, aby
se parametr koncentrace popilku ve spalinach y nepromital do spoctené jizkové teploty spalin mimo
fyzikdlné mozny interval (tj. neni mozné, aby byl proud spalin realné tvofen 100 % hmotou popilku,
ackoli zjednoduSeny model to dovoluje). Zaroven je ale patrna nizka zavislost jizkové teploty na vlivu
hodnoty této koncentrace a neni tak mozné pouze timto parametrem vysvétlit zaznamenany rozdil v T,,,.
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Obrazek 5: Zavislost vypoctené jizkové teploty spalin na parametru u (koncentrace uletového
popilku ve spalinach)

Citlivost standardniho projekéniho vypoctu ohnisté na parametru mechanického nedopalu Zc je, jak
ukazuje nasledujici obrazek 6, prakticky nulova. Stechiometrie slozek paliva a spalovaciho vzduchu je
totiz standardné sledovana ve spalovacich vypoétech mimo samotny Gurviéiv model, a to pfi
posuzovani toku, slozeni spalin a entalpie jimi nesené. Tyto hodnoty do rovnice (1) vstupuji uz jen jako
teplota T,4. Zarovenn mnozstvi spalovaného paliva vstupujici do vypoétu Bo je ocisténo o nedopal
a vyjadfuje realné palené mnozstvi. Do Bo se tak Z. propisuje pouze okrajové v hodnoté odhadované
termickeé ucinnosti kotle.
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Obrazek 6: Zavislost vypoctené jizkové teploty spalin na parametru Zc (mechanicky nedopal)

Je nutno zduUraznit, Ze vySe udané Ciselné hodnoty jsou platné pouze pro uskute¢nénou pfipadovou
studii konkrétniho ohnité. Obecné trendy prezentovanych zavislosti a skute¢nost, zda byl zaznamenan
prakticky vliv daného parametru, ktery maze vysvétlovat odliSnost namérfenych a vypoctenych hodnot,
v8ak |ze povazovat za vSeobecné platné.

Protoze volba hodnoty Z. ma zanedbatelny vliv na pfesnost vypoctu rovnice (1), je zfejmé, zZe
pozornost je potfeba upfit na parametry ¢ a p, jejichz vliv na pfesnost vypoctu rovnice (1) je znatelny.
Oba tyto parametry pfitom souvisi se zanaS$ivosti spalin, tj. s velikosti a vlastnostmi ¢astic unaseného
uletového popilku v nich.

Provozni data z referencniho zafizeni byly odecteny béhem bézného provozu, pro jiz znedisténé
zafizeni. Pfedmétné zafizeni neni vybaveno kontinualnim sledovanim stavu zaneseni vnitfniho prostoru
ohniété (mozné sledovat vzhledem ke zmé&nam teplotniho pole, coZ popisuje napf. lanek %), neni tedy
k dispozici soubor dat o odpovidajicim stavu zaneseni spalovaci komory a kotle.
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3. Aparatura pro zjist'ovani zanasivosti spalin a dalSich horkych proudu

Doposud diskutované vlivy zanaSivych parametrd byly uvazovany pouze v rozsahu domény samotné
spalovaci komory — tedy ohnisté a pfipadného prostoru membranové stény kotle. Zasadnim krokem pfi
navrhu kotle je ale také navrh navazujicich konvekénich teplosménnych ploch kotle a spravna volba
jejich zakladnich geometrickych parametrl. Tyto konvekéni teplosménné plochy jsou, stejné jako
radiaéni membranova sténa, kontinualné zanaseny Uletovym popilkem °. Proménliva povaha zanaseni
vlivem uletového popilku produkovaného danym palivem vyzaduje zafizeni, které inzenyrim umozni
pfedem a co nejpfesnéji urcit vlastnosti znecidténi daného proudu spalin, aby bylo mozné navrhnout
vhodné povrchy pro vyménu tepla pro vyuziti vyrobeného tepla. V pfipadé aplikaci provozovanych
v podminkach znedisténi vSak obvykle neni znamo, ktera konkrétni geometrie bude odolna vudi
znecisténi a ktera bude fungovat spiSe Spatné. Mira a princip zanaseni téchto teplosménnych svazki
jsou pevné spjaty s chovanim popilku produkovaného v pfedfazeném ohnisti daného kotle, béhem
vyvoje a ranné aplikace tohoto zafizeni proto byly zjistény nékteré skuteCnosti dopliujici data
popisovana v pifedchazejici kapitole.

Na obrazku 7 je znazornéna mobilni aparatura nedavno vyvinuta na pracovisti autortd tohoto ¢lanku
pro zjistovani zanasivého chovani spalin a horkych plynnych proudd na rdznych geometriich
teplosménnych ploch a pro ziskavani vzorku tvoficich se nanosu. BlizSi popis principu a konstrukce této
aparatury je mozné nalézt v predchazejici publikaci autor( *°.

Obrézek 7: Rez sestavou vyvinuté aparatury pro sledovani zandsivych vlastnosti spalin
a plynnych proudu nesoucich zbytkové teplo (vlevo). Pohled na zaneseny trubni svazek
aparatury po kratkodobém sledovani tvorby nanosu uletového popilku z jiz ochlazenych spalin
z dfevni biomasy (uprostred) a z odpadniho horkého plynného proudu cementarny (vpravo)

V ramci projektu, ve kterém byl aparat vyroben a ozkousSen, ani nasledujiciho obdobi, nebyl proveden
zadny test na popilku z paliva srovnatelného s nemocni¢nim odpadem. Byly vSak zaznamenany
odchylky velikosti stfedni frakce Castic uletového popilku v analyzovanych nanosech ze spalovani paliva
na bazi dfevni biomasy od standardnich navrhovych hodnot uvazovanych pro pevna paliva, coz se muze
dale promitnout do procesu tvorby nanost na konvekénich teplosménnych plochach %, ale také ma
marginalni dopad zpétné ve vy3e diskutovaném navrhovém vypoctu kotlového ohnisté svym vlivem na
velikost zeslabeni radia¢niho tepelného toku v prostoru spalovaci komory *°.
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Obrazek 8: Distribuce velikosti ¢astic uletového popilku odebraného ze zafizeni na spalovani
drevni biomasy a komunalniho odpadu (vysledky méreni na trojici odebranych vzork)

