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Uvodni slovo $éfredaktora / Editorial

Vazeni ¢tenari,

mate pred sebou prvni Cislo jiz 18. ro¢niku ¢asopisu
WASTE FORUM. Jak jsme predem avizovali, je to
tematické &islo na téma VEDLEJSI PRODUKTY A
ODPADY Z POTRAVINARSTVI. Toto téma navazuje na
konferenci Potravinarstvi na cesté k udrZitelnosti, ktera
se spolu se symposiem ODPADOVE FORUM 2024
konala loni v listopadu. Cdst élanku jsou rozsifené texty
prednasek ze zminéné konference, dalsi prisly do
redakce v reakci na uspéch konference.

Tak, jak je u nas zvykem, ¢islo neni ¢isté
monotematickeé, protoze by bylo Skoda odkladat
zverejnéni jinak zamérenych ¢lanku az do dalsiho cisla.

Patronem éisla je leto$ni roénik symposia ODPADOVE FORUM 2025 (14. - 16. 10.,
Hustopece), jehoz 1. cirkular (Call for papers) najdete na konci tohoto ¢isla. Symposium
se od pocatku v roce 2006 konavalo vZdy na jare (nejprve v dubnu, pozdéji v bfeznu), ale
v dobé covidu jsme museli nejprve jeden ro¢nik vynechat a poté prejit na podzimni
termin.

Pri tom jsme hledali mésic, ktery by z organiza¢niho pohledu vyhovoval co nejvice
(Fijen, zari, listopad a nakonec zase fijen), az jsme se rozhodli, Ze se vratime
k osvédéenemu jarnimu terminu. Ale jak na to? Vynechat jeden rok, nebo udélat dva
ro¢niky za sebou s jen pulro¢ni pauzou?

Rozhodli jsme se pro druhou variantu s tim, Zze termin dalsiho ro¢niku vyhlasujeme jiz
nyni, aby si prednasejici mohli vybrat, ktery termin jim Iépe vyhovuje. Tedy symposium
ODPADOVE FORUM 2026 se bude konat 24. — 26. 3. 2026 na stejném misté jako
v poslednich X letech, tedy v Hustopecich.

I kdyz oba ro¢niky symposia budou pokryvat celou Sirokou oblast priimyslové a
komunalni ekologie, zvolili jsme pro tyto dva kratce po sobé konajici se ro¢niky po trech
zvyraznénzych tématech. Ale zduraznuji, zvyraznéna témata neznamenaji tematické
zuzeni daného ro¢niku symposia, jen pomoc resitelim takto zamérenych projektu, ktery
roc¢nik si vybrat, pokud jim jinak terminové vyhovuji oba.

Pro letosni roénik 2025 to jsou ODPADY ZEA PRO STAVEBNICTVI (ndvrat
k osvédéenému tématu z roéniku 2023), OEEZ A ODPADY Z ELEKTROPRUMYSLU a
ODPADNI TEXTIL. Vice v pozvénce na konci tohoto é&isla.

Pro symposium ODPADOVE FORUM 2026 jsme pak jako zvyraznéna témata zvolili
POTRAVINARSTVI NA CESTE K UDRZITELNOSTI jako reakci na tuspéch loriské
stejnojmenné konference), MATERIALY ZE ZPRACOVANI AUTOVRAKU A ODPADY
Z AUTOMOTIVE a PRUMYSLOVE ODPADNI VODY.

Casopis WASTE FORUM bude tradiéné medialnim i odbornym garantem obou roénikt
a ma mali¢kost jejich programovym garantem.
Ondrej Prochazka

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, ¢islo 1, strana 3



Pro autory

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

Do redakce se pfispévky zasilaji v kompletné zalomené podobé se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému c&lenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro_autory. Ve snaze dale rozSifovat okruh moznych recenzentll zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmeé 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 prispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzdvérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. dubna 2025, dalsi pak 8. ¢ervence 2025.

For authors

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

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

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

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

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

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

The deadline of the next issue is on April 8, 2025, more on July 8, 2025.
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Summary

In recent decades, global food industry waste has significantly increased, with food waste categorized
into human consumption and non-edible industrial by-products, including animal by-products. This study
aims to reduce these by-products by repurposing chicken tissue for gelatin extraction. The gelatin
extraction process from mechanically deboned chicken meat residues was optimized using food
enzymes, and the physicochemical and rheological properties of the gelatins were analyzed.
Temperature and extraction time, as independent factors, were examined using the Taguchi
experimental design. Under optimal conditions, the resulting gelatins exhibited high gel strength (196 —
353 Bloom) and viscosity (3.2 — 7.6 mPa-s), making them suitable for gelling agents in jelly
confectioneries. Furthermore, low Bloom-value chicken gelatins were used to create edible films, and
tests on their sorption and desorption behavior revealed temperature- and humidity-dependent
characteristics, with improved plasticity and reduced sorption hysteresis at higher temperatures. This
environmentally friendly processing technology for mechanically deboned chicken meat residues aligns
with zero-waste principles.

Keywords: animal by-products, gelatin, gelling properties, yield, surface properties, mechanically
deboned chicken meat residue, multi-stage extraction, sorption isotherms, films, jelly

Introduction

Two significant issues currently facing developed countries are the high level of food waste and the
increase in animal husbandry, both of which have significant environmental impacts. Addressing these
problems is essential for the planet's and its inhabitants' well-being.

Animal production and consumption contribute to increased greenhouse gas emissions (GHGES),
land use and degradation, water scarcity, nutrient pollution (e.g., acidification and eutrophication), the
use of fertilizers and pesticides, and food waste along the entire supply chain, which exacerbates climate
change and leads to further environmental deterioration, such as natural disasters, habitat and
biodiversity loss, and freshwater scarcity in food systems.*

The most significant portion of food waste comprises vegetables and fruits (39%), followed by dairy
products (17%) and meat (14%). In the European Union, nearly one-third of food produced for human
consumption is wasted annually.? Discarding food also wastes the water, energy, and labor invested in
growing, processing, packaging, and transporting it while increasing GHGES, eutrophication, cropland
use, and disposal costs." Besides food waste intended for human consumption, other types of waste are
not edible for humans. This summary will focus on a specific kind of inedible food waste: animal by-
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products (ABPs), specifically chicken deboner residues (CDRs), which are primarily generated in
slaughterhouses during meat production and can be further processed into high-quality, protein-rich
products such as gelatin. The reusage of these ABPs promotes the reduction of food waste and provides
new potential for the sustainable food industry.**

Poultry meat consumption continues to grow, with projections indicating an increase to 12,568 million
tons by 2033 (currently around 12,386 million tons), leading to a rise in the production of high-protein
ABPs.” In 2021, 677,200 tons of gelatin were produced from pork and beef. It is anticipated that the
consumption of gelatin will increase by 8% annually. By 2035, porcine and bovine gelatin production is
expected to be insufficient to meet global demand, making the production of gelatin from alternative
collagen sources desirable. Prioritizing the valorization of animal by-products from slaughterhouses will
be essential for managing solid waste. Additionally, porcine and bovine gelatin products are prohibited or
have limited permission in Jewish and Muslim areas, whereas poultry (chicken), fish, frog, and insect-
origin gelatins can be used without complications worldwide. Poultry gelatin is preferable to fish gelatin
due to its lack of unpleasant odor.®

The production of gelatin from CDRs is a relatively unexplored area, with only a few studies
conducted. Consequently, our research is pioneering in this field. Before delving deeper, it is essential to
define what CDRs are. CDRs are chicken parts obtained from chicken waste through mechanical
deboning operations. During this process, pressure is applied to separate the chicken meat from a slurry
of ground meat and bones in a mechanical deboner. The resulting waste material, CDRs, contains a high
percentage of bone, skin, and connective tissues, with its composition depending mainly on the raw input
material. Typically, CDRs consist of about 20% protein, of which approximately 30 — 40% is collagen.’

Collagen, the most abundant structural protein in animals and humans, constitutes about 30% of the
total protein content. It is primarily found in connective tissues, providing strength and flexibility. Although
collagen is indigestible by humans, gelatin, produced through the partial hydrolysis of collagen, is
a digestible, water-soluble, odorless, and transparent polypeptide with a high molecular weight. The
properties of gelatin are significantly influenced by factors such as the raw material, the age of the
animal, the type of collagen, the processing method, the tissue type, and the species involved. However,
gelatin consists of various collagen fractions and peptide chains, which differ in size and weight. These
variations contribute to gelatin's low melting temperature below 35 °C.%?

Gelatin is one of the most versatile biopolymers, and it is utilized across multiple industries due to its
properties. In the cosmetic industry, it is a gelling agent in products such as bath salts, shampoos,
sunscreens, body lotions, hair sprays, and facial creams. In the food industry, gelatin is used as
a gelling, foaming, clarifying, and stabilizing agent in canned meats, wine and beer brewing, and
confectionery items like fruit salads, ice cream, foam, and cottage cheese. Its film-forming capability
allows it to be used as a coating material or edible film to extend the shelf life of products. They enhance
the quality of tropical fruits, berries, and vegetables by reducing weight loss, preventing color changes,
slowing respiration rates, controlling ethylene production, and delaying ripening. This approach has
gained significant attention recently, driven by the growing interest in healthier food options and dietary
habits. In the medical and pharmaceutical sectors, gelatin is employed in soft and hard capsule shells,
hydrogels, nano microsphere containers, nanofibers, absorbable sponges, pharmaceutical additives,
matrices for intravenous infusions, injection drug delivery microspheres, implants, and cell
transplantation carriers. Emerging medical applications include using ink for 3D/4D printing, tissue
engineering, and gelatin-based 3D scaffolds. In the photographic industry, gelatin is an adhesive additive
to silver salts. In forensic science, gelatin is applied as a gelatin-lifter for shoe print lifting, fabric imprints,
and fingerprints.'**

The processing of collagen comprises a sequence of technological steps like chemical, thermal,
physical, and mechanical techniques. These various treatments affect the properties of the nascent
collagen, such as its solubility, physical stability, DNA content, and colony-forming units. The chemical
extraction of gelatin through partial acid-controlled hydrolysis of collagen is known as type A gelatin,
while partial alkaline-controlled hydrolysis produces type B gelatin. Traditional acid and alkaline
hydrolysis methods are slow, costly, energy- and water-intensive, and significantly impact the
environment.®*?
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In contrast to chemical agents such as alkalis and acids, enzymes are more environmentally friendly
because they are biodegradable and do not produce unwanted by-products. Additionally, they are cost-
effective by reducing production expenses and helping achieve the desired functional properties of
gelatin. During enzymatic protein hydrolysis, proteins are broken down into soluble forms through the
catalytic action of proteases. Commonly used enzymes include industrially produced microbial enzymes,
animal enzymes like trypsin and pepsin, and plant enzymes such as papain.®

Aims of the study

Our research team has been focusing on minimizing the volume of inedible ABPs in the food industry
by exploring the potential of a lesser-studied ABP—the CDRs, as an alternative secondary raw material
for gelatin production.

The first goal of this paper was to prepare gelatins from CDRs using biotechnological methods.
Secondly, to test the gelling and surface properties of prepared gelatins. These most critical
physicochemical properties are the gel strength (GS), yield (Y), dynamic viscosity (DV), ash content
(AC), gelling point (GP), melting point (MP), water-holding capacity (WHC), fat-binding capacity (FBC),
foaming capacity (FC), foaming stability (FS), emulsifying capacity (EC), and emulsifying stability (ES).
Gelatin yield was also determined, as it is a key factor in calculating the overall financial viability of
gelatin production.® Further, high Bloom-value gelatin was tested for the preparation of jellies. Finally,
low Bloom-value gelatin film preparation and testing of their sorption characteristics were conducted.

Methodology

The raw material underwent analysis to determine its moisture, ash, protein, and lipid content.
Moisture and ash levels were measured gravimetrically*®, with ash content specifically assessed after
sample incineration™. Lipid content was quantified using Soxhlet extraction®®, while nitrogen content was
evaluated using the Kjeldahl method®’.

Our study utilized an innovative biotechnological approach that involved conditioning collagen with
a microbial endoproteinase (Protamex®) at 0.4% addition (based on the dry collagen weight) in the case
of jelly production and at 0.5% addition in the case of edible film preparation. Protamex® is a versatile,
cost-effective Bacillus-based protease that efficiently breaks down collagen under milder conditions (pH
55 — 7.5, low temperature) without excessive degradation while minimizing short-chain peptide
formation and meets JECFA and FCC food-grade standards. The enzyme conditioning was followed by
a three-step hot-water extraction to control collagen's chemical and thermal denaturation for gelatin
preparation. The three-step extraction is preferred to obtain a higher yield of gelatin.'**

In the case of CDR gelatin aimed to prepare jelly, the experiments were designed using the Taguchi
method with two factors at three levels: factor A represented extraction time (20, 40, and 60 minutes) at
the 2" fraction, and factor B represented extraction temperature (60 + 0.2 °C, 64 + 0.2 °C, and 68 +
0.2 °C) at the 2™ fraction. The 1% fraction was extracted at 56 + 0.2 °C for 2 minutes and then 85 +
0.3 °C for 7 minutes, while the 3rd fraction was extracted at 80 + 0.3 °C for 60 minutes. The tenth
experiment was a control, conducted without enzymes.*®

Gelatin's properties were analyzed using methods including gel strength measurement at 6.67%
concentration by depressing the solution by 4 mm, dynamic viscosity calculation at 60 °C + 0.5 °C based
on flow time, yield determination as a percentage of gelatin weight relative to defatted raw material, and
additional tests for pH in a 1-2% solution and ash content through gravimetric analysis after burning the
sample.’® The prepared jellies were evaluated through sensory testing to compare their key
characteristics with commercially available products. Thirteen lay assessors, aged between 26 and 65
and all from Central Europe, participated in the evaluation. They assessed the jellies on the following
attributes: 1) appearance, 2) chewiness, 3) color, 4) aroma, 5) taste, and 6) overall acceptability. The
sensory attributes were rated on a 7-point scale, where 1 indicated "I extremely like this product" and
7 indicated "I extremely dislike this product.”
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To prepare edible films from CDR gelatin, a three-step extraction process was employed with the
following parameters: the first fraction was extracted at 60 £ 0.2 °C for 3 minutes, followed by 85 + 0.3 °C
for 7 minutes; the second fraction was extracted at 70 + 0.3 °C for 60 minutes, then at 85 + 0.3 °C for
7 minutes; and the third fraction at 80 + 0.3 °C for 60 minutes.*®

Gelatin films from each fraction were prepared using the solution casting method. The gelatin
samples were dissolved in water to prepare a 14% concentration solution, poured into 70 x 125 mm?
film-shaped molds, and dried in an oven at 35 + 0.7 °C. The water content of the fiims was measured
using Karl Fischer Titration. Water activity (a,) was determined using an equilibrium moisture content
equation (1), adapted for the Modified Halsey model to analyze gelatin films' sorption and desorption
behaviors. These measurements were conducted at temperatures ranging from 20 to 40 °C and relative
humidity (RH) levels from 40 to 75%, increasing in 10% RH steps, with an equilibration time of 240
minutes at each step. For desorption studies, the process was conducted in reverse. The gelatin films
were placed on aluminum trays during the experiments to ensure no overlap between samples.

1
_ [exp (a-bT)]c
Xe = [ -In (ay,) ] (1)
Where X, Is the equilibrium moisture content (%), aw is the water activity (decimal), T is the
temperature (°C), and a, b, and c are coefficients that depend upon the product.”

Results and discussion

Parameters of gelatin preparation

The CDR raw material consists of 38.15% dry matter, with its composition based on dry matter
including 28.59% ash, 25.97% lipid, 6.45% nitrogen, 40.31% total protein (calculated as nitrogen content
x 6.25), and 68.3% collagen within the total protein content.

The main properties of gelatin that we tested and evaluated included Y on dry matter content, GS,
DV, FC, FS, GP, MP, AC, WHC, FBC, EC, ES, and temperature interval of viscous state. Among these
properties, GS is the primary attribute that most significantly indicates the quality of gelatin. The obtained
results are presented in Table 1. Some parameters could not be measured due to the lack of a gelatin
sample. The data were statistically processed and analyzed at a 95% significance level.*?

Properties of gelatin jelly production

The obtained results identified two optimal conditions: the highest yield with a Bloom value suitable for
the confectionery industry (260 Bloom) and the highest Bloom value gelatin fraction. The highest yield
was achieved in the 9" experiment (68 °C extraction temperature and 60 minutes extraction time), where
the Bloom value in the 2" fraction was 289 Bloom, and in the 3" fraction, it was 268 Bloom. The highest
Bloom value was obtained in the 2™ fraction of the 8™ experiment (68 °C extraction temperature and 40
minutes extraction time), with a value of 341 Bloom.*

Figure 1: The prepared gelatin gels, from left to right: 7th experiment third fraction,
5th experiment second fraction, 5th experiment third fraction, 7th experiment second fraction,
2nd experiment second fraction, 1st experiment third fraction, and 4th experiment second
fraction.™
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Table 1: Parameters of all 2nd and 3rd gelatin fractions in each experiment: gel strength (GS),
yield (Y), dynamic viscosity (DV), water-holding capacity (WHC), fat-binding capacity (FBC),
emulsification capacity (EC) and stability (ES), ash content (AC), foaming capacity (FC) and
stability (FS), gelling point (GP), melting point (MP), and temperature interval of viscous state.
Some parameters could not be measured due to the lack of a gelatin sample. The 1% fractions did
not form a gel and were therefore not tested.*

52 |s2| E 7| 25 | B _| |2l ol sl m|55E
22 |25 8 R e e I B Bl I I
1‘; 2" 208 | 254 | 3.2 - 6.9 | 433 | 96.2 - - - 156 | 35.2 19.6
z[gom%] 3" 231 | 451 | 5.0 - 7.2 | 46.6 | 945 - - - 22.1 | 355 13.4
20- 2" 241 | 3.67 | 3.6 - 7.7 | 48.1 | 98.1 - 54 12 18.9 | 35.0 16.1
AEgOm%] 3" 297 | 536 | 6.9 | 33.2/83 | 50 | 441 96.2 - 60 4 222 | 34.2 12.0
30- 2" 334 | 9.02 | 45 | 384/96 | 46 | 441 |100.0| 0.01| 36 2 19.9 | 37.8 17.9
égomicr{] 39 | 281 | 650 | 5.6 | 36.8/9.2 | 4.2 | 458 | 926 | - 52 2 | 228|372 14.4
4°- 2" 217 | 310 | 3.9 - 54 | 456 |100.0| - - - 21.8 | 36.4 14.6
2[g4m%] 3" 295 | 480 | 7.6 | 324/81 | 53 50 | 94.7 - 42 0 23.8 | 34.6 10.8
5°- 2" 256 | 536 | 4.1 | 37.2/93 | 56 | 44.8 |100.0| - 32 0 19.9 | 37.0 171
4{84m%] 3" 200 | 761 | 44 | 41.6/10.4| 7.6 | 45.8 |100.0| - 36 0 199 | 354 155
60- 2" 278 | 705 | 49 | 376/9.4 | 7.8 | 45.8 |100.0| - 50 4 21.8 | 353 135
éﬁ“mﬁ;] 39 | 267 | 733 | 7.2 | 389/9.7 | 83 | 439|1000/ - | 30 | 0 | 237|355| 118
70- 2" 271 | 564 | 4.4 37.7/93 | 88 | 475 | 96.4 - 42 0 19.3 | 375 18.2
z[gSm%] 3" 217 | 7.89 | 4.4 30.9/7.7 | 7.6 | 46.6 | 92.6 - 40 0 19.1 | 35.7 16.6
8(; 2" 341 | 536 | 45 39.3/9.8 | 95 | 456 | 96.2 - 44 4 209 | 323 114
AE?)SmCi;r;] 3" 274 | 6.76 | 5.0 242/6.1 | 8.7 | 46.6 | 98.1 - 44 2 20.2 | 355 15.3
9(; 2" 289 |1156| 3.4 34.3/8.6 | 81 | 448 | 96.2 | 0.004| 42 4 18.0 | 344 16.4
égSmcii;] 3" 268 | 7.05 | 4.0 21.7/54 | 7.7 | 448 |100.0| - 44 4 224 | 32.8 10.4
19- 2" 304 | 5.07 | 42 | 36.0/9.0 | 6.2 | 46.6 | 96.3 - 46 2 20.6 | 35.5 14.9
4‘584m%] 3" 308 | 817 | 55 | 30.3/76 | 7.9 | 448 | 96.2 - 46 0 188 | 32.4 13.6

Parameters of gelatin jellies

The average results of each sample sensory results are shown in Table 2. Sample A was the jelly
made from 260 Bloom porcine skin gelatin in a bottom-like shape; sample B was also from 260 Bloom
porcine skin gelatin in a sea creature form; sample C was made from 289 Bloom CDR gelatin (9™
experiment, 2™ fraction) in a bottom-like shape; and sample D was made from 268 Bloom CDR gelatin
(9™ experiment, 3 fraction) in a bottom-like shape, shown in Figure 2.
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Table 2: The arithmetic average results of sensory testing of each sample at each criterion.*

Jelly Appearance Chewiness Color Smell Taste OveraI_I .
acceptability
A 2.3 2.8 1.8 2.9 2.5 2.4
B 1.7 2.9 1.8 2.2 2.5 2.3
C 4.8 2.7 4.5 3.8 3.1 3.8
D 4.8 4.6 4.3 3.9 35 4.8

2
[

Figure 2: Samples: A) sample was the jelly from 260 Bloom porcine skin gelatin in a bottom-
like shape; B) sample was also from 260 Bloom porcine skin gelatin in a sea creatures form;
C) sample was made out of 289 Bloom CDR gelatin in a bottom-like shape; and D) sample was
out of 268 Bloom CDR gelatin in a bottom-like shape.*®

Parameters of gelatin film production

The parameters of the gelatin films are summarized in Table 2. The samples' initial water activity (aw)
ranged from 0.38 to 0.40, with moisture content (measured at 103 °C for 4 — 5 hours) between 10 and
12%. The gel strength of the samples varied from 20.2 to 76.3 Bloom.®

Thickness is a critical characteristic of edible films, as it significantly influences coated food products'
biological properties and shelf life. The thickness for edible films must be under <0.30 mm.** The water
content in food influences its stability, appearance, texture, and taste and plays a critical role in
controlling microbial growth. Edible films with low water content are more effective in minimizing damage
and extending the shelf life of food products.

Table 3: The properties of each type of edible film.

Parameters Fraction 1 Fraction 2 Fraction 3
Weight (mQ) 9.6+0.3 9.2+0.3 9.2+0.3
Thickness (mm) 0.28 £ 0.03 0.27 £ 0.02 0.30 £ 0.04
Area (mm?) 33+3 32+4 31+3
Water content (%) 10.0 £ 0.02 12.0£0.03 11.0£0.02
Gel strength (Bloom) 20.2+£0.5 76.3+1.0 50+ 0.8
Dynamic viscosity (mPa-s) 1.62+0.03 1.96 £+ 0.03 2.33+0.04
Melting point (°C) 29105 33.2+0.6 29.8 £ 0.05
Gelling point (°C) 156+ 0.3 15.2+0.3 13.3+04
Water activity (decimal) 0.38 0.40 0.40

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 10



Orsolya BYSTRICKY-BEREZVAI, Pavel MOKREJS, Libor CERVENKA, Tereza NOVOTNA, Robert GAL, Jana
PAVLACKOVA: Valorization of Chicken Deboner Residues: Gelatin Extraction and its Application for Jellies and Films

Tables 4 and 5 show that the moisture content of the samples never exceeded 23% of the equilibrium
moisture content, which is considered an acceptable level of water content for edible films.?> Thus,
according to the statistical results, the Modified Halsey model was used to represent the results due to
the high protein content of the gelatin samples.***

Table 4: The kinetic parameters for moisture adsorption of chicken gelatin from 75 to 40% of
RH. Equilibrium moisture content: equilibrium moisture content at 75% RH; k: rate constant; Half-
time: time to adsorb half of the total moisture content; Span: the difference between the initial
and final moisture content of the sample (at 40 and 75% RH).

Moisture adsorption Fraction 1 Fraction 2 Fraction 3
20°C | Equilibrium moisture content (%) 19.90 + 0.03 20.36 + 0.06 19.9+ 0.1
k (min™) 0.0109 + 0.0002 | 0.006 £ 0.0001 | 0.0037 £ 0.0002
Half-time (min) 63.6 1155 187.3
Span 7.5 7.8 7.2
30°C | Equilibrium moisture content (%) 20.54 + 0.05 22.0+0.1 20.7 £ 0.1
k (min™) 0.0186 + 0.0005 | 0.0142 £ 0.0006 | 0.01 £+ 0.0005
Half-time (min) 37.3 48.8 69.3
Span 8.3 9.9 8.6
40°C | Equilibrium moisture content (%) 21.4+0.1 22.67 +0.06 21.85 + 0.06
k (min™) 0.047 + 0.003 0.039 + 0.001 0.045 + 0.002
Half-time (min) 14.8 17.8 15.4
Span 9.6 10.9 10.2

Table 5: The kinetic parameters for moisture desorption of chicken gelatin from 75 to 40% of
RH. Equilibrium moisture content: equilibrium moisture content at 75% RH; k: rate constant; Half-
time: time to adsorb half of the total moisture content; Span: the difference between the initial
and final moisture content of the sample (at 40 and 75% RH).

Moisture desorption Fraction 1 Fraction 2 Fraction 3
20°C | Equilibrium moisture content (%) 16.25 + 0.06 16.18 £ 0.09 15.98 + 0.07
k (min™) 0.071 £ 0.004 0.065 £ 0.004 0.061 £ 0.003
Half-time (min) 9.8 10.7 114
Span 3.8 4.3 3.8
30°C | Equilibrium moisture content (%) 14.57 £ 0.06 14.7 £ 0.1 14.3+£ 0.1
k (min™) 0.092 + 0.005 0.086 + 0.005 0.06 £ 0.004
Half-time (min) 7.5 8.1 11.6
Span 5.8 7.1 6.0
40°C | Equilibrium moisture content (%) 13.21 £ 0.09 13.3+0.1 12.9+ 0.1
k (min™) 0.115 £ 0.005 0.10 £ 0.005 0.103 £ 0.005
Half-time (min) 6.0 6.9 6.7
Span 8.1 9.1 8.8
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Figure 3: Sorption properties of each fraction at each temperature between 0.4 and 0.9 RH.
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The adsorption and desorption behaviors of the samples were significantly influenced by temperature.
Adsorption rate constants (k) increased with temperature for all samples, and the Span parameter
indicated more significant moisture adsorption at higher temperatures. At 20 °C, Fraction 1 exhibited the
fastest adsorption rate, followed by Fractions 2 and 3. This trend was also observed at 30 °C, but at
40 °C, the rate constants became similar across all samples. Moisture desorption was faster than
adsorption for all samples and at all temperatures, with desorption rates generally increasing with
temperature. However, for Fraction 3, the desorption rate remained constant at 20 °C and 30 °C and
increased only at 40 °C. Differences in desorption rates between samples were minimal at a given
temperature.

At higher relative humidity (RH) values (0.8 — 0.9), Fraction 2 adsorbed significantly more moisture at
30 °C and 40 °C than the other samples. In contrast, adsorption rates were similar across samples at RH
levels of 0.4-0.7, with isotherm crossovers occurring at higher RH, where adsorption increased with
temperature (shown in Figure 3 A), B), and C)). Fractions 1 and 2 showed consistent isotherm behavior
across all temperatures, while Fraction 3 demonstrated a unique rebound in adsorption at 40 °C.

Sorption hysteresis, characterized by incomplete moisture desorption, was observed across all
samples. The hysteresis effect decreased with increasing temperature and was almost negligible at
40 °C. This behavior is likely due to temperature-induced plasticity in the material, reducing the formation
of microstructural gaps that trap water molecules during adsorption. Aguirre-Alvarez et al. also found the
same phenomena in the case of bovine gelatin (gel strength 225 Bloom), pig skin gelatin (gel strength
270 Bloom), fish gelatin (gel strength 260 Bloom), and poultry gelatin (gel strength 240 Bloom) and Fikry
et al. in case of whitefish skin gelatin at 25 °C, 35 °C, and even at 45 °C.***

Conclusion

Our study underscores the promising potential of CDRs as an alternative raw material for gelatin
production, offering comparable properties to conventional gelatin. Using biotechnological methods, we
successfully produced gelatins with desirable physicochemical properties suitable for various
applications. Optimal extraction conditions led to high-quality gelatin, with a gel strength of up to 341
Bloom, demonstrating the viability of CDRs in various industries as pharmaceuticals (for nano- and
microsphere containers and hydrogels), medicine (as an encapsulating material for drugs or chemicals),
and food (for jellies, gelatin desserts, and meat emulsions). Sensory testing on jellies confirmed its
potential in the food industry. However, a higher Bloom value (>260) is needed for texture comparable to
candies produced with the use of commercial (pig or bovine) gelatins. A higher enzyme concentration
revealed that slight changes in protease dosage significantly impact collagen structure, yielding lower
molecular weight gelatin with reduced gel strength and viscosity, which is suitable e.g., for edible film
production. Low-Bloom CDR gelatin films showed temperature- and humidity-dependent behavior, with
enhanced plasticity and reduced sorption hysteresis at higher temperatures. Utilizing even the lower-
Bloom value gelatins contributes to a circular economy, reducing inedible ABPs and providing
a sustainable, financially viable alternative to traditional gelatin sources. Our findings suggest that CDRs
could play a significant role in gelatin substitution, offering a more sustainable approach to gelatin
manufacturing and reducing its environmental footprint.
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Souhrn

V poslednich desetiletich doSlo k vyznamnému narastu odpadd v celém potravinafském sektoru.
Odpad z potravin se rozdéluje na odpad pro lidskou spotfebu a na nepoZivatelné pramyslové vedlejsi
opétovnym vyuZzitim kufeciho odpadu na extrakci Zelatiny. Proces extrakce Zelatiny ze zbytk( po vyrobé
strojné oddéleného kurfeciho masa byl optimalizovan pouZitim potravinafského enzymu; byly
analyzovany fyzikalné-chemické a reologické viastnosti ziskanych Zelatin. Teplota a doba extrakce byly
zkoumany jako nezavislé faktory Taguchiho experimentalnim schématem. Za optimalnich podminek
ziskané Zelatiny vykazovaly vysokou pevnost gelu (196 — 353 Bloom) a viskozitu (3,2 — 7,6 mPa-s), coz
je &ini vhodnymi pro pouZziti jako gelaénich &inidel, napf. pfi vyrobé Zelatinovych cukrovinek. Zelatiny
s nizkou pevnosti gelu byly pouZity k pripravé jedlych filmd, pricemz testy jejich sorpéniho a desorpcniho
chovani odhalily teplotné a vihkostné zavislé viastnosti; pri vy$Sich teplotach doslo ke zlepSeni plasticity
a snizeni sorpéni hystereze. Environmentalné Setrna technologie zpracovani zbytki po vyrobé strojné
oddéleného kufeciho masa na Zelatiny je v souladu s principy obéhového hospodarstvi s minimalizaci
nevyuzitych produkti vzniklych v prabéhu technologického zpracovani.

Kliéova slova: vedlejsi produkty ZivocCiSného puvodu, Zelatina, Zelirovaci vlastnosti, vytéZnost,
povrchové vlastnosti, zbytek ze strojné oddéleného kufeciho masa, vicestupriova extrakce, sorpéni
izotermy, filmy, Zelé.
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Abstract

The incorporation of grape pomace into the preparation of innovative food products offers a promising
strategy for the valorization of wine industry by-products. This study aimed to develop long-life pastry
with the addition of grape pomace (Cabernet Franc) at levels of 5%, 10%, 15%, and 20%. The content of
micro- and macroelements in the pastries was determined using an atomic absorption
spectrophotometer. The concentration of potassium (K), calcium (Ca), magnesium (Mg), and sodium
(Na) were observed at concentrations 1692 — 3797 mg/kg, 323 — 5799 mg/kg, 89 — 132 mg/kg, and
317 -362 mg/kg DM, respectively. Among microelements, copper (Cu), zinc (Zn), manganese (Mn), iron
(Fe), chromium (Cr), nickel (Ni), and cobalt (Co) were observed at concentrations of 0.63 — 1.07 mg/kg,
2.40 —2.66 mg/kg, 3.10 — 3.84 mg/kg, 14.05 — 19.30 mg/kg, 0.10 — 0.41 mg/kg, <LOD - 0.06 mg/kg, and
<LOD -0.08 mg/kg DM, respectively. Lead (Pb) and cadmium (Cd) were detected in the ranges of
<LOD - 0.08 mg/kg and <LOD - 0.70 mg/kg DM, respectively. Based on these findings, the addition of
grape pomace at a 20% dose in durable bakery products demonstrates significant potential for the
sustainable utilization of wine industry waste. It also contributes to enhanced levels of health-beneficial
minerals in the final product, offering a valuable approach to producing nutritionally enriched food
products.

Key words: grape pomace; biscuits; minerals; heavy metals

Introduction

A diet abundant in fruits and vegetables plays a crucial role in preventing diseases associated with
oxidative stress. The risk of such diseases can be significantly mitigated by incorporating antioxidant
compounds, such as polyphenols, vitamins, and minerals, into the diet".

Grape pomace, a by-product of winemaking and an excellent source of health-promoting bioactive
compounds, offers a promising avenue for enhancing the nutritional value of innovative bakery products.
Incorporating grape pomace into these products not only supports a healthier diet and reduces the
prevalence of lifestyle-related diseases but also aligns with sustainability goals by repurposing waste and
minimizing environmental impact. Grape pomace is a valuable source of nutrients, including
carbohydrates, minerals, vitamins — particularly vitamin C — and both insoluble (cellulose,
hemicellulose) and soluble (B-glucans, pectins, gums) dietary fiber?. Castellanos-Gallo et al.’ report that
grape pomace is also rich in dietary fiber and polyphenolic compounds, such as anthocyanins, flavanols,
and stilbenes. Similarly, Echave et al.” highlight the presence of condensed tannins and resveratrol in
grape pomace. These bioactive compounds are associated with a range of potential health benefits,
including antioxidant, hypoglycemic, hypolipidemic, and anti-inflammatory activities, among others®.

In addition to bioactive compounds, grape pomace is a rich source of essential minerals®. Caponio et
al.” report that it contains a wide range of minerals, predominantly calcium, iron, zinc, potassium, and
manganese. Similarly, Machado et al.® identify grape pomace as an excellent source of potassium,
calcium, iron, manganese, and arachidic acid. Spinei and Oroian® also highlight that iron, potassium,
calcium, and copper are among the primary minerals present in grape pomace. Minerals play a vital role
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in various biochemical processes within the human body. Potassium, for instance, contributes to protein
and glycogen metabolism, regulates the body’s water balance, lowers blood pressure, and reduces the
risk of osteoporosis'®. Calcium, another significant mineral in grape pomace, is essential for bone and
tooth health, muscle contraction, and blood clotting™*.

The health-promoting properties of grape pomace make it a valuable ingredient for the development
of functional foods, whose consumption may provide specific health benefits to consumers. Therefore,
the aim of this study was to incorporate grape pomace into long-lasting bakery products and to evaluate
the levels of macro- and micro-elements in the final products.

Experimental part

The grape pomace, consisting of skins, pulp, and seeds, used in this study was derived from the
Cabernet Franc variety, sourced from the Slovak wine producer Tajna, s.r.o., whose vineyards are
situated in the Nitra wine-growing region of Slovakia. The grape marc was dried at 50 °C for four days
using a Memmert SF 110 dryer (Memmert GmbH, Schwabach, Germany) and subsequently
homogenized for 60 seconds at 25,000 rpm with an IKA A10 batch mill to achieve a particle size of
0.7 mm (20 mesh).

Durable pastry (control sample) was prepared using wheat flour, sugar, butter, and vanilla. Variants of
the pastry were then formulated by incorporating 5%, 10%, 15%, and 20% of the dried, homogenized
grape pomace. Baking was conducted at 150°C for 20 minutes. After cooling, the biscuits were
homogenized and prepared for subsequent analyses.

5% 10% 15% 20%

Figure 1: Biscuits with addition of grape pomace powder

Content of mineral elements was determined as described by Lidikova et al.®. A 1 g of sample was
mineralized in 10 ml of concentrated HNO; and 5 ml of concentrated HCIO using a MARS X-press
mineralization device (CEM Corp., Matthews, NC, USA). The mineralized sample was filtered through
quantitative filter paper (Filtrak 390, Munktell, GmbH, Barenstein, Germany). For the determination of K,
Ca, P, and Mg content, 2 ml of the filtered sample was diluted with distilled water to a final volume of
50 ml and analyzed against a blank solution using an atomic absorption spectrophotometer (VARIAN
AASpectra DUO 240FS, Varian Ltd., Mulgrave, VIC, Australia).

To measure P content, 1 ml of the filtered sample was diluted with 8 ml of a reagent solution
containing C¢HgOg, H,SO,, (NH,4),M00O,, and C,H,KO,Sb-5H,0, and deionized water was added to
afinal volume of 50 ml. The solution was analyzed against a blank using a UV/Visible Scanning
Spectrophotometer (Shimadzu UV-1800, Shimadzu, Kyoto, Japan).

For the determination of Fe, Cu, Zn, Mn, Co, Cr, and Ni, a 1 g sample was mineralized in 5 ml| of
concentrated HNO; and 5 ml of redistilled water using the MARS X-press mineralization device. The
mineralized sample was filtered (Filtrak 390) and diluted to 50 ml with distilled water. Elemental
concentrations were analyzed against a blank using an atomic absorption spectrophotometer (Varian
240FS, Varian Inc., Mulgrave, VIC, Australia). The contents of Pb and Cd were determined using the
Varian 240Z atomic absorption spectrophotometer.
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Mercury was analyzed using cold-vapor atomic absorption spectroscopy with a selective Hg analyzer
(AMA254, Al-tec, Prague, Czech Republic).

Statistical analysis was performed using XLSTAT software. To asses the normality of the data,
Shapiro-Wilk test was performed. Based on the normality of the data, analysis of variance (ANOVA) with
post hoc Tukey test, and Kruskal-Wallis test with post hoc Dunn test for was performed to determine the
differences between samples. Spearman correlation was performed to assess relationships between
individual mineral element contents. All analyses were performed in quadruplicate.

Results and discussion

The valorization of wine industry by-products, such as grape pomace, represents an effective strategy
for recovering bioactive compounds and minerals while reducing the environmental impact of industrial
waste. Due to its rich mineral profile, grape pomace can serve as a sustainable alternative source of
both macro- and micronutrients, enabling the development of novel functional foods with potential health
benefits for consumers™. Abouelenein et al.*® reported that grape production by-products exhibit high
concentrations of essential minerals, including calcium (Ca), magnesium (Mg), potassium (K), and
sodium (Na).

Table 1: Dry matter (%) and macro-element content (mg/kg) of biscuits with added grape pomace

Samples Dry matter K Na Ca Mg
(%) (mg/kg DM) (mg/kg DM) (mg/kg DM) (mg/kg DM)
Control 94.58+1.55 1692.8+88.5% 317.3+18.2° 325.3+22.5° 89.20+5.112
5% 94.06+1.98 | 2030.2+114.3% | 345.4+29.9" 323.1+12.8% 89.20+6.63%
10% 94.35+0.38 | 2805.5+155.8% | 323.6+33.3% 360.5+21.8% 94.40+9.11%
15% 94.50+1.02 | 3792.5+412.11° | 346.3+29.8" 457.1+33.5% 113.947.54%
20% 94.22+0.87 3797.0+285.4° | 362.6+14.8° 579.0+39.5" 132.8+8.6°

Values marked with different letters are statistically significantly (p < 0.05) different; values marked with bold are
statistically significantly (p < 0.05) higher than control

As shown in Table 1, the addition of 20% grape pomace to durable bakery products led to
a statistically significant increase in calcium (Ca) content. Cormick et al.** have also highlighted the
reutilization of wine by-products, particularly based on their Ca content. Calcium is a vital mineral
required for several physiological functions, including blood coagulation, cell division, and muscle
function.

When monitoring potassium (K) content, values ranged from 1692.8 to 3797.0 mg/kg, with the highest
level observed following the incorporation of 20% grape pomace. Similarly, the magnesium (Mg) content
reached its peak value (132.8 mg/kg) after the addition of 20% grape pomace. Magnesium is an
essential nutrient that plays a critical role in energy production, muscle contraction, protein synthesis,
bone growth, and blood pressure regulation®.

Sodium (Na) content in the bakery products enriched with grape pomace ranged from 317.3 to
362.6 mg/kg. The higher levels of potassium compared to sodium promote mineral balance and
contribute to the control of hypertension, as reported by Sousa et al.*®.

Incorporation of grape pomace into durable bakery products also led to an increase in the content of
microelements (Cu, Zn, Mn, Fe, Cr, Ni and Co). The results are presented in Table 2.
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Table 2: Micro-element content (mg/kg) of biscuits with added grape pomace

Cu Zn Mn | ke (mglkg | Cr(mglkg | Ni (mgikg | Pb Cd
Samples | (mg/kg (mglkg (mgl/kg DM% g Dlvf‘) g DIV?) g (mglkg (mglkg (mglkg
DM) DM) DM) DM) DM) DM)
Control 0631003 | 2.40+£0.032 | 3.10£0.192 | 15.45+1.11b | 0.10+0.012 <LODa <LOD» <LODa <LODa
5% 0.89+005*> | 2.58+0.0220 | 3.28+0.312 | 16.13£0.98> | 0.27+0.022 <LODea <LODe= <LODe <LOD=
10% 091+008> | 2.66+0.15° | 3.68+0.310 | 14.05+1.612 | 0.30+£0.03a0c <LODea <LODe= <LODea <LOD=
15% 0.92+0.05® | 2.65+0.21% | 3.73+0.250 | 19.30+1.11¢ | 0.35£0.21b< | 0.05£0.012 | 0.08+0.05° | 0.28+0.05¢ | 0.20+0.012
20% 1.07£0.09% | 2.60+0.15> | 3.84+0.28 | 19.20+0.78¢ | 0.41+0.21¢ | 0.06+0.01% | 0.07+0.03%> | 0.27+0.022> | 0.70+0.090

Values marked with different letters are statistically significantly (p < 0.05) different; values marked with bold are
statistically significantly (p < 0.05) higher than control; LOD — limit of detection

While certain minerals, such as potassium, calcium, and magnesium, showed clear increasing trends,
others did not follow a uniform pattern. This highlights the complexity of mineral behavior in food
matrices and suggests the need for further investigations into processing effects and interactions
affecting mineral retention. The observed increase in trace elements in durable bakery products is
a positive outcome, as the trace elements present in grape pomace have the potential to contribute to
meeting daily intake requirements®’. The incorporation of wine industry by-products into bakery products
has been widely explored**®*?, though the focus has predominantly been on enhancing the phenolic
compound content in the final innovative products.

In contrast, fewer studies have specifically addressed the impact of grape-derived products on the
mineral content of biscuits. Our findings align with those of Theagarajan et al.?® who reported that the 8%
addition of grape pomace to biscuits increased mineral content from 1.71 to 3.04%. Similar observations
were made by Poiana et al.?* who stated that the 25% addition of grape pomace led to increases in the
ash content of the products: from 1.84% (control) to a maximum of 2.29%. Giosué et al.”? documented
elevated mineral levels in biscuits enriched with grape pomace (from 1.2% in control samples to 2.1 and
2.0% in samples with addition of 30 and 20% of grape pomace respectively). Likewise, Oprea et al.?®
reported a significant increase in K, Ca, Mg, Cu, Fe, and Zn content when flour enriched with grape
pomace powder was incorporated into bakery products.

The addition of grape pomace may also influence the toxicological profile of the biscuits. Incorporating
15% and 20% grape pomace increased the lead (Pb) content to 0.28 and 0.27 mg/kg, respectively, while
cadmium (Cd) levels rose to 0.27 and 0.70 mg/kg at these concentrations. However, when considering
the average yearly consumption of biscuits and the tolerable weekly intake levels for Pb
(1.750 mg/person/week) and Cd (0.175 mg/person/week), the consumption of such biscuits can be
considered safe. Nonetheless, careful monitoring of the heavy metal content in grape pomace and its
potential cumulative effects is essential to ensure long-term food safety.
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Table 3: Correlations between contents of individual elements

K Na | Ca | Mg P Cu | Zn | Mn | Fe Cr Ni Co | Pb | Cd | Hg

K 1

Na [062] 1

Ca |088|072| 1

Mg |0.890.76|1.00| 1

P -0.61]0.11 |[-0.41/-0.38| 1

Cu 1080|079 |0.76 |0.76 |-0.38| 1

Zn 0.580.68 038|042 |-029/072| 1

Mn ]0.91]0.68[0.79|0.80|-0.63/0.87]082| 1

Fe 0.75/0.80|0.81]0.85]0.02|057]036|058]| 1

Cr 0.89]0.72|0.79]0.79 |-0.47|/0.97 | 0.67 | 0.88 | 0.62 | 1

Ni 0.90 | 0.66 | 0.94 | 0.95|-0.34|0.66 |/ 030 |0.70 091 |0.75] 1

Co 0.90]0.61]0.87|0.88|-0.33]/0.60]0.320.68/092]0.72]098| 1

Pb 091/063]0.89]0.91|-034/0.62|0.32|069]092]0.73]0.99]100| 1

Cd 0.7410.66 | 0.96 | 0.94 |1-0.29/0.70]0.18 0.63|0.7410.70]0.88 ] 0.76 |0.80| 1

Hg 091]0.72]0.97]0.96 |1-051/0.88]0.50]0.87]0.721089[088]080]083/092] 1

Values in bold are statistically significant (p < 0.05)

As showed in the Table 3, the correlation analysis revealed several strong relationships between
mineral contents in long-life bakery products with grape pomace addition. A highly positive correlation
was observed between potassium and magnesium (r = 0.89), calcium (r = 0.88), and manganese (r =
0.91), suggesting that grape pomace is a rich source of these elements and contributes significantly to
their increased presence in the final product. Similarly, copper correlated strongly with chromium
(r = 0.97), indicating similar distribution patterns within the matrix. Interestingly, phosphorus showed
aweak and negative correlation with potassium (r = -0.61), calcium (r = -0.41), and magnesium
(r = -0.38). This suggests potential interactions or competitive binding effects that may influence
phosphorus retention in the bakery matrix. In terms of safety considerations, lead, cadmium, and
mercury exhibited strong positive correlations with key minerals such as calcium (r = 0.89, r = 0.96,
r = 0.97, respectively) and magnesium (r = 0.91, r = 0.94, r = 0.96, respectively). This indicates that while
grape pomace enhances the nutritional profile, it may also introduce heavy metals that require careful
monitoring to mitigate potential health risks.

These findings underscore the need for further investigation into mineral bioavailability and potential
mitigation strategies for heavy metal accumulation in bakery products enriched with grape pomace.

Conclusion

This study demonstrated that incorporating grape pomace into long-life bakery products significantly
enhances their mineral profile. Among the macroelements, potassium, calcium, and magnesium
exhibited the most substantial increases, while microelements such as copper, zinc, and iron also
improved. However, developing food products with unconventional ingredients requires balancing
sensory appeal with nutritional benefits to meet consumer expectations. A key concern identified in this
study is the observed increase in heavy metals, particularly lead and cadmium, after grape pomace
addition. This finding highlights the need for careful selection, monitoring, and processing of grape
pomace to ensure food safety. While moderate inclusion levels appear promising, for industrial
applications, it is essential to investigate in more detail how to manage potential toxic effects associated
with long-term consumption. Addressing these concerns is crucial to ensuring regulatory compliance and
consumer safety.
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For food producers, optimizing the level of grape pomace inclusion is critical to maximizing nutritional
benefits while minimizing sensory and safety concerns. Future research should focus on improving the
bioavailability of beneficial minerals, refining processing techniques to reduce heavy metal content, and
conducting long-term risk assessments to support the safe and sustainable application of grape pomace
in food products.
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Vplyv pridavku hroznovych vyliskov na mineralny profil trvanlivych
pekarenskych vyrobkov

Judita LIDIKOVA, Natilia CERYOVA, Janette MUSILOVA, Alena VOLLMANNOVA,
Pavol TREBICHALSKY

Ustav potravinarstva, Fakulta biotechnolégie a potravinarstva, Slovenské polnohospodarska univerzita
v Nitre, Trieda Andreja Hlinku 2, 949 76, Nitra

Suahrn

Zaclenenie hroznovych vyliskov do pripravy inovativnych potravinarskych vyrobkov pontka sfubnu
stratégiu zhodnocovania vedlajsich produktov vinarskeho priemysilu. Cielom tejto Studie bolo vyvinat
trvanlivé pecivo s pridavkom hroznovych vyliskov (Cabernet Franc) v mnozstve 5 %, 10 %, 15 % a 20 %.
Obsah mikro- a makroprvkov v pecive sa stanovil pomocou atémového absorpéného spektrofotometra
(VARIAN AASpectra DUO 240FS/Z). Koncentracia draslika (K), vapnika (Ca), horéika (Mg) a sodika
(Na) sa pohybovala od 1692 do 3797 mg/kg, 323 do 5799 mg/kg, 89 do 132 mg/kg a 317 do 362 mg/kg
susiny. Z mikroprvkov sa zistili koncentracie medi (Cu), zinku (Zn), manganu (Mn), Zeleza (Fe), chromu
(Cr), niklu (Ni) a kobaltu (Co) v rozmedzi 0,63 — 1,07 mg/kg, 2,40 — 2,66 mg/kg, 3,10 — 3,84 mg/kg,
14,05 — 19,30 mg/kg, 0,10 — 0,41 mg/kg, <LD — 0,06 mg/kg a <LD — 0,08 mg/kg DM. Olovo (Pb)
a kadmium (Cd) boli zistené v rozmedzi <LD-0,08 mg/kg a <LD-0,70 mg/kg suSiny. Na zaklade tychto
zisteni pridavok hroznovych vyliskov v 20% davke do trvanlivého peciva preukazuje vyznamny potencial
pre udrZatelné vyuZitie odpadu z vinarskeho priemyslu. Prispieva tiez k zvy§enému obsahu zdraviu
prospednych mineralnych latok v koneénom vyrobku, ¢im ponuka cenny pristup k vyrobe nutriche
obohatenych potravinarskych vyrobkov.

Kruacové slova: hroznové vylisky; suSienky, mineralne latky; tazké kovy
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Abstract

The aim of the work was to prepare biscuits with 5, 10, 15 and 20% addition of grape pomace of the
Merlot variety obtained from a Slovak wine company. For comparison, a control sample without the
addition was also prepared. The amount of dry matter determined ranged in all samples at the level of ~
949%; the total fat content slightly increased due to the addition, with the lowest value in the control
sample (22.51%) and the highest in biscuits with 20% addition of pomace (24.07%). The total ash
content ranged from 0.23% (control) to 0.71% (sample with 20 % addition of pomace). The crude protein
content increased proportionally with the addition — the control sample showed a content of 5.97%, the
sample with a 5% addition had a content of 6.17%, the sample with a 10% addition had a content of
6.29%, the sample with a 15% addition had a content of 6.35% and the sample with a 20% addition had
the highest content - 6.41%. The addition of pomace caused an extension of the oxidative stability, which
is a positive indicator in terms of the shelf life of the biscuits. The control sample showed a stability of
18.35 hours, while the sample with a 20% addition had up to 35.46 hours. Significantly higher amounts
of mineral compounds were found in the biscuits with the addition, especially copper, zinc, manganese,
magnesium and iron. The content of the hazardous elements cadmium and lead in the control sample
and in the sample with the addition of 5 and 10% was not recorded. In the sample with the 15 and 20%
addition, the amounts were found at the level of 0.6 and 0.8 mg/kg, respectively, but these values are in
accordance with the legislation. From the sensory point of view, the biscuits were evaluated very well,
and the 15% addition appeared to be the best.

Key words: Merlot, ash, fat, crude protein, cereal products, sensory acceptance.

Introduction

The main by-products of the wine industry include grape pomace, grape seeds, grape stems, yeast,
and tartrate sediments. Grape pomace is the residual matter left after pressing fresh grapes, whether
they undergo fermentation or not. It is one of the most significant by-products in the wine industry and
consists primarily of the grape's weight, including the skins, seeds, and other solid components. This by-
product is a complex material made up of 30% neutral polysaccharides, 20% pectic substances, 15%
insoluble proanthocyanidins, as well as structural proteins and phenolic compounds.! Over the years, the
utilization of grape pomace has been largely inefficient. In recent years, it is estimated that only around
3% of the grape pomace produced is repurposed for animal feed, while other uses include waste-based
compost and potential applications in improving thermal insulation in building construction. Grape
pomace is produced in large quantities during the short grape harvest period, resulting in a high
concentration of by-products per unit of area.” Disposal methods like incineration or landfilling can be
harmful to the environment due to the phenolic compounds in pomace, which lower its pH and increase
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its resistance to biological degradation. Other environmental concerns include pollution of surface and
groundwater, unpleasant odors, the attraction of flies and pests that can spread diseases, and oxygen
depletion in soil and groundwater caused by tannins and other compounds.

With the growing consumer demand for natural over synthetic products and increased focus on
sustainable agricultural practices, there are a wide variety of potential applications for grape pomace.
These include functional foods (rich in dietary fiber and polyphenols), food processing (biosurfactants),
cosmetics (grape seed oil and antioxidants), as well as pharmaceuticals and dietary supplements (grape
pomace powder). According to Dwyer et al.® the market potential for grape pomace in Canada suggests
that if every gram of red pomace skin were sold, the potential profit could reach approximately 448
million euros. Additionally, if all grape seeds were used to produce oil, with each 750 mL bottle priced at
4.7 euros, the final profit could exceed 4 million euros. However, the market potential decreases when
a significant portion of the grape pomace is used to create compost, which is then recycled back into the
vineyard. Several food categories have successfully incorporated wine pomace products to enhance
their phenolic content. Cereal products, particularly bread and cookies, represent the category with the
highest number of applications, primarily using wine-pomace flours. Cookies made with seedless and
wine pomace flours received higher acceptability ratings compared to those made with seed flour, while
cereal bars were found to be an excellent option for incorporating grape seed flour. Other food products,
such as marmalade, candies, salad dressings, and tomato puree, have also been fortified with wine-
pomace ingredients. Additionally, a new functional seafood sausage was developed using meagre
(Argyrosomus regius), and red skin extracts were incorporated into tea infusions at varying
concentra4tions, ranging from 50% to 100%, to boost the phenolic profile and antioxidant activity of the
infusions.

Despite these advancements, a critical knowledge gap persists in understanding the full spectrum of
grape pomace's applications and its impact on food quality and safety. While several studies have
reported on the benefits of grape pomace in various food categories, comprehensive evaluations of its
bioactive compounds and their synergistic effects in food matrices remain limited. Moreover, the
economic viability of utilizing grape pomace across different sectors is not thoroughly explored,
especially in the context of sustainable practices within the wine industry.

In Slovakian market missing products with grape pomace addition, so the main aim of this study was
to prepare model biscuits with 5, 10, 15 and 20% grape pomace incorporation and subsequently
determined nutritional and sensory quality of these biscuits.

Material and Methods

Grape pomace from Merlot variety was obtained from private Slovakian wine company from area
Tajna (174 m.a.s.l.). Fresh pomace was dried in oven (Binder ED 56, Germany) 5 hours using
temperature 50 °C. Dry pomace was homogenized (IKA RCP-24, Germany) for final particle size
0.1 mm.

The biscuits were prepared in accordance with an old family recipe provided by one of the authors
(IvaniSova). The ingredients were purchased from local market and included white wheat flour, 00 extra,
beet sugar, butter, and vanilla. Each type of biscuits was made and baked separately. Altogether five
variants of biscuits were prepared: control sample, samples with 5%, 10%, 15% and 20%. After
kneading, the dough was allowed to rest for 60 min at +4 °C. The dough was rolled with a roller to obtain
a thickness about 6 — 7 mm. The desired shapes of biscuits were cut out of the dough and formed by
hand. The biscuits were baked at 150 °C for 20 minutes in oven (Miwe condo, Germany). After cooling
for 30 min, the biscuits were packed in polyethylene zipper resealable food bags and stored at +21 °C
and 50% relative humidity prior to the analyses of their nutritional and sensory characteristics.

All the chemicals used were of analytical grade and were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and CentralChem (Bratislava, Slovak republic).
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Dry matter, ash and protein were determined following the standard AACC method 08 — 01.° Nitrogen
content was measured by the semi micro-Kjeldahl method. Nitrogen was converted to protein using the
conventional factor of 5.7.

Fat content was determined with Ancom XT15 Fat Extractor (USA) in line with producer instructions —
the sample (1.5 g, W1) was weighted to special filter bag (XT4, Ancom, USA) and dried for 3 hours in an
oven (WTB, Binder, Germany) at 105 °C to remove moisture prior to the extraction. Samples were
placed in a desiccant pouch for 15 minutes, re-weighted (W2) afterwards, and extracted for 60 minutes
at 90 °C with petroleum ether. After the process, the samples were removed, dried in an oven at 105 °C
for 30 minutes, placed in a desiccant pouch and re-weighted (W3). Fat content (%) was calculated using
the following formula: [(W2-W3)/W1] x100.

The oxidative stability was determined in 892 Rancimat apparatus from Metrohm (Switzerland)
according to 1SO 6886:1997° utilizing a sample of 0.5+0.01 g. All samples were studied in temperature
120 °C, under a constant air flow (20 L/h). The induction times were printed automatically by apparatus
software with the accuracy of 0.005.

The analysis of mineral compounds was performed with Varian model AA 240 FS equipped with a D2
lamp background correction system using an air-acetylene flame (air 13.5 L/min., acetylene 2.0 L/min,
Varian, Ltd., Mulgrave, Australia). The results were compared with multielemental standard for GF AAS
(CertiPUR®, Merck, Germany). A 1 g of sample was digested with mixture of HNOg;: redistilled water
(1:1). Samples were digested in a closed vessel high-pressure microwave digester (MARS X-press,
USA) for 55 min. After cooling to room temperature, the suspension was filtered through Munktell filter
paper (grade 390.84 g/m? Germany) and diluted to 50 ml with distilled water. Then, the samples extracts
were subsequently analysed for Cd, Pb, Cu, Zn, Co, Cr, Ni, Mn, and Fe. The wavelengths at which the
heavy metals were analysed following the calibration process were as follows: Cd — 228.8 nm, Pb —
217.0 nm, Cu - 324.8 nm, Zn — 213.9 nm, Co — 240.7 nm, Cr — 357.9 nm, Ni — 232.0 nm, Mn —
279.5 nm, Fe — 241.8 nm.

The sensory properties of the prepared biscuits were determined by a taste panel consisting of 25
evaluators — certified trained panellists (in age from 25 to 65; 15 women and 10 men; STN EN ISO
8586:2023)". The panellists were asked to evaluate general appearance, flavour, taste, overall
acceptability, and aftertaste. A 9 — point hedonic scale was used to rate the samples, with scores ranging
from 9 (like extremely) to 1 (dislike extremely) for each characteristic. The sensory evaluation was
realized in professional sensory laboratory (AgroBioTech Research Centre, Slovak University of
Agriculture in Nitra) with accordance to ISO 11132:20215.

All experiments were carried out in triplicate and the results reported are the results of those replicate
determinations with standard deviations. The experimental data were subjected to analysis of variance
(Duncan's test), at the confidence level of 0.05, using software SAS.°

Results and discussion

The results of dry matter content in the tested samples (Table 1) ranged from 93.30% (samples with
a 10% addition) to 95.75% (samples with a 15% addition). All values were within the maximum limit for
biscuits, which is 8—10%. Biscuits belong to long shelf-life products; under good storage conditions, such
as in a dark, cold, and dry place, they can be stored for up to 6 months. In the study by Giosué et al.® the
dry matter content in biscuits enriched with grape pomace was like that in our study, at 94%. The ash
content (Table 1) was lowest in the control sample and increased linearly, with the highest value found in
biscuits containing 20% grape pomace. In the study by Giosuée et al.’® sweet biscuits with a 20%
addition contained a higher level of ash compared to our study, at 2%. This may be attributed to the
grape pomace, which varied in grape origin and recipe; they used soy milk as a different ingredient,
which influenced the ash content. The crude protein content (Table 1) across all tested samples was
comparable, with marginally increased levels noted at the 15% and 20% addition rates. These results
align with those reported by Giosué et al.’® who observed crude protein levels of 4.8% at the 20%
addition rate and 5.8% at the 30% addition rate in sweet biscuits. In contrast, Troilo et al.** reported
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a protein content of 9% in muffins enriched with 15% grape pomace, which is higher than our findings.
However, it is important to note that Troilo et al.** included milk in their recipe, which contributed to the
elevated protein values. Indeed, grape pomace, which is the solid remains of grapes after juice
extraction (including skins, seeds, and stems), has been identified as a valuable by-product in the food
industry. According to Kumar and Kumar® its richness in essential amino acids like lysine and
methionine makes it an attractive ingredient, particularly since these amino acids are often limiting in
various plant-based and animal-based foods. By incorporating grape pomace, food products can
potentially enhance their amino acid profiles, making them more nutritious without relying on traditional
sources like soy, which is expensive and can trigger allergies in some individuals™®.

Table 1: Results of total dry matter, ash and crude protein in analyzed biscuits

Sample Dry matter Ash Crude protein
[%] [%] [%]
Control biscuit 94.43 +0.11%° 0.25 +0.03° 5.97 +0.33°
B 5 % addition 95.39 +0.09? 0.42 +0.05° 6.17 £0.17°
B 10 % addition 93.72 +0.12° 0.56 +0.01° 6.29 +0.242
B 15 % addition 95.75 +0.13? 0.66 +0.05% 6.35 +0.122
B 20 % addition 93.96 +0.07° 0.71 £+0.022 6.41 +0.09°

B — biscuit; mean tstandard deviation; different letters in rows denote mean values that statistically differ one
from another

The total fat content in the samples varied between 22.51% in the control samples and 24.07% in the
samples with a 20% addition of grape pomace. This difference is not so statistically significant and can
be attributed to the main fat source in the biscuits, which is derived from the butter used in the
formulation. While grape pomace is generally known to contain between 5% and 10% fat, Pop et al.**
reported values exceeding 20%. This variability in fat content highlights that the fat percentage in grape
pomace can be greatly influenced by the specific variety used. The oxidative stability of fatty products is
crucial, as highlighted in Table 2. Grape pomace has been shown to significantly enhance this stability.
For instance, the control sample exhibited an induction time of only 18.35 hours. However, as the
percentage of grape pomace added increased, there was a linear increase in oxidative stability, with the
highest stability observed in samples containing 15% and 20% grape pomace. This improvement is
largely attributed to the bioactive compounds present in the pomace, particularly those from the
polyphenol family. According to Antonié et al.®> many polyphenols remain in grape pomace following the
processing of grapes due to incomplete extraction. The primary polyphenolic compounds found in this
by-product include anthocyanins (which are present only in red grape pomace), catechins, flavonol
glycosides, phenolic acids, and alcohols. Together with dietary fibers, these phenolic compounds are
among the most valuable constituents of grape pomace, known for their health benefits, including the
promotion of intestinal health and the prevention of chronic diseases and cancer. Numerous studies
have demonstrated the strong antioxidant potential of polyphenols, making them effective agents for
food preservation through the inhibition of lipid oxidation and their antibacterial properties. Enhancing
oxidative stability is a critical technological parameter, and grape pomace can serve as a functional
ingredient not only in biscuits but also in fatty animal products, which are particularly susceptible to
oxidation.®

Table 2: Results of total fat content and oxidative stability in analyzed biscuits

Sample Fat Oxidative stability
P [%] [h]
Control biscuit 22.51 +0.22° 18.35 +0.34¢
B 5% addition | 22.61 £0.23° 18.74 +0.32¢
B 10 % addition | 23.69 +0.12° 21.25 +0.15°
B 15 % addition | 23.79 +0.32° 32.37 +0.23°
B 20 % addition | 24.07 £0.12?2 35.46 +0.122

B — biscuit; mean tstandard deviation; h — hours; different letters in rows denote mean values that statistically
differ one from another
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Table 3: Mineral compound composition in analyzed biscuits

Sample mg/kg :
Cu Zn Mn Fe Cr Ni Co Pb Cd

Control 063 | 240 | 310 | 1545 | 010

biscuit +0.02° | +0.12° | +0.11¢ | 0.22° | +0.02¢ | ND ND ND ND

B5% 089 | 258 | 328 | 1613 | 027
addition | +0.01® | £0.11% | £0.09° | +0.23° | +0.01¢ | NP ND ND ND
B 10 % 091 | 261 | 368 | 17.05 | 030
addition | +0.08 | £0.09* | £0.07° | +1.22° | z0.01% | NP ND ND ND
B 15 % 092 | 265 | 373 | 1930 | 035 | 005 | 008 | 028 | 020
addition +0.09% | +0.08% | +0.02° | +0.76% | +0.02° | +0.01® | +0.22% | +0.05% | +0.02b
B 20 % 107 | 266 | 384 | 1920 | 041 | 006 | 007 | 027 | 0.70
addition | +0.02* | £0.12° | +0.02* | +1.33° | +0.03% | +0.01* | +0.22% | +0.07* | +0.04a

B — biscuit; mean xstandard deviation; ND — not detected; different letters in rows denote mean values that
statistically differ one from another

The addition of grape pomace to biscuits significantly enhances their mineral content, particularly
increasing levels of essential nutrients such as copper, manganese, iron, and chromium. The most
prominent improvements in mineral content were observed at 15% and 20% inclusion rates of grape
pomace. This is particularly beneficial for vegan consumers, who are often at risk of anaemia due to
insufficient iron intake. Importantly, while these higher percentages also introduced trace amounts of
nickel, cobalt, lead, and cadmium, all detected levels remained within the legal limits as stipulated by
Slovak food regulations®’, underscoring the safety of consuming these enriched biscuits. Heavy metals
like lead, mercury, arsenic, and cadmium are typically recognized as systemic toxicants, posing health
risks both in acute and chronic scenarios. Consequently, food contamination with such harmful metals is
a significant concern that necessitates regulatory oversight. Research by Antoni¢ et al.™ highlights the
variability in essential mineral compounds found in grape pomace, with iron levels reported to range from
5 mg to over 5468 mg per 100 g, and zinc levels spanning from 2 mg to 2254 mg per 100 g. These
minerals contribute not only to dietary nutrition but also play a vital role in enhancing antioxidant
potential, which is beneficial for overall health. Additionally, grape pomace serves as an excellent source
of potassium, with concentrations reaching up to 3157 mg per 100 g. Potassium is crucial for
cardiovascular health, as it helps lower blood pressure and mitigates the risk of osteoporosis by reducing
urinary calcium excretion. Thus, incorporating grape pomace into food products like biscuits may
represent a strategic approach to improving dietary mineral intake while ensuring safety and regulatory
compliance.®

The sample with 15% grape pomace addition received the best score compared to other samples
containing grape pomace. When evaluating the aroma, the evaluators were asked to assign a score from
a range of 1 to 9, where a maximum of 9 points indicated an excellent, balanced, and pleasant smell.
The best aromas were found in the samples with 15% and 20% grape pomace. Regarding taste, the
biscuits with 15% grape pomace were rated as the best, followed by the samples with 5% and 10%. The
sample with 15% grape pomace also achieved the highest score for overall acceptability, receiving
8 points (Figure 1). Generally, the samples (Figure 2) containing grape pomace were considered
acceptable, though some evaluators detected foreign tastes and aromas reminiscent of herbs or
bitterness. Conversely, some evaluators appreciated the nice fruity smell and taste of the samples with
grape pomace. Overall, it can be concluded that the biscuits, particularly those with 15% grape pomace,
were evaluated very positively, indicating that Slovakian consumers accept grape pomace in innovative
food products. In a study by Giosué et al.'® biscuits with 20% and 30% grape pomace, as well as
a control sample without any addition, were evaluated. The grape pomace biscuits were characterized
by more pronounced winy and red fruit aromatic and olfactory notes, while the control sample displayed
stronger oily notes. The control sample also exhibited a more pronounced biscuit flavor and sweetness,
whereas the grape pomace biscuits were notable for their bitterness and acidity. In terms of mouthfeel
sensations, the control sample was higher in greasiness, as well as crunchiness and friability; the 20%
biscuit also shared these characteristics. The 30% sample was the chewiest, firm, and astringent, and

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, ¢islo 1, strana

27



Eva IVANISOVA, Lubo§ HARANGOZO, Oleg PAULEN, Pavol TREBICHALSKY: Utilizing Grape Pomace as a
Functional Ingredient: A Case Study in Biscuit Production

was accompanied by a seedy texture, like the 20% biscuits. These authors confirmed that smaller
particle sizes of grape pomace negatively affected the hardness and color in terms of lightness, as well
as the homogeneity of the pores. Muffins with 15% grape pomace in a study by Triolo et al. ** were also
rated as very good, possessing a pleasant fruity taste and aroma. Acun and Gil'® observed that adding
more than 5 % red grape pomace to cookies led to an increase in hardness.