Velikost a distribuce velikosti ¢astic uletoveho popilku ze spalovaciho zafizeni na smés dfevni tépky
a odpadu (odbér vzorkd proveden pfi 100% spalovani dfevni §tépky), byla zjiStovana metodou laserové
difrakce. Vysledky analyzy distribuce velikosti ¢astic provedené na méficim zafizeni Malvern Instruments
Mastersizer 2000 jsou patrné nize z obrazku 8. Laserova difrakce odhalila dvé lokalni maxima
v zastoupeni Castic, prvni globalni maximum okolo 5 uym, druhé mnohem méné vyrazné lokalni
maximum okolo 170 pm.

Parametr d, [um] je stfedni efektivni primér Castice popilku v uletu, do navrhu spalovaci komory
vstupuje b&hem odhadu zeslabeni radiaéniho tepelného toku v prostoru ohnisté °. Pfi vypoétu se pfitom
dosud standardné pouziva empiricka stfedni hodnota d., = 20 um % bro v8echny druhy pevnych paliv
spalovanych na rostu. Tato hodnota vychazi z historickych analyz popilk(i ze spalovani uhli a jak je
patrné z ukazky namérenych dat na obrazku 8, pro popilek ze sou€asnych odpadovych paliv mGze mit
zasadné odlisné hodnoty. Jelikoz se jedna o specificky uletovy popilek, mize se na jeho odliSné velikosti
stfedni frakce v odebranych vzorcich, mimo slozeni paliva, projevovat i odliSné davkovani spalovaciho
vzduchu (zna¢né vy3Si pomér vzduchu je davkovan jako sekundarni) a spojené zmény v proudéni
odchazejicich spalin — to je v8ak opét rozdil spojeny s konstrukci ohnisté pro dany druh palivové smési.

4. Zaver

Clanek se zabyva problematikou tepelného navrhového vypoétu kotlového ohniété standardni, tzv.
Gurviéovou metodou, a vlivu zmén v empirickych parametrech, popisujicich zanasivé chovani
produkovanych spalin sou¢asnych ohnist spalujicich alternativni odpadové palivové mixy a biomasu.
Tato problematika v sobé odrazi soucasny trend pfechodu od uhelnych paliv k alternativnim pevnym
palivim majicim odli§né spalovaci vlastnosti a vyzadujicim tak korekce v navrhovém vypoctu kotlového
ohnisté. Pripadova studie na datech zprovozu referenéniho zafizeni na termické zpracovani
nemocnic¢niho odpadu s roStovou spalovaci komorou o maximalnim vykonu 1,8 MW a nasledujici
citlivostni analyza vlivu konkrétnich zasadnich identifikovanych parametri vypoctové metody nachazi
moznost zpresnujici korekce zejména v parametru zaneseni povrchu ohnisté (¢) a maly vliv pak
v parametru koncentrace uletového popilku ve spalinach (u), které ovlivriuji radiacni tok tepla ohnistém.
Tyto parametry bude v budoucnu navic prakticky mozné zpfesnovat pomoci dat méfenych s uzitim
vyvinuté mobilni testovaci aparatury pro testovani zanasSivych vlastnosti spalin, kterou lze instalovat na
provozované realizace kotlovych ohnist. LepSi porozuméni vlivu volby hodnot koeficientu ¢ pak takto
muze v budoucnu pomoci pfi navrhu novych kotlovych ohnist na alternativni paliva. Oba parametry jsou
také spojené se stfedni hodnotou velikosti unasenych &astic popilku. Tato hodnota byla u popilku
odebraného na zafizeni spalujicim alternativni palivo laboratorné uréena jako zasadné odliSna od dosud
standardné doporu€ovanych vypoctovych hodnot pro navrhovy tepelny vypocet kotlovych ohnist.
Testovaci aparaturu je pldanovano do budoucna vyuzit na dalSi dostupné popilky.
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Influence of fly ash fouling properties on boiler furnace design for low-grade
fuels based on waste and biomass
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Summary

The article addresses the need to update empirical parameters used in boiler furnace design due to
the transition from high-quality coal to lower-grade fuels such as combustible wastes and biomass. It
focuses on the influence of three empirical parameters related to fly ash properties and fouling behaviour
within the Gurvich furnace calculation method. A basic sensitivity study was performed on a real
reference boiler by comparing calculated results with measured furnace outlet gas temperatures under
several steady operating conditions. The results showed that adjusting the empirical furnace wall fouling
parameter (§) can significantly reduce discrepancies between calculated and measured values. The
paper also presents a newly developed experimental device for evaluating fly ash fouling effects on
convective heat exchanger surfaces, which has been tested with biomass fuels.

Keywords: waste-to-energy plant, grate waste incineration, grate firing of biomass, furnace design,
furnace exit gas temperature, solid waste fuels, fly ash and particulate fouling
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Souhrn