—— CONTrOl  e—500 co—000 —500 —200

Overall appearance
10

8

Overall acceptance Smell

Aftertaste Taste

Figure 1: Sensory analysis of prepared biscuits (sum of all evaluators)

Figure 2: Biscuits with grape pomace (from left to right: control samples, sample with 5%, sample
with 10%, sample with 15% and samples with 20%) (photo: Eva IvaniSova)

Conclusion

Grape pomace is a promising raw material for food enrichment, particularly in bakery products, which
serve as suitable matrices for its incorporation. The benefits of using grape pomace extend beyond
nutritional enhancement; it also offers technological advantages in terms of shelf life, as its biologically
valuable substances can act as natural preservatives. Based on our results, we recommend
incorporating grape pomace at levels of 15% in food applications, particularly in biscuit formulations.
While our study evaluated additive levels up to 20%, preliminary findings suggest that these products
may tolerate higher concentrations, potentially up to 30%. Although higher additions positively influenced
nutritional parameters, sensory attributes remain crucial for consumer acceptance. Therefore, it is
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essential to note that exceeding 40% addition may negatively impact taste, particularly through
increased bitterness, which could affect overall product acceptance. However, this study has some
limitations that should be acknowledged. The sensory evaluation was conducted with a relatively small
sample size, which may affect the generalizability of the findings. Additionally, the long-term effects of
incorporating grape pomace on the shelf life and quality of baked goods require further investigation.
Future research should explore consumer preferences in greater depth, as well as the impact of grape
pomace on various types of baked products with differing formulations. Moreover, studies could
investigate the sensory attributes and acceptability of formulations with higher pomace levels, alongside
a broader assessment of the technological implications in different baking environments. This roadmap
for subsequent studies will help to solidify the role of grape pomace in food enrichment and improve the
understanding of its full potential in baked goods.
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Abstrakt

Ciefom prace bolo pripravit suienky s 5, 10, 15 a 20% pridavkom hroznovych vyliskov odrody Merlot
ziskanych od slovenskej vinarskej spolo¢nosti. Na porovnanie bola pripravena aj kontrolna vzorka bez
pridavku. Stanovené mnoZstvo suSiny sa vo vsSetkych vzorkach pohybovalo na drovni ~ 94%; celkovy
obsah tuku sa pridanim vyliskov mierne zvysil, s najniZsou hodnotou v kontrolnej vzorke (22,51 %)
a najvysSou v suSienkach s 20% pridavkom vyliskov (24,07 %). Celkovy obsah popolovin sa pohyboval
od 0,23 % (kontrola) do 0,71 % (vzorka s 20% pridavkom vyliskov). Obsah hrubého proteinu sa
s pridavkom umerne zvysSil — kontrolna vzorka vykazovala obsah 5,97 %, vzorka s pridavkom 5 % mala
obsah 6,17 %, vzorka s pridavkom 10 % mala obsah 6,29 %, vzorka s pridavkom 15 % mala obsah
6,35 % a vzorka s pridavkom 20 % mala najvysSi obsah — 6,41 %.

Pridanie vyliskov spdsobilo predizenie oxidacnej stability, ¢o je pozitivny ukazovatel z hladiska
trvanlivosti suSienok. Kontrolna vzorka vykazovala stabilitu 18,35 hodiny, zatial ¢o vzorka s pridavkom
20 % mala aZz 35,46 hodiny. Vyrazne vy$Sie mnoZstvo mineralnych zluc¢enin bolo najdenych
v suSienkach s pridavkom vyliskov, hlavne medi, zinku, manganu, horéika a Zeleza. Obsah rizikovych
prvkov kadmia a olova v kontrolnej vzorke a vo vzorke s pridavkom 5 a 10 % nebol zaznamenany. Vo
vzorke s pridavkom 15 a 20 % boli zistené mnoZstva na urovni 0,6 a 0,8 mg/kg, tieto hodnoty su vsak
v sulade s legislativou. Po senzorickej stranke boli susienky hodnotené velmi dobre a ako najlepSie sa
Javil pridavok 15 %.

Klacéové slova: Merlot, popoloviny, tuk, dusikaté latky, cerealne produkty, senzoricka akceptacia.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 30



Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA, Magdalena Daria VAVERKOVA,
Stanislava VOBERKOVA, Martina URBANOVA, Petra MARTINEZ BARROSO: Consumer Motivations and Barriers
to Food Waste Sorting: The Role of Segmentation in municipal communication

Consumer Motivations and Barriers to Food Waste Sorting:
The Role of Segmentation in municipal communication

Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA,
Magdalena paria VAVERKpVA, Stanislava VOBERKOVA, Martina
URBANOVA, Petra MARTINEZ BARROSO

Mendel University in Brno, Zemeédélska 1, 613 00 Brno, Czech Republic
e-mail: irena.balakova@mendelu.cz

Summary

Understanding the motivations and barriers consumers face in separating food waste is a prerequisite
for effective communication between municipalities and citizens promoting waste sorting. The aim of this
paper is to uncover the motivations and barriers across consumer segments, including the identification
of segments that can be effectively targeted by municipalities. Using a survey instrument with 1,332
respondents, the study captured consumer attitudes and preferences, which were further complemented
by data from a survey conducted among municipalities. A cluster analysis revealed four distinct
consumer segments. For all segments, key motivations include the assurance that waste will be properly
used and the availability of an adequate number of collection bins. Communication with consumers
should emphasize specific examples of waste utilization and address negative externalities that hinder
waste collection. Perceptions of barriers to waste collection and sorting vary across consumer segments.

Keywords: Food waste, consumer segments, motivations, barriers, municipal perceptions, waste
sorting behaviour.

Introduction

Food waste (FW) has been shown to have a significant environmental impact®, with associated
negative environmental consequences®. Nevertheless, from a circular economy perspective, it can be
regarded as a resource. For instance, it can be utilised to generate low-pollution energy® or to restore
nutrients to soil in a natural manner within agricultural contexts®. As posited by numerous scholars, food
waste is generated throughout the food supply chain®, with consumers' households playing a major role
in this regardl. The majority of extant research indicates that the majority of wasted food comes from
households® ’. Some report that approximately half of the food thrown away across the food supply
chain comes from households®.

In order to effectively utilise FW from households as a resource in accordance with the principles of
the circular economy, it is imperative to engage as many households as possible in the collection of FW.
This prompted our efforts to fill the research gap in food waste recovery research and first determine the
willingness of consumers, as well as municipalities that cover waste collection, to engage in a FW
collection and sorting system, and then to determine what barriers to FW collection both parties face.
The objective of the present paper is twofold: firstly, to identify consumer segments depending on their
perceived motivation and barriers to participation in the collection and sorting of FW; and secondly, to
present recommendations applicable to communication messages of motivational campaigns for FW
sorting. It is vital that the FW collection and sorting system and its communication are set up in such
a way that the system is acceptable to all waste management actors, both citizens and municipalities.

Literature review

Food waste is defined as uneaten food scraps that are destined for disposal, representing the final
stage of the food life cycle® 8. The primary effort should be to minimize avoidable food waste and non-
avoidable food waste should be sorted and utilized® °. Examples of avoidable food waste include baked
goods, fruits and vegetables, which account for approximately 50% of avoidable waste, and biological
residues and scraps, which constitute non-avoidable waste® % |t is desirable to use the unavoidable FW,
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for applications such as energy or agricultural purposes. Furthermore, it is essential to address food
waste through effective sorting for subsequent utilisation. Consumer motivation plays a pivotal role in
fostering proper participation in these practices®.

Four segments of consumers were identified according to their attitudes towards waste sorting and
motivation: the frequent waste collection resisters (willing to sort only occasionally, not bio-waste), the
sceptics (opponents, distrust in waste recovery), the sorting enthusiastic (positively motivated to sort all
types of waste) and the bio-waste sorting resisters (willing to sort all types of waste except bio-waste)™.

Motivation to sort food waste

In addressing the issue of food waste, a holistic approach is imperative, even within the context of
motivating food waste sorting’. Consumer waste sorting behaviour is significantly influenced by habitual
and motivational factors, including environmentally responsible behaviour*?. Environmental concern is
a primary intrinsic motivator for individuals to sort waste'®, and financial incentives in the form of cost
savings from proper sorting can be utilised to motivate consumers to do so'*. Conversely, intrinsic
motivation or extrinsic incentives, such as government publicity, have also been demonstrated to
positively influence waste sorting behaviour'®. Furthermore, the perceived value of sorting, the adequacy
of collection facilities, and social interaction have been identified as key factors that can enhance active
participation in waste sorting™®.

In the context of food waste, a significant number of contemporary studies have been conducted that
focus on the motivations of consumers to reduce food waste® " *’. These studies have identified that
social norms and personal beliefs play a crucial role in motivating consumers to minimise food waste™.
The issue of food waste is regarded as ethically problematic for financial reasons, where FW has an
impact on wasted money, and for environmental reasons, where it is seen as a burden on the
environment®™. It is acknowledged that environmental awareness is an effective motivator for reducing
food waste and should be invoked when eliciting interest in food waste sorting™. The aforementioned
motivators should also be tested for the possibility of motivating consumers to sort food waste, which is
the focus of this paper.

Barriers to sort food waste

Consumers face several barriers to potentially sorting food waste. These include the inconvenience of
collection, which includes the effort consumers have to put into sorting, and lack of information, where
consumers are unsure how to sort correctly®®. Lack of knowledge of correct sorting can be a major
barrier to waste sorting®:. Consumers need time to sort waste in addition to the effort involved, and the
time required for collection can be an additional barrier® %.

A further barrier to sorting is consumers' uncertainty about the subsequent environmental benefits of
waste management, due to a lack of confidence in the recovery of waste'®. In the sorting process itself,
consumers are concerned about the hygiene aspects of sorting, due to the rapid spoilage of food,
especially odour®®. Another barrier to sorting food waste is financial. Consumers are reluctant to invest in
the necessary equipment for food waste collection, such as buckets or degradable bags, which could be
addressed by financial incentives and subsidies®.

Communication of efficient sorting of food waste

Clear communication of collection and sorting instructions can be useful in overcoming consumer
perceived barriers such as perceived time*. The role of policy makers7 is crucial in setting up the
communication of how FW is sorted and collected” *. Residents should first be convinced of the
seriousness of the local government's intention to implement this policy and then begin to see waste
sorting as a civic duty?®. Therefore, a simple approach to waste separation® should be developed for
consumers and properly communicated so that consumers are well informed about the options. In fact,
most consumers are motivated to reduce food waste, so simply showing them how to sort properly®’ is
enough. Short distances to collection points are needed, as well as easy access to the right information,
such as information stickers?®. Consumer education is needed to provide information on the correct
handling and sorting of FW?" *, The utilisation of mass media has the potential to facilitate the
communication of strategies aimed at the reduction and separation of food waste. It is imperative that
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these messages are adapted to suit the specific age groups and personal values of the audience®. The
dissemination of information regarding food waste segregation should be conducted through the medium
of public service announcements?.

Data and methods

This study utilised a unique primary dataset, collected via a questionnaire survey among consumers
in the Czech Republic during the period September to December 2022, employing the CAWI method.
The target respondents were consumers living in housing estates without garden, where the greatest
potential for involvement in central food waste collection is seen. A sample of 1,332 individuals was
obtained by applying quota sampling with six quota characteristics (see Table 1). The structure of the
sample and the baseline were validated against EU-SILC (EU-Statistics on Income and Living

Conditions)®*" microeconomic data from 2022, which is representative of the population structure

31

Disposable household income is expressed in monthly terms and converted from CZK to EUR at the

average exchange rate in 2022.

Table 1: Identification of respondents

Questionnaire, n = 1332, [%]

| EU-SILC [%]

Gender
Men 47.9 48.6
Women 52.1 514
Age group
18-24 years 8.5 7.6
25-34 years 17.2 14.8
35-44 years 17.4 18.2
45-54 years 18.8 18.8
55-64 years 15.0 15.0
65 and more years 23.1 25.6
Economic activity status
Employees 56.7 46.7
Self-employed 8.0 9.5
Retired 24.1 25.9
Unemployed 2.0 2.7
Inactive (students, maternity leave, other) 9.2 15.2
Highest education attained
Primary 1.7 0.2
Secondary (lower) 12.5 12.0
Secondary (complete) 54.9 66.9
Tertiary (university) 30.9 20.9
Number of household members
1 18.5 32.1
2 39.5 32.1
3 21.6 16.7
4 17.2 14.9
5 and more 3.2 4.2
Disposable household income
Less than 30 000 CZK (1170 EUR) 24.5 35.4
30 001 to 45 000 CZK (1755 EUR) 30.3 22.6
45 001 to 60 000 CZK (2340 EUR) 24.4 18.1
60 001 to 75 000 CZK (2925 EUR) 12.2 11.1
More than 75 000 CZK 8.6 12.8

Source: own questionnaire survey, n = 1332; >

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)

WASTE FORUM 2025, &islo 1, strana 33



Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA, Magdalena Daria VAVERKOVA,
Stanislava VOBERKOVA, Martina URBANOVA, Petra MARTINEZ BARROSO: Consumer Motivations and Barriers
to Food Waste Sorting: The Role of Segmentation in municipal communication

The application of cluster analysis with the K-means algorithm has been demonstrated to offer
advanced capabilities for the identification of consumer segments based on their motivations and
barriers to sorting food waste. The K-means algorithm has been selected for the identification of
homogeneous groups within a large dataset. The K-means algorithm is an iterative procedure that
minimises the function of

kE n
f&P:Z :E:zaikhnxi__fhnzy
h

=1:i=1

where the u;,€ {0,1} elements indicate whether the i-th object belongs (value 1) or doesn't belong
(value 0) to the h-th cluster and is a vector of average values of the h-th cluster®’. The following
conditions must be met:

k n
Z up=1fori=1,2,..,n and Zum >0forh=1,2, ..,k

h=1 i=1

Following segmentation, the demographics of the respondents assigned to each cluster are quantified
in order to identify each segment.

The findings, based on data from the consumer perspective, are supplemented by an analysis of data
from the municipal perspective, which was obtained through a subsequent questionnaire survey
targeting representatives of municipalities and districts where housing estates without gardens are
located. The data collection was carried out in 2023 in the form of CAWI and a dataset of n = 59 was
obtained, with 96.6% of the data relating to towns with a population size of 5-99 thousand inhabitants.
The data are representative of all regions of the Czech Republic (Table 2).

Table 2: Distribution of respondents in the regions of the Czech Republic

Absolute| Relative

Prague 6 10.2
Central Bohemian 7 11.9
South Bohemian 4 6.8
Plzen 1 1.7
Karlovy Vary 2 3.4
Usti nad Labem 4 6.8
Liberec 3 5.1
Hradec Kralové 3 5.1
Pardubice 5 8.5
Vysocina 4 6.8
South Moravian 6 10.2
Olomouc 4 6.8
Zlin 3 5.1
Moravian-Silesian 7 11.9
Total 59 100.0

Source: own questionnaire survey, n = 59

The analysis of the research data was conducted using IBM SPSS Statistics 27 software.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 34



Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA, Magdalena Daria VAVERKOVA,
Stanislava VOBERKOVA, Martina URBANOVA, Petra MARTINEZ BARROSO: Consumer Motivations and Barriers
to Food Waste Sorting: The Role of Segmentation in municipal communication

Results and discussion

The current level of sorting of household food waste, which includes all food waste (both plant-based
and animal-based components of food waste), is first compared with the sorting of other types of waste
to which consumers are accustomed. The present study measured the current level of waste sorting by
Czech consumers in a questionnaire survey. The scale of measurement used was a seven-point scale
ranging from 1 (lowest) to 7 (highest) perceived level of sorting. The results of the survey revealed that
consumers sort plastic, paper and glass the most, while food waste is sorted the least (see Table 3).

Table 3: Waste sorting rate of Czech consumers

Plastic | Paper Glass Food waste (plant-based and
b animal-based waste from kitchen)
Averagevalueson | g g | 5g3 5.84 3.12
a scale of 1-7

Source: own questionnaire survey, n = 1332

In response to questions regarding the level of waste sorting in municipalities, municipal
representatives provided consistent responses. According to the opinion of municipal representatives,
the most established sorting is paper and plastic. Regarding the sorting of food waste, 22% of
municipality representatives stated that this waste is sorted in their municipality. Most municipalities
report that food waste can currently only be sorted at the level of plant residues into bio-waste.

Consumer willingness to separate food waste

The majority of respondents (86%) expressed a desire to sort food waste; however, 46% of them
reported a lack of options regarding how and where to do so. A more detailed analysis of consumer
willingness to sort FW (Fig. 1) revealed that one third of consumers (31%) already engage in partial
sorting. A negligible percentage of consumers expressed a lack of interest or intention to sort FW.
A mere 5% of respondents consider FW sorting to be of negligible importance, while 2% of respondents
are reluctant to engage in FW sorting due to concerns regarding FW handling. A modest gender bias is
observed (p-value 0.021; Contingency coefficient Phi = 0.106), indicating a marginally higher propensity
among women to engage in FW sorting.

No, sorting food waste is not important to me. ‘
No, handling food waste makes me uncomfortable. r
No, I'm not interested yet, but maybe. [
Yes, but | don't sort yet (I have nowhere to sort). [ —
Yes, but | don't sort yet (I don't have the information). ||
Yes, | am already partially sorting FW. |
Yes, | already sort (I have my own composter). |
0% 5% 10% 15% 20% 25%

B Women HMen

Figure 1: Willingness of consumers to sort FW
Source: own questionnaire survey (n = 1332)
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95% of municipalities are willing to introduce a separate food waste system. For a potential food
waste collection system to work, the preferences and expectations of municipalities and consumers
themselves need to be aligned. Consumers who expressed a willingness to sort food waste (n = 1145)
further specified their preferences on how to sort. Most of them are aware of the perishability of this type
of waste and prefer to take out FW at frequent intervals (37% of them 1-2 times per week, 36% 3 or
more times per week). Municipalities are inclined towards less frequent collection, half of them preferring
an interval of 1 time per week. The preferred container for household food waste collection is some bag
they find at home or the biodegradable bag, but households are not willing to pay for it (Figure 2).

— ] 2 3 - 5 6 7

Biodegradable bag
(purchased in store)
45%
40%
35% Biodegradable bag (free for
30% collection from your local
government office)

Ordinary bag or plastic bag,
which will be sorted when
the waste is processed
afterwards

My own packaging or
container (what | can find at

Biodegradable bag (available

Q,
3% free of charge at the

home) 40% collection point)
25% 26%
Redosable container (small Recdosable container (small
bucket to be picked up at the bucket purchased from a
local government office) shop)

Figure 2: Preferred container for FW collection
Source: own questionnaire survey (n = 1332)

One of the key challenges in implementing a FW collection system is the financial burden, which
municipalities are often reluctant to fully assume. In the present study, only a third of municipalities were
willing to finance biodegradable bags, while 57% expressed willingness to provide resealable containers
and again the preferred form of distribution at the municipal office or home delivery prevails. In terms of
the food waste collection system, a small container or bucket seems to be a suitable option for food
waste collection, where the waste is collected in the household and then taken to a larger collection
container. The utilisation of biodegradable bags in food waste management faces challenges of
contamination of food waste as well as the persistence of residues that could affect the desired
properties of the waste®.

To address these financial constraints, many European countries have introduced economic
instruments such as the "Pay-As-You-Throw" (PAYT) system, which aligns with the "polluter pays"
principle®*. PAYT is designed to incentivize waste reduction by charging households based on the
amount of non-recyclable waste they generate, encouraging greater participation in FW sorting®" %.
Different models exist, including volume-based pricing, weight-based schemes, or prepaid bag and tag
systems, each tailored to local conditions®’. In some European cities, PAYT has been integrated with
digital tracking tools, such as smart waste bins or prepaid collection bags, ensuring both efficiency and
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fairness in waste management®. While the system has successfully reduced FW generation in countries
like South Korea®, its effectiveness depends on additional supportive measures, including clear
communication strategies and public trust in waste processing infrastructure?®. Given the financial
concerns expressed by municipalities in this study, a well-designed PAYT scheme could provide
a structured and equitable way to distribute costs, ensuring that FW collection remains accessible while
maintaining public support for sorting initiatives.

Consumer segments by motivation and barriers to food waste collection

Segmentation criteria related to perceived motivations and barriers from the perspective of consumers
entered the cluster analysis. These are their statements on the issue of motivation and barriers, rated
using a scale of 1 (no motivation/barrier)-7 (high motivation/barrier). The resulting segmentation contains
four segments that capture the variability in consumer data (Table 4). In the case of five or more
segments, the differences between some segments become blurred. The most frequently perceived
motivation is environmental improvement (M1) followed by motivation in waste treatment and recovery
awareness (M2). This is in line with another study reporting that consumer perceived environmental
value of sorting supports consumer intention to sort**. Other motivations include reducing fees for
collecting mixed municipal waste (M4), ensuring sufficient bins/containers (M5) and ensuring a clean
collection environment (M6). Segments 1 and 4 attach high importance to most motivators, with segment
4 also attaching importance to most barriers other than lack of time to sort. Segments 2 and 3 feel lower
motivation, which will need to be supported by appropriate forms of communication. Segment 2 also
shows importance for almost all barriers.

Table 4: Segmentation by motivation and barriers to food waste sorting

Segment 1 | Segment 2 | Segment 3 | Segment 4

M1: environmental improvement 6 5 5

M2: awareness of the subsequent 6 5 5

treatment of waste

M3: social pressure of the environment — 6 4 5 6
most sort

M4: reduction of fees for collection of MSW 6 5 5 6

in smaller volumes

M5: sufficient number of containers

M6: clean environment at the collection

point

M7: less frequent collection of MSW 4

M8: limiting the number or volume of MSW 4 3 2 3
containers

M9: possibility of disposing of food in its 5 5 4 5
original packaging

B1: odour 4 6 4 6
B2: insects 4 6 3 6
B3: rodents 3 5 4 6
B4: multiplication of harmful micro- 3 5 3 6
organisms

B5: lack of containers 5 6 4 6
B6: lack of knowledge about the use of FW 4 5 4 5
B7: lack of time to sort waste 2 4 3 3

Source: own questionnaire survey (n = 1332)
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The following table (Table 5) provides the segment identifiers. The last column contains the structure
of the whole sample under study and the values with the most frequent categories within the segment
are marked in bold. By comparing these values against the entire set, the specificity of the segment can
be ascertained. In Table 5, above-average values are highlighted in bold, i.e., the above-average
occurrence of a certain category of respondents in a segment.

As demonstrated in Table 5, the initial segment is distinguished by a higher-than-average proportion
of younger age groups (18-44 years) and slightly elevated incomes in comparison to the whole
population. Notably, there is a higher representation in the category of CZK 45,001 to 60,000. The
analysis further reveals that two-person households are predominantly represented, though there is an
above-average proportion of three- and four-person households in comparison to the entire sample. In
the second segment, the middle-aged population is most often represented (above-average numbers of
respondents aged 35 — 54) with an above-average representation of university-educated individuals. In
terms of the number of household members, it includes a slightly below-average number of two-person
households and, conversely, a slightly higher number of four-person households.

The third segment is characterized by a male preponderance and also an above-average incidence of
self-employed individuals. In terms of other categories, it almost follows the structure of the total
population. The fourth segment is mainly represented by women and an above-average representation
of the 65 and more year’s age category and economically active retirees. This segment exhibits a below-
average income profile (Table 5).

Table 5: Identification of segments

| Segment 1 | Segment2 | Segment3 | Segment4 | Total
Gender
Men 48% 52% 59% 38% 48%
Women 52% 48% 41% 62% 52%
Age group
18-24 years 12% 8% 10% 6% 9%
25-34 years 21% 16% 22% 13% 17%
35-44 years 20% 22% 18% 13% 17%
45-54 years 18% 21% 16% 19% 19%
55-64 years 11% 14% 13% 19% 15%
65 and more years 18% 19% 21% 30% 23%
Economic activity status
Employees 60% 61% 55% 52% 57%
Self-employed 9% 7% 10% 7% 8%
Retired 21% 21% 22% 32% 24%
Unemployed 1% 2% 3% 2% 2%
Inactive and others 9% 9% 10% 7% 9%
Highest education attained
Primary 1% 2% 3% 1% 2%
Secondary (lower) 11% 14% 11% 13% 13%
Secondary (complete) 57% 50% 54% 58% 55%
Tertiary (university) 31% 34% 32% 28% 31%
Number of household members
1 16% 20% 16% 20% 19%
2 38% 36% 41% 42% 40%
3 23% 22% 23% 20% 22%
4 20% 19% 18% 14% 17%
5 and more 3% 3% 2% 4% 3%
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Disposable household income

Less than 30 000 CZK 21% 24% 22% 28% 25%
30 001 to 45 000 CZK 30% 29% 29% 32% 30%
45 001 to 60 000 CZK 27% 24% 26% 23% 24%
60 001 to 75 000 CZK 12% 13% 13% 11% 12%
More than 75 000 CZK 10% 10% 10% 6% 9%

Source: own questionnaire survey (n = 1332)

The followed identification of segments is based on the values that occur most frequently in Table 5.
The creation of personas for each segment is then undertaken, with the aim of representing typical
members of the segment (see Table 6). Each segment is also assigned a name according to the
motivations and barriers that have been identified in Table 4.

There is a need to educate citizens on proper waste sorting. Table 6 also summarises the
communication intentions that need to be communicated to the segments as part of the education
campaign. The important role of educating consumers on the correct way to sort waste using appropriate
communication channels is also underlined in other research®” 22"

Table 6: Design of personas for segments

Segment 1 Segment 2 Segment 3 Segment 4
Segment
Characteristics | Sorting inclined Distrustful Unafraid Worried
Persona Female, 38 years, | Male, 43 years, Male, 33 years, Female, 69 years,
identification employed, full employed, self-employed, retired, secondary
secondary university secondary education, two-
education, educated, education, two- person household,
household with household with person disposable income
husband and 2 wife and child, household, 28 thousand CZK.
children, disposable income | disposable CZK
disposable income | 73 thousand CZK income 70

48 thousand CZK

thousand CZK

Communication
intent

Inform about
practical aspects
of sorting (existing
motivation
sufficient, barriers
proportionally low)

Mitigate barriers
(especially insects
and smells),
encourage
motivation with
information (on
waste utilisation,
etc.)

Promote
motivation by
providing
information (on
waste recovery,
impacts of sorting,
etc.)

Provide information
to mitigate barriers
and remove
concerns
(especially odour,
pests, number of
containers, etc.)

Source: own elaboration based on results from Table 5

Another research interest is to identify the attitudes of public administration representatives. The
primary motivation for municipalities is to reduce the amount of landfill waste in the vicinity of the
municipality, which corresponds to consumer motivation regarding the improvement of the environment
in the vicinity. In addition, citizen satisfaction and the use of food waste in a biogas plant would be
motivating factors for municipalities.

Municipalities see the biggest barrier to FW collection as financial. At the same time, however, most
municipal representatives said that the municipality would be willing to share the cost of collecting food
waste to a composting plant. Furthermore, municipalities perceive the difficulty of ensuring a clean
collection environment and are concerned about the poor sorting of waste by citizens.
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The municipality has determined that the most efficacious means of disseminating information
regarding the collection of messages is through the medium of the local newsletter, an article on the
municipality's website, and simple social media posts. The majority of consumers in all segments would
prefer to learn about the sorting process at the point of sorting, directly on the collection bin label (70% of
consumers).

The subsequent most favoured method of information dissemination across all segments is the
distribution of an information brochure in the mailbox (46% of consumers). In the fourth segment, there is
an indication of the importance of the message in the local newsletter, while in the first segment there is
a higher-than-average response for social media compared to the other segments. The detail of the
preferred communication results (Figure 3) shows how many respondents in a given segment chose
a particular option as their preferred form of communication.

——Sooment 1 es—Scegment 2 Segment 3 e Segment 4

Information brochure in the
post
80%
70%
60%
Simple social media posts 50%
40

Leaflets

Announcementsin local 41%

Sticker directly on hins
newsletters y

Education in schools Short informative videos

Figure 3: Preferred form of communication of information on waste sorting
Source: own processing of the questionnaire survey, n = 1332

Conclusions

Households are encouraged to consume and reduce waste responsibly. However, unavoidable
waste, including unavoidable food waste (peelings, trimmings, etc.), is and will continue to be generated
in households® *°. In the Czech Republic, consumers have not yet adopted the practice of sorting food
waste. However, a positive finding is the willingness of citizens and municipalities to sort food waste.
This potential is not fulfilled in the Czech Republic, as half of the consumers willing to sort state that they
do not have the means to sort FW.

In order to establish a successful functioning system for the collection of sorted food waste, it is
necessary to identify the preferences of all waste management actors, starting with consumer
preferences, as consumers need to be effectively motivated to participate in the collection system and
informed in the right way about the possibilities to sort waste. The results of the study demonstrate that
consumers prefer to collect and dispose of food waste in a biodegradable bag, which will be available
free of charge at the collection point, or in any container they find at home. The study found a high level
of willingness to sort food waste; however, this must not incur a financial cost for consumers. Only a third
of the municipalities surveyed are willing to bear the financial burden of purchasing biodegradable bags,

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 40



Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA, Magdalena Daria VAVERKOVA,
Stanislava VOBERKOVA, Martina URBANOVA, Petra MARTINEZ BARROSO: Consumer Motivations and Barriers
to Food Waste Sorting: The Role of Segmentation in municipal communication

and more than half of the municipalities would be willing to purchase a reusable bucket for household
food waste collection.

The predominant motivation consumers perceive for engaging with a food waste sorting system is to
contribute to environmental enhancement and to be assured of the subsequent utilisation of the waste.
The most prevalent perceived obstacles pertain to the unfavourable externalities associated with this
particular type of waste, namely odour and entomological concerns. Nevertheless, distinctions emerge
among diverse consumer demographics, a phenomenon that is further delineated by the segmentation
analysis.

Segmentation of consumers is recommended for the effective motivation of FW collection and the
accurate targeting of communication in terms of form and content. The segmentation identified four
consumer segments, the first of which is characterised by a 'sorting inclined' tendency, representing the
younger population under 44 years of age. This segment requires communication specifying operational
practical information on how to sort FW (with an emphasis on communication of the correct contents of
the collection container). The utilisation of mobile applications or online maps to indicate the nearest
available bins, complemented by regular updates on social media which are often used by this age
group, can also be recommended. The second segment, comprising mainly the middle-aged, slightly
above-average-income, university-educated population, is less trusting. It is therefore recommended that
the subsequent use of waste to this group of citizens be explained (specific examples in the surrounding
area), for example by showing how the treated waste contributes to the production of compost or energy
in a local biogas plant. In particular, the use of online communication channels can be recommended to
encourage motivation for collection and to reduce perceived barriers. The involvement of interactive
educational tools such as videos or webinars to further clarify the meaning of FW sorting is also
recommended.

The third segment is dominated by younger men who are basically unworried. They are not afraid of
obstacles to FW sorting. Communication messages targeting them should support their motivation to
participate in the collection system. It is appropriate to focus on competitive elements (e. g. rewards for
sorting) and simple communication directly at the collection point (e. g. visual signs or QR codes with
additional information), possibly in combination with online channels. The fourth segment is constituted
predominantly by retired women who perceive numerous barriers to FW collection. In this segment, it is
recommended that barriers should be reduced through effective communication, for example by the
provision of easily accessible containers in close proximity to their residences, the elimination of odour
and insect problems, and the dissemination of regular information on the hygienic treatment of collection
points. Motivation is sufficient in this segment; however, it is imperative that barriers do not become
overwhelming. The most appropriate method of communication with consumers in this segment is
through traditional channels (leaflets, newsletters, etc.) or through community events or meetings that
explain the importance of sorting.

The current limitation in implementing a food waste collection and sorting system is the unresolved
financial burden of the collection system. Consumers demand convenience and zero costs associated
with FW sorting, yet only some municipalities are willing to bear the costs of collection, and usually only
partly. This opens up scope for further research in terms of the distribution of the financial burden of the
collection and sorting system between municipalities and other waste management actors.

List of symbols
FW Food Waste
MSW Municipal Solid Waste
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Motivace a bariéry spotiebitell k tridéni potravinového odpadu:
Role segmentace v komunikaci municipalit

Lucie VESELA, Irena BALAKOVA, Lea KUBICKOVA, Martina VRSANSKA, Magdalena
Daria VAVERKOVA, Stanislava VOBERKOVA, Martina URBANOVA, Petra MARTINEZ
BARROSO

Mendelova univerzita v Brné, Zemédélska 1, 613 00 Brno
Souhrn

Poznani motivace a bariér spotfebitelt k tridéni potravinového odpadu je prerekvizitou k uspésné
komunikaci obci s obcCany. Cilem tohoto pfispévku je odhalit motivaci a bariéry spotrebitelskych
segmentu vcetné identifikace segmentu vyuZitelné pro cileni komunikace obci s obCany. S vyuZitim
vyzkumného instrumentu ve formé dotaznikového Setfeni mezi spotrebiteli o velikosti 1332 respondentt
bylo mozné poznat postoje a preference spotrebitell, které byly nasledné dopinény o data
z dotaznikového Setfeni mezi municipalitami. Aplikovana shlukova analyza identifikovala Ctyri segmenty.
Pro vdechny spotrebitelské segmenty je dileZita motivace v podobé védomi, Ze bude odpad nasledné
Zpracovan a zajisténi dostatecného mnozstvi shérnych nadob. Se spotfebiteli je vhodné komunikovat
konkrétni pfipady vyuziti odpadu a také se vyporadat s negativnimi externalitami znesnadriujicimi sbér
odpadu. Percepce bariér sbéru a tridéni odpadu se napri¢ spotfebitelskymi segmenty liSi.

Kli¢ova slova: Potravinovy odpad, segmenty spotrebitell, motivace, bariéry, vnimani municipalitami,
chovani pfi tridéni odpadu.
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Abstract

This study evaluates the impact of different distribution and collection systems on the cleanliness of
kitchen waste (KBW) at the consumer stage, focusing on households in three Slovak cities: Zilina,
Bratislava, and Partizanske. The analysis highlights differences between individual housing construction
(IHC) and collective housing construction (CHC), assessing contamination levels at the point of waste
generation and collection. We utilized a methodology based on manual waste sorting and statistical
analysis using Friedman’s ANOVA to identify significant differences in contamination levels. The study
also examines the influence of distributing compostable bags on reducing contamination and compares
the effectiveness of door-to-door and drop-off collection systems. Results demonstrate that door-to-door
collection significantly improves KBW cleanliness, with the city of Partizanske achieving the lowest
contamination rates. Furthermore, a higher distribution of compostable bags correlates with reduced
contamination in CHC. These findings emphasize the importance of consumer-stage interventions and
systematic analysis methods in waste management to enhance waste purity and support sustainable
waste utilization practices.

Keywords: kitchen bio-waste, waste collection, compostable waste bags, waste management

Introduction

Waste is generated by every human activity. It is often associated with something unnecessary, dirty,
smelly, or dangerous and damaging to the environment. "Waste is a movable item or substance that its
holder discards, intends to discard, or is required to discard in accordance with this law or special
regulations".*® According to § 2 para. 14 of Act No. 223/2001 Coll. on Waste, municipal waste is waste
from households arising in the municipality during the activities of natural and legal persons.*

The European Union sets an ambitious goal to recycle 55 percent of solid municipal waste by 2025,
with separate waste collection being a crucial prerequisite for achieving this goal. According to Directive
2008/98/EC, the term "biowaste," as a component of separated collection, includes "biodegradable
waste from gardens and parks, food and kitchen waste from households, offices, restaurants, wholesale
markets, canteens, catering establishments, and comparable waste from food processing plants.” In the
EU, from December 31, 2023, at the latest, "biowaste must be separated and recycled at source or
collected separately and not mixed with other types of waste".® According to calculations by the
European Topic Centre for Sustainable Consumption and Production (ETC/SCP), biowaste constituted

37% of municipal waste in Europe from 2008 to 2010.*

According to Pepicha (2010), waste and secondary raw materials generated during the cultivation and
processing of plants and animals are called biomass. Biomass can be divided into phytomass and
zoomass.”**’ Biomass can be suitable for combustion, biofuel production, or biogas production with
subsequent combined heat and power generation'®. The use of biomass can vary depending on the
source, processing method, and the product obtained from it. Many existing technologies produce
abundggt organic fertilizers, generate energy, or use it as an alternative fuel source from biodegradable
waste.
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From forestry and agricultural biomass, we can obtain firewood, wood chips, briquettes, or pellets
through cutting, drying, pressing, or chipping. Processing can yield heat and electricity. Carbonization
can produce charcoal, and gasification can produce syngas. Pyrolysis produces pyrolytic oil or gas.
Liguefaction, esterification, and fermentation can produce liquid fuel, biodiesel, or bioethanol, used in
transport or for heat and power generation. Processing of biological waste from animal husbandry, food
production, green biomass, and biodegradable municipal waste can yield biogas or syngas for heat and
power generation.?®

Another source of biomass is municipal waste. The corresponding biodegradable part of municipal
waste is called biomass. It is one of the most universal and widespread sources of energy. Biomass is
biodegradable municipal waste, mainly kitchen and restaurant waste and waste from parks and
gardens?®’. Waste biomass from wood-processing facilities (such as sawmills, carpentry workshops, etc.)
is particularly suitable for energy production. Other suitable biomass sources in rural areas include
agricultural crops and their residues (straw, corn stalks, and plant tissues). Every municipality has public
spaces that need to be maintained (e.g., parks, playgrounds, cemeteries). A source of dendromass is
the spring and autumn pruning of trees in orchards and parks. Not less significant are private lands of
residents and their kitchen waste. Approximately 1 billion tons of food waste is produced worldwide
annually, posing a major challenge for waste management.® Creating suitable conditions for collecting
and separating such biomass provides an additional source.*’

Various processing technologies for the biodegradable part of municipal waste can produce various
products.”® Composting is a natural, controlled, predominantly aerobic biochemical process in which
living organisms, particularly microorganisms, convert original organic matter into organic fertilizer
(compost)®. Home composting means composting biowaste and using compost in gardens belonging to
private households. Community composting means composting done by a group of people in a specific
location to collectively compost their biowaste generated in that area. The resulting compost is used for
the community's own needs. Municipal or industrial composting means composting biowaste from
a larger collection area at a central composting facility. The compost can be used for personal needs or
sold®?°. Various composting methods include pile composting, vermicomposting, or box composting.”®

Anaerobic digestion is a controlled process of decomposing biodegradable waste and biomass
without air access, resulting in biogas and an undecomposed residue called digestate®. Biogas is
a mixture of gases containing 55 — 75% methane, 23 — 43% carbon dioxide, and approximately 2%
hydrogen. Other gases present in trace concentrations include hydrogen sulfide and other sulfur and
nitrogen compounds. Digestate is the fermented residue from the process and can be used as an
organic fertilizer on agricultural land*®. Adding digestate to the soil can promote plant growth by providing
essential nutrients such as nitrogen (N) and phosphorus (P).*

The use of biomass is affected not only by its source and processing but also by its level of
contamination. Given the quantity and widespread use of plastics, plastics have become a global
biomass pollution source. In recent years, concerns have risen regarding environmental pollution related
to microplastics (particles smaller than 5 mm)3. These particles are found throughout nature, including in
aquatic environments, densely populated areas, and uninhabited places like Antarctica®. According to
Wang et al.**, soil may contain 4 to 23 times more microplastics than oceans. In addition to ocean water,
microplastics are present in wastewater and sewage sludge.’®**?* Such pollution can pose serious
environmental risks, such as jeopardizing soil quality and affecting plants, animals, and humans.
Microplastics are not a single material but a mixture of various plastics and substances (e.g. stabilizers,
flame retardants, or environmental toxins and metals adsorbed on their surfaces), which can be harmful
upon ingestion, causing abnormal behavior, growth, and reproductive issues*. Other studies have
shown negative effects of microplastics on soil, affecting animal and microbial activity in the soil. It has
also been found that microplastics impact soil's water-holding capacity.”*

Energy processing of biomass or its processing into fertilizers or compost can lead to the transfer of
microplastics and other contaminants into the environment. On the other hand, the presence of non-
biodegradable components in biomass increases the cost of its processing. Most countries allow certain
amounts of impurities like plastics, glass, and metals in fertilizers (0.3% dry weight for each type of
impurity and 0.5% dry weight for the total sum®. Several studies show that digestate and organic
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fertilizers from household biowaste fermentation may contain large amounts of microplastic fragments,
while fertilizers from agricultural biogas plants and green composts are less contaminated with plastics.
Such contamination could result from improper bio-waste sorting by residents and collection by
municipalities.”*"* Plastics can enter the soil through plastic mulching or the application of soil
supplements containing plastics. Up to 2.38-1,200 mg of plastics per kg have been found in compost so
far, while plastic concentrations in sewage sludge range from 1,000 to 24,000 plastic pieces per kg °.

Braun et al.** concluded that compost application should be considered a potential source of plastics

for both agricultural and horticultural soils, emphasizing the need for technical solutions to minimize the
risks of this contamination while continuing this practice as an important means of ensuring soil health.**
In industrial composting, manual sorting, mechanical sorting, or air sorting is used to remove plastics
from compost.*” If composting is to expand, it must become profitable and ideally competitive. On the
other hand, the time and costs associated with plastic removal currently hinder profitability.*® Addressing
plastic-related issues is one of the milestones of the European Green Deal®, which identifies the
bioplastics industry as one of the potential solutions. Biodegradation depends on the chosen degradation
technique and environment, so an optimal biodegradation method must be selected for each
biodegradable bioplastic.** According to § 81 of the Waste Act (effective from January 1, 2021),
municipalities are obligated to separate kitchen waste from households. However, this obligation does
not specify a particular method of collection, such as the use of compostable bags. Currently, there is no
consensus among stakeholders (i.e., EU member states, manufacturers, waste operators, NGOs) on
how waste should be collected and processed. As a result, various approaches to waste management
exist, even at local and regional levels, causing confusion and skepticism among consumers.”” The
European standard EN 13432 specifies the requirements and criteria for packaging that is compostable
and biodegradable. The standard is used to certify packaging, including compostable bags intended for
industrial composting.***

The aim of this study was to evaluate three different types of kitchen waste (KBW) collection and
distribution in the cities of Zilina, Bratislava, and Partizanske. Additionally, we addressed the differences
between individual housing construction (IHC) and collective housing construction (CHC). Finally, we
assessed KBW contamination in the Bratislava Lamag district a year after KBW sorting was introduced
and the impact of distributing compostable (degradable) bags on waste by the municipality.

Material and Methods

The research was conducted in three cities (Bratislava, Partizanske, and Zilina). These cities were
selected based on available options, as they are the only ones in Slovakia implementing the observed
type of collection and distribution of kitchen waste (KBW) and the only ones that underwent an analysis
of sorted waste to the required extent. The analysis of mixed municipal waste (MMW) was based on the
legislative guidelines of the Ministry of Environment of the Slovak Republic, which, according to § 105
para. 3 letter a) of Act No. 79/2015 Coll*®. on Waste and amendments to certain laws, establishes the
methodology for analyzing mixed waste in § 1. The analysis of MMW is based on the principles of the
legislative guidance of the Ministry of Environment of the Slovak Republic, as defined by § 105 para.
3 letter a) of Act No. 79/2015 Coll”®. on Waste and amendments to certain laws. Since there is no
ministry methodology for kitchen waste (KBW), we used our own methodology based on similar
principles. In each selected locality, we analyzed samples of MMW and KBW separately from individual
housing construction (IHC) and collective housing construction (CHC). Individual housing construction
(IHC) includes single-family houses inhabited by one family, while collective housing construction (CHC)
consists of apartment units, each occupied by a separate family, often forming residential complexes.
Each of the analyzed cities has its own individually tailored waste collection system (Table 1). For both
types of waste, containers were selected from various streets and neighborhoods within the municipal
district. In each type of housing, we followed the rule of always taking both containers from one family
home collection point, both the MMW and the KBW containers. Containers with non-standard waste or
a non-standard quantity of any waste component were excluded when selecting collection containers for
sampling. The physical selection of containers was carried out by collection workers. The sample size
was designed so that the total weight for MMW (CHC and IHC) ranged between 500 kg and 1 ton. The
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number of containers for KBW was identical to the number of containers for MMW (applies to both IHC
and CHC), as mentioned in the pairs of containers from the same family home collection point. The
analysis of samples from each selected municipal district took place at four collection points (MMW from
CHC, MMW from IHC, KBW from CHC, and KBW from IHC). For MMW, we sorted it into three
components: KBW, garden biowaste, and mixed municipal waste. Each component was placed
separately into bags, then weighed, and the weight of each bag was recorded. During the evaluation, the
recorded weights of each component were summed. Their sum represented the total weight of the
analyzed component of waste from one type of housing. Then their percentage share was determined.
KBW was sorted into two basic components (biodegradable waste and non-biodegradable waste)
(Figure 1). The European standard EN 13432 specifies the requirements and criteria for packaging that
is compostable and biodegradable, intended for industrial composting. In our study, compostable waste
bags were categorized under biodegradable waste and were not analyzed further. We followed the same
evaluation procedure as for MMW analyses.

Data were statistically processed using the STATISTICA software (StatSoft Inc, 2011). Using the
Shapiro-Wilk test, we found that the dataset did not have a normal distribution. We used Friedman’s
ANOVA to compare the average values of the analyzed data.

Analysis of waste

mixed municipal waste / \ kitchen biodegradable waste

o ‘ 7N PN

individual housing construction complex housing construction individual housing construction complex housing construction
kitchen biodegradable waste biodegradable waste
biodegradable waste non-biodegradable waste

mixed municipal waste

Figure 1: Waste Analysis Scheme (Figure processed by the authors)

In the individual cities, several interventions were conducted related to the distribution of bags, an
information campaign, and waste collection. Compostable bags for sorted collection were distributed for
one year (city of Bratislava), for one month (city of Zilina), and continuously as needed (city of
Partizanske). In Bratislava and Zilina, after running out of compostable bags, residents can visit the city
office, which will issue them additional bags. In Partizanske, door-to-door collection of kitchen waste
(KBW) and distribution of compostable waste bags is done directly to residents' doors as needed. The
door-to-door collection system involves residents placing 10-liter waste containers outside their
apartment doors, where a city worker collects and empties them. The empty container is left at the
resident's door. In individual housing areas, the city provides home composters. In Bratislava and Zilina,
there is a drop-off collection system where residents place waste into the nearest container at the
collection point designated for sorted kitchen waste (drop-off collection system). The frequency of
container collection for sorted waste was twice per week throughout the year, with only once per week in
winter in Bratislava (Table 1). Education of residents about the collection system was carried out through
door-to-door campaigns (distribution of leaflets, waste bags, waste bins for collecting KBW, individual
oral explanation of the collection system), internet campaigns, and distribution of educational materials—
leaflets via email and placement in residents’ mailboxes. Each city implemented a different type of
educational campaign (Table 1). The kitchen waste from the studied cities is processed at the biogas
plants of contractual partners. Kitchen waste from Partizanske is transported to the composting facility in
Partizanske. Waste from Zilina is processed at the biogas plant in Ziar nad Hronom, while kitchen waste
from Bratislava is processed at the composting facility in Horny Jatov (Information provided by JRK
Slovensko s.r.0).
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Table 1: Basic Data on the Collection and Distribution System in the Monitored Cities
(BA- Bratislava, PE- Partizanske, ZA- Zilina)

Number of CHC IHC
bags , , , . Frequency | Information
Town distributed collection contalner collection contalner of collection| campaign
(pcs) system size (I) system size (1)
Zsﬁ/vmverif::r— door to door,
BA 150 delivery 240 door to door 20 leaflets and
1x/week- ;
: internet
winter
ox/week- all door to door,
PE as required |door to door 10 home composters leaflets and
year round .
internet
. 240 and . 240 and | 2x/week- all | leaflets and
ZA 24 delivery 1100 delivery 1100 year round internet

Source: Data provided by JRK Slovensko s.r.o0., processed by the authors

In our study, we evaluated three different types of collection and distribution systems for kitchen
waste (KBW) in the cities of Zilina, Bratislava, and Partizanske. We also examined the differences
between individual housing construction (IHC) and collective housing construction (CHC) in five districts
of the city of Bratislava. Lastly, we assessed the contamination of KBW in the Bratislava Lamag district
one year after the introduction of KBW sorting and the impact of the distribution of compostable
(degradable) bags on waste by the municipality.

Results
IHC Analysis

The analysis of KBW for individual housing construction (IHC) in the city of Partizanske (PE) was not
conducted, as KBW collection does not take place in IHC in this city. The city provided residents in IHC
with home composters, and KBW is composted by residents in these. In the analysis of KBW from IHC in
the monitored cities (ZA and BA), we found that total contamination of KBW with non-degradable
components was 0.40% in Bratislava (BA) and 0.58% in Zilina. This difference was not statistically
significant. In further analysis, we assessed the share of paper and non-degradable bags; no paper bags
were found in KBW in either city. Plastic (non-degradable) bags accounted for 9.57% in Bratislava and
59.17% in Zilina, with the remainder consisting of compostable (degradable) bags. Analysis of the
occurrence of non-degradable bags in KBW in Bratislava and Zilina revealed a statistically significant
difference in their share (p <0.001). The high contamination with plastic (non-degradable) bags in Zilina
could have been due to the low distribution of compostable (degradable) bags compared to Bratislava.

CHC Analysis

Basic data on distribution and collection methods in collective housing construction (CHC) and
contamination data with non-degradable components in the monitored cities are shown in Table 2. The
analyzed data indicate that the drop-off collection system implemented in Bratislava and Zilina negatively
impacted the cleanliness of KBW compared to the door-to-door collection system implemented in
Partizanske; this difference was statistically significant (p <0.05). Based on the analyzed data, we can
conclude, as in the IHC analysis, that the more compostable (degradable) bags a city distributes, the
lower the contamination of KBW in CHC, and the occurrence of non-degradable bags in this type of
waste is significantly lower (p <0.001). Furthermore, we demonstrated that the cleanliness of the drop-off
collection system is not affected by container size, as this difference was not statistically significant.
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Table 2: Comparison of the Purity of Sorted KBW in the Monitored Cities within CHC

Town Number of bags Collection Size of container | Pollution KBW by non-
distributed (pcs) system used (1) biodegradable
per capita components (%)
Bratislava 150 delivery 240 3.21%
Partizanske As required door to door 10 0.07 %
Zilina 24 delivery 240 and 1100 3.53%

Source: Data provided by JRK Slovensko s.r.o., processed by the authors

Comparison of KBW Purity in IHC and CHC

In the analysis of five districts (D) in the capital of the Slovak Republic, Bratislava, we found that the
average contamination in CHC is 3.21%, while the average contamination in IHC is only 0.40%. In the
analysis of KBW contamination in the city of Zilina, we found that contamination in CHC is 3.53% and in
IHC 0.58%. These results were confirmed by statistical tests, as statistically significant differences in the
purity of KBW from IHC and CHC were demonstrated in both cities (p £0.001). No statistically significant
differences were found in the comparison between cities.

Based on our findings, we can conclude that there is no statistically significant difference in the purity
of KBW in IHC and CHC between the cities of Bratislava and Zilina, even though Bratislava achieves
slightly better results. On the other hand, we can state that there is a statistically significant difference in
the purity of KBW between IHC and CHC in both cities. The average contamination in IHC is 0.49%, and
the average contamination in CHC is 3.37%. When comparing the contamination of KBW from CHC in
Partizanske (0.07%) with the contamination in CHC in Bratislava (3.21%) and Zilina (3.53%),
a statistically significant difference in favor of Partizanske was demonstrated (p <0.001). Based on our
findings, we can conclude that the highest purity of KBW in CHC is achieved in the city of Partizanske.

Table 3: Percentage of KBW (non-biodegradable components) pollution in Bratislava, Zilina and
Partizanske city districts for IHC and CHC

Town /districts (D) Priemer (IHC a CHC) CHC IHC
Bratislava
D Lamac 0.87% 1.18% 0.00%
D Petrzalka 1.41% 1.48% 0.60%
D Nové Mesto 6.26% 7.02% 0.01%
D Devin 0.87% - 1.36%
D Podunajské Biskupice 2.94% 3.14% 0.05%
Town average BA 2.47% 3.21% 0.40%
Town Zilina
Zilina 2.06% 3.53% 0.58%
Town Partizanske
Partizanske - 0.07% -

Source: Data provided by JRK Slovensko s.r.o., processed by the authors

BA- Lamac¢ district Analysis

In further analysis, we focused on the purity of KBW in the Bratislava Lamac district, which we analyzed
immediately after the introduction of KBW collection (when residents had access to compostable bags)
and one year after the introduction of KBW collection, when residents had used up their compostable
bags for KBW and would need to obtain more at the city office. The city of Bratislava distributed
compostable (degradable) bags for KBW collection to residents for approximately one calendar year.
Afterward, residents could pick up additional bags at the relevant city office. In the analysis of
degradable and non-degradable components in KBW in the Bratislava Lamac district, we found an
increase in non-degradable components in KBW from 0.41% immediately after the introduction of
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collection to 1.18% one year after the introduction of KBW collection. This difference proved to be
statistically significant (p < 0.05). On the other hand, we demonstrated a difference between IHC (from
0.47% to 0.00%) and CHC (from 0.98% to 1.18%), also statistically significant (p < 0.05). We
demonstrated an increase in contamination of KBW with non-degradable components one year after the
introduction of KBW collection due to the depletion of compostable bags for KBW. Additionally, we
demonstrated a statistically significant difference between IHC and CHC in the BA Lamac district
(p < 0.05). The reduction in IHC contamination one year after the introduction of KBW collection,
assuming the depletion of compostable bags, may have been influenced by citizens' responsibility and
anonymity. KBW collection in IHC is not anonymous, while in CHC, there is high anonymity (it is not
possible to identify the resident at the collection container). Since each house has its own container for
KBW collection, we assume that residents in IHC behave more responsibly than in CHC. Another factor
could be that residents in IHC run out of compostable bags later since they may have home composters
that they acquired (Table 4).

Table 4: Analysis of KBW purity in the city of Bratislava-Lamac¢

Type analysis in Components KBW Percentage (%) Date of analysis
district BA- Lamaé
1. Degradable waste 99.59 5.3.2023
Non-biodegradable 0.41
waste
IHC 0.47
CHC 0.98
2. Degradable waste 98.82 30.11.2023
Non-biodegradable 1.18
waste
IHC 0.00
CHC 1.18

Source: Data provided by JRK Slovensko s.r.o., processed by the authors

Discussion

This extended study is the first in the Slovak Republic to focus on the contamination of kitchen waste
(KBW) and the impact of the kitchen waste distribution and collection system on its purity. Based on the
analyzed data, we can conclude that the more compostable (degradable) bags the city distributes to
residents, the lower the contamination of KBW in CHC. Additionally, the door-to-door waste collection
system positively affects the purity of KBW and is statistically significantly better than the drop-off
collection system. Similar conclusions have been reached in other studies, showing that cities with door-
to-door waste collection sort, on average, 60 kg more dry recyclable materials per resident annually®.

We further demonstrated that the purity of the drop-off collection system is not affected by the
container size but rather by the number of distributed compostable waste bags. Based on our findings,
we can state that there is no statistically significant difference in KBW purity between IHC and CHC in
Bratislava and Zilina, although Bratislava achieves slightly better results. On the other hand, there is
a statistically significant difference in KBW purity between IHC and CHC in both cities.

A similar study has been carried out by researchers in Poland, their study analyses the composition of
bio-waste in both urban and rural areas, including differences between areas with single-family houses
and apartment blocks. Based on the results, they determined the following composition of bio-waste:
food waste accounted for 43.9-56% and garden waste for 27.4-46.3%, with fruit and vegetables making
up the majority of food waste. The authors observed the highest level of contamination in waste from
residential buildings in urban areas (16.6%). In terms of seasonality, the lowest amount of waste was
recorded in winter."?

We also demonstrated an increase in KBW contamination with non-degradable components one year
after the introduction of KBW collection, likely due to the depletion of compostable bags. A statistically
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significant difference was found between IHC and CHC in the BA Lamac district. The reduction in IHC
contamination one year after the introduction of KBW collection, with the assumption that compostable
bags were depleted, could have resulted from the responsibility and anonymity of residents. KBW
collection in IHC is not anonymous, whereas KBW collection in CHC is highly anonymous (it is not
possible to identify the resident at the collection container). Since each house has its own container for
KBW collection, we assume that residents in IHC behave more responsibly than in CHC.

Improving the quality of separated bio-waste was the focus of an Austrian study carried out in ten
areas of Styria between 2019 and 2022. The authors found that non-biodegradable plastics (53%)
accounted for the highest level of bio-waste contamination, of which plastic bags accounted for the
highest proportion. They found higher contamination in winter months compared to summer months.
Based on these findings, they implemented various measures and campaigns, with the distribution of
paper bags and the threat of increased charges for contaminated waste confirmed as the most effective.?

There is evidence that the socio-economic characteristics of the area from which waste is collected
can affect the quality of materials, i.e., waste collected from rural areas can differ significantly from waste
collected in urban areas, and waste collected from single-family homes may differ from waste collected
from complex apartment buildings™®. The issue of the bio-waste sorting system in Gdynia from the point
of view of apartment building residents was investigated by a Polish study after the implementation of the
new rules. According to its results, only 15% of respondents correctly classified what belongs to bio-
waste and up to 94% of respondents admitted that they throw bio-waste into the mixed waste. They
considered the sorting of kitchen bio-waste to be too burdensome. They cited the lack of space for
additional bins, the smell of waste and the cost of special bags as other problems associated with the
level of sorting. **> A similar study was also conducted in Spain, where the authors surveyed attitudes
towards the willingness to separate bio-waste based on a semi-structured telephone interview. The
results showed that approximately 81% of respondents were willing to participate in selective collection
of bio-waste. This percentage would increase up to 89% if the municipality provided specific containers
and bags for the waste, as the main barrier to participation in the new selective collection system is the
need to use specific containers and bags for separating bio-waste.*

We did not demonstrate the use of home composters for KBW in IHC in the Lamac¢ district, where
KBW collection is in place. We demonstrated more effective KBW collection (in terms of collected waste
weight and purity) in IHC than in CHC.

Conclusion

Lastly, we demonstrated highly effective KBW collection (in terms of purity) in CHC in Partizanske.
We can conclude that by implementing the same KBW collection system as in Partizanske for CHC and
the same KBW collection system as in Bratislava for IHC, a highly efficient KBW collection and
distribution system can be achieved. Our research findings are supported by the results of Gwarda and
Klopott (2021), who found that in the city of Gdynia, the biofraction collected represents only 9.5% of all
collected waste’. The most commonly cited reasons for why residents do not sort biowaste were lack of
space for another container in the apartment (23%), unpleasant odor (23.8%), and the need to purchase
and provide biodegradable waste bags (18.4%). A questionnaire was sent to individuals who failed to
meet the obligation to sort biowaste to identify the reasons for non-compliance. Up to 39.6% indicated
the absence of free compostable biowaste bags as the reason'®. Supporting biowaste sorting requires
active support from local authorities, both financially and through increasing environmental awareness
among residents. Our research findings could be used to support the composition and parameters of
waste further and would be suitable for the introduction of waste processing in Slovakia.

Study limitations and future research directions

This study provides valuable insights into the impact of distribution and collection systems on the
cleanliness of kitchen waste (KBW); however, some limitations should be acknowledged. Firstly, the
study focuses on three cities in Slovakia, which, while diverse in their approaches to KBW collection,
may not fully represent all geographic, socioeconomic, or operational differences across the country or
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internationally. Future research could explore these systems in other regions or countries to validate the
findings and assess broader applicability.

Additionally, while the methodology employed manual sorting and statistical analyses to identify
contamination levels, the influence of seasonal variations or long-term changes in residents' behavior
was not addressed. Further longitudinal studies could provide a more comprehensive understanding of
the sustainability and adaptability of different collection systems over time.

Another limitation lies in the assessment of compostable bag distribution. Although a correlation
between bag distribution and reduced contamination was observed, a deeper exploration of residents'
behavior, such as adherence to sorting guidelines or barriers to participation, would enhance the
findings. Future research could incorporate surveys or interviews with residents to gather gualitative
data.

Lastly, while the study highlights the advantages of door-to-door collection systems, it does not
consider the associated economic or logistical challenges. Comparative cost analyses and
environmental impact assessments of different systems would be beneficial in informing policymaking
and optimizing waste management strategies.

The study does not describe in detail the use of awareness campaigns in cities due to unavailable
information.

By addressing these limitations and expanding on the current research, further studies can build on
our findings to enhance the effectiveness and efficiency of KBW management globally.

Acknowledgments

The authors would like to thank JRK Slovensko s.r.o., OLO a.s. and Priatelia Zeme- SPZ for their
cooperation in carrying out the analyses of municipal waste and providing data for research processing.

References

1. Abeshev, K., & Koppenborg, F. (*023). More than just organics: Boosting separate collection of dry
recyclables with door-to-door bio-waste collection in EU capitals. Waste Management, 161, 156 — 165.

2. Adam, J., Wellacher, M., Azizi, F., Loidl, A., Zéscher, A., Poschacher, F., Pomberger, R.,
Tischberger-Aldrian, A. (2024) Determination and improvement of the quality of separately collected
bio-waste from households. Waste Management & Research 2024, Vol. 42(9) 842 — 854

3. Ajith, N., Arumugam, S., Parthasarathy, S., Manupoori, S., & Janakiraman, S. (2020). Global
distribution of microplastics and its impact on the marine environment — A review. Environmental
Science and Pollution Research, 27(21), 25970-25986. https://doi.org/10.1007/s11356-020-09015-5

4. Bernad-Beltran, D., Simé, A., Bovea, M. D. (2014) Attitude towards the incorporation of the selective
collection of biowaste in a municipal solid waste management system. A case study. Waste
Management 34 (2014) 2434 — 2444

5. Blasing, M., & Amelung, W. (2018). Plastics in soil: Analytical methods and possible sources.
Science of the Total Environment, 612, 422 — 435.

6. Boakye, A., Miezah, K., Tuffour, H., Bessah, E., & Kemausour, F. (2023). Comparative effect of five
compost types on growth and yield of maize (Zea mays L.) on a Ferric Acrisol in Ghana.

7. Boots, B., Russell, C. W., & Green, D. S. (2019). Effects of microplastics in soil ecosystems: Above
and below ground. Environmental Science & Technology, 53(19), 11496 — 11506.
https://doi.org/10.1021/acs.est.9b03304

8. Cunningham, E. M., Ehlers, S. M., Dick, J. T. A, Sigwart, J. D., Linse, K., Dick, J. J., & Kiriakoulakis,
K. (2020). High abundances of microplastic pollution in deep-sea sediments: Evidence from
Antarctica and the Southern Ocean. Environmental Science & Technology, 54(21), 13661 — 13671.
https://doi.org/10.1021/acs.est.0c03441

9. Czekata, W., Nowak, M., & Piechota, G. (2023). Sustainable management and recycling of
anaerobic digestate solid fraction by composting: A review. Bioresource Technology, 128813.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana D3



Ivan ILKO, Viera PETERKOVA: The impact of distribution and collection systems on the purity of kitchen waste: A
comparative anaysis of approaches in Slovakia

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Directive (EU) 2018/851 EC of the European Parliament and of the Council
Directive 2008/98/EC of the European Parliament and of the Council

Dronia, W., Polomka, J., & Jedrczak, A. (2023). Morphological composition of bio-waste collected
selectively in towns and villages during autumn and winter. Journal of the Air & Waste Management
Association, 73(4), 313-320.

European Parliament & European Union (2019). Regulation (EU) 2019/1009 of the European
Parliament and of the Council of 5 June 2019 laying down rules on the making available on the
market of EU fertilising products and amending Regulations (EC) No 1069/2009 and (EC) No
1107/2009 and repealing Regulation (EC) No 2003/2003. Available at https://eur-
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019R1009&from=EN

Fang, X., Gao, B., Zhong, D., Wang, L., Borrion, A., Huang, W., ... & Cui, S. (2023). Closing the food
waste loop: Analysis of the agronomic performance and potential of food waste disposal products.
Journal of Cleaner Production, 382, 135174.

Gwarda, K., & Klopott, M. (2021). Selective bio-waste collection system in Gdynia from the perspective
of residents of multi-family households. European Research Studies Journal, 24, 590 — 600.

Hriebicek, J., Kalina, J., & Tomek, J. (2010). Designing bio-waste management in municipalities.
Prague: Littera.

Jakubes, J., Bellingova, H., & Svab, M. (2006). Modern use of biomass: Technological and logistical
options. Czech Energy Agency. Accessed on 10 February 2017.

Koloni¢ny, J., et al. (2011). Small-scale solid fuel boilers. Technical University of Ostrava. ISBN 978-
80-248-2542-7.

Krogmann, U. (1999). Effect of season and population density on source-separated waste
composts. Waste Management and Research, 17, 109 — 123.

Lares, M., Ncibi, M. C., Sillanpaa, M., & Sillanpaa, M. (2018). Occurrence, identification, and
removal of microplastic particles and fibers in conventional activated sludge process and advanced
MBR technology. Water Research, 133, 236—-246. https://doi.org/10.1016/j.watres.2018.01.049

Ljung, E., Borg Olesen, K., Andersson, P.-G., Faltstrom, E., Vollertsen, J., Wittgren, H. B., &
Hagman, M. (2018). Microplastics in the cycle (No. 2018-13; p. 48). Svenskt Vatten Utveckling.
Available at
https://www.svensktvatten.se/contentassets/7be8e202754e4011a400bcff4ed89b1c/mikSVu-rap-8-
13.pdf (Accessed 18 June 2022).

Maga, |., et al. (2008). Comprehensive model for biomass utilization for energy purposes. Slovak
University of Agriculture in Nitra. ISBN 978-80-552-0029-3.

Melikoglu, M., Lin, C. S. K., & Webb, C. (2013). Analyzing the global food waste problem: Pinpointing the
facts and estimating the energy content. Central European Journal of Engineering, 3, 157 — 164.