Tato studie prezentuje srovnavaci hodnoceni Zivotniho cyklu (LCA) Sesti komeréné dostupnych
formata oballi pracich prostfedkii na evropském trhu se zamérfenim na environmentalni dopady
samotnych obalovych systému. Hodnoceny byly nasledujici formaty: praci prasek v kartonovém obalu,
tekuty detergent v HDPE lahvi, koncentrovany tekuty detergent v LDPE/PET refill sacku, kapsle v PP
obalu, kapsle v kartonovém obalu a praci listy v LDPE obalu. Studie byla provedena v souladu
s normami ISO 14040 a ISO 14044 s vyuzitim databaze Ecoinvent 3.10 a metody ReCiPe 2016 midpoint
(H). Funkéni jednotkou byl jeden standardni praci cyklus pro 4 — 5 kg pradla. Vysledky ukazuji
vyznamné rozdily mezi jednotlivymi formaty z hlediska spotfeby materialu i dopadt na Zivotni prostredi.
Nejnizsi environmentalni zatéz vykazaly praci listy, které dosahly hodnoty 1,967 g CO, ekv. na jednu
davku, coz predstavuje snizeni dopadu na zménu klimatu o 73,6 % ve srovnani s tekutym detergentem
v HDPE lahvi. Nizké dopady byly zaznamenany rovnéz u kapsli v kartonovém obalu a koncentrovanych
refill systémua. Naopak nejvy$si dopady vykazaly tekuté detergenty v pevnych plastovych lahvich.
Analyza Zivotniho cyklu potvrdila dominantni viiv tézZby a vyroby primarnich materialG obalti, zatimco
vysoka mira recyklace kartonovych oballl vyznamné sniZovala vysledné environmentalni zatiZzeni. Studie
potvrzuje, Ze dematerializace oball, vysoka koncentrace produktu a vyuZiti recyklovatelnych materialt
pfedstavuji ucinné strategie pro snizovani environmentalnich dopadd detergentnich obalovych systémd.
Vysledky soulasné ukazuji, Zze nové formaty, zejména praci listy, mohou pfedstavovat vyznamny
pfispévek k naplriovani cilii evropské politiky obéhového hospodarstvi a requlace obalovych odpadd.

Klicova slova: LCA, obaly, detergenty, praci prasek, praci koncentrat, praci kapsle, praci listy

1. Uvod

Odvétvi domacich disticich prostfedkd vyznamné pfispiva k celosvétovému mnozstvi odpadu z obal(;
samotné praci prostfedky pfedstavuji roéné miliony tun plastovych a kartonovych obalii*. V Evropské unii se
kazdoroéné provadi piiblizné 3,5 miliardy pracich cyklG® a environmentalni zatéZ spojena s obaly pracich
prostfedkd se stala kritickym problémem v kontextu pfechodu na ob&hové hospodaistvi®. Trh s pracimi
prostiedky diverzifikoval od tradi¢nich praskovych pripravka v kartonovych krabicich az po tekuté praci
prostiedky, koncentrované piipravky, kapsle s jednotkovou davkou a nejnovéji rozpustné praci listy *°. Kazdy
format ma odliSné pozadavky na baleni s riznymi dopady na spotfebu materialu a scénare konce Zivotnosti
*. EU stanovila ambiciézni cile pro snizeni mnozstvi odpadu z obaldl a zavedeni ob&hového hospodaistvi,
véetné pozadavku, aby vSechny obaly byly do roku 2030 recyklovatelné nebo opakované pouZitelng °’.
Posuzovani Zivotniho cyklu (LCA), standardizované podle norem ISO 14040 a 14044, poskytuje
systematicky ramec pro kvantifikaci dopadt produktt na Zivotni prostfedi °. Agkoli se Setné studie LCA
zabyvaly pracimi prostfedky, vétSina se zaméFuje na sloZeni produktu, nikoli na obalové systémy °'! a
mnoho vzniklo pfed nastupem novéjSich formatd, jako jsou praci listy *2. Tato studie provadi komplexni
srovnavaci LCA Sesti formatd baleni pracich prostfedk(l dostupnych na evropském trhu v souladu s I1ISO
14040/14044, s funk&ni jednotkou jednoho praciho cyklu.
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2. Materialy a metody

2.1. Navrh a rozsah studie

Tato studie pouzila metodiku srovnavaciho LCA v souladu s normami ISO 14040:2006 a ISO
14044:2006 ®° k vyhodnoceni environmentalni vykonnosti Sesti formatd obal(i pracich prosttedk
dostupnych na evropském trhu. Analyza zahrnuje cely Zzivotni cyklus obalovych systém( od tézby
surovin prfes vyrobu, distribuci, pouziti spotfebiteli az po nakladani s odpady. Studie se zaméfuje
konkrétné na dopady oballl na zZivotni prostfedi a nezahrnuje chemické sloZzeni samotnych pracich

prostredk 101413,

2.2. Funkéni jednotka a hranice systému

Funkéni jednotka je definovana jako ,jeden standardni praci cyklus pro 4-5 kg pradla se stfednim
stupn&m zned&idténi v evropské HE pracce"™. Hranice systému zahrnuiji primarni obal, sekundarni obal a
uzaviraci systémy; faze vyroby, pfepravy a nakladani s odpady. Faze pouzivani (provoz praciho cyklu)
byla vylou€ena, protoze je u vSech formatu identicka.

2.3. Vybér a kategorizace produktt

Bylo vybrano Sest formatl: (1) praci prasek v kartonovych krabicich; (2) tekuty detergent v HDPE
lahvich; (3) refill sacky s tekutym koncentrovanym detergentem; (4) kapsle v pevnych plastovych
obalech; (5) kapsle v kartonovych obalech; (6) praci listy v LDPE féliovych obalech. Produkty byly
zakoupeny v zafi-listopadu 2025 v prodejné DM v Praze.

Pi‘ehled porovnavanych pracich prostfedkii — primarni obaly

11115
MEGA PACK

(1) Praci prasek Ariel (2) Tekuty praci prostiedek Persil (3) Tekuty konc. praci prostiedek
Aquapuder + Ultra OXI Effect Color Gel XXL Denkmit
Primarni obal: karton Primarni obal: lahev HDPE Primarni obal: pouch pack LDPE/PET
70 davek / obal Uzévér: PP Uzéavér: PP
66 davek / obal 23 davek / obal

w

70 s o

“'\‘\”‘.“ | ‘ J
] I
-k ew,

it}

(4) Detergent ve formé kapsli Persil (5) Detergent ve formé kapsli (6) Praci papirky Dr. Beckmann

Universal 4inl Discs Denkmit Magic Leaves — Colour Protect
Primarni obal: PP + papir Primarni obal: karton Primarni obal: LDPE
26 davek / obal 22 davek / obal 20 davek / obal

Obrazek 1: Reprezentativni produkty vybrané pro analyzu oball v péti kategoriich prostredkd.