Ministry of the Environment of the Slovak Republic. (2020). Waste Management Programme of the
Slovak Republic for 2021-2025. Enviro-portal: Information portal of the Ministry of Environment of
the Slovak Republic. Available at https://www.enviroportal.sk/sk/eia/detail/program-odpadoveho-
hospodarstva-slovenskej-republiky-na-roky-2021-2025

Murphy, F., Ewins, C., Carbonnier, F., & Quinn, B. (2016). Wastewater treatment works (WwTW) as
a source of microplastics in the aguatic environment. Environmental Science & Technology, 50(11),
5800 — 5808. https://doi.org/10.1021/acs.est.5b05416

Ochodek, T. (2005). Possibilities for energy use of biomass. Ostrava: Technical University of
Ostrava. ISBN 80-248-0834-X.

Pepich, S. (2010). Utilization of agricultural biomass for energy purposes and its impact on
sustainable development. Rovinka: Technical Agricultural Testing Institute.

Pliva, P., et al. (2009). Composting in windrows on open ground. Prague: Profi Press. ISBN 978-80-
86726-32-8.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)

WASTE FORUM 2025, éislo 1, strana D4



Ivan ILKO, Viera PETERKOVA: The impact of distribution and collection systems on the purity of kitchen waste: A
comparative anaysis of approaches in Slovakia

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Salman, M., Inamullah, Jamal, A., Mihoub, A., Saeed, M. F., Radicetti, E., ... & Pampana, S. (2023).
Composting sugarcane filter mud with different sources differently benefits sweet maize. Agronomy,
13(3), 748.

Schlupp, F., Page, J., Djelal, C., & Libessart, L. (2023). Use of biomass bottom ash as a granular
substitute in mortar. Journal of Building Engineering, 75, 106927.

Steiner, T., Mdller, J. N., Léder, M. G. J., Hilbrig, F., Laforsch, C., & Freitag, R. (2022a). Microplastic
contamination of composts and liquid fertilizers from municipal biowaste treatment plants: Effects of the
operating conditions. Waste and Biomass Valorization. https://doi.org/10.1007/s12649-022-01870-2

Steiner, T., Zhang, Y., Méller, J. N., Agarwal, S., Léder, M. G. J., Greiner, A., Laforsch, C., &
Freitag, R. (2022b). Municipal biowaste treatment plants contribute to the contamination of the
environment with residues of biodegradable plastics with putative higher persistence potential.
Scientific Reports, 12(1), 9021. https://doi.org/10.1038/s41598-022-12912-z

Straka, F., et al. (2006). Biogas — Handbook for education, design, and operation of biogas systems,
2nd expanded edition. GAS Ltd., Prague.

Sulewski, P., Kais, K., Gotas, M., Rawa, G., Urbanska, K., & Was, A. (2021). Home bio-waste
composting for the circular economy. Energies, 14(19), 6164.

Wang, J., Liu, X., Li, Y., Powell, T., Wang, X., Wang, G., & Zhang, P. (2019). Microplastics as
contaminants in the soil environment: A mini-review. Science of the Total Environment, 691, 848 —
857. https://doi.org/10.1016/j.scitotenv.2019.07.209

Weithmann, N., Mdller, J. N., Léder, M. G. J., Piehl, S., Laforsch, C., & Freitag, R. (2018). Organic
fertilizer as a vehicle for the entry of microplastic into the environment. Science Advances, 4(4),
eaap8060. https://doi.org/10.1126/sciadv.aap8060

Yi, M., Zhou, S., Zhang, L., & Ding, S. (2021). The effects of three different microplastics on enzyme
activities and microbial communities in soil. Water Environment Research, 93(1), 24-32.
https://doi.org/10.1002/wer.1327

Yong, C., Valiyaveettil, S., & Tang, B. (2020). Toxicity of microplastics and nanoplastics in
mammalian systems. International Journal of Environmental Research and Public Health, 17(5),
1509. https://doi.org/10.3390/ijerph17051509

Zakon €. 223/2001 Z. z. (Act No. 223/2001 Coll.) on waste and on the amendment of certain laws in
the wording of later regulations and Directive 2008/98/EC of the European Parliament and of the
Council of 19 November 2008 on waste and repealing certain directives.

Zakon €. 79/2015 Z. z. (Act No. 79/2015 Coll.) Waste Act and on the amendment of certain laws.
Available at https://www.zakonypreludi.sk/zz/2015-79

Braun, M., Mail, M., Heyse, R., & Amelung, W. (2021). Plastic in compost: Prevalence and potential
input into agricultural and horticultural soils. Science of the Total Environment, 760, 143335.

Cristébal, J., Albizzati, P. F., Giavini, M., Caro, D., Manfredi, S., & Tonini, D. (2023). Management
practices for compostable plastic packaging waste: Impacts, challenges and
recommendations. Waste Management, 170, 166 — 176.

European Bioplastics (2021). Bioplastics - facts and figures. https://docs.european-
bioplastics.org/publications/EUBP_Facts_and_figures.pdf

Fredi, G., & Dorigato, A. (2021). Recycling of bioplastic waste: A review. Advanced industrial and
engineering polymer research, 4(3), 159 — 177.

European Commission. (2019). Commission Implementing Decision (EU) 2019/1004 laying down
rules for the calculation, verification and reporting of data on waste in accordance with Directive
2008/98/EC of the European Parliament and of the Council and repealing Commission
Implementing. Official Journal of the European Union.

Yesaya, M., Mpanang'ombe, W., & Tilley, E. (2021). The cost of plastics in compost. Frontiers in
Sustainability, 2, 753413.

Koérner, I., Redemann, K., & Stegmann, R. (2005). Behaviour of biodegradable plastics in
composting facilities. Waste management, 25(4), 409 — 415.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)

WASTE FORUM 2025, &islo 1, strana D5



Ivan ILKO, Viera PETERKOVA: The impact of distribution and collection systems on the purity of kitchen waste: A
comparative anaysis of approaches in Slovakia

Vplyv systémov distribucie a zberu na €istotu kuchynského bioodpadu:

Porovnavacia analyza pristupov na Slovensku
Ivan ILKO, Viera PETERKOVA

Katedra biolégie, Pedagogicka fakulta, Trnavska univerzita v Trnave, Priemyselna 4, P. O. BOX 9,
918 43 Trnava, e-mail: ivan.ilko@truni.sk

Souhrn

Tato Studia hodnoti vplyv réznych systémov distribtcie a zberu na cistotu kuchynského bioodpadu
v spotrebitelskej faze, pricom sa zameriava na domécnosti v troch slovenskych mestach: Zilina,
Bratislava a Partizanske. Analyza poukazuje na rozdiely medzi individualnou bytovou vystavbou
a kolektivnou bytovou vystavbou a hodnoti turoveri kontaminacie v mieste vzniku a zberu odpadu. PouZili
sme metodiku zaloZenti na manualnom triedeni odpadu a S$tatistickti analyzu pomocou Friedmanovej
ANOVA na identifikaciu vyznamnych rozdielov v trovni kontaminécie. Studia tiez skuma vplyv distriblcie
kompostovatelnych vriec na zniZenie kontaminacie a porovnava efektivnost systémov zberu ,door-to-
door“(od dveri k dveram) a ,drop-off* (donaskovy). Vysledky ukazuju, Ze zber ,door-to-door” vyrazne
kontaminacie. Navy$e vy$Sia distribucia kompostovatelnych vriec Koreluje so zniZzenim kontaminacie
Vv kolektivnej bytovej vystavbe. Tieto zistenia zdOrazriuju vyznam zasahov v spotrebitelskej faze
a systematickych analytickych metdéd v odpadovom hospodarstve na zlepSenie Cistoty bioodpadu
a podporu udrzZatelnych postupov jeho vyuZitia.

Klicova slova: kuchynsky bioodpad, zber odpadu, kompostovatelné vrecka na odpad, odpadové
hospodarstvo
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Abstract

This paper evaluates the usefulness of measuring the concentration of dissolved hydrogen in an
anaerobic fermenter for maintaining the process stability. A laboratory test of two-stage psychrophilic
anaerobic digestion of food leftovers from a university canteen was carried out in a vertical reactor with
a total working volume of 0.255 m?® without stirring. In the course of the experiment lasting 1050 days,
with an average organic loading of 15.45 kgys m™ d* for the 1% stage and 0.657 kgysm™ d™ for the 2™
stage, a specific biogas production of 0.123 Nm? per kilogram of substrate and 0.448 Nm? per kilogram
of total solids and 0.480 Nm? per kilogram of volatile solids, respectively, was achieved. The average
methane content in biogas was 55.9 % vol. Slightly higher gas productions were measured in the batch
BMP test. The concentration of hydrogen in the mixed biogas from both reactor stages occasionally
exceeded 1000 ppm and averaged 134 ppm, the concentration of dissolved hydrogen measured by AMT
MS 08 sensor in the overloaded second stage was often 0.10 — 0.23 mg dm™ and correlated with the
total concentration of lower fatty acids and with the VFA/TIC parameter. The dissolved hydrogen
concentration from AMT instrument was not found to be a reliable timely indicator of overload or process
stability.

Keywords: anaerobic digestion; fermentation; psychrophilic bioreactor; dissolved hydrogen;
amperometric sensor

1. Introduction

Biowaste management is currently a complex and often discussed issue, because many biowaste
producers do not know how to properly manage it. In the Czech Republic, in recent years, the annual
production of waste from catering establishments has been around 15,000 tons of declared waste, this
waste can be disposed of, for example, by composting or anaerobic digestion. According to the Waste
Act, every producer of such waste must hand over the waste to an authorized company, which will
process it according to available options. For reasons of practicality and speed of disposal, waste was in
the past added to livestock or crushed in a kitchen grinder and flushed down the drain. Both options are
now prohibited®.

Catering waste belongs to the group of bio-waste, which is the abbreviated name for biodegradable
waste. These are the wastes that are capable of aerobic or anaerobic decomposition. According to
Regulation (EC) No. 1774/2002 of the Parliament and of the Council, catering waste can be defined as
‘all food waste, including used table oil, originating from restaurants, catering establishments and
kitchens, including central kitchens™. Food leftovers from catering establishments are classified in Group
20 (municipal waste) and specifically in Group 20 01 08 - Biodegradable waste from kitchens and
catering establishments.

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana D7


mailto:jiri.rusin@vsb.cz
mailto:radek.svoboda@vsb.cz
mailto:katerina.smutna1@vsb.cz

Daniela PLATOSOVA, Jiri RUSIN, Radek SVOBODA and Katerina SMUTNA: Correlation of dissolved hydrogen
concentration with VFA/TIC parameter in psychrophilic anaerobic digestion

In canteens and catering establishments, especially those that only heat and serve ready-to-eat
products, food leftovers represent the largest part of the waste. How to deal with waste such as plastic,
paper or glass is a well-known fact. However, how to properly manage waste such as food scraps is not
so clear-cut anymore. Act No. 185/2001 Sb. on Waste and Amendment of Some Other Acts® has
introduced a very strong instrument for reducing the amount of biodegradable waste going to landfill, and
the law implies that material recovery always takes precedence over other uses, such as energy
recovery. Waste for which no recovery has been found can be disposed of. Landfilling is then the last
method of waste disposal. In the case of anaerobic co-digestion with biogas production, this is
a material-energy recovery of biowaste, and it is not always clear in advance whether the method is
preferable to material recovery in the form of compost for a given biowaste.

Anaerobic digestion process can take place under thermophilic, mesophilic or psychrophilic
conditions. The typical temperature range of psychrophilic digestion is up to 20°C *. In the anaerobic
system, each new batch of substrate is first dissolved and hydrolyzed, while neither organic acids nor
hydrogen are produced to a greater extent. In the second phase, the hydrolysis products are acidified,
releasing CO, and hydrogen. These changes will most noticeably affect the values of the VFA/TIC
parameter and the concentrations of H, in liquid and gas. In the next phase - acetogenesis, higher acids
are broken down to acetic acid, and CO, and H; are produced again. A steady state occurs only in case
of sufficiently intense methanogenesis, during which both acetic acid and H, and CO, are consumed® °.

The initial steps of the pathway remain the same in thermophilic, mesophilic and psychrophilic
digestion; however, with the operating temperature, other active groups of microorganisms appear in the
process. The digestion process consists of events that convert organic compounds into more stable
compounds with simultaneous release of biogas, which is a mixture of mostly methane and carbon
dioxide. The bacterial hydrolysis breaks down complex insoluble organic matter consisting of
carbohydrates, proteins, lipids, and fats. The products are soluble compounds such as simple sugars,
amino acids, and fatty acids. This is mediated by various hydrolytic bacteria including members of
Bacteroides, Clostridium, Streptococcus, which can produce extra cellular enzymes involved in the
degradation and solubilization of complex molecules. In the next phase of acidogenesis, acid-producing
bacteria belonging to the genera Bacillus, Lactobacillus and Serratia spp further degrade the soluble
substrates into intermediate products. They consist mainly of heavy fatty acids (VFA) and lower acids
such as acetic acid, propionic acid, butyric as well as other short-chain fatty acids, alcohols, H, and CO..
The resulting VFAs and alcohols are further converted into acetic acid, carbon dioxide and hydrogen by
acetogenic bacteria during the acetogenesis. Acetate-producing bacteria, including bacteria of the
genera Synthrophomonas and Synthrobacter, are responsible for the conversion of the acid phase to
acetogenesis and generate acetate, CO,, protons and H, as the main precursors of methanogenesis.
Evidence exists that Clostridium thermoaceticum may also reduce protons and, hence, produce H, under
certain conditions. Thus proton-reducing acetogens may also utilize the acetyl CoA pathway for CO,
reduction. In the final step, methanogenic archaea, for example Methanosaeta spp., they use the
products obtained from the previous steps (acetate, CO, or methylated compounds) as a substrate for
the production of methane-rich biogas *"°.

Food waste in the United States include unconsumed food and food preparation residues from
residences, commercial establishments such as restaurants, institutional sources such as school
cafeterias, and industrial sources such as factory cafeterias. Zhang et al. measured an average methane
yield of food waste at 0.435 m® per kg of VS after 28 days of digestion at 50 + 2 °C. The average CH,
content was 73 vol. %. The biogas yield was 0.465 m® per kg of food waste. The resulting lower heating
value was 297.2 MJ m™ in average. About 80% of the methane yield was obtained after the first 10 days
of digestion ~.

An example of intensive usage of food leftovers and expired food for biogas production can be found
in Austria. Here, after collection and sanitation of food scraps and expired food, the material is
anaerobically fermented at mesophilic conditions. With an annual feedstock volume of more than 9,000
tons, approximately 1.8 million cubic meters of biogas is obtained. The economy of the whole plant is
due to the high degree of conversion of organic matter during the fermentation process (70 — 75% in the
first stage and 90-97% in both stages) *°.
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The aim of this article is to verify again the usefulness of measuring the concentration of dissolved
hydrogen in an anaerobic fermenter with the aim of maintaining the stability of the anaerobic process.
This verification was done for different process conditions than previous than the previous example®”.
We would like to verify whether the dissolved hydrogen concentration correlates with the VFA/TIC ratio,
which is a commonly used parameter to assess the stability of the anaerobic process. Dissolved
hydrogen monitoring could be a useful tool for monitoring and controlling the anaerobic fermentation
process, especially when it comes to maintaining stable conditions for the proper functioning of the
anaerobic plant.

Dohanyos reports in his research that the concentration of hydrogen in the liquid phase in an
anaerobic fermenter is common in the range of 0 — 200 mmol m?, i.e. 0 — 0.2 mmol dm™ (0 — 0.2 mmol/l
or 0 — 0.2 mM or 0.4 mg dm™). Strong et al. tested a low-cost dissolved H2 probe. VFA accumulation
and fermenter failure were observed at dissolved H2 partial pressures below 30 Pa, corresponding to
0.68 ppb. ord-Ruwisch et al. demonstrated that the partial pressure of dissolved hydrogen in an
anaerobic bioreactor, within the range of 2 — 8 Pa, exhibits a linear correlation with organic overloading
of the process. This parameter is a highly sensitive process indicator, capable of detecting both shock
overloads and gradual overloading. In the experimental reactor, when the partial pressure of dissolved
H, exceeded 6.5 — 7.0 Pa, overloading occurred, leading to the accumulation of organic acids.
A computer-based control system, which regulated substrate dosing while maintaining a threshold of
6.5 Pa, ensured stable process operation. These findings were validated in a full-scale 600 m? reactor,
where the critical limit was identified as 7.0 Pa *#*3,

In 2001, Bjoérnsson et al. ** addressed the monitoring of dissolved hydrogen concentration, as it is

known to be closely related to VFA accumulation, they addressed the direct measurement of hydrogen in
the liquid phase. In this study, a supplementary approach to monitoring dissolved hydrogen was
investigated including the transfer of liquid hydrogen through a Teflon membrane and detection in gas
phase using a Pd metal oxide semiconductor (Pd-MOS) sensor.

Several abiotic factors have been identified that can serve as early warning indicators, including total
or individual volatile fatty acid (VFA) concentration and hydrogen concentration'®. The concentration of
hydrogen affects the degradation of many organic compounds and may be a sensitive guide to the
metabolic state of biomass degrading wastes to methane. The use of the concentration of hydrogen in
the biogas as a process control index should therefore be evaluated in the industrial context. The results
demonstrate that during the operation of the digester the hydrogen concentration in biogas remained
fairly constant but following three out of four volumetric shock loads the hydrogen levels rose rapidly
before recovering to normal levels within a day. Hydrogen is produced at many stages, and by many
bacterial species, during anaerobic digestion and is then consumed by the carbon dioxide-reducing
methanogenic bacteria. The capacity of the methanogenic bacteria to remove hydrogen is normally far
from being saturated. Increased hydrogen levels inhibit the degradation of volatile fatty acids such as
propionic and butyric and can also inhibit acetoclastic methanogenesis by Methanosarcina spp.
Consequently, in the extreme, accumulation of hydrogen leads to an increase in volatile fatty acid
concentrations and acidification within the digester. Measurement of hydrogen levels is therefore
appropriate in the development of a process control strategy in anaerobic digestion *’.

2. Materials and Methods
2.1. Inoculum

Digestate or more precisely fermenting biomass suspension from the 1st fermentation stage of the
agricultural biogas plant Pustéjov Il (Zemspol Studénka JSc.) operation close to Ostrava city was used
as anaerobic inoculum. The suspension was brought in the morning of the test starting day. The
suspension was centrifuged on a small industrial centrifuge CHC-61A (BeHo Ltd., Czech Rep.) at
1200 rpm for 10 minutes. Only the liquid fraction containing a solid particle smaller than approximately
3 mm was further used as inoculum. The anaerobic bioreactor was filled with 0.255 m* of inoculum.
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2.2. Substrate

The leftover food was obtained from the main canteen of VSB-TU Ostrava. These were food leftovers
from plates of various meals. The canteen produces in total at least 30 kg of food leftovers every working
day. The material consisted really only of uneaten meals from the canteen as the kitchen processes only
semi-finished food and does not produce any serious amount of kitchen biowaste. The leftover food is
collected daily in a plastic barrel and this is taken away for disposal by an authorized person under
a long-term contract. The leftovers contain all foodstuffs and are not separated according to their origin,
i.e., leftovers include bones of cooked meat (chicken only) or also leftover salads and desserts
(minimum), see Figure 1.

The material was usually only treated by removing large bones and not too forcible mixing with
a mortar mixer. It was then stored in a refrigerator at 4 — 6 °C. Occasionally, when the material was too
viscous, it was supplemented with a small amount of drinking water. At a later stage, daily batches of
material were mixed in a kitchen mixer (25000 rpm) for 30 s. No further adjustments were made. The
inoculum and food residue parameters are shown in Table 1. Sampling for analysis was performed only
once, at the beginning of the experiment.

Table 1: Inoculum parameters and average parameters of food leftovers.

Parameter Syml_)ol, Inoculum Food Min Max |RSD, %
unit (start sample)| leftovers

pH pH-H,0 - 7.60 4.63 4.32 5.21 0.5

Total solids (105 °C) TS, % hm. 4.65 15.59 11.88 19.24 3.7

gggaﬁ'('f)so“ds (Lostonignition. | /g o 70.1 93.15 | 91.86 | 96.95 | 2.7

Carbon C, %qs 39.46 46.20

Nitrogen N, %+s 4.41 2.60

Ammoniacal nitrogen Nnnas. Yt1s 4.03 0.31

Sulphur S, %rs 0.63 0.20

Hydrogen H, %r+s 4.67 6.70

Oxygen 0O, %rs 39.29 40.49

Ash CA, %qs 29.90 6.85

Crude lipids CL, %qs 1.61 9.08 i

Crude fibre CF, %qs 0.38 1.66

Crude protein CP, %qs 1.03 2.36

Simple carbohydrates CH, %r+s 1.31 2.08

Starch ST, %rs 12.34 52.10

Lignin LI, %+s 1.94 0.44

Nitrogenous substances NC, %rs 8.03 14.63

S'“Sg;;gggsnous extract NFE, %rs 57.86 69.20

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. - 16. 10. 2025, Hustopede, Ceskéa republika)
WASTE FORUM 2025, &islo 1, strana 60



Daniela PLATOSOVA, Jiri RUSIN, Radek SVOBODA and Katerina SMUTNA: Correlation of dissolved hydrogen
concentration with VFA/TIC parameter in psychrophilic anaerobic digestion

2.3. Psychrophilic two-stage anaerobic digestion of food leftovers

The digestion experiment was carried out in a vertical stainless-steel (AISI 304) bioreactor with a total
volume of 0.276 m® (see Figure 2). The reactor had two reaction stages. The 1% stage with a working
volume of only 0.010 m*® was formed by axially placed vertical tube with 100 mm internal diameter. This
tube was open at the bottom, close to the bottom of the reactor. The 2" stage was formed by the
cylinder with 500 mm internal diameter. The food leftovers were dosed once per day almost every
working day. The feeding port was at the top of the 1* stage tube and the digestate overflow was at the
level of the batch in the 2™ stage, so the digestion process was semicontinuous. No stirring device was
used. There was also no heating device so the fermentation temperature fluctuated slowly in the
psychrophilic range (16-26 °C) depending on the actual temperature of the laboratory. The temperature
of meat in the batch in the fermenter was 21.3 °C. During the day, the dose of fresh food leftovers
hydrolyzed and acidified in the top part of the 1st stage tube and the released CO,-dominated gas forced
slowly the semi-digested suspension down and into the 2™ stage cylinder. In the 2" stage the process
continued mainly with methanization. Some more difficult-to-decompose patrticles sank to the bottom,
where apparently the sludge was strongly anaerobic, and other particles rose to the surface.
Spontaneous overflow of the excess volume of digestate occurred continuously through an overflow tube
at the surface in 2™ stage. Before daily measuring and feeding gas pressure of both stages had to be
equalized though the specialized gas pipeline. This formed mixed sample of biogas. Portable analyzer
was used for this mixed biogas composition measurements. Subsequently, the lid of the 1% stage was
opened and a new batch of substrate was inserted. Initially, 0.1 kg of food leftovers per day was dosed,
but gradually the dose was increased to 2.7 kg per day (occasionally up to 4.4 kg per day). The digestate
was sampled at half height of the 2™ stage.

YT

1 - Feeding port

2 — 1% stage reactor tube

3-2™ stage reactor cylinder

L*a
2 1 ’ 4 - Pipeline for equalizing biogas
pressure
5 — Biogas composition measurement port
6 — Biogas outlet port
oo 8 7 — Drum-type gas flow meter

8 — Digestate sampling port

9 - Digestate overflow pipe

\K/_\ﬂ/‘

Figure 2: Two-stage psychrophilic anaerobic bioreactor.

2.4. Analyses

To control the digestion process three parameter of food leftovers were analysed regularly. It was the
pH value determined potentiometrically using a WTW 340i with a SenTix 41 probe at 20 °C'?, the total
solids content (TS, by drying at 105 °C in an O, atmosphere to constant weight, 2.0% RSD) with a KERN
DLB 160 3A moisture analyzer with halogen lamp® and the volatile solids content (VS, by igniting at
550 °C in O, atmosphere to constant weight, 5.0 % RSD) with a LECO TGA 701 thermogravimetric
analyzer®. These three parameters were analysed also in the digestate samples.
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The elemental composition of the solids of inoculum, randomly sampled food leftovers and of the final
digestate (C, H, N, S) was determined with a LECO Truspec CHN 628 + S 628 analyzer®®. The oxygen
content was calculated from the other elements according to the ASTM standard?.

The ratio of the concentrations of total organic acids, primarily less volatile fatty acids (VFA), to
residual buffering capacity, represented by total inorganic carbon (TIC), in the digestate was determined
using the automatic titrator TIM BIOGAS V02.2 (Hach Lange, Germany), that we recalculated according
to the formulas from the study®. The concentration of molecular hydrogen dissolved in the suspension
was measured using a microamperometric sensor AMT MS 08 (AMT Analysenmesstechnik GmbH,
Germany), with a probe range of 0—3.0 mg dm™ and specified for temperatures between 0 — 40 °C. The
H, sensor was equipped with its own separate temperature sensor and was calibrated daily according to
the accompanying documentation. Both sensor probes were placed approximately 30 mm below the
surface of the digestate during measurement. After measuring the dissolved hydrogen concentration, a
sample of the digestate (approximately 0.9 times the volume of the substrate dose) was taken for
analysis, and a new dose of substrate was. The higher heating value of the solid of digestate was
determined with a semi-automatic isoperibolic calorimeter LECO AC 600 according to EN 15170%.

Every working day, volumetric biogas production was recorded according to the conditions in the
water-filled drum-type gas flow meter (RITTER TGO05, Germany). The biogas composition was analysed
using a BIOGAS 5000 portable analyzer (Geotechnical Instruments Ltd., UK) with a dual wavelength IR
sensor for measuring methane (CH4; 0 — 100 % vol.) and carbon dioxide (CO, 0 — 100 % vol.), and an
electrochemical sensor for the determination of hydrogen gas (H, 0 — 1000 ppm), hydrogen sulfide (H,S
0 — 5000 ppm) and oxygen (O, 0 — 25 % vol.). Missing data were interpolated linearly.

Other parameters used to describe the anaerobic digestion process are Organic Loading Rate (OLR)
and Hydraulic Retention Time (HRT). The OLR parameter indicates the capacity of the anaerobic
digestion system to convert organic matter into biogas.

Mass of Organic Substrate [kg/da
OLR [kg/m3/day] = f Org Lkg/day]

Reactor Volume [m?]

The HRT parameter indicates the time the feedstock remains in the fermenter in anaerobic digestion
systems.
Volume of Digester [m?]

HRT [d =
[days] Influent Flow Rate [m3®/day]

2.5. Biochemical methane potencial test

Simultaneously with the long-term experiment in bioreactor two batch tests of biochemical methane
potential (BMP) were performed. The aim of the tests was to verify the practically achievable gas yield
from food leftovers under different temperature conditions. Both tests passed without reactor stirring.
Glass reactors with the total individual volume of 1.2 L topped with ground glass were used. Each
reactor was closed with gas measuring burette with the total volume of 1.4 L. Reactors were placed and
heated in water bath inside laboratory hood. Burettes stood in the hood. One test was conducted at
mesophilic temperature (40 °C + 0.5 °C), the other at psychrophilic temperature (20 °C + 2 °C). Each test
was performed at three different initial substrate loads, with the overall lowest load used only under
psychrophilic conditions and the highest load only under mesophilic conditions. The conversion of the
gas volume to normal conditions (0 °C, 101325 Pa) was based on the temperature and barometric
pressure in the hood. In each test, two reactors were used to measure endogenous biogas and methane
production (inoculum production) and two reactors contained substrate addition. The BMP standard [20]
requires that the VS content of the inoculum is higher than 50% TS and the concentration of VS in the
inoculum is in the range of 1.5-2.0% by weight. This means setting the total dry matter TS to the level of
3.0% by weight. The mVS-substrate/mVS-inoculum mass ratio should be in the range of 0.3 — 0.5. With
a sufficient volume of biogas in the burette (> 150 ml), the composition of this gas was measured.
A Biogas5000 portable analyzer (Geotechnical Instruments Ltd., UK) was used. Data from the CH,
sensor were used to determine methane production. The data from the CO, sensor usually needed to be
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reduced by 1 — 2 vol. % in order for the sum of volume percentages to be 100%. The theoretical water
vapor content corresponding to 2.3 vol. % at 20 °C was included in the sum. Occasional low residual
aeration of the sample was subtracted, component contents were corrected. Missing data on biogas
volume and composition from weekends were linearly interpolated. The H, content was measured to
document the low load of the inoculum with acids from the acidification of the organic substances of the
substrate. The H,S content was measured to detect possible inhibition by sulfane or sulfides. The
theoretical production of biogas and methane was calculated from the elemental compaosition of volatile
solids according to the Buswell formula modified by Richards, for the case when the released ammonia
is dissolved in the suspension and immediately compensated by the carbonate formed from the
digestion of produced CO, %,

2.6. Hydrogen concentration correlation

All data were subject to mathematical correlation, specifically VFA/TIC and dissolved hydrogen and
hydrogen in biogas data were correlated. The correlation examines the joint variability of two variables
and determines whether we can observe a "concurrency" in the data, where higher values of one
variable are associated with higher values of the other variable, or, conversely, a "countercurrency,"
where higher values of one variable are associated with lower values of the other. For this purpose, the
concept of covariance is introduced, which measures the strength of the linear relationship between two
variables - positive values indicate concurrency in the data, negative values indicate non-continuity, and
values close to zero indicate a lack of linear relationship. Therefore, the covariance is standardized with
respect to the variances of the variables and in this way the most famous correlation coefficient, the
Pearson linear correlation coefficient, is introduced. Pearson's linear correlation coefficient r expresses
the degree of linear relationship between two numerical variables. Its values lie in the interval <-1.1>,
which greatly facilitates interpretation®’. Spearman rank-correlation coefficient is a non-parametric
correlation coefficient that is robust to outliers and deviations from normality in general, as it, like many
other non-parametric methods, works only with the order of the observed values. In contrast to the
Pearson correlation coefficient, which describes a linear relationship of the quantities, the Spearman
correlation coefficient describes how well the relationship of the quantities and corresponds to
a monotonic function, which may of course be nonlinear®®. The Spearman correlation coefficient
describes how well the relationship of the quantities conforms to a monotonic function.

3. Results and discussion
3.1. Process parameters

The anaerobic digestion of food residues was investigated for 1050 days (see Figure 3), with the
process being carried out in five phases while maintaining the same process conditions. In the first
phase (0 — 45 days), a biogas production of 0.0448 Nm?® d* was recorded with a methane content of
40.3% and an organic loading (OLR) of 8.1 kgVS m>d™ at a residence time (HRT) of 378 days. The
methane production intensity was 0.1 Nm®m=d™, with a specific methane production of 0.03 Nm3kg™. In
the second phase (45 — 210 days), biogas production increased to 0.1147 Nm®d™ with methane content
of 57.1%, while OLR increased to 15.2 kgVS m™>d™*at HRT of 205 days. This led to an increase in
methane production intensity to 0.3 Nm®m~d™and specific methane production to 0.05 Nm3kg™. The third
phase (210 — 680 days) brought a stabilization of biogas production to 0.1421 Nm3d™, methane content
was 54.6%, OLR reached 18.3 kgVS m™>d™* and HRT decreased to 178 days. Production intensity
remained at 0.3 Nm°®m=>d™and specific methane production increased to 0.06 Nm? kg™. In the fourth
phase (680-920 days), biogas production decreased slightly to 0.1369 Nm3d™*, methane content was
53.8%, while OLR was 17.8 kgVS m?d™ and HRT decreased to 142 days. Methane production intensity
remained at 0.3 Nm®md™, but specific methane production decreased to 0.04 Nm3g™. In the fifth phase
(920 — 1050 days), biogas production decreased to 0.0608 Nm®d™ while methane content increased to
65.7%. The OLR reached 3.9 kgVS m3d™ at extended HRT to 399 days, with methane production
intensity of 0.2 Nm®*m™>d™ and specific methane production of 0.06 Nm?3 kg™.
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During the 1050 days of the experiment (see Figure 3), the average total solids content of the food
leftovers dosed (pH 3.4 — 5.9) was 15.59 wt. %. At an average specific gravity of 1068 kg m™, the
organic content was 93.15 wt.%. At an average organic loading rate (OLR) of 15.45 kgys m™ d* the 1°
stage worked with an average theoretical retention time (THRT) of 12 days. The 2" stage worked at
OLR of 0.657 kgys m® d* with THRT of 210 days. The reactor as a whole produced 0.123 Nm?® d*
biogas and 0.069 Nm® d* methane, respectively. The average biogas production per unit mass of wet
substrate reached 0.070 Nm?® kg™. The CH, production per unit mass of total solids input averaged 0.250
Nm?® kgrs™ and per unit mass of volatile solids input averaged 0.268 Nm?® kgys™. The volatile solids
content of the suspension was reduced to 2.40 wt. %, i.e. 84 %, by the process. The average values of
the measured and calculated experimental parameters are given in Table 2 and graphically represented
in Figure 3 — 5.

Table 2: Average parameters of two-stage psychrophilic anaerobic digestion of food leftovers

Feed parameters Mean [Min [Max |[RSD, %
Daily dose weight, kg d™* 1.758
pH, - 4.63 4,32 |5.21 0.5
TS, Wt. % 15.59 |11.88|19.24 |3.7
14.54 191.86 |96.95 |2.7
OLR 1% stage, kgysm® d* 15.452]0.80 |61.00 [31.4
OLR 2" stage, kgysm™®d™* 0.657 [0.04 [2.82 |15
THRT 1 stage, d 12 2.4 ]103.6 |55.9
THRT 2™ stage, d 210 59.2 [2072.7|1122
Mixed raw biogas parameters
Daily production, Nm? d™ 0.123 |0.001 |0.287 |0.14
CH, content, Vol. % 559 |21.1 |77.8 |28.6
Digestate parameters
Temperature, °C 21.30 [16.0 |26.0 5.0
pH, - 7.43 6.41 |8.20 0.9
TS, Wt. % 3.70 245 |5.00 1.3
VS, Wt. % 2.40 1.38 [3.45 1.0
Total solids me= Temperature — Biogas — Methane
100 0.30
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Figure 3: Process temperature, total solids content in the digestate, biogas production and
methane content
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The curve of daily biogas production in Figure 3 shows that four overload crisis periods occurred
during the digestion experiment. The first overload started around the day 30 when the OLR for the 2™
stage increased to 1.2 kgys m™® d™* and the corresponding THRT shortened under 140 days. Between
days 50 — 100 the VFA concentration increased (see Figure 4) and the VFA/TIC ratio was in the interval
of lower stability (0.4 0.6). There was high peak of hydrogen in mixed biogas in this period (see
Figure 5). This peak was limited by the analyser limit (1000 ppm H,). The peak of hydrogen
concentration dissolved in the 2" stage slurry (see Figure 4 and 5) did not precede the peak of H, in gas
or the peat of VFA much. Feeding had to be decreased and a few doses of substrate had to be omitted.
After that the digestion process relatively stabilized and biogas and methane production efficiency
increased.

The second overload has occurred between the day 200 and 300 when the OLR for the 2" stage was
increased over 2.0 kgys m® d* and the corresponding THRT shortened under 80 days. The VFA
concentration increased to similar level like in the first overload period (approx. 8000 mg dm™) and the
maximum of VFA/TIC ratio was 1.0. Highest peak of hydrogen in mixed biogas did not occur soon and
was overtaken by the peak of dissolved hydrogen (maximum of 0.21 mg dm™). This overload period was
best signalized by the dissolved hydrogen measurement. During a stable process in the 2" reaction
stage in days 400 600 the concentration of dissolved hydrogen measured by the AMT MS 08 instrument
was 0.005 — 0.05 mg dm,

The third period of overload has occurred between the day 680 and 800 when the OLR for the 2™
stage was increased over 1.3 kgys m? d* but some doses corresponded to loads of up to 2.5 kgys m= d™.
The VFA concentration increased once more to approx. 8000 mg dm™ and the maximum of VFA/TIC
ratio was 1.3. Almost all the peaks of hydrogen concentration in mixed biogas were lower (see Figure 5)
than these peaks in the period of relative process stability with high methane vyield (see days 400 — 600).
The rise of dissolved hydrogen concentration was almost continuous (to the maximum of 0.20 mg dm™)
but there were no high peaks at the beginning of overload period that would strongly suggest
overloading. This time the better alarm parameter seemed to be the VFA/TIC ratio.

The last overload period started around the day 920. The OLR for the 2™ stage reached 1.8 kgys m? d™ in
some doses and the corresponding THRT was around 135 days. The VFA concentration went to the
extreme (11000 mg dm®) and the VFA/TIC peak reached 2.5. The only strong peak of hydrogen
concentration in mixed biogas come in the day 941 when the VFA/TIC ration was already on the decline.
Peak of dissolved hydrogen preceded the peaks of VFA a VFA/TIC by 23 days and had the power to
draw attention to the problem. But the dissolved hydrogen concentration was increased from 0.01 mg
dm™®to 0.08 mg dm™ long before this overload and yet at this time (days 800 — 850) the reactor reached
one of the highest biogas productions with a stable CH, content of around 60 vol. %.
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Figure 4: Evolution of the VFA/TIC ratio, its components and dissolved hydrogen concentration
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Figure 5: Concentration of H, dissolved in the 2" stage anaerobic slurry and of H, in mixed
biogas

The Organic Loading Rate values for the 1st and 2nd stages of the process and the dissolved
hydrogen concentration are plotted in Figure 6. It is obvious that the OLR curve of the 1st stage is similar
to the curve of the dissolved hydrogen curve.
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Figure 6: Organic Loading Rate 1st stage, Organic Loading Rate 2nd stage and H, dissolved
concentration
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The H,S content in mixed biogas increased from 500 ppm over 1000 ppm every time the H, content in
gas had high peak and this could apparently also cause cross-interference when measuring hydrogen in
the liquid and gas phase. The AMT Analysenmesstechnik GmbH stated that their AMT MS 08 instrument
has very low interference with H,S, but sensor poisoning cannot be ruled out during a long-term use in
digestate. The only very high peak of H,S (3800 ppm) occurred during the days 330 — 375. That time the
measured content of hydrogen in liquid and gas phase was generally low, VFA/TIC ratio was stable
under 0.3 and methane production was increasing quickly so the process was in good balance and
inhibition of methanogenesis from H,S probably did not have a significant effect. pH value in the 2™
stage varied in the range 6.4 — 8.2 and visibly correlated with the course of VFA concentration but the
relationship between the change in pH value and the change in biogas or methane production was not
clear.”

3.2. Hydrogen concentration correlation

The correlation analysis between VFA/TIC and the variables H, dissolved in suspension and H, in
biogas was conducted using both Pearson and Spearman correlation coefficients to comprehensively
assess the relationships. Figure 7 depicts the results of the cross-correlation analysis which investigates
the temporal relationships between VFA/TIC values and both hydrogen concentrations in suspension
and biogas at various lags using both Pearson and Spearman correlation methods. We have decided to
calculate the correlation coefficients for a 14-days long time span, due to the fact that the trends for all of
the correlation coefficients are damped towards the end of this time period thus there would be no
meaningful information obtained by calculating the coefficients for higher lag values. The full 1050-day
period was used in the cross-correlation analysis, capturing the statistical dependence of these variables
across the full timeline. Firstly, no time lag between the correlated parameters was used. The Pearson
correlation coefficients for H, in suspension and VFA/TIC, as well as H2 in biogas and VFA/TIC, were
0.508 and 0.021, respectively. These values suggest a moderate positive linear relationship between H,
in suspension and VFA/TIC, while the correlation between H, in biogas and VFA/TIC appears to be
weak. On the other hand, the Spearman correlation coefficients for H, in suspension and VFA/TIC, as
well as H, in biogas and VFA/TIC, were notably higher at 0.660 and 0.061, respectively. This indicates
a stronger monotonic relationship, emphasizing that although the correlation is not strictly linear, there
exists a consistent trend in the variables changing together. The discrepancy between the Pearson and
Spearman coefficients underscores the importance of considering different aspects of the relationship,
as Spearman correlation is less sensitive to outliers and captures nonlinear associations. These results
collectively provide a nuanced understanding of the associations between VFA/TIC and the variables H,
in suspension and H, in biogas, shedding light on both linear and monotonic aspects of their
relationships.

Our hypothesis was that after introducing a time lag between the measured data of VFA/TIC versus
H, in gas or VFA/TIC versus H, in suspension, a stronger correlation would be revealed. Time lag of O to
13 days was tested.

Method ™ Hydrogen in suspension (Pearson) M Hydrogen in suspension (Spearman) ™ Hydrogen in biogas (Pearson)
B Hydrogen in biogas (Spearman)
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0.5
0.4
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Lag (days)

Correlation coefficient

Figure 7: Pearson and Spearman correlation methods
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Both Pearson and Spearman coefficients between H, in suspension and VFA/TIC show positive
relationships across all lags. The Spearman coefficients consistently exceed the Pearson coefficients,
emphasizing a stronger monotonic association. The correlations tend to increase slightly with increasing
lags. For hydrogen in biogas the Spearman coefficients consistently surpass the Pearson coefficients,
however the coefficients values are near-zero, thus the relationship is very weak/non-existent. These
results collectively suggest a delayed but persistent positive correlation between hydrogen levels (mainly
for hydrogen in suspension) and VFA/TIC, with the Spearman method capturing the overall stronger and
more consistent relationship. The increasing trend in correlation with lags suggests a temporal
connection between H, in suspension and the VFA/TIC ratio in the dataset. While hydrogen production
by acidification reactions can in principle be very rapid, especially after hydrolysis of sugars, the
decomposition or consumption of acids is highly dependent on the type of acid. For example, propionic
acid decomposes very slowly. Consequently, there must be a period when the VFA or VFA/TIC
parameter will not correlate with the concentration of dissolved H,. When individual limiting acid
concentrations are exceeded, methanogenic microorganisms are reduced or inhibited, resulting in
a further increase in hydrogen concentration.

3.3. Results of BMP tests

The results of both BMP (batch) tests are summarized in the graph in Figure 8 and in the Table 4.
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Figure 8: Cumulative biogas production in mesophilic and psychrophilic BMP test
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Table 4: Gas production in mesophilic and psychrophilic BMP test of food leftovers

Test Batch Initial organic Blogas Methane Methane yield relative to
(40 days) load of substrate . production| the theoretical maximum
temperature production
°C kgvs M Nm~®kgys™ | Nm®kgys™ %
M-OL1 2.7 0.934 0.565 99
Mesophilic 40+ 0.5 M-OL2 5.4 0.919 0.556 97
M-OL3 8.1 0.858 0.535 94
P-OL1 1.3 0.839 0.470 82
Psychrophilic| 20+2.0 P-OL2 2.7 0.714 0.416 73
P-OL3 5.4 0.685 0.389 68

In accordance with general knowledge, both biogas and methane production decreased with
increasing load at both temperatures. An infinitesimal load could theoretically give a gas yield of 100%.
Psychrophilic conditions made it possible to obtain 74% and 70% of the methane obtainable under
mesophilic conditions, respectively, at a load of 2.7 kg and 5.4 kgys m™.

The food waste was subjected to a single-phase mesophilic and a two-phase psychrophilic anaerobic
digestion to identify the effect of the two-phase process and validate the efficiency of psychrophilic
technology in converting food waste®?. Both digestion methods proved to be exceptionally effective in
converting most of the biodegradable material in food waste into biogas. The single-phase mesophilic
CSTR reactor demonstrated high performance in methane production. A relatively high concentration of
H,S does not significantly affect the performance of the mesophilic reactor, provided that no other
inhibitory or synergistic effects occur. On the other hand, the high amount of H,S produced during the
process startup appears to be responsible for the increased risk of acidification in the early stages of
operation of the psychrophilic two-phase reactor. The system achieves stable digestion and balanced
operation within a relatively short period. Despite the limiting effect of low operating temperature, biogas
production is not low due to the high hydraulic retention time (HRT) characterizing the two-phase
process. Two-phase digestion, even under psychrophilic conditions, is significantly efficient in ensuring
a high proportion of volatile organic compounds contained in food waste. The low-temperature two-
phase system is much more energy-efficient for processing food waste than the single-phase mesophilic
process. Therefore, a two-phase anaerobic digester operating under psychrophilic conditions could be
an economically viable option for effectively processing food waste?’.

The fact that the psychrophilic process is more suited to a lower load is also evidenced by the lower
CH, content in the biogas (56 — 58% by volume) versus 60 — 62% by volume in the mesophile.
Psychrophilic hydrolysis and acidogenesis are fast enough to easily overwhelm methanogenesis.

Even at the highest load, the psychrophilic biogas production and CH, content in the batch test were
slightly higher than when using the two-stage bioreactor, but this was apparently mainly due to periods of
deliberate overloading of the reactor. It can be said that the data from the batch test and from the reactor
agree.

Measurements of the concentration of dissolved hydrogen from the rest of the meals in the
psychrophilic conditions of the BMP test showed the production of high peaks only in the first two days of
the experiment. This was followed by a significant drop in hydrogen production. At the end of the
experiment, production was practically zero. Changes in the concentration of soluble hydrogen are
shown in Figure 9.

BMP biogas production from the BMP test had uncertainty of + 5 % and the methane production had
uncertainty of £ 7 %. But because of high heterogeneity of each storage tank of food leftovers the biogas
production could easily vary + 50 %.
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Figure 9: Hydrogen concentration in biogas from mesophilic and psychrophilic BMP test

From the available literature, it has been verified that after the processing of food leftovers or expired
food, the gas yield can be described as follows, see Table 5. The production of both biogas and methane
in the two-stage reactor under discussion does not deviate from the known limits.

Table 5: Biogas yield in the anaerobic processing of food leftovers

Total solids | Volatile solids . . CH,
Substrate (TS) (VS) Biogas yield content Source
Nm? kg™ Nm?® kgys™
0, 1) 0,
% % fresh matter vol. %
Food residues 9-37 80 — 98 0.050 — 0.480 |0.200 —0.500| 45—65 | 282
and expired food
Food residues 23 86 0.100 0.220 n.a. 28,29
Food leftovers 15.59 93.65 0.0698 0.597 55.9 sTtS:ij

4. Conclusions

The anaerobic digestion of food leftovers was tested on a long-term basis in a two-stage bioreactor
under the psychrophilic conditions without stirring. The process was overloaded four times with a high
amount of substrate in order to trace the dependence between known process stability parameters and
dissolved hydrogen concentration. Despite drops to blackouts during overload, the average specific
production of methane was interesting for practical use. The monitoring of the VFA/TIC parameter in the
digestate from the second processing stage was essential for the detection of approaching overloading.
Monitoring the hydrogen concentration in the blended biogas from both stages of the process was not
very useful. In only one case did a sharp rise in dissolved hydrogen concentration detect overload before
a distinct rise in VFA/TIC. The concentration of dissolved hydrogen measured by the AMT MS 08
instrument during a stable process in the 2" reaction stage was 0.005 — 0.05 mg dm™. Overall, it can be
summarized that the continuous assessment of process stability according to dissolved hydrogen
concentration was useful, but not indispensable. Batch tests confirmed still relatively intense digestion of
food leftovers under psychrophilic conditions.
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Abstrakt

Tento ¢lanek hodnoti uzite¢nost méreni koncentrace rozpusténého vodiku v anaerobnim fermentoru
za ucelem udrzeni stability procesu. Laboratorni test dvoustupriové psychrofilni anaerobni digesce
zbytka jidla z univerzitni menzy byl proveden ve vertikalnim reaktoru o celkovém pracovnim objemu
0,255 m?, tento reartor pracoval bez michéni. V pribéhu experimentu trvajiciho 1050 dni pfi primérném
organickém zatizeni 15,45 kgys m™> d* pro 1. stuperi a 0,657 kgys m™ d* pro 2. stuperi byla mérna
produkce bioplynu 0,123 Nm?® na kilogram susiny a 0,4048 Nm celkem, 0,448 Nm na kilogram organické
susiny. Pramérny obsah metanu v bioplynu byl 55,9 % obj. Mirné vy3si produkce plynu byla naméfena
v davkovém testu BMP. Koncentrace vodiku ve smésném bioplynu z obou stuprit reaktoru obcas
presahovala 1000 ppm a primérné 134 ppm, koncentrace rozpusténého vodiku mérena senzorem AMT
MS 08 v pretizeném druhém stupni byla éasto 0,10 — 0,23 mg dm™ a korelovala s celkovou koncentraci
niz§ich mastnych kyselin a s parametrem VFA/TIC. Nebylo zjisténo, Ze by koncentrace rozpusténého
vodiku z pfistroje AMT byla spolehlivym véasnym indikatorem prietiZzeni nebo stability procesu.

Klicova slova: anaerobni digesce; fermentace; psychrofilni bioreaktor; rozpuStény vodik;
amperometricky senzor
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Vysledky pilotniho testovani zahust'ovace kalu
v mlékarenském prumyslu

Jan PAVLIK

ASIO TECH, spol. s r.o., e-mail: pavlik@asio.cz

Souhrn

Tento experiment predstavuje jeden z pristupl k zahuStovani kali v mlékarenském pramysiu
a prezentuje vysledky pilotniho testovani nového zafizeni navrzeného k efektivni manipulaci s kalem
z Cistirenskych proces( nejen v mlékarenském primysiu.

Kli¢ova slova: Pilotni testovani, kaly, mlékarensky pramysl, istirna odpadnich vod, zahustovani kalt

Uvod

B&hem gisticich procesti na gistirné odpadnich vod (dale jen COV) vznika piebyteény kal, se kterym
se musi uréitym zplsobem dle platné legislativy na misté¢ vzniku nakladat *. Pokud dana COV
nedisponuje jakoukoli formou kalové koncovky, ve velké vétSiné pfipadl se gravitané zahustény
prebytedny kal z &istirenskych procesti vyvazi fekalnim vozem na centralni COV vybavenou kalovou
koncovkou nebo na bioplynovou stanici?.

Vyvazeni pouze gravitatné zahusténého kalu je vSak finanéné naro¢né a naklady na odvoz kalu se
mohou meziroéné zvySovat. Fekalni vozy pfi odvozu prfebyteéného kalu vyvazi z velké vétsiny pouze
vodu, cely systém tak postrada ekonomicky i ekologicky smysl, protoZe kal s vysokym obsahem vody
odvazi vzdy velké nakladni vozidlo. Z tohoto diivodu je vyhodné pro takovou COV nainstalovat jednu
z technologii kalové koncovky, at’ uz se jedna o odvodnovaci nebo zahustovaci jednotku. V pfipadé, Zze
je v blizkém okoli moznost likvidovat odvodnény kal, jehoZ suSina se pohybuje v rozmezi 14 — 30 %, je
vhodné na takovou COV nainstalovat jednu z technologii odvodnéni kalt, napfiklad pasovy lis,
odsttedivku, komorovy kalolis nebo $nekovy lis *.

Pokud z néjakého didvodu nelze umistit na cov jednotku odvodnéni kalu, napfiklad z divodu
nedostupnosti mista, které by odvodnény kal odebiralo nebo problémim s pfepravou odvodnéného kalu,
muze byt feSenim pouze zahusténi kalu, diky strojové zahustovaci jednotce. Zahustovaci zafizeni je
schopné zvysit obsah suSiny kalu na takovou uroven, kdy kal bude jesté Cerpatelny fekalnim vozem
a kalovymi Cerpadly. Zahusténim kalu na maximalni moznou uroveri je mozné dosahnout ekonomické
uspory a snizit ekologickou zatéz na Zivotni prostfedi. Vyrazné se snizi objem kalu, ktery je urCen
k odvozu a tim se snizi i ¢etnost odvozu fekalnim vozem. Mezi dalSi vyhody patfi napfiklad potfeba
mensich kalovych nadrzi a snizeni emisi pfi dopravé kalu *.

Popis zafizeni

Zafizeni AS-DEHYDRATOR od spole&nosti ASIO TECH, s.r.o. je schopné zahustit kal na 5 — 10 %
susiny. Nedilnou soucasti zahustovaciho zafizeni je stanice pfipravy flokulantu, vietenové podavaci
Cerpadlo, davkovaci Cerpadlo rozmichaného flokulantu a rozvadéc¢ s frekvenénimi ménici pro kazdy
pohon zahuStovaci jednotky. Zafizeni, které je v tomto ¢lanku popisovano, je primarné uréeno
k odvodnovani kall, jak je znazornéno i na obrazku 1. V tomto pfipadé je aplikovano na jiny proces —
zahusténi, pfestoze princip fungovani zlistava totozny. Typickou vlastnosti zafizeni je Snekovy lamelovy
princip separace filtratu a potfeba mit vstupni kal dostate€né homogenizovany a fadné predupraveny
flokulaci.

Zahustovaci jednotka kali AS-DEHYDRATOR funguje nasledujicim zpisobem: Surovy kal z kalové
nadrZe nebo jimky je Cerpan pomoci vietenového Cerpadla do flokulaéni nadrze zahustovace. Zde je do
surového kalu davkovan roztok flokulantu, ktery zpusobi, Ze se jednotlivé nerozpusténé latky v kalu
shluknou do kompaktnich vlocek, které bude snazsi odvodnit. Zajistit homogenitu kalu a pfedupravu
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flokulaci je nesmirné dulezité pro cely zbytek procesu odvodnéni, protoze bez fadné predupravy kalu
neni mozné dosahnout uspokojivych vysledkll zahus$téni nebo odvodnéni kalG. Jakmile je roztok
flokulantu Fadné smichany se surovym kalem pomoci vykonného lopatkového michadla, je navlo€kovany
kal pfepadem veden do spiraly. V této ¢asti zahustovace je umisténa Snekovnice v lamelovém tubusu.
Lamelovy tubus se sklada z nékolika desitek lamel, které jsou umistény stfidavé v rezimu pevna —
pohybliva. Otacivym pohybem Snekovnice se navlo¢kovany kal vynasi smérem k vystupu kalu a zaroven
Snekovnice zdviha pohyblivé lamely, ¢imz se mezi pohyblivymi a pevnymi lamelami vytvofi mezera,
kterou odtéka voda (filtrat), ale vio¢ky kalu ji neprojdou. Zahustény kal na vystupu ze spiraly je
uskladriovan v nadobé na zahustény kal nebo je veden dopravnikem k této nadobé.

Mezi hlavni vyhody tohoto zafizeni patfi:
o Nizka energeticka narocnost separac¢niho procesu, zejména ve srovnani s odstfedivkami,
e PIné automaticky a kontinualni provoz, coz predstavuje vyznamnou vyhodu oproti komorovym
listim,
e Jednoduchost konstrukce a provozu,
e MenSi zabér plochy ve srovnani s pasovymi lisy.

Dulezitou soucasti popisu zafizeni je také skute¢nost, Ze lamely jsou v pfedem nastavitelném rezimu
pravidelné ostfikovany vodou, coZ napomaha udrzovat jejich optimalni funkci a pFedchazet jejich
zanaseni.
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Obrazek 1: Schéma $nekového zahustovacée kalu AS-DEHYDRATOR

Experimentalni ¢ast

Pilotni testovani probihalo v mlékarné Milsy, a.s. na Slovensku. Pfed pilotnim testovanim probihala
likvidace kalu jeho vyvazenim na centralni bioplynovou stanici. Kal byl gravitacné zahustén
(sedimentace) ve dvou kalovych nadrzi vybavenych provzdusfiovanim. Po gravitaénim zahusténi byl kal
nasledné odcerpan cisternovym vozem. Cisternovy viz kal odvezl na bioplynovou stanici, ktera je od
mlékarny vzdalena 30 km. Cetnost vyvozu kalu na bioplynovou stanici byla 1 — 2 cisternové vozy denné.
Vedeni mlékarny vypracovalo zadani pro pilotni testovani. Kal bylo dle zadani nutné zahustit na
maximalni moznou uroven, tak aby byl stale Cerpatelny cisternovym vozem, a vyrazné snizit ¢etnost
odvozu kalu.
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Proces Cisténi odpadnich vod v mlékarné probiha nasledujicim zplsobem: Odpadni vody z celého
aredlu, tedy splaskové vody i odpadni vody z vyroby mléénych produktl, jsou svedeny aredalovou
kanalizaci na mechanické predcisténi. Mechanicky predcisténa odpadni voda je nasledné Cerpana na
flota¢ni jednotku. Zde dochazi k procesu flotace, ve kterém dochazi k separaci kalu a nerozpusténych
latek od vody. Castice kalu a nerozpusténé latky, jejichZ hustota je nizsi, nez hustota vody jsou unaseny
jemnymi bublinami vzhdru na hladinu, kde jsou stirany a svedeny do kalovych nadrzi. Castice kalu
a nerozpusténé latky, které maji hustotu vyssi, nez je hustota vody, sedimentuji na dné flotacni jednotky,
odkud jsou v pravidelnych intervalech fizené vypoustény pomoci odkalovaci armatury. Tento sediment je
opét sveden do kalovych nadrzi. Odpadni voda je po procesu flotace gravitaéné vedena na biologickou
COV a odtud je vygisténa odpadni voda vypousténa do méstské kanalizace. Prebyteény kal z procesu
biologického Cisténi je Eerpan do kalovych nadrzi.

Pilotni jednotka zahus$téni kalti AS-DEHYDRATOR je velmi kompaktni, protoZe je celd umisténa na
standardni plastové EURO paleté&. Jednotka byla po diskuzi s obsluhou COV umisténa do objektu COV,
kde se uskladiuje chemie. Po dobu pilotniho testovani byl kal z kalovych nadrzi Cerpan do IBC
kontejneru, ktery slouzil jako pfedifazena akumulaéni nadrz. Kal byl v kalovych nadrzich po dobu
pilotniho testovani promichavan dmychadly, aby bylo dosazeno dostate¢né homogenizace. Vysledny
zahu$tény kal byl €erpan ze strojniho zahusténi do pfipravené mobilni nerezové nadrze, ze které byla
dle planu provedena zkouska &erpatelnosti °.

V kalovych nadrzich dochazi ke gravitatnimu zahus$téni kalu na susSinu 2 — 3,5 %. Testovani
probihalo s kalem, jehoz stafi bylo v fadech nékolika dni z kalové nadrze €. 1, ale také s kalem, jehoz
stafi bylo vfadech nékolika tydn( z kalové nadrze €. 2. Strojni zahusténi kalu je schopné tento
prfedzahustény kal zahustit na suSinu 6 — 8 %, at uz se jedna o Cerstvy kal nebo nékolik tydn(
uskladnény kal. Testovano bylo nékolik typd emulznich i praskovych flokulantl. NejlepSich vysledk
dosahoval praskovy kationicky flokulant Zetag 8180 pfi zohlednéni nejnizsi spotfeby flokulantu, ta Cinila
1,8 g/kg susSiny kalu. Pfi vybéru flokulantu je potfeba zohlednit typ, naboj, koncentraci a davku. Hodnoty
vyjmenovanych parametrd se budou s rdznymi kaly ménit. Zahustény kal na strojnim zahustovadi byl
podroben také zkouSce Cerpatelnosti cisternovym vozem, vysledkem bylo bezproblémové vyCerpani
zahusténého kalu. Vysledkem celého pilotniho testovani byla pramérna objemova redukce kalu 0 50 % °.

PredCidténa
odpadni voda

- Odtok z COV
Prebytecny kal z
EEEEE
Kalova jimka 1 cca 14 m¥iden T .
Biologicka COV
Flotaéni péna ) MNatok po mechanickém
/T pred&isténi
i -
Kalova jimka 2
Flotacni jednotka
Zahusténi
Vstup kalu Zahugtény kal
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1BC
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Obrézek 2: Schéma zapojeni zafizeni AS-DEHYDRATOR do procest ¢isténi odpadnich vod
v mlékarné
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Vysledky a diskuze

Pilotnim testovanim bylo zjisténo, Ze strojni zahusSténi kalu je schopné snizit objem kalu pfiblizné
050% a o polovinu tedy snizit Cetnost vyvoz( cisternovym vozem. Pokud budeme uvazovat
o hodinovém natoku na zahu$tovaci jednotku 5 m®nh, ktery uvedl investor, tak pracovni rezim
zahus$tovaci jednotky bude nastaven na 6 hodin denné 7 dni v tydnu.

Roc¢ni provozni naklady na elektrickou energii a spotfebu vody byly vypoc€itany na 3 444 EUR. Ro¢ni
naklady na chemii potfebnou k ptedipravé kalu byly vypogitany na 3 579 EUR roéné. Cetnost vyvoz(i se
snizi na polovinu. Dle informaci o cené za jeden vyvoz to €ini 13 440 EUR. Snizi se objem kalu, které se
likviduji na bioplynové stanici. Dle informaci o cené za likvidaci kalt na bioplynové stanici to €ini 21 427
EUR ro¢né. Nakladova cena, kterou investor plati za likvidaci kalu na bioplynové stanici je za pfijem
kalu, ktery na bioplynovou stanici odveze. Kone¢né naklady za ro¢ni provoz strojniho zahusténi kalu se
zahustovaci jednotkou AS-DEHYDRATOR ¢&ini 41 890 EUR.

Pdvodni naklady c¢inily 69 734 EUR ro¢né za odvoz pouze gravitacné zahusténého kalu na
bioplynovou stanici °. Instalaci zahustovaci jednotky se usSetfi roéné 27 844 EUR. Roéni naklady na
nakladani s kaly se tedy snizi o 40 %. Do nakladd na roéni provoz zafizeni AS-DEHYDRATOR jsou
zapocitany naklady za elektrickou energii k provozu zafizeni, naklady za spotfebu vody potfebnou
k ostfiku lamel a naklady na chemii potfebnou k pfedupraveé kalu.

V ramci zahustovaci jednotky je vyZadovan servis — vyména lamel a Snekovnice z nerezové oceli po
10 000 — 15 000 motohodinach. V uvazovaném pracovnim rezimu zahustovaci jednotky bude vyména
servisnich dilt probihat po 5 — 7 letech provozu.

Zafizeni je na COV Milsy a.s. nainstalovano trvale a byl jiz uspé&sné& ukon&en zkusebni provoz.

Cetnost svozu kalu Celkové naklady na nakladani s kaly
Roéni - AS-DEHYDRATOR o Roini - AS-DEHYDRATOR 41890€
Rotni 69734 €
Rotni 240
0F (I (0 O P P B
50 100 150 200 250 300 A0 1° kN ] o @ @ &«
Potet svozl Céstka v EUR
Naklady na odvoz Naklady za likvidaci kalu na bioplynové stanici
Rotni - AS-DEHYDRATOR 13440 € Roéni - AS-DEHYDRATOR 21427 €
Rotni J6BBOE Rodni 42 BS54 £
o® < l)@&d l)@t '07\"0&‘ ] 'c:\‘;‘\& ; 'c:\‘\.\';b '\\‘5\.\';“ ot . 'o'v‘{'\’t 'J\‘Qt e o P 'cin\\'\'ib, d&%‘; 'JCQ&'. 'c.ls\"-;“
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Obrazek 3: Grafické porovnani nakladi za likvidaci gravitacéné zahusténého kalu a strojové
zahusténého kalu
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Zavéry
Instalaci zahu$tovaci jednotky AS-DEHYDRATOR mlékarna udetfi za likvidaci kalu 27 844 EUR

roéné, celkové roéni naklady se snizi o 40 %. Cena za zahus$téni 1 m® surového kalu vychazi pfiblizné
na 0,64 EUR, pfi dennim zpracovani 30 m? surového kalu.

Technologie zahustovani kall predstavuje zasadni inovaci v oblasti CiSténi odpadnich vod, ktera
pfinaSi nejen ekonomické uspory, ale i vyznamné ekologické benefity. Pilotni testovani zafizeni
AS-DEHYDRATOR v mlékarné Milsy a.s. ukézalo, e moderni technologie mohou zasadné
optimalizovat nakladani s kalem a snizit celkové naklady na jeho likvidaci az o 40 %. Redukce objemu
kalu o polovinu znamena méné Casté vyvozy cisternovymi vozy, nizSi spotfebu energie i chemikalii,
a pfedevsim niz8i dopad na zivotni prostredi.

V kontextu primyslového c¢&isténi odpadnich vod je pravé efektivni manipulace s kalem klicem
k dlouhodobé udrziteinému provozu. Instalace zahustovaciho zafizeni umoznuje nejen pfimou financni
navratnost, ktera se v pfipadé mlékarny pohybuje okolo 3,5 roku, ale také flexibilngjsi nakladani s kalem
v budoucnosti, kdy Ize oekavat dalsi rist nakladu na odvoz a likvidaci kalovych sedimentu.

Technologie AS-DEHYDRATOR navic potvrzuje, Ze i pfi relativné nizké energetické narocnosti Ize
dosahnout vysoké efektivity separace, pfiCemz zachovava kontinuitu provozu a nenaro¢nost na obsluhu.
VyuZziti modernich zahusStovacich jednotek se tak jevi jako kliCova strategie nejen pro mlékarensky
pramysl, ale i pro dal$i odvétvi, kde dochazi ke generovani pfebytecnych kald.

V soucasnosti, kdy se zvySuji environmentalni pozadavky a tlak na sniZzovani provoznich nakladd,
pfedstavuje investice do inteligentnich zahustovacich FeSeni strategické rozhodnuti s dlouhodobym
pfinosem. Pilotni testovani v Milsy a.s. ukazuje, Zze chytré inovace v oblasti CiSténi odpadnich vod
mohou znamenat nejen ekonomickou efektivitu, ale i zodpovédnéjsi pfistup k ochrané Zivotniho
prostiedi.
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Results of pilot testing of sludge thickener in the dairy industry
Jan PAVLIK

ASIO TECH, spol. s r.0., Czech Republic, e-mail: pavlik@asio.cz
Summary

This experiment represents one of the approaches to sludge thickening in the dairy industry
and presents the results of pilot testing of a new device designed for efficient handling of sludge
from treatment processes, not only in the dairy industry.

Keywords: Pilot testing, sludge, dairy industry, waste water treatment plant, sludge thickening
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Abstract

Construction and demolition (C&D) waste significantly contributes to global landfills but has valuable
applications in civil engineering. Sandy soils, known for their non-cohesive nature, pose considerable
challenges in construction, particularly in embankment and roadbed scenarios. This study examines the
impact of Recycled Concrete Aggregates (RCA) and emulsified asphalt on improving the mechanical
properties of sandy soils. The results demonstrated that a combination of up to 30% RCA and 25%
emulsified asphalt resulted in notable improvements in compressive strength and elastic modulus,
achieving average values of 360 kPa and 2.4 MPa, respectively. However, excessive RCA content
adversely affects the material's effectiveness. Notably, increased proportions of both additives greatly
improved the modulus of elasticity, indicating enhanced resistance to deformation. The binding
properties of emulsified asphalt contributed to better cohesion among sand particles, thereby
strengthening structural integrity. Conversely, higher RCA percentages were associated with a decrease
in fracture energy, raising concerns about material stability and resilience. Overall, the integration of
emulsified asphalt and RCA is shown to significantly enhance the mechanical characteristics of sandy
soil, making it a viable solution for construction challenges involving non-cohesive soils.