Patron of the issue / Patron ¢isla: Konferencia TECHNIKA OCHRANY PROSTREDIA TOP 2026 (13. — 15. 10. 2026, Pie$tany, Slovensko)
WASTE FORUM 2026, &islo 2, strana 136



Roman KOVAR, Viadimir KOCI: Srovnavaci hodnoceni Zivotniho cyklu obalovych systému pracich prostfedkii:
Analyza dopadu Sesti komerénich formatu na Zivotni prostredi na evropském trhu

2.4. Méreni poméru obalu k davce

Pomér obalu k davce byl stanoven systematickym mérenim vSech soudasti obalu. Kompletni baleni
bylo zvazeno kalibrovanou analytickou vahou (+0,01 g) a byla stanovena hmotnost obalu na davku
vydélenim celkové hmotnosti obalu poctem davek. Zvefejnéné primyslové udaje potvrzuji konzistentné
hmotnost pracich listil pfiblizng 3 g/list*>*®*’, hmotnost davky prasku 30-85 g*®, tekutého detergentu
37 — 75 g™ a kapsli 15 — 20 g na kapsli®.

2.5. Metodika posuzovani zivotniho cyklu

Udaje LCI pro obalové materidly byly ziskany z databaze Ecoinvent 3.10?'. Scénafe prepravy
predpokladaly 500 km od vyrobniho zavodu k distribuénimu centru a 150 km k maloobchodni prodejné®.
Scénare konce Zivotnosti byly modelovany dle dat Eurostatu®®: mira recyklace 85 % pro lepenku, 40 %
pro HDPE lahve, 25 % pro flexibilni plasty, 35 % pro smi8ené tvrdé plasty a 70 % pro papirove obaly.
Dopady byly posouzeny metodikou ReCiPe 2016 midpoint (H) v1.1** v softwaru SimaPro 9.5°°, Monte
Carlo simulaci (1 000 iteraci).

2.6. Statisticka analyza

K testovani statisticky vyznamnych rozdilG byla pouzita jednosmérna ANOVA s Tukeyho post-hoc
testem (a = 0,05). Veskeré statistické analyzy byly provedeny v programu R verze 4.3.2%,

3. Vysledky

3.1. Analyza poméru obalu k davce

Pomér obalu k davce se mezi formaty vyrazné liSil. Praci listy vykazovaly nejnizSi pomér 0,7 g LDPE
+ 0,93 g kartonu na davku, nasledované kapslemi Persil (3,3 g PP/papir). Tradi¢ni praci prasky
vykazovaly 6,8 g kartonu, tekuté detergenty 2,4 g HDPE/PP + 4 g karton.

Tabulka 1: Hmotnost obalu na jednu davku praciho prostiredku v péti kategoriich formatu.

Vstupni data — Namérené hmotnosti a materialy obalt

© - -5 ©
9 = - £ _ 9
G T o © © T 0 &
Ew R 23 & E £
« X ®TES S T © .5
£ £ (D= =
o — = g X
o [e) 3
Prasek (1) Ariel 4.8 Karton 2 Karton
gek”ty (2) Persil 2,4 HDPE+PP 4 Karton
etergent
ek (3) DENKmit 1,2 PET+PP 2,3 Karton
koncentrat
Kapsle (4) Persil 2,53 PP+Papir 0,5 PP
Kapsle (5) DENKmit 3,7 Karton 2,2 Karton
Listy (6) Dr.Beckmann 0,7 PE 0,93 Karton
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3.2. Dopad na zménu klimatu v prabéhu zivotniho cyklu

Praci listy (6) Dr.Beckmann vykazovaly nejniz§i dopad na klima 1,967 g CO, ekv. na davku, coz
pfedstavuje 73,6% sniZeni ve srovnani s tekutym detergentem Persil (7,436 g CO, ekv. na davku).

Tabulka 2: Dopad na zménu klimatu (GWP100) obald pracich prostredku na jednu davku prani
(g CO,ekv)

Znacka Primarni obal Sekundarni obal Celkem Snizeni
(g COzekv./davku) (g CO.ekv./davku) (g CO.ekv./davku) vs. tekuty
(%)
Prasek (2) Ariel 3,648 1,520 5,168 -30,5%
Tekuty (2) Persil 4,396 3,040 7,436 referencéni
detergent
Tekuty (3) DENKmit 2,950 1,748 4,698 -36,8 %
koncentrat
Kapsle (4) Persil 3,987 0,580 4,567 -38,6 %
Kapsle (5) DENKmit 2,812 1,672 4,484 -39,7 %
Listy (6) 1,260 0,707 1,967 -73,6 %
Dr.Beckmann

8,00
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S
f& 6,00
S
oo 5,00
=}
=
3 4,00
©
©
S 3,00
E m Sekundarni obal (g CO,ekv.)
% 2,00 - B Primarni obal (g COekv.)

1’00 l:

0,00

N N - D - Q
& o4 & ¥ « &
@ X Q N QO &
{’b . 6® N Q:, @\ 2
] N & N X <
8 & & N Q Q
Q & N & & )
N Sy N\ Nd
< & &
Q

Obrazek 2: Celkovy dopad na zménu klimatu béhem zivotniho cyklu (g CO, ekv. na davku) u
péti formatu baleni pracich prostredkd.
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3.3. Analyza prispévku jednotlivych fazi zivotniho cyklu

U v8ech formatl predstavovaly téZzba a zpracovani surovin dominantni faktor (110-130 % celkovych
emisi prfed odectenim kreditd EoL). Vyrobni procesy pfispély 25-32 %, doprava a nakladani s odpady
5- 8 % a -40 az -67 %. Kartonové obaly ((1)Ariel, (5) DENKmit kapsle) s mirou recyklace 85 %
poskytly recyklaéni kredity kompenzujici 47 — 67 % emisi z vyroby.