Keywords: Waste, utilization of recycled materials, recycled concrete aggregates, emulsified asphalt,
soil stabilization

Introduction

The production and extensive use of construction materials, along with the resulting environmental
pollution, represent a global challenge. However, the incorporation of recycled materials in infrastructure
projects and their reuse serves as a viable solution to mitigate environmental damage, thereby reducing
the reliance on new materials in human life and civil infrastructure. Furthermore, suitable soil and
substrates for infrastructural development are increasingly scarce due to inadequate physical and
mechanical properties. The presence of quicksand in desert and coastal regions poses significant
challenges for the construction of pavements and roads. Quicksand, characterized by its loose, water-
saturated sand, can undermine structural integrity, leading to unexpected sinkholes and instability™.
Moreover, its unpredictable behavior complicates the engineering processes, necessitating specialized
techniques and materials for effective stabilization. The high variability in moisture content further
exacerbates these issues, requiring constant monitoring and maintenance. As a result, projects in these
regions often face delays and increased costs, emphasizing the need for thorough geotechnical
assessments and innovative engineering solutions to mitigate risks associated with quicksand?®. The
costs associated with the relocation and improvement of sandy soils, commonly found along coastlines
and desert regions, are substantial. The advancement of innovative technologies for utilizing loose and
sandy soils by enhancing and increasing their strength has always been a focal point for researchers.
The application of polymeric materials, particularly emulsified asphalts, has garnered attention as well.
These polymers, derived from crude oil and recognized as asphalt, serve as binding and penetrating
agents for materials and soil particles. The surface coating of silica aggregates in sandy areas along
coastlines and deserts is notably illustrated in Figure 1.
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Figure 1: Connection of petrochemical polymers and emulsified asphalt to aggregates

As illustrated in Figure 1, the polymer coating on aggregates enhances their adhesion, thereby
ensuring their stability and impermeability. This coating significantly reduces the absorption of water by
soil particles, which contributes to the overall mechanical strength and load-bearing capacity of the soil.
The use of emulsified asphalt-stabilized sandy soils diminishes the occurrence of rutting and surface
deformations in roads and construction sites. Researchers in chemistry and civil engineering have
previously focused on weak subsoils treated with binding agents such as cement and lime; the chemical
bonds formed by lime and cement sufficiently bind soil particles together®. However, a major concern
arises from the greenhouse gas emissions, particularly CO,, associated with the excessive use of these
binding agents. Estimates indicate that in 2001, around 16.1 tons of limestone and 4 tons of dolomite
were consumed in the United States, leading to the release of approximately 9 tons of carbon dioxide
(equating to 2.4 tons of carbon) into the atmosphere®. This accounted for 1.7% of the greenhouse gas
emissions and 0.13% of total emissions in the U.S. for that year. Industrialized countries face substantial
waste challenges, including fly ash, stone dust, plastics, glass, rubber, and construction debris, with
ceramic materials, especially crushed concrete and its derivatives, representing the largest volume in the
construction industry. Globally, the production of crushed concrete is increasing rapidly, particularly in
Iran, Turkey, and China. However, approximately 250,000 tons remain unused annually, while 100
million tons of concrete are utilized for repairs worldwide®. Construction and demolition (C&D) waste
constitutes a significant portion of landfilled waste globally; nevertheless, these materials have been
successfully utilized in various civil engineering applications such as road construction, embankments,
drainage pipes, and fill materials. In Australia, for instance, about 8.7 million tons of recycled concrete
aggregates, 1.3 million tons of crushed brick, and 1.2 million tons of recycled asphalt are produced
annually. Managing this vast quantity of C&D waste poses challenges for urban areas worldwide®.
Utilizing recycled C&D materials in construction projects presents a sustainable and cost-effective
solution, aiding in waste reduction, conserving natural resources, and lowering construction costs.
Through further research and innovation, new and beneficial applications for C&D materials in civil
engineering can be explored, leveraging their environmental and economic advantages. In Table 1, the
advantages and disadvantages of using crushed concrete materials are summarized.

Researchers have demonstrated that the application of emulsified asphalt on sandy soil using a direct
shear device leads to an increase in the shear strength parameters C and ¢ of the sandy soil.
Additionally, a study has shown that the mechanical properties of sand, when combined with both
cement and polymer, result in a decrease in soil density®. Notably, even with an increase in cement
content, the dry density remains unchanged. Furthermore, the unconfined compressive strength layer,
California Bearing Ratio (CBR), and deviator stress of the stabilized soil sample are found to increase™.
The impact of adding emulsified asphalt and rubber crumbs to sandy soils has also been investigated
using an oedometer, revealing a reduction in permeability, Young's modulus, and internal friction angle,
while the volumetric compression coefficient and static soil pressure increase'”.
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Table 1: Characteristics, benefits, and drawbacks of crushed concrete aggregate’®

Mechan_lcal and physical Drawbacks Benefits and useful experiences
properties
» High water absorption * Non-uniformity of | 1. Application in soil stabilization and gradation
* High initial strength raw materials improvement
* Low abrasiveness * Long-term 2. Use as a substitute for natural aggregates
* Potential weakness durability 3. Good stability in environmental and moisture
against impact concerns conditions
* Presence of varying * High volume 4. Reduction in costs and negative
sizes and gradation * Risk of corrosion environmental impacts
and degradation 5. Filling capacity for areas requiring backfill

The objective of stabilizing subgrade soils in road construction, landscaping, and the development of
parking lots is to enhance the strength and uniformity of both coarse and fine soils. This stabilization
process ensures effective transfer of loads from upper layers to weaker sublayers. This study explores
the simultaneous use of recycled crushed concrete from demolished or under-construction buildings,
which alters the gradation of the soil. Additionally, the concurrent application of emulsified asphalt
contributes to the flexibility of the substructure and subgrade in both road construction and residential
complex landscaping.

Experimental part

In this study, windblown desert sand from the outskirts of arid urban areas was collected to determine
its particle size distribution and physical quality. As depicted in Fig. 2, the particle size analysis was
conducted, and the addition of recycled concrete aggregate with specified sizes and varying percentages
modified the grading of this soil. Following the AASHTO soil classification method, this material falls into
the SP category, characterized by uniformly graded and relatively fine sand, which is often rated low in
terms of its application for landscaping layers and subgrade construction. The sand was extracted from
a depth of 0.5 meters beneath the surface. The recycled concrete used in this study originated from
remnants of broken samples created in the civil engineering laboratory by researchers. To obtain
suitable sizes, the sandy aggregates were initially crushed with a hammer, resulting in particle sizes
ranging between 4.75 mm (#4) and 0.425 mm (#40). Since the samples were sourced from laboratory
concrete mixtures, they contained no additional impurities and were simply crushed and sieved. To
eliminate any potential dust and clay particles, the material was washed with water, soaked for 24 hours,
and then dried for four hours at a temperature of 105°C. Finer particles below the #200 sieve (0.075mm)
were completely removed, while larger sizes were not used due to the difficulty of mixing and the
tendency of sand particles to depend on coarser RCA aggregates rather than interlocking. Additionally,
particles finer than 0.075 mm were discarded due to the potential for excessive and unregulated
impurities. The fines, often regarded as the most challenging aspect of recycled materials, play a crucial
role in determining the overall quality and viability of such materials in real-world applications. By
analyzing these finer fractions in a manner that mimics on-site conditions, researchers can obtain results
that are far more reflective of the actual characteristics encountered in construction projects. This
approach would not only align with practical constraints faced during the separation of aggregates in
execution projects—where the feasibility of isolating finer material is limited — but also broaden our
understanding of how these materials behave under operational conditions.
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Figure 2. Gradation of the base sandy soil and the gradation after the addition of recycled concrete

The conceptual model of the research process is illustrated in Fig.3, where the strategy of reducing
energy consumption and raw material resources is aligned with minimizing the accumulation of
construction waste materials. This approach is utilized to stabilize weak substrates in building and road
construction. In laboratory testing and sample preparation, emulsified asphalt was considered the
primary stabilizing agent, while recycled concrete waste served to enhance soil resistance properties.
Laboratory samples were created with varying percentages of recycled concrete waste (10%, 20%, and
30%) and emulsified asphalt (20%, 22.5%, and 25%). The mixing methodology involved blending the soil
with the optimal water content (12.5%) before incorporating various emulsified asphalt percentages and
subsequently adding the recycled concrete waste. Considering the fine aggregate utilized and its specific
surface area, coupled with the incorporation of recycled aggregate as an additive, it was deemed
advantageous to employ higher percentages of emulsified asphalt. Preliminary tests indicated that lower
percentages of asphalt did not provide the requisite adhesion. The use of Recycled Concrete Aggregate
(RCA), in particular, is indicative of a strategic approach aimed at mitigating the environmental burden
associated with construction waste. By opting for RCA, we not only aim to repurpose materials that
would typically contribute to landfill accumulation but also enhance the sustainability of construction
practices. From a scientific perspective, the interaction between the emulsified asphalt and the fine
aggregates is significantly influenced by their physical and chemical properties. The fine aggregate's
larger specific surface area leads to increased asphalt absorption, requiring a higher binder content to
achieve optimal bonding. Moreover, the presence of recycled aggregates can alter the physicochemical
behavior of the mix due to the potential for increased porosity and variability in surface texture. This
necessitates a careful balance in the formulation to ensure adequate adhesion and performance of the
final product. The effectiveness of emulsified asphalt in forming a homogenous matrix can be attributed
to its ability to encapsulate the finer aggregates, thereby reducing interparticle voids and enhancing
cohesion, which is vital for the mechanical integrity of the composite material.

Once the homogeneity of the mixture was confirmed, the prepared samples were compacted within
molds and layered accordingly. Cylindrical soil samples with a diameter of 5 cm and a height of 7.5 cm
were employed for the unconfined compressive strength testing. These dimensions were selected to
ensure consistency across all experimental trials and to facilitate comparability of results. The size of the
samples aligns with standard practices in geotechnical standard test, providing meaningful insights into
the mechanical behavior of sandy soils treated with RCA and emulsified asphalt. Thirty soil samples with
varying RCA and emulsified asphalt proportions were analyzed to optimize sandy soil performance and
stability.
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Figure 3: Connection of petrochemical polymers and emulsified asphalt to aggregates

The experimental design included tests for unconfined compressive strength, ultimate load, and strain
at failure, as well as the Eso modulus and energy at which cylindrical soil samples failed. Following the
analysis of results through response surface methodology, an optimal composition of materials and
emulsified asphalt RCA was determined. The coding method for the samples was SCxEy, where X
represents the percentage of RCA and y indicates the percentage of emulsified asphalt present in the
sample. The emulsified asphalt must provide a minimum complete coverage for the mineral particles of
the sail, and it is crucial that this coverage is both comprehensive and durable. Therefore, the mixing of
soil particles with emulsified asphalt is vital for the quality of stabilization, and the viscosity of the
emulsified asphalt used plays a significant role in the performance of the mixture. Numerous studies
have reported varying percentages of emulsified asphalt added to soil, ranging from 4% to 25%'. The
addition of emulsified asphalt initially increases the soil's bulk density, which is later followed by
a reduction in bulk density, while also enhancing the optimal moisture content of the soil in both
laboratory and field compaction tests.

Results and discussion
Uniaxial compressive strength

The uniaxial compressive strength (q,) test demonstrated observable stress-strain variations as
shown in Fig. 4, following the loading of the samples (an example of stress-strain graph). The samples
utilized for examining the uniaxial compressive strength of sand containing recycled concrete aggregate
(RCA) and emulsified asphalt clearly indicate that an increase in the percentage of RCA results in
enhanced compressive strength. This phenomenon may be attributed to the superior strength of the
recycled aggregates, which replace fine sand particles that are naturally rounded. Additionally, the
results indicate that as the percentage of emulsified asphalt increases, the compressive strength also
rises. This improvement may be due to enhanced adhesion between the sand particles and the
reclaimed concrete debris. On average, the increase in compressive strength corresponds to an
additional increase of 3% for each percentage of RCA added. Previous studies have also confirmed that
a higher percentage of RCA contributes to the increased compressive strength of stabilized soil®.
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Figure 4: Uniaxial test results of soil stabilized with 20% emulsion bitumen and different
percentages of concrete waste

Based on the results presented in the previous figures, it is evident that compacted sandy soils
containing RCA and Sand exhibit an increase in emulsion asphalt percentages, whereas an excessive
increase in sand can lead to a reduction in strength. The decline in strength due to the rise in sandy soil
may be attributed to the adhesive nature of the polymer and the particles constituting the sandy soil, with
an overabundance of these materials around the particles potentially increasing the friction between
them, thereby resulting in diminished strength. Uniaxial stress increases with higher percentages of
emulsion asphalt, accompanied by a corresponding increase in strain, indicative of the brittle behavior of
the samples. Although the stress-strain curves are quite similar, there is a notable difference in the
maximum uniaxial stress and strain at failure. As the percentage of RCA increases, the strain at failure
decreases, which suggests that samples containing higher RCA demonstrate less brittle behavior
compared to those with lower emulsion asphalt percentages. Table 2 presents the values of maximum
uniaxial stress and strain at the moment of failure (strain at failure) for the stabilized samples.

Table 2: Maximum uniaxial stress and strain at failure for stabilized samples

Sample composition (Mass percentage) Maximum uniaxial Strain at
Emulsion Asphalt Recycled Concrete stress failure
(%) (%) (kPa) (%)
10 126.8 2.2
20.0 20 151.1 1.5
30 181.1 1.4
10 181.0 1.5
22.5 20 226.5 1.3
30 285.4 1.2
10 246.4 1.5
25.0 20 291.7 1.4
30 362.4 1.2
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The polymeric nature of the emulsion asphalt can result in added friction among particles when
excessive RS is present, which may lead to increased resistance to movement, thereby compromising
the overall structural integrity of the mixture. This phenomenon aligns with studies on patrticle friction and
cohesion in geotechnical engineering. Notably, while uniaxial stress increases with emulsion asphalt,
samples enriched with RCA demonstrate a reduction in strain at failure, suggesting a transition toward
more ductile behavior with higher RCA content. This attenuation of brittleness indicates a complex
interplay beltaween the types of recycled aggregates used and their mechanical performance in saturated
sandy soils™.

The data indicates that mixtures containing 20% emulsified asphalt and 10% recycled concrete (RCA)
exhibited the highest strain at failure of 2.2%, which suggests a remarkable ductility and resilience in
comparison to other formulations, where the strain at failure was comparatively lower, remaining around
1.3% to 1.5%. This phenomenon can be attributed to the unique rheological properties of emulsified
asphalt, which possesses a viscoelastic nature, allowing for reversible deformation up to a certain
threshold. The interplay between the adhesive characteristics of the asphalt and the aggregate matrix
contributes significantly to the composite's overall performance. As the asphalt content increases, the
interaction between asphalt and RCA fosters enhanced cohesion and internal friction, thus increasing
the maximum uniaxial stress while simultaneously influencing the strain behavior under load. This
behavior can be interpreted through the lens of solid mechanics, where the emulsified asphalt matrix
serves not only as a binder that imparts lubrication but also as a medium that dissipates energy during
deformation, particularly upon reaching failure. As the composition shifts towards higher percentages of
asphalt, a critical threshold is observed, beyond which the material's capacity to deform elastically
diminishes, resulting in reduced strain values at failure. According to Table 2, the maximum compressive
stress observed is 360 kPa. This increase can be mechanically and physically justified by the interaction
between the emulsion asphalt and the RCA particles. The emulsion improves adhesion and cohesion
within the matrix, reducing microstructural defects and enhancing load transfer efficiency.
Simultaneously, the angularity and rough surface texture of RCA contribute to interlocking mechanisms,
improving stress distribution and overall resistance.

Elastic modulus

The elastic modulus, denoted by E, represents the slope of the linear portion of the stress-strain curve
for soil. This value indicates how resistant the soil is to deformation. When this slope is calculated at the
beginning of the curve, it is referred to as the initial elastic modulus (Eg). However, since this curve is
typically not linear, the tangent or secant modulus known as Es, is employed instead. To calculate Esy,
a line is drawn from the origin to the point representing 50% of the ultimate strength, and the slope of this
line is considered the secant elastic modulus. The elastic modulus of soil can be determined through
laboratory, field, and empirical methods*. In laboratory methods, tests such as consolidation, unconfined
compressive strength, direct shear, and triaxial compressive strength are used to compute this
parameter. Additionally, field tests including field loading, pressuremeter, and dilatometer tests are
applied for this purpose. In this research, the results from unconfined compressive strength tests were
utilized to determine the secant elastic modulus of stabilized soil. Fig. 5 displays the specifications of the
elastic modulus for various percentages of emulsified asphalt and recycled concrete. Regarding the
elastic modulus, the maximum value occurs at the specified percentage, as illustrated in Figure 5. This
phenomenon can be explained based on material science and solid mechanics principles. The optimal
RCA-emulsion ratio leads to a balanced microstructure, where the improved interfacial bonding
minimizes voids and microcracks while maintaining sufficient stiffness. This results in an efficient load-
bearing capacity without excessive brittleness, thereby achieving the highest modulus at this
composition.
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Figure 5: Elastic modulus specifications for stabilized samples

In tests conducted on samples of sand stabilized with emulsified asphalt and recycled concrete, it was
observed that an increase in the proportion of emulsified asphalt and recycled concrete in the mixture
significantly raised the modulus of elasticity of the samples. This indicates that the addition of emulsified
asphalt and recycled concrete improves the mechanical properties of sandy soil, particularly its
resistance to deformation. In other words, as the quantity of stabilizing materials increases, the sandy
soil exhibits a stiffer behavior and undergoes less deformation under applied loads. As the moisture
content increases, the sandy soil exhibits a stiffer behavior and experiences less deformation under
applied loads. Research by various scholars has similarly identified enhancements in the mechanical
behavior of soil mixtures that include different additives, such as asphalt emulsions and recycled
materials. Their findings demonstrate not only increased stiffness but also improvements in other
mechanical properties like shear strength and load-bearing capacity™. Additionally, researchers have
explored the effectiveness of using recycled concrete aggregates in soil stabilization, revealing that their
incorporation significantly enhances the overall structural performance of soil mixtures under simulated
loading conditions™®. In the context of the investigation into the effects of Recycled Concrete Aggregates
(RCA) and emulsified asphalt on the performance of sandy soils, it is crucial to delve into the interplay
between internal friction angles, particle size distribution, and the addition of asphalt as a binding agent.
The findings of laboratory tests indicate a positive correlation between the increasing proportions of RCA
and the enhancement of both unconfined compressive strength and the elastic modulus of sandy soil
mixtures. This improvement can be attributed to the angularity and interlocking ability of RCA, which
augments the internal friction angle, thereby providing greater resistance to shear stresses. However, as
RCA content exceeds optimal thresholds, a detrimental impact on material resilience is observed, likely
due to the fragmentation and altered particle distribution, which can lead to reduced cohesion and
increased susceptibility to failure under dynamic loading conditions. Furthermore, the incorporation of
emulsified asphalt not only facilitates improved particle binding and cohesion among the sandy matrix
but also modifies the gradation characteristics, resulting in a more favorable particle size distribution that
enhances the overall mechanical performance. The mechanical and physical behaviors underlying these
modifications emphasize the importance of careful consideration of RCA proportions, as excessive
amounts can compromise the structural integrity despite the initial benefits observed with moderate
inclusion rates.
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Energy of fracture

The energy of fracture serves as a pivotal metric in the comprehensive analysis of the fracture
behavior of various materials, fundamentally influenced by the applied stress and the corresponding
material response. This parameter is crucial as it reflects the inherent resistance of materials to cracking
and eventual failure, which are essential considerations in structural applications. The energy required
for the failure of a stabilized mixture, for instance, is contingent upon its load-bearing capacity and the
extent of displacement it endures under stress. Empirical findings garnered from medium-temperature
fracture tests reveal a significant trend: as the percentage of Recycled Concrete Aggregate (RCA)
incorporated into the stabilized mixture increases, there is a corresponding rise in the maximum force
demanded for the failure of asphalt mixtures. This observation highlights a complex interplay wherein an
escalation in RCA content is associated with a higher force requirement for fracture, while
simultaneously, the displacement observed diminishes. This dynamic suggests that the increased force
cannot adequately offset the reduction in displacement, a relationship that underscores the intricate
balance between these two parameters. As depicted in Fig. 6, the energy of fracture experiences
a decline with higher RCA percentages, indicating a potential compromise in stability and resilience of
the material. Moreover, the inclusion of emulsified asphalt proves to alter the mechanical properties of
the stabilized sand mixture, enhancing its pliability, which in turn increases the energy of fracture. This
enhancement not only suggests an improvement in material performance under stress but is also
observable in similar clay materials treated with emulsified asphalt, reaffirming the significance of
additive interactions in modifying the fracture mechanics of composite materials.
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Figure 6: Effects of emulsion percentages and RCA variability on energy fracture

Fracture mechanism and crack propagation

Emulsified asphalt enhances the cohesion between soil particles and fills the interstitial spaces,
thereby improving the tensile and shear strength of the soil while preventing crack propagation. Higher-
viscosity, more adhesive emulsified asphalts typically result in a reduction of the crack angle. Recycled
concrete serves as a reinforcing network within the soil, enhancing its tensile and shear strength and
impeding the spread of cracks. The characteristics of concrete particles within the sail, including their
size, shape, and distribution, play a significant role in determining the angle of cracks. To analyze the
fracture mechanism and crack propagation during uniaxial compressive resistance testing, several
methods can be utilized. These include direct observation of the failure surface post-fracture and
measuring the crack angle through techniques such as direct measurement or image analysis. One of
the most significant effects of soil stabilization with emulsified asphalt and recycled concrete is the
reduction of the internal friction angle, consequently leading to a decrease in the crack angle. This
indicates that as the amount of stabilizing materials increases, the soil becomes more robust and
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exhibits less propensity for high-angle cracking. Stabilization leads to a more uniform distribution of
cracks within the sample, preventing the formation of large and sudden cracks. Figure 7 illustrates an
example of crack propagation following uniaxial testing.

Figure 7: The propagation of cracks in the sample post-failure

It can be concluded that increasing the percentages of emulsified asphalt and recycled concrete also
results in reduced crack angles. Fig. 8, demonstrates the decrease in crack angles with the increasing
percentages of emulsified asphalt and RCA.
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Figure 8: Crack angles of stabilized samples

This paper examines the advantageous outcomes of these resources and contrasts results from
recent academic publications that emphasize their influence on stabilization efficacy. Emulsified asphalt,
known for its binding properties, enhances the cohesion among sand particles, leading to improved
structural integrity. The introduction of recycled concrete aggregates (RCA) further bolsters this effect
RCA not only enhances binding capacity but also reduces waste generated from construction activities,
thereby supporting sustainability. Research conducted by scholars shows that using emulsified asphalt
together with RCA for soil stabilization leads to a significant reduction in cracking — an indicator of
improved stability — compared to conventional stabilization methods. Their study reveals a linear
correlation where increasing the percentage of emulsified asphalt combined with RCA consistently
results in tighter crack angles, thereby improving the material’s resistance to environmental stresses®’
Research indicates that emulsified asphalt, when enhanced with 12% by weight of processed rubber
powder, yields an effective emulsion and improves storage stability. Exceeding this concentration leads
to uneven distribution, negatively impacting the integrity of the mixture. Notably, the 12% rubber powder
dosage significantly enhances the residual strength of evaporated asphalt, thereby improving its
performance at high temperatures, which is crucial for the durability of pavements. The use of rubber
powder in road construction underscores its role as an environmentally friendly solution for tire disposal,
while simultaneously contributing to sustainable road infrastructure®®. In previous studies, the fracture
properties of Cement Emulsified Asphalt Mortar at service temperature were examined under mixed-
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mode | & Il fracture conditions. Experiments using Semi-Circular Bending (SCB) specimens evaluated
the mixed-mode fracture energy, with the volume fractions of mortar constituents considered as
independent variables. A D-Optimal mixture design was utilized to optimize the experimental approach,
leading to the development of a regression model that correlates fracture energy with mortar
components. The optimal mix design for maximizing fracture energy was identified, revealing that both
cement and asphalt significantly impacted energy variations. Higher asphalt emulsion-to-cement ratios
were found to decrease the maximum load capacity while increasing deformation™. Results indicated
that as the emulsified asphalt content increased, the crack angles showed a corresponding reduction.
The authors assert that the reduction in crack angles not only enhances the durability of wind-sand
structures but also prolongs the lifecycle of pavement built in such environments. This phenomenon can
be explained by examining the underlying mechanisms that influence stress distribution within the
stabilized composite material. The application of emulsified asphalt fosters the development of
a cohesive network that interlocks effectively with surrounding sand particles. When external stresses
are applied to the pavement, the elastic properties of the asphalt facilitate energy dissipation and
redistribution throughout the material. This process significantly reduces the likelihood of crack initiation
at acute angles, which are known to be critical points of vulnerability in pavement structures.
Furthermore, the incorporation of recycled concrete aggregate (RCA) into the mix enhances this system
by providing a rougher surface texture that improves particle interlock. The increased interfacial friction
between the aggregates promotes effective load distribution, thus mitigating stress concentration points
that typically lead to the formation of cracks. These combined effects result in a more resilient pavement
structure, capable of withstanding the harsh environmental conditions often encountered in wind-sand
environments. Ultimately, understanding the interplay between emulsified asphalt and RCA in influencing
crack angle reduction offers valuable insights into the engineering design of sustainable and durable
infrastructural components in challenging terrains.

Interaction mechanism between soil, bitumen, and RCA

The behavior of sandy soils can be described through various soil mechanics relationships, including
the Mohr-Coulomb failure criterion® (as relation 1):
T =C + 0 X tan (0) Q)
e T =shear strength of the soil
e C. = cohesion
e 0, =normal stress
e ¢4=angle of internal friction

The incorporation of bitumen alters both the cohesion c. and the angle of internal friction ¢, by
providing a binding mechanism at the particle interfaces. The result is a composite material with
enhanced shear strength, suitable for construction applications such as road subgrades and
embankments. When bitumen coats sandy patrticles, it forms a thin layer that modifies the surface
characteristics of the sand. This coating plays a crucial role in increasing the adhesion between particles.
The interlocking effect generated by bitumen further increases the frictional resistance. The modified
Mohr-Coulomb failure criterion (as relation 2) can be applied here as well:

T = Cpjt + 0 X tan (Prca) (2)

where: Cg;;and Qg4 are the cohesion and angle of internal friction for the bitumen-modified RCA.

The binding mechanism primarily works through the reduction of moisture penetration and the
alteration of surface properties, which enhances inter-particle friction. Incorporating recycled concrete
aggregates into construction and civil engineering applications presents an opportunity to promote
sustainability within the industry. However, RCA often exhibits a higher porosity and weaker inter-particle
bonding compared to natural aggregates. The interaction of bitumen with RCA can significantly enhance
its mechanical properties. Bitumen coats the surface of RCA, similar to its interaction with sandy
particles, leading to improved adhesion between aggregates. Notably, the similarities in results across
the other mixtures suggest that the mechanical responses are influenced by the intrinsic behaviors of the
materials involved. Understanding the rheological properties of the emulsified asphalt, as well as its
reversible and elastic behavior upon failure, is paramount when assessing the solid mechanics and
physical behavior of sandy soils stabilized with emulsified asphalt. The relationship described by the
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Mohr-Coulomb failure criterion (Relation 1) provides a foundational framework for analyzing shear
strength dynamics, which are indeed modified through the incorporation of bitumen, as indicated by the
subsequent modified criterion (Relation 2). Specifically, the enhancement of both cohesion (Cg;) and the
angle of internal friction (@rca) is attributable to the binding mechanisms at the particle interfaces, which
are intensified by the presence of bitumen. This interaction not only reduces moisture penetration but
also significantly enhances inter-particle friction, thereby improving the overall mechanical properties of
the composite material. It is critical, however, to acknowledge the limitations in accessing triaxial and
dynamic triaxial loading equipment for comprehensive investigations. Therefore, it is recommended that
future research prioritize further examination of these parameters to validate the obtained results and
substantiate the applicability of using sandy soil-modified Emulsion/RCA in field projects, while also
demonstrating the practical realism of Relations 1 and 2 through thorough laboratory investigations.

The process of bitumen application results in a composite material exhibiting superior performance
characteristics when compared to unmodified RCA. Emulsified bitumen, when combined with fine grains
in sand, results in the formation of bituminous mastic as Fig. 9 and what is in the schematic Figure 1,
although the overall strength of these mastics may be compromised in specific regions due to variations
in composition or application techniques, their utilization in conjunction with recycled concrete
aggregates has demonstrated a significant improvement in bond strength. This enhancement is
attributed to the compatibility of the mastic with the aggregates, which promotes better adhesion and
cohesion, ultimately leading to improved performance in pavement and construction applications. This
study demonstrates that incorporating emulsified asphalt and RCA improves soil stability and strength,
necessitating precise additive management for optimal results (as Table 3).

Table 3: Benefits and drawbacks of emulsified asphalt and recycled concrete aggregates

Aspect Benefits Drawbacks
Compressive Strength | Improved mechanical properties of sandy soils| Excessive RCA contents can compromise stability
Elastic Modulus Enhanced material performance Requires careful consideration of additive ratios
Environmental Impact Promotes sustainability through recycling Potential variability in material properties

Construction Efficiency| Reduces the need for traditional materials | May require specific handling or application methods

This study emphasizes that the integration of emulsified asphalt and RCA leads to significantly
enhanced soil stability, tensile strength, and overall structural performance. However, careful attention
must be given to additive proportions to ensure optimal effectiveness.

Figure 9: Large-scale image depicting two various concentrations of bitumen emulsion, with
arrows indicating the presence of bitumen and fine grain
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Conclusions

This investigation highlights the significant potential of utilizing Recycled Concrete Aggregates (RCA)
in combination with emulsified asphalt to improve the performance of sandy soils. Given the challenges
posed by the non-cohesive nature of these soils in construction applications, the findings suggest that
incorporating up to 30% RCA and 25% emulsified asphalt can substantially enhance the mechanical
properties, leading to notable increases in both compressive strength and elastic modulus.

The results indicate that optimal combinations can significantly improve compressive strength and
elasticity, providing a promising approach to addressing the inherent challenges posed by non-cohesive
soils in construction applications.

Furthermore, the study reveals that excessive proportions of RCA can compromise material stability,
emphasizing the need for careful consideration of additive ratios.

In conclusion, the study demonstrates that the inclusion of emulsified asphalt and recycled concrete
significantly enhances the elastic modulus of sandy soil, leading to improved structural stability.

The significant impact of emulsified asphalt on enhancing the pliability and energy of fracture in
stabilized mixtures emphasizes the importance of additive interactions. Future research should continue
to explore these dynamics to optimize material performance in various structural applications, ultimately
contributing to more sustainable engineering practices.

In summary, the incorporation of emulsified asphalt and recycled concrete aggregates significantly
enhances soil stability through improved tensile and shear strength, leading to reduced crack angles and
a more resilient structural performance.

The positive correlations drawn from recent research indicate that increasing the percentages of these
stabilizing materials yields favorable outcomes in crack propagation and overall material integrity.

The research highlights the effective use of Recycled Concrete Aggregates (RCA) and emulsified
asphalt as stabilizers for sandy soils, significantly improving their mechanical properties, including
compressive strength and elastic modulus. This approach addresses the challenges posed by non-
cohesive soils in construction. Future studies should focus on determining optimal additive ratios to
mitigate stability issues from excessive RCA, as well as exploring other binding agents for enhanced
material performance, ultimately promoting sustainable practices in civil engineering.
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Souhrn

Stavebni a demoliéni odpady (C&DW) vyznamné prispivaji k celosvétovym skladkam, ale maji cenné
vyuZiti ve stavebnim inZenyrstvi. Piscité pudy, znamé svou nesoudrznou povahou, predstavuji velké
vyzvy ve stavebnictvi, zejména v pripadé hrazi a podkladu silnic. Tato studie zkouma vliv recyklovaného
betonového kameniva (RCA) a emulgovaného asfaltu na zlep$eni mechanickych viastnosti piscitych
pud.

Viysledky ukazaly, Ze kombinace aZz 30 % recyklovaného betonového kameniva (RCA) a 25 %
emulzniho asfaltu vedla k vyznamnym zlepSenim pevnosti v tlaku a modulu pruznosti, pficemz pramérné
hodnoty dosahly 360 kPa a 2,4 MPa. AvSak nadmérny obsah RCA negativné ovliviiuje Gcinnost
materialu. ZvySené podily obou primési vyrazné zlepSily modul pruZnosti, coZ svéd¢i o zvySené
odolnosti proti deformacim. Pojivové vlastnosti emulgovaného asfaltu prispély k lepsi soudrznosti mezi
Casticemi pisku, ¢imz posilily strukturalni integritu. Naopak vy$$i podil RCA byl spojen se snizenim
lomové energie pfi poruSeni, coz vyvolava obavy o stabilitu a odolnost materialu. Celkové se pfidani
emulgovaného asfaltu a RCA projevilo na vyznamném zlepSeni mechanickych viastnosti piscité pudy,
coZ z ni €ini Zivotaschopné reseni stavebnich probléma spojenych s nesoudrznymi pldami.

Kli¢ova slova: Stavebni a demolicni odpady, vyuZziti recyklovanych materialt, recyklované betonové
kamenivo, emulgovany asfalt, stabilizace ptdy
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Abstract

This paper analyses the effect of heavy metal tracers on the one-dimensional transport of pollutants
through the undistributed soil columns done in the laboratory, and experimental data is compared with
analytical data. In this study, the advection-dispersion equation is used analytically through
‘Mathematica' to evaluate the transport of pollutants. It considers the heavy metal contaminants by
considering the input concentrations of pollutants that vary with time and depth. The experiment test
results regarding breakthrough curves were analysed, revealing essential patterns in heavy metal
migration. The current investigation is to find the dispersion coefficient in and around the industrial area
for four heavy metals, i.e., four undisturbed soil columns at station 1(Inside) and four undisturbed soil
columns at station 2 (outside). The hydrodynamic dispersion co-efficient ‘D’ when Chromium (Cr), Nickel
(Ni), Zinc (Zn) and Copper (Cu) solution was passed through 20cm soil column (each metal per column
Youtside industrial area was 3.57 m?/year, 1.99 m?year,10.84 m?/year, and 3.49 m?/year and the solution
was passed through 20cm soil column(each metal per column) inside industrial area 5.22 m?/year,
2.2 m%lyear, 8.08 m%year, and 6.57 m°/year. According to the soil column experiment, the lowest
mobility is observed in clay soil (Inside the Peenya Industrial Area) rather than in sandy loam soil
(outside the Peenya Industrial Area). These findings enhance our understanding of heavy metal pollution
and provide a basis for predicting and managing such pollution in industrial areas. The ‘Mathematica’
used in the present research helps predict the future effects of heavy metal pollution in the study region,
thereby equipping us with the knowledge to take proactive measures.

Keywords: Heavy Metal, Mobility, Undistributed, Breakthrough Curves (BTC), Soil Columns, Peenya
Industrial Area (PIA), Groundwater contamination, Hydrodynamic dispersion.

Introduction

Soil and water are essential resources for life, but human activity is gradually compromising their
quality. Urbanisation, industrialisation, and human activities affect water quality. Water contamination
threatens ecosystems, long-term ecological stability, human health, and economic development.
Emerging water pollutants from various industries contribute significantly to water pollution and directly
or indirectly affect water quality, increasing vulnerability to groundwater pollution. Industrial Effluents
contain high levels of toxic heavy metals and are the primary source of surface water, groundwater, and
soil pollution *. Industrial wastewaters are generated through various multidimensional industrial
activities. Industrial wastewater can be classified as chemical, electronic, petrochemical, and food
processing, containing high BOD (Biochemical Oxygen Demand), COD (Chemical Oxygen Demand),
Total solids, TDS (Total Dissolved Solids), TSS (Total Suspended Solids), Inorganic ions, and Non-
biodegradable contaminants. Environmental effects from industrial wastewater discharge include
improper management of hazardous waste, disposal of heavy metals, and water quality degradation.
The pollutants can enter aquifers through various pathways, including leaching, recharge, surface runoff,
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and leakage, ultimately affecting groundwater quality and posing risks to ecosystems and public health.
Gaseous emissions from urban transport systems and industrial exhausts are another primary source of
groundwater pollution caused by atmospheric conditions. Groundwater pollution can also arise from air
deposition, contaminating soil in urban areas. As contaminants permeate the soil layers and move to
groundwater reservoirs, they harm water quality and human health ?3. The study aims to identify the
major patterns of heavy metal behaviour in soil columns. The study objective is to compare the rigorous
laboratory experiments and a comprehensive analysis, providing crucial insights into the transfer of
contaminants through undisturbed soil columns. In this study, the advection-dispersion equation is used
analytically through ‘Mathematica’ to evaluate the transport of pollutants, which considers the heavy
metal contaminants by considering the input concentrations of pollutants that vary with time and depth.

Heavy metals are elements with relatively high densities (5.3 to 7 g/cm® and atomic weight. Even
small doses can have serious consequences. Examples of HMs are Mercury (Hg), Cadmium (Cd), Lead
(Pb), Chromium (Cr), Arsenic (As), Iron (Fe), Manganese (Mn), Nickel (Ni), Zinc (Zn) & Copper (Cu).
They pose health and environmental risks due to their properties, toxicity, nonbiodegradable, and
bioaccumulation potential throughout the food chain®. Globally, heavy metals in soil and water seriously
threaten public health and the environment. Numerous human and natural processes contribute to
accumulating these hazardous elements in the environment, which causes pollution. Bioaccumulation
means an increase in chemical concentration in a biological organism. Unscientific industrial waste
management practices increase heavy metal concentrations, cause metal leaching, and ultimately cause
soil and groundwater pollution. Heavy metals can also enter soil from acidic rain and release them into
streams, lakes, rivers, and groundwater *°.

Soil pollution is caused by both intended and unintended activities, such as on-site industrial pollution,
inadequate waste management, mining activities, intentional applications of materials to soil, and
atmospheric depositions. Various anthropogenic activities, such as industrialisation, urbanisation, and
agricultural practices, lead to the accumulation of pollutants like petroleum products, heavy metals,
pesticides, and excessive nutrients in soils. This contamination negatively impacts soil engineering
properties, affecting settlement, shear strength, permeability and blocking soil pores. Soil contamination
by heavy metals and pesticides also threatens food safety, ecosystems, and public health, necessitating
immediate remediation efforts to mitigate harm and ensure sustainability >

Soils may become contaminated by dumping heavy metal wastes and metalloids through emissions
from the rapidly expanding industrial areas, disposal of high metal wastes, leaded gasoline and paints,
sewage sludge, pesticides, spillage of petrochemicals, and atmospheric deposition. Problems arise from
the leaching of heavy metals from industrial sites. Metal ions are dispersed throughout the environment
by water's surface, subsurface, lateral, and vertical motion. Several factors influence heavy metal
migration, including soil classification, mineralogy, texture, and leachate composition. It also depends on
the season, time, amount of rainfall, temperature, acid rainfall, airborne dust, and other anthropogenic
activities.

The transport of industrial chemicals through soils affects groundwater quality . The transport
mechanisms of heavy metals through soil have created significant interest to environmental and soil
scientists because of the possibility of groundwater contamination through metal leaching. Many soils
generally contain heavy metals with varying concentrations depending on the surrounding geological
environment, natural and anthropogenic activities ®. Metal transport is not only dependent on the
physiochemical properties of the metals but mainly on the physical and chemical properties of the saill,
such as soil organic matter content, clay fraction content, mineralogical composition, and pH, all of which
collectively determine the binding ability of soil **°.

Hamed Mahdipanah, Askari Tashakori, Samad Emamgholizadeh, and Eisa Maroufpoor 11 conducted
a study on the determination of the dispersion coefficient in layered soils. Experiments were performed
on homogeneous soil and layered heterogeneous soil with three layers. The present research attempted
to determine the effects of parameters on Breakthrough Curve (BTC) and dispersivity values by
considering different flow velocities and concentrations, pretending the porous media or aquifers in the
layered form, and using mixed methods sampling. The results concluded that the dispersion coefficient
for layered heterogeneous soils was 1.96 times less than that of homogeneous soils, indicating the
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amount of dispersion coefficient in soil changes with the contaminant concentration. Wan Zuhairi W.Y,
Abdul Rahim Samsudin, & Nurita Ridwan's ** study was focused on the Column experiment. It is a very
useful apparatus that can be used to study the migration and attenuation of heavy metals through
a compacted soil column. This study conducted a column experiment on some natural soils from the
Selangor area in Malaysia using different types of heavy metals, namely Cu, Pb, Ni, and Zn. The study
has revealed that soils have different capacities to retain heavy metals and very much depend on their
physical and chemical properties. The affinity or selectivity of HMs for sorption (or retention) also varies
in different types of soils, as proven by the study.

Zhao Wang and Guangyu Lei * conducted a study of the Soil column permeability experiments in the
laboratory to study the transport characteristics of five heavy metal ions of Mn, Ni, Cd, Cr, and Cu in
saturated loess, sandy soil, and compound soil. The results show that the soil texture and the
characteristics of heavy metal ions have a common effect on the migration of heavy metal ions. Heavy
metal ions in loess do not migrate easily and can be adsorbed on the surface or shallow surface for
along time. It is not easy to cause deeper contamination of groundwater. However, it causes surface
runoff to migrate laterally to rivers or other areas and expands the pollution area. The study shows that
any type of heavy metal from mining areas with a high content can cause environmental pollution and
adverse effects.

Wan Zuhairi W.Y. & Nurita R. ** performed the soil column study to investigate the retention capability
of three soil types in Malaysia, namely marine clay (SBMC), weathered metasediments (HMS) and river
alluvium soil (ARA). All soil columns were tested against four types of heavy metals, i.e. copper, lead,
nickel, and zinc. The breakthrough curves show that the SBMC has better retention capability on heavy
metals than other soils, indicating less migration of heavy metals through the SBMC soil column. The
study discovered that heavy metals entered the soil columns and were retained predominantly at the top
30 mm. Mohamed Rashad and Faiz F. Assaad and Elsayed A. Shalaby *°, undertook their study within
the soil's plough layer (0-20 cm depth) from two sites near two municipal solid waste dumpsites in
Alexandria, Egypt. Column leaching experiments provided valuable information on labile metal pools and
the significance of slow reaction kinetics in metal leaching. The results from the study recognised that
the cumulative amounts of metal cations released are poorly defined because they can include metal
cations released from high-affinity sorption sites on organic matter and oxides.

M.J. Sanchez-Martin, L. F. Lorenzo, and M. Sanchez-Camazano ® investigated the leaching of Pb,
Cd, Zn, and Cu in three representative packed soil columns collected within the zone affected by the spill
from a pyrite mine in Aznalcollar (Sevilla, Spain). The study's results discovered that the relative
mobilities of the different toxic elements in the columns are Cd> Zn> Cu> Pb. Results also showed that
the soils themselves have a good capacity for immobilising the soluble fraction of the elements from the
spilt mud. C. M. Niranjan, J. Raji and S.R. Sudheendra ' investigated the effect of radioactive tracer on
the one-dimensional transport of pollutants through the unsaturated porous media and compared it with
experimental data. In their study, the advection-dispersion equation is used analytically to evaluate the
transport of pollutants, which considers the decay of radioactive contaminants by considering input
concentrations of pollutants that vary with time and depth. The solution is obtained with the Laplace
transform and moving coordinates to reduce the linear partial differential equation to an ordinary one.
Duhamel's theorem is applied using experimental data to receive the complementary error function
solution. The outcomes from the research help in the possibilities of applied chemicals leaching through
over-irrigation, thereby resulting in groundwater contamination by fertilisers.

Study Area

Peenya Industrial Area (PIA) is the most significant industrial Zone in Bengaluru, Karnataka, India.
The Peenya Industrial estate lies in Bengaluru city's north part between latitude 13° 1° 42" N and
longitude 77° 30’ 45" E. The Industrial Area is crossed by national highway NH 4, which runs between
Bengaluru and Mumbai. It was established in the late 1970s by the KSIDC-Karnataka Small Industrial
Development Corporation and has divided the PIA region into 3 Stages. Further, the Karnataka Industrial
Development Board has subdivided the 40 km? PIA region into four phases: phases 1, 2, 3, and 4 for
development and monitoring. BBMP- Bruhat Bangalore Mahanagara Palike will have authority over the
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Peenya industrial sector . The PIA comprises about 2,100 types of Industries, including small and
medium-scale *°. Peenya Industrial sector employs around 5,00,000 people. The small and medium-
sized industries include pharmaceutical formulations, chemicals industries, polymers industries, leather
industries, electroplating industries, lead processing, textile dying, galvanising, degreasing, spray
painting, phosphating, pickling industries, anodisation, garment washing, powder coating, plating, and
allied industries. Both central and state governments recognise the Peenya Industrial Area (PIA) as the
primary hub of Karnataka State's industrial activity and a substantial provider of manufactured goods that
are well-regarded for their quality in domestic and international markets. Figure 1. shows the spatial
Location map of the study area.
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Figure 1: Location Map of Study Area

Topography, Climate and Rainfall

The PIA comes under Bangalore North Taluk and is underlain by banded gneissic complexes and
granites of the Archaean age. Both rock types are weathered. The western part of this ridge's drainage
flows and joins the Arkavathi, while the eastern plains drain towards the South Pinakini *°. Over the past
50 years, the research area has received an average of 923 mm of rainfall annually *°. Most rainfall is
received during the southwest monsoon between June and September. September is the wettest month,
and January is the driest month. The atmospheric temperature varies between 14° to 34° Celsius. The
lowest recorded temperature was 7.8° Celsius, while the highest was 38.9° Celsius. Near the Peenya
industrial sector, the Air Quality Index factor varies from satisfactory to moderately polluted.

Hydrogeology, Geology, and Soil

Peninsular gneissic rocks, such as granites, gneisses, and migmatites, are responsible for forming
significant aquifers in the metropolitan areas of Bengaluru. The rock, often magmatite, combines igneous
and metamorphic rocks *°. The composite Migmatite rock comprises a metamorphic host material veined
or streaked with granite. There are phreatic conditions in the north groundwater of Bengaluru. The
weathered zone and the fresh gneisses and granite rock that lie underneath it comprise the whole
aquifer system in this region. Depending on the location, the PIA weathering thickness might range from

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 97



PAVITHRA N and RAMAKRISHNAIAH C. R.: Study on Dispersivity of Heavy Metals in Undisturbed Soil Columns
In and Around Peenya Industrial Area, Bengaluru, India

20 to 24 meters. The groundwater depths before the monsoon season vary from 3.20 meters to 57.38
meters bgl (below ground level), whereas groundwater depths range from 2.50 meters to 37.50 meters
bgl after the monsoon season. The soil composition around Bengaluru varies from red loamy to laterite
soils. Red sandy soil is typical in the Peenya industrial region. These sandy soils offer good penetration
rates, a reasonable water-holding capacity, and a light texture. There are three different types of soils in
the research area: sandy clay loamy, sand loamy, and loamy sand. Figure 2. shows the geology map of
the study area.
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Figure 2: Geology Map of Study Area

Methodology

Soil column studies are a valuable method for investigating the behaviour and movement of heavy
metals in soils. Soil column studies provide crucial insights into how heavy metals behave in soil
environments and help to develop effective strategies for managing soil contamination and protecting
ecosystems. Soil column studies are designed to simulate the natural conditions of soil and its
interaction with contaminants, such as heavy metals. The study objectives: 1. To study the major
patterns of heavy metal behaviour in soil columns. 2. The Mathematical Software Ttool used in the
present research is to help predict future heavy metal pollution in the study region 2%,

Laboratory Tests

Thin-walled steel cylinders are used to construct soil columns. The lower end of the steel pipe was
sharpened to reduce compaction inside the column and easily facilitate pipe insertion into the soil. The
eight steel cylinders 20cm in height and 10cm in diameter were coated with vegetable oil, inserted at the
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sampling sites, and collected undisturbed (4 soil samples Inside PIA and another 4 outside PIA). The soil
columns are labelled, sealed, and transported in a plastic box to the laboratory. The experimental
investigation was carried out on Eight undisturbed soil samples with four different heavy metals. The
undistributed soil represents natural conditions. Soil columns are typically constructed in steel cylinders
to allow observation of the movement of contaminants. The upper part of the steel column is open, and
the outlet hole has evenly meshed at the bottom; a layer of filter paper is laid on the lower ends of the
soil column to collect the effluent from the column and to prevent outflux of particles. The soil columns
were hung to a steel stand with a hook provided to the stand, as shown in Figure 3.

Methodology for Experimentation

There are two stages of leaching for the column test:
1. Column leaching using deionised water.
2. Column Leaching using a test solution.

The tracer solutions employed were deionised water and aqueous heavy metals solutions. The
composition of the agueous heavy metals test solutions was prepared by dissolving heavy metals in
deionised water to obtain a concentration of Chromium: 500 mg/l, Nickel: 560 mg/l, Copper: 400 mgl/,
and Zinc: 516 mg/l as this metal were found in higher concentration in the soils tested at same locations
during earlier studies conducted for soil 2. Deionised water having a low pH simulates rainwater
percolation through the soil column until all the heavy metals present in the soil are washed out.

Figure 3: Soil Column Experiment

Breakthrough curve (BTC):

The breakthrough curve measures the adsorbate concentration in the fluid phase at the column'’s exit
as a time function. It is a plot of the test duration against the adsorbate concentration in the effluent
stream of a liquid with the adsorptive. It is a critical tool for understanding how contaminants migrate and
evaluating soil remediation techniques. Breakthrough curves help model and predict the transport and
behaviour of contaminants in soil and groundwater systems. Researchers can assess the effectiveness
of soil treatments or amendments by comparing breakthrough curves before and after applying
remediation techniques. These curves ensure that soil and groundwater contamination levels meet
regulatory standards and guidelines. The data obtained from breakthrough curves can guide the design
of soil treatment or remediation strategies to manage and mitigate contamination effectively 2 2°.

Application of Mathematica for predicting the transport of heavy metals to groundwater

In recent years, the advection-diffusion equation has drawn considerable attention from hydrologists,
civil engineers, mathematical modellers, and environmental scientists researching the migration and
characteristics of trace metals in soil. The advection-diffusion equation describes the solute transport
caused by the combined effect of diffusion and convection in a medium ***"2°,
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Dispersivity is an assessed characteristic in soil porous mediums used to examine the transfer of
pollutants to groundwater. Determination of the longitudinal dispersion coefficient in the laboratory is
typically done using the analytical solution to the one-dimensional dispersion equation. The solution for
the dispersion equation is given by:

ac b 9’c  ac
_ —_—Uu—
ot 0z2 0z

Where C is the constituent concentration in the soil, the solution, t is the time in minutes, D is the
hydrodynamic dispersion coefficient, z is the depth, and u is the average porewater velocity.

Using Fried and Cumbarnous's # equation given below and the experimental data about soil columns
containing tracer metals, the dispersion coefficient values were calculated:

2
1|(z—vth16 Z—Vtyga

8 v%o.16 v to.s4

where ty15 and tyg4 are the times required for the concentration ratios of C/Cy=0.16 and C/Cy=0.84,
respectively, to reach a particular distance z.

D

Metal transport depends not only on the physiochemical characteristics of the metals but also
primarily on the physical and chemical characteristics of the sail, including its pH, organic matter content,
clay fraction, mineralogical composition, and other factors that define the soil's binding ability 2.

Results and Discussion

The results of soil column experiments using deionised water will illuminate the quantum of metal
leached out of the soil. The input to the soil column is drawn from the constant tank containing the tracer
and allowed over the column drop by drop. Then, after the soil becomes saturated, the tracer comes out
as leachate from the bottom end of the soil column, and the time elapsed is recorded. The collected
leachates were subjected to chemical analysis, and breakthrough curves were constructed and
discussed in the present section. The soils from the study sites were sampled and subjected to essential
physical and chemical tests using standard test procedures.

Table 1 below presents the physical and chemical properties of the soils in the study area. Results
show that all the soil samples collected from Inside PIA (Station 1) is clay soil and all soil samples
outside (Station 2) the PIA is a sandy loam type.

Table 1: Physical and Chemical results of soil tests

Soil Latitude Longitude | pH ECe CEC OM OC | sand | silt clay Soil
Sample (1:5) | (dS/m) [(cmol/kg)| (%) | (%) | (%) (%) (%) |structure
Station 1

(Inside | 13.0256417 | 77.5136416 | 7.59 | 0.26 30.43 |1.032| 0.6 | 35.56 | 16.12 | 48.32 | clay soll

PIA)

Station 2 sandy
(Outside | 12.990593 | 77.491051 | 6.55 | 0.08 13.78 124 | 117 |69.68 | 18 |12.32 |
PIA) oam

CEC (Cation Exchange Capacity): This measures the soil's capacity to attract and hold positively charged ions
(cations) like calcium, magnesium, potassium, and sodium, which are essential for plant growth; higher CEC
indicates the soil can retain more nutrients.

OM (Organic Matter): This refers to the percentage of decomposed plant and animal material in the soil, which
plays a crucial role in improving soil structure, water retention, and nutrient availability.

OC (Organic Carbon): This is a specific component of organic matter, representing the carbon content within
the decomposed organic material.
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Column leaching using deionised water:

Four undisturbed soil columns inside the Peenya industrial area undergo column leaching separately
for 4 tracer elements i.e., First Column for Cr, second column for Ni and likewise using deionised distilled
water for nearly 240 hours. At 120 h, the concentration almost becomes zero for Cr and Ni, Zn at 234h
(Figure 4a, 4b, 4c), and Cu at 178h (Figure 4d).

Similarly, Column leaching using deionised distilled water takes nearly 240 hours for four undisturbed
soil columns outside the PIA. At 120 h, the concentration almost becomes zero for Cr and Ni, Zn at 222h
(Figure 5a, 5b, 5c¢), and Cu at 174h (Figure 5d).
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Figure 4a: Deionised water graph of Chromium Inside Peenya Industrial Area (PIA)
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Figure 4b: Deionised water graph of Nickel Inside Peenya Industrial Area (PIA)
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Figure 4c: Deionised water graph of Copper Inside Peenya Industrial Area (PIA)

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 1 01



PAVITHRA N and RAMAKRISHNAIAH C. R.: Study on Dispersivity of Heavy Metals in Undisturbed Soil Columns
In and Around Peenya Industrial Area, Bengaluru, India

500

.
=
[e=]

Zinc in ppb
L¥¥)
[e=]
[e=]

200
100
0
0 50 100 150 200 250
Time 1n Hrs

Figure 4d: Deionised water graph of Zinc Inside Peenya Industrial Area (PIA)
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Figure 5a: Deionised water graph of Chromium Outside Peenya Industrial Area (PIA)
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Figure 5b: Deionised water graph of Nickel Outside Peenya Industrial Area (PIA)
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Figure 5c: Deionised water graph of Copper Outside Peenya Industrial Area (PIA)
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Figure 5d: Deionised water graph of Zinc Outside Peenya Industrial Area (PIA)

Column Leaching using a test solution

Statistical analysis of data and replication of leaching experiments are required to ensure reliability.
Synthetic heavy metals solution of Heavy metals of Cr, Ni, Zn and Cu is passed through the unsaturated
soil columns collected Inside and Outside the PIA till the soil adsorption capacity is exhausted, and
Breakthrough curves (BTC) are plotted. Breakthrough curves are plotted between relative concentration
and time. Figures 6(a, b, ¢, d) and 7(a, b, ¢, d) show the BTCs of Ni, Cr, Zn and Cu for soils collected
inside and outside the PIA.

In summary, the migration processes of four metals in four soils inside the PIA are slower than those
outside the PIA. The soil sample collected from inside the PIA is a clay soil type, and the CEC and OM
values are high compared to soil collected outside the PIA. The affinity of heavy metals adsorption can
be ranked Cu>Zn>Ni>Cr. According to the studies, heavy metal ions are not easier to migrate in clay soil
than in sandy soil. The lowest heavy metal mobility is observed in clay soil (inside PIA) compared to
sandy loam soil (outside PIA). Because the total surface area for adsorption is slightly higher in clay soil
than in sandy loam soil ?%°. As a result, there is a higher chance of topsoil pollution, and due to surface
runoff, it migrates laterally to surface water or other areas and expands the area of pollution. The
penetration rates of heavy metals were low at high cation exchange capacity and organic matter. The
soil sample collected from inside the PIA is a clay soil type. For the same reason, it is difficult to cause
deeper groundwater contamination inside the PIA. However, groundwater pollution exists inside the PIA
because of the direct discharge of industrial pollutants into bore wells and improper industrial waste
management.
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Figure 6a: Break Through Curve of Chromium Inside Peenya Industrial Area (PIA)
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Figure 6b: Break Through Curve of Nickel Inside Peenya Industrial Area (PIA)
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Figure 6¢: Break Through Curve of Copper Inside Peenya Industrial Area (PIA)
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Figure 6d: Break Through Curves Copper Inside Peenya Industrial Area (PIA)

The migration processes of 4 metals in 4 soils outside the PIA differ in the same soil conditions. The
soil sample collected from outside the PIA is a sandy loam type of soil and clay soil found inside the
industrial area. The mobility of Cr in the soil column is higher than that of other metals in the soil column.
The behaviour of Ni percolates from soil samples was very similar to that of Cr. Ce/Co values increased
with the number of days. The mobility of Zn is low compared to other metals, such as Cr and Ni, in the
soil column. The mobility of Cu in the column is low compared to three metals, Cr, Ni and Zn, in the soil
column. The affinity of heavy metals sorption can be ranked Cu>Zn>Ni>Cr. BTCs show retention of
heavy metals in the case of Cu and Zn metals and greater mobility in the case of Cr and Ni by soil
column. The environmental impact of Heavy Metal contamination strongly depends on the metal
specification, mobility, type of soil, and physical and chemical properties of soil. According to the
findings, the soil sample taken from outside the Peenya industrial area is a sandy loam soil type.
According to studies, heavy metal ions migrate more easily in sandy soil than loess. Also, the CEC and
OM values of the sandy loam soil are low. Therefore, the penetration rates of heavy metals were high at
low cation exchange capacity and organic matter. This is why metal infiltrates deep into the soil or
groundwater and causes pollution.
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Figure 7a: Break Through Curves Chromium Outside Peenya Industrial Area (PIA)
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Figure 7b: Break Through Curves Nickel Outside Peenya Industrial Area (PIA)
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Figure 7c: Break Through Curves Copper Outside Peenya Industrial Area (PIA)
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Figure 7d: Breakthrough Curves Zinc Outside Peenya Industrial Area (PIA)

The overall study found that Cr mobility in the soil column is higher than other metals in the soil
column in both soils (inside and outside the PIA). Hence, it was proved from the groundwater analysis
that Cr concentrations are higher than the standards found in the borewells inside and around the PIA.
The penetration time of all metals in sandy loam soil (outside the PIA) is less than that in clay soil (inside
the PIA). The study revealed that soils have different capacities to retain heavy metals and depend on
their physical and chemical properties.
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Water-containing contaminants, like sewage and industrial wastes, seep into the soil matrix from
direct flow from overland regions due to runoff. Eventually, the aquifer, a groundwater storage basin,
receives this water. It is a source of potable water. Water moves through the soil, mixing, dispersing, and
diffusing the contaminants in the flowing flux. The development of more precise and cost-effective
models for forecasting the transport and destiny of solutes, frequently from solute sources in the
unsaturated soil zone, resulted from this. Fried and Cumbarnous's equation calculated the hydrodynamic
dispersion coefficient when the heavy metal solution was passed through a 20 cm soil column, as shown
in Table 2. The transport of dissolved contaminates is an essential process in groundwater hydrology.
Predicting solute concentrations and illustrating the effects of different transport parameters are usually
accomplished by one-dimensional analytical solutions of the governing equations. The application of
mathematical models application software like "Mathematica' to predict the transport of heavy metals to
groundwater plays a vital role in the study *’. From the one-dimensional dispersion equation, C/C, was
numerically computed using "Mathematica'.

Table 2: Dispersion coefficient values

Study Site Parameter D (m?yr?) to.1s (hr) to.sa (hF)

Chromium Tracer 5.22 15 54

. . . Nickel Tracer 2.2 25 104

Station 1 (Inside Peenya Industrial Area) -

Zinc Tracer 8.08 20 178

Copper Tracer 6.57 16 226

Chromium Tracer 3.57 14 56

Station 2 (Outside Peenya Industrial Area) N|<_:kel Tracer 1.99 24 86
Zinc Tracer 10.84 14 136

Copper Tracer 3.49 22 186

D= Dispersion Coefficient, tg 15 and ty g4 are the times required for the concentration.

The comparison values between experimental and calculated values are represented for the Inside
PIA and Outside PIA, respectively. Figures represent the break-through curves for C./C, vs time for
20cm depth. It is seen that the concentration field increases in the beginning and reaches a steady state
value for a fixed depth. The composition of the theory and experiment breaks through curves. Figures
8(a, b, c&d)and9 (a, b, c & d) compare calculated values with the experimental ones and are found to
align well for both Inside and Outside PIA, respectively. Both the curves Mathematica and BTC are close
to each other. Hence, it is possible to use the models based on the observed physical conditions to
predict a dimensional flow pattern when experimentations can be avoided altogether *'.
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Figure 8a: Breakthrough Curve of Experimental Vs Calculated Chromium Inside Peenya
Industrial Area (PI1A)
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Figure 8d: Breakthrough Curve of Experimental Vs Calculated Zinc Inside Peenya Industrial
Area (PIA)
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Figure 9a: Breakthrough Curve of Experimental Vs Calculated Chromium Outside Peenya
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Figure 9b: Breakthrough Curve of Experimental Vs Calculated Nickel Outside Peenya
Industrial Area (PIA)
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Figure 9d: Breakthrough Curve of Experimental Vs Calculated Copper Outside Peenya
Industrial Area (PIA)

Conclusions

1. The soil column experiment apparatus are used to study the migration and attenuation of heavy
metals (HMs) through an undisturbed soil column closer to field conditions. Soil column studies are
pivotal in understanding heavy metals' behaviour and movement in soils. According to the soil column
experiment, the lowest mobility is observed in clay soil (inside the PIA) rather than in sandy loam soil
(outside the PIA). The overall study found that the mobility of Cr heavy metal in the soil column was
higher than that of other metals in the soil column in both soils (inside and outside the PIA).

2. The current investigation found the dispersion coefficient in four undistributed soils outside the
PIA and four undistributed soils inside the PIA. The hydrodynamic dispersion co-efficient ‘D’ when Cr, Ni,
Zn and Cu solution was passed through 20cm soil column outside industrial area was 3.57 m?/year,
1.99 m?/year, 10.84 m?/year, and 3.49 m?year and the solution was passed through 20cm soil column
inside industrial area 5.22 m?/year, 2.2 m?/year, 8.08 m?/year, and 6.57 m?/year.

3. The present investigation describes the experimental Vs Calculated Values considerations and
presents the Mathematica software tool for analysing solute conditions during infiltration from a source.
The curves plotted by Mathematica and BTC are close to each other. Hence, it is possible to use the
models based on the observed physical conditions to predict a dimensional flow pattern when
experimentations can be avoided altogether. The mathematical models used in the present research
help to predict the future effects of heavy metal pollution in the study region.
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Abstrakt

Tento C¢lanek analyzuje vliv indikatorl tézkych koviu na jednorozmérny transport polutantl pres
nedistribuované sloupce pldy provadény v laboratofi a experimentalni data jsou porovnana
s analytickymi daty. V této studii se pomoci ,Mathematica“ analyticky pouZiva rovnice advekce-disperze
k vyhodnoceni transportu znecistujicich latek. Hodnoti kontaminaci téZkymi kovy tim, Ze bere v uvahu
vstupni koncentrace znecistujicich latek, a to, jak se méni s ¢asem a hloubkou. Byly analyzovany
vysledky experimentalniho testu tykajici se pralomovych kfivek, které odhalily zakladni vzorce migrace
téZkych kova.

Soucasny vyzkum ma najit rozptylovy koeficient v pramyslové oblasti a kolem ni pro &tyri tézké kovy,
tj. Ctyfi nenaruSené sloupce pudy na stanici 1 (uvnitf) a Ctyfi nenaruSené sloupce pudy na stanici 2
(venku). Koeficient hydrodynamické disperze ,D* kdyZz roztok chréomu (Cr), niklu (Ni), zinku (Zn) a médi
(Cu) prosel 20cm pidnim sloupcem (kazdy kov na sloupec), byl mimo préimyslovou oblast 3,57 m?/rok,
1,99 m?rok, 10,84 m?rok a 3,49 m?rok a 5,22 m?rok, 2,2 m?rok, 8,08 m%rok a 6,57 m?rok
v primyslové oblasti. Podle experimentu s pudnim sloupcem je nejnizsi mobilita pozorovana v jilovité
pudé (uvnitf primyslové oblasti Peenya), spiSe nez v piscCitohlinité pudé (mimo prumyslovou oblast
Peenya). Tato zjiSténi zlepSuji naSe chapani znecisténi tézkymi kovy a poskytuji zaklad pro
pfedpovidani a rizeni takového znecisténi v pramyslovych oblastech. ,Mathematica“ pouZita v tomto
vyzkumu pomaha pfedpovidat budouci tcinky znecisténi téZkymi kovy ve studovaném regionu, a tim
nas vybavuje znalostmi, abychom mohili prijimat proaktivni opatreni.

Kli¢ova slova: tézké kovy, mobilita, kfivky pralomu (BTC), padni sloupce, priumyslova oblast Peenya
(PIA), kontaminace podzemnich vod, hydrodynamické disperze.
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Souhrn

Odpady z mineralni viny (sklenéné a Cedi¢ové) predstavuji vyznamny problém v oblasti recyklace
stavebnich materiall. Tyto odpady vznikaji nejen pfi vyrobnim procesu jako odfezky a odpraSky
(této problematice jsme se v nasem vyzkumu jiz vénovali'). Velké objemy tohoto odpadu vznikaji
i pfi demolici a rekonstrukci zateplovacich systémui budov, optimalni vyuZiti tohoto odpadu v souc¢asnosti
intenzivné zkoumame. Prekazkou pri recyklaci je znecisténi mineralni viny ostatnim stavebnim
materialem. Mineralni vina je v sou¢asnosti jako odpad skladkovana.

Evropska legislativa zavadi poplatky za skladkovani stavebnich odpadu, a tim motivuje k vyvoji
recyklacnich technologii. Vzhledem k rostoucimu objemu odpadu z mineralni viny, ktery se odhaduje na
2,82 milionu tun do roku 2030, je nezbytné hledat udrzZitelné rfeSeni pro jeji opétovné vyuzivani.
Kli¢ovymi faktory pro efektivni recyklaci jsou spravné tfidéni a separace jednotlivych sloZek materiald,
coz zatim v CR a na Slovensku neni dostateéné vyvinuto.

Recyklace odpadu z mineralni viny mize pfispét k ochrané Zivotniho prostredi a snizeni nakladu na
skladkovani, pokud budou zajistény vhodné technologie pro jeho zpracovani. Studiem literatury byly
zjistény jako nejéastéjs§i sméry pouZiti odpadni mineralni viny — alternativni sloZka stavebnich pojiv
a nahrada jemnych a velmi jemnych podili kameniva (pfisada pro vznik novych izolacnich hmot).
Zaméreni na$i dalSi tymové prace je v oblastech vyvoje betonovych prvkid, omitek a alkalicky
aktivovanych hmot.

Kli¢ova slova: tepelna izolace budov, odpadni mineralni vina, éedicova a skelna vlakna, recyklace
vliaken, vyuZiti odpadniho izolaéniho materialu.

Shrnuti soucasného stavu v oblasti mineralni izolace

Odpady z mineralni viny (sklenéné nebo CediCové) mohou vznikat jiz pfi jeji vyrobé jako odfezky pfi
jejim formatovani nebo jako odprasky pfi jejim zpracovani. Tyto odpady vétSinou