Prispévek fazi zZivotniho cyklu k celkovému dopadu na
zménu klimatu

__ 200
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(1) Prasek (Ariel) (2) Tekuty det. (3) Tekuty konc. (4) Kapsle (Persil) (5) Kapsle (6) Listy
(Persil) (DENKmit) (DENKmit) (Dr.Beckmann)
B TéZba surovin M Vyroba oball Doprava M Kredit EoL (recyklace)

Obrazek 3. Procentualni pfispévek fazi Zivotniho cyklu k celkovému dopadu na zménu klimatu
u kazdého formatu obalu praciho prostredku.

Tabulka 3: Dopady na Zivotni prostredi v prubéhu Zivotniho cyklu v riznych kategoriich dopadu
(na jednu davku prani, metoda ReCiPe 2016 midpoint H).

Format Fosilni @ Spotieba Okyselen Eutrof. sl. Eutrof. | Toxicita Ekotoxicita
(Znacka) zdroje (g vody i pady voda (mg more (mg clovéka (mg 1,4-
rop. ekv.) (ml/davku) (mg SO, Pekv.) | Nekv.) (mg1l4- DCB ekv.)
ekv.) DCB ekv.)
(1) Prasek (Ariel) 3,12 4,8 28,4 2,1 1,8 42,1 18,6
(2) Tekuty det. 5,84 9,2 46,2 3,5 3,1 68,3 29,4
(Persil)
(3) Koncentat tekuty 3,68 5,6 32,1 2,4 2,1 48,7 21,2
(DENKmit)
(4) Kapsle (Persil) 4,21 5,0 35,8 2,7 2,3 52,4 22,8
(5) Kapsle 3,04 4,3 27,6 2,0 1,7 40,2 17,5
(DENKmit)
(6) Listy 1,42 2,1 12,8 0,9 0,8 18,6 8,1
(Dr.Beckmann)
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3.4. Dalsi kategorie dopadu na zivotni prostredi

svvos

Vyjimku tvofi ekotoxicita sladké vody, kde polyetylenovy obal generoval relativné vys3i dopad nez
kartonové alternativy

4. Diskuse

4.1. Hlavni zjiSténi a interpretace

Praci listy (6) (Dr.Beckmann) dosahly 76% sniZeni hmotnosti obalu na davku (1,63 g oproti 6,80 g
u (1) tradiéniho prasku). Dopad na zménu klimatu o 73,6% niZ8i ve srovnani s ((2) tekutym detergentem
Persil). (6) Praci listy se ukazaly vyhodnéjsi i v porovnani s konvenénimi formaty. Tato vyhoda vyplyva
z minimalistického obalu v kombinaci s ultra koncentrovanym slozenim. Tekuté koncentraty
((5) DENKmit, 4,698 g CO, ekv.) vykazaly stfedni vykonnost, kapsle paradoxni vysledky: kapsle
DENKmit v kartonu (4,484 g CO, ekv.) dosahly dobrych vysledku, zatimco (4) kapsle Persil v PP
(4,567 g CO, ekv.) vykazovaly vysSi dopad navzdory strategii opakovaného pouziti sekundarniho obalu.
Vybér materialu — uhlikova intenzita vyroby nového plastu — muze prevazit vyhody snizeni hmotnosti
obalu.

4.2. Srovnani s existujici literaturou a vybér materialu

Poméry obalu k davce se pfiméfené shoduji s hodnotami A.l.S.E.?*®. Nage naméfené dopady na
klima jsou niZ$i nez hodnoty Golsteijn et al.”®* (0,010 — 0,015 kg CO.ekv./davku pro rok 2015), coz
naznacCuje pokrok diky inovacim v obalech a zvySeni miry recyklace. Obaly na bazi lepenky vykazovaly
niz§i dopady (emise pfi vyrobé lepenky 0,70 kg CO,ekv./kg, recyklace 85 %); obaly z nového
polypropylenu naopak vyssi dopad (1,7 kg CO.,ekv./kg PP). Snizeni dopadu o 73,6 % u (6) pracich listd
121517 haznaduje, Ze format listdl predstavuje skuteénou inovaci v oblasti udrzitelnosti, nikoli postupné
Zlepseni.

4.3. Dopady na politiku a pramysil

Nafizeni PPWR °' stanovi zavazné cile pro snizeni mnozstvi odpadu. Nase vysledky ukazuji, Ze
inovace formatu (ultra koncentrované praci listy) mohou podstatné pfispét k témto cilim. Pro vyrobce:
dematerializace a nahrazovani materiald by mély probihat souCasné. Spotfebitelé: koncentrované
formaty obecné nezaruluji nizky dopad — rozdily v ramci kategorii jsou zna¢né (0,0025 — 0,0092 kg
CO,ekv. pro kapsle), proto je nezbytné standardizované oznagovani ekologické stopy *"2%.

4.4. Omezeni studie a potieby budouciho vyzkumu

Studie pouzila screeningovy pfistup LCA s publikovanymi emisnimi faktory; nezahrnuje chemické
slozeni produktd (20 — 40 % celkového dopadu '°'!), je omezena na &esky trh a predpoklada
idealizované scénafe recyklace. Budouci vyzkum by mél provést komplexni LCA Urovné 2 zahrnujici
slozeni produktd a longitudinalni sledovani pfijimani trhu.

5. Zaver

Srovnavaci LCA péti formath oball pracich prostfedkd dostupnych na evropském trhu ukazuje, ze
praci listy (6) Dr.Beckmann doséahly nejnizSiho environmentalniho dopadu ve v8ech hlavnich kategoriich
— 73,6% sniZeni dopadu na klima oproti tekutému detergentu (2) Persil. Vysledky potvrzuji, Ze vybér
obalového materialu a mira koncentrace produktu jsou kliovymi determinanty udrzitelnosti obalu
pracich prostfedku.
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Summary

This study presents a comparative Life Cycle Assessment (LCA) of six commercially available laundry
detergent packaging formats on the European market, focusing specifically on the environmental
impacts associated with packaging systems. The assessed formats included: laundry powder in
cardboard packaging, liquid detergent in an HDPE bottle, concentrated liquid detergent in an LDPE/PET
refill pouch, detergent capsules in PP packaging, detergent capsules in cardboard packaging, and
laundry detergent sheets in LDPE packaging. The study was conducted in accordance with ISO 14040
and 1SO 14044 standards using the Ecoinvent 3.10 database and the ReCiPe 2016 midpoint (H)
method. The functional unit was defined as one standard washing cycle for 4 — 5 kg of laundry.

The results revealed substantial differences among the evaluated packaging formats in terms of
material consumption and environmental impacts. Laundry detergent sheets demonstrated the lowest
environmental burden, achieving a climate change impact of 1.967 g CO, eq. per washing dose,
representing a 73.6% reduction compared to liquid detergent in an HDPE bottle. Low environmental
impacts were also observed for cardboard-based capsule packaging and concentrated refill systems. In
contrast, liquid detergents packaged in rigid plastic bottles showed the highest impacts across most
categories. The life cycle analysis confirmed that raw material extraction and packaging material
production represented the dominant contributors to environmental impacts, while high recycling rates of
cardboard packaging significantly reduced the final environmental burden.

The study confirms that packaging dematerialisation, product concentration, and the use of recyclable
materials are effective strategies for reducing the environmental impacts of detergent packaging
systems. The findings further indicate that emerging formats, particularly laundry detergent sheets, may
contribute significantly to the objectives of European circular economy policies and packaging waste
reduction strategies.

Keywords: LCA, packaging, detergents, laundry detergent powder, laundry detergent concentrate,
laundry detergent capsules, laundry detergent sheets
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Summary

The aim of the study was to evaluate the status and development of recycling performance in
selected European countries with a focus on photovoltaic panels (PV) and batteries within the context of
the circular economy. The analysis is based on Eurostat data for five European countries: Belgium, the
Czech Republic, the Netherlands, Germany, and Poland. The most comprehensive data tracking for
photovoltaic panels and batteries focused on the recent five-year span from 2019 to 2023, while patents
and investments in circular economy sectors were analysed based on data from 2017 to 2021.
Monitoring was conducted on the recycling rates of electrical and electronic waste, material flows,
processing capacities for PV panels and batteries, as well as socio-economic factors such as
employment within the circular economy sectors. In the field of PV panels and batteries for the monitored
variables, Germany was the dominant country in terms of the reported amount of waste. Only limited
information regarding the processing capacities of batteries and PV panels was typically available, and
this data was often specific to individual companies. Employment in circular economy sectors in the EU
has been growing for a long time, with the Czech Republic and Poland accounting for the highest share
of total employment, while Belgium and the Netherlands showed lower shares.

Keywords: circular economy, photovoltaic panels, batteries, recycling, employment, Eurostat

Introduction

The circular economy (CE) is a broad term and can be represented by up to 221 definitions®. For
example, the circular economy is: 1. ‘an industrial system that is restorative or regenerative by intention
and design’? or 2. ‘a regenerative system in which resource input and waste, emission, and energy
leakage are minimized by slowing, closing, and narrowing material and energy loops, which is achieved
through long-lasting design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling’3.
The circular economy is associated with sustainable development. In the field of circular economy,
photovoltaic panels and batteries belong to the area of technical cycle’ or waste management',
depending on the CE definition applied. Due to the expected increase in PV installations, the subsequent
need for energy storage, and the pressure for e-mobility, a significant rise in the volume of end-of-life PV
panels and batteries is anticipated®.

Monitored Countries and Data Sources

The following five European countries were selected for the study: Belgium, the Czech Republic, the
Netherlands, Germany, and Poland. According to the EPI (Environmental Performance Index) report,
Belgium, the Netherlands and Germany belong to the category of “Global West” countries, while Poland
and the Czech Republic are categorized as countries of ‘Eastern Europe™. Poland was selected because
it is geographically closest to the Czech Republic, while the other countries were chosen for their strong
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performance in circular economy and waste management. While Germany has been listed as a CE
leader in general, Belgium and the Netherlands have been consistent leaders in waste management for
many years®.

This study utilized Eurostat data, focusing on datasets concerning recycling and waste processing,
particularly those related to photovoltaic (PV) panels and batteries. For batteries, only the recycling
dataset was used, even though data on the recycling input fractions were also available. The reason for
that was the fact that this dataset exists only for batteries but not for PV panels. Socio-economic data,
the relationship between employment in the circular economy sectors, and data related to patents and
investments into recycling, reuse, and repair in waste management sectors were obtained from Eurostat,
the data package dedicated to the circular economy. To ensure the use of the most recent data, the
Eurostat library was accessed in this study’. Data visualization was conducted using the Highcharter
library in RStudio (Posit, USA)®. Thus, the goal of the data analysis was to select the most recently
published data and the most current and relevant five-year period for comparability across years.
However, data from other institutions such as the United Nations Environmental Programme (UNEP) or
the Organisation for Economic Co-operation and Development (OECD) were also sought®, but due to
insufficient data or a lack of updates, these data were not used in this study. Waste recycling/processing
capacities for photovoltaic panels and batteries, and reports from organizations related to the issue of
handling photovoltaic panels and batteries were searched across selected countries using internet
search engines or information was obtained from responsible state institutions if these companies are
obliged to report this data. Legislative documents issued by the EU were accessed through the Eurlex
website. Specific information regarding recycling capacities in the Czech Republic was obtained via
direct communication with the Ministry of Environment.

Results and Discussion

The most recent five-year span for photovoltaic panels and batteries individually covers 2019-2023,
with 2023 marking the latest published year. Moreover, certain values for 2023 were indicated as
provisional. The indicator ‘Recycling rate of waste of electrical and electronic equipment (WEEE)
separately collected’, which is calculated as the proportion of WEEE waste that is recycled or reused out
of the total amount of WEEE waste collected, showed that in the five-year average (2019-2023),
Belgium scored 74.5%, the Czech Republic 92.7%, the Netherlands 73.56%, Germany 85.64% and
Poland 85.42%™. Over the observed five-year period, recycling rates increased in Belgium, the
Netherlands and Poland. The recycling rate in Germany fluctuated by several percentage points.

Photovoltaic (PV) panels

Eurostat's data does not indicate which specific types of PV panels it covers. Over 2.5 million tons of
photovoltaic panels were placed on the market in Germany during the 2019-2023 period (the minimum of
272 thousand tons in 2019, the maximum of 802 thousand tons in 2023). Among the five selected
countries, the Czech Republic had the lowest values. In total across all monitored years, it was 109
thousand tons, while for 2019, the lowest value was reported at 2.5 thousand tons. In descending order of
the reported values, these were Germany, the Netherlands, Poland, Belgium and the Czech Republic.
Notably, most waste PV panels from the Netherlands were processed abroad, but within the EU
(95 — 100%). However, the overall development over time shows progress for the Netherlands in the
processing of waste PV panels on its territory. The lowest values of PV panel waste treatment in a foreign
country are reported by Poland, which, according to the data, processed all the waste generated on its
territory. Belgium reported that most photovoltaic panels were processed on its territory with a range of 64
— 99% over the set five-year period. In 2019 and 2021, Czechia processed 100% of waste on its territory.
In other years, the share of processed waste in its territory ranged from 24% to 57%. It is not clear whether
Germany processes waste panels outside its territory, as such data is not available. Information on the
processing of photovoltaic panels in non-EU countries is not available for Germany, other countries report
zero (although the meaning of zero is not clearly interpretable). Due to higher values outside the range of
values of other countries reported for Germany, Germany was excluded from the chart for clarity, and the
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values are described in the text. The lowest amount of recycling for Germany was reported in 2019 with
the value of 12 thousand tons, while the maximum was reported for 2022 with a value of 15.2 thousand
tons. In other years, the values ranged from 13.3 to 14.4 thousand tons.

The graph below shows the reported amount of recycled PV panels (Figure 1). Belgium and Poland
reported the highest value of recycling in 2021 within the five-year period, for the country. The
conversion of the number of recycled PV panels per capita, commonly used in waste, was not a suitable
solution for displaying these data, due to the relatively low reported values of PV recycling in relation to
the number of inhabitants.
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Figure 1: The reported amount (tonnes per year) of recycled PV panels in the 2019-2023 period
in Belgium, the Czech Republic, the Netherlands and Poland (Note: colours, chronologically
from dark to light, represent a specific year; data source: Eurostat'!)

The following details were found about PV processing procedures and available recycling capacities:

Belgium: Approx. 1,464 tonnes of photovoltaic panels are processed in Belgium®. The traced capacity
for processing electrical waste is 60 tonnes/day™®.

Czech Republic: The capacity of lines processing photovoltaic panels is approximately 5,000 tonnes
per year***°.

The Netherlands: Panels can be processed as part of their reuse. No specific recycling capacity was
identified™®°.

Germany: The recycling capacity of PV panels is at least 20—60 thousand tonnes per year®.
Poland: The capacity for processing photovoltaic panels is 2,000 tonnes per year*.

Unfortunately, in the Eurostat data there is no information available about the types of PV panels.
Thus, it was not possible to identify which PV panels are most frequently collected as well as recycled. In
addition to the information on the number of PV panels placed on the market, it would be advisable to
also collect data on the number of installed solar panels, including information on panels that were
damaged during installation. Currently, Eurostat data do not specify how PV panels are processed or
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which types are most or least commonly loaded. Moreover, the information on the recycling or
processing capacities of PV panels or batteries for individual countries is not unified (often such
information depends on whether the company itself publishes such information). It would be
advantageous if such data were available within a single data portal (e.g., in the form of values for
individual EU countries). This information could help monitor how processing or recycling capacity
changes over time, whether it increases, decreases, or remains unchanged.

Batteries

Four types of batteries were available as follows: Cadmium batteries, Ni-Cd batteries, Lead batteries,
and other batteries and accumulators. Data were available as the annual state sum of the amount of
input fractions and of batteries processed. Over the entire observed five-year period, Lead batteries were
the most represented across countries (81.76 — 99.06%). The second most represented type of batteries
was the category of other batteries and accumulators, with the range of 0.50 — 16.54%. The least
represented were Ni-Cd batteries (0.20 — 1.70%). Lead batteries were the most recycled in the Czech
Republic, while other batteries and accumulators together with Ni-Cd batteries were the most recycled in
the Netherlands (Figure 2). The dataset also contained the variables ‘Cadmium content of batteries’ and
‘Lead content of batteries’. Cadmium content from Ni-Cd batteries varied from the minimum 1.1% to
maximum 37%, ascending by the share values: Poland 1.1 — 1.9%, the Czech Republic 6.9 — 7.1%,
Germany 13.8 — 19.2%, Belgium 14.7 — 21.7%, and the Netherlands 36.9 — 37%. The lead content from
Lead batteries for the Netherlands for each year corresponded to the share of 65%. For other countries,
the share was in the range of 85 — 93%. According to the available literature, it is known that the typical
value of lead weight in lead acid batteries is 65%%, while the nickel content in Ni-Cd batteries (AB5 type)
is between 15 — 20%%,
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Figure 2: The total sum of recycled batteries (Ni-Cd batteries, other batteries and accumulators,
and Lead batteries) in the 2019-2023 period in Belgium, the Czech Republic, Germany,the
Netherlands and Poland (Note: Note: colours, chronologically from dark to light, represent

a specific year; data source: Eurostat®®)
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The following information was found about the available battery processing capacities:
Belgium: Processing capacity, specifically for lithium batteries is 7,000 tonnes/year®.
Czech Republic: Information on the processing capacity was not found.
The Netherlands: Processing capacity, specifically for lithium batteries is up to 10,000 tonnes/year®.

Germany: The processing capacity for lithium batteries is approx. 100,000 tonnes per year?’.

Poland: Processing capacity, specifically for lithium batteries is approx. 30,000 tonnes/year®®®,

The Eurostat data was only available as the summary values. Thus, it was not possible to determine
the amount of lithium battery waste and its management, as such data is not available, although the
lithium batteries are often cited as central to the CE**, Lithium, battery-grade nickel, and the silicon
metal have been also identified as essential as well as strategic raw materials in the EU®. It is likely that
these data will become available in the coming years. Especially because of the new legislative
requirement, which states that information on lithium batteries should be collected®. So far it is known
that details about lithium battery processing are anticipated to be released in 2028. Another drawback of
the currently reported data lies in the time gap, which is mentioned in the metadata of datasets®®.

Socio-economic data

The share of employment in circular economy sectors in Europe has been growing for a long time®’.
The total values for the EU (27 countries as of 2020) ranged from 4.4 to 4.7 million people employed in
circular economy sectors (full time equivalent — FTE workers) over the observed five-year period.
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Figure 3: FTE persons employed in the CE sectors in the 2019-2023 period in Belgium, the
Czech Republic, Germany, the Netherlands and Poland (Note: colours, chronologically from dark
to light, represent a specific year; data source: Eurostat®)

Between 2021 and 2022, the largest changes in the numbers were recorded, while the highest value
was reported in 2021 (4.7 million FTE workers). The following year (2022), EU reported only 4.2 million
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FTE workers. The countries, ranked in descending order according to the percentage of persons
employed in circular economy sectors in relation to total employment over the five-year period was as
follows: the Czech Republic 2.6 — 2.9%, Poland 2.3 — 2.5%, Germany 1.6 — 1.7%, Belgium 1.2 — 1.4%
and the Netherlands 1.1 — 1.2% (Figure 3).

The relationship between the number of relevant patents (i.e., patents are related to recycling and
secondary raw materials) and the FTE number of people employed in CE sectors was analysed. The
specific CE sectors in the dataset included the recycling sector, the repair and reuse sectors, the rental
and leasing sectors. The dataset on investments was also available for these identical CE sectors. In this
case, the most recent five-year period with complete data was 2017-2021 (Figure 4). The five-year
average of the investment in ascending order by country was as follows: the Czech Republic €1,605
million, Poland €3,700 million, Belgium €6,954 million, the Netherlands €9,607 million, and Germany
€34,417 million®.
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Figure 4: The relationship between the number of patents issued and the FTE people
employed
in CE sectors in the 2017 — 2021 period in Belgium, the Czech Republic, Germany, the
Netherlands and Poland (Note: The centre of the bubble represents a point where these two
values intersect; the diameter of the bubble increases with the increased amount of investment;
the centre of each bubble displays the reported year, showing only its last two digits; data
source: Eurostat®9)

Conclusions

The evaluation of photovoltaic (PV) panel and battery recycling in Belgium, the Czech Republic, the
Netherlands, Germany, and Poland showed that the transition toward the circular economy in these
technical product streams is progressing but remains uneven across countries. Differences generally
reflect national waste management systems and recycling infrastructure. For electronic waste, recycling
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rates over 2019-2023 indicated generally effective collection and recycling frameworks, though stability
and consistency differed among observed countries.

In the case of PV panels, large disparities were observed in quantities placed on the market and in
end-of-life treatment. Germany dominated in absolute volumes of PV panels introduced, while the Czech
Republic reported the lowest values. Several countries rely partly on cross-border treatment of PV waste
within the EU, most notably the Netherlands, although the gradual increase in domestic processing was
also observed. The major limitation of this study is the absence of harmonized data on PV panel types,
treatment pathways, and unified reporting of recycling capacities, which constrains cross-country
comparison as well as long-term capacity planning. For batteries, Lead batteries overwhelmingly
dominated the recycling streams in all countries, while other battery types, e.g., Ni-Cd batteries,
represented only minor shares. Available Eurostat data consist solely of aggregated values, which does
not assist in the identification of lithium battery waste flows and their management, despite their growing
relevance for circular economy and critical raw material security. This represents a significant data gap
for batteries. From the socio-economic perspective, employment in circular economy sectors remains
highest in relative terms in the Czech Republic and Poland, whereas investment volumes and patent
activity are strongly concentrated in the Western European countries, especially Germany. This indicates
that while some Eastern European countries show higher workforce intensity in circular economy
activities, financial and innovation capacities are still unevenly distributed across EU.

Overall, the findings highlight the need for more detailed, harmonized, and forward-looking data on
PV panels and batteries, including panel types, installed capacities, lithium battery flows, and
harmonized information on available recycling infrastructure. Improved data integration at the EU level
would support better monitoring of circular economy performance and facilitate strategic planning for the
management of critical raw materials.
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Shrnuti

Cilem studie bylo zhodnotit stav a vyvoj recyklace ve vybranych evropskych statech se zamérenim na
fotovoltaické panely a baterie v kontextu cirkularni ekonomiky. Analyza vychazi z dat Eurostatu a je
zamérena na pét vybranych evropskych zemi: Belgie, Ceskéa republika, Nizozemi, Némecko, Polsko.
S ohledem na dostupnost dat bylo sledovano nejvice soucasné pétileté obdobi 2019-2023 pro
fotovoltaické panely a baterie a obdobi 2017-2021 bylo vybrano pro srovnani patenti a investic
v sektorech cirkularni ekonomiky. V ramci studie byly sledovany ukazatele miry recyklace
elektroodpadu, materialové toky, zpracovatelské kapacity (FV panelti a baterii) a socio-ekonomické
proménné (zaméstnanost v sektorech CE). V oblasti FV panel( a baterii za sledované proménné bylo
Némecko dominantnim statem z pohledu reportovaného mnoZstvi tohoto odpadu. Z hlediska
zpracovatelskych kapacit baterii a FV panel(i byly vSak identifikovany Casto jen dil¢i adaje na Grovni
jednotlivych firem. Zaméstnanost v sektorech cirkularni ekonomiky v EU dlouhodobé roste, pficemz
relativné nejvys$si podil na celkové zaméstnanosti vykazuje Ceské republika a Polsko, zatimco Belgie a
Nizozemi dosahly podili nizsich.

Klicova slova: cirkularni ekonomika, fotovoltaické panely, baterie, recyklace, zaméstnanost, Eurostat
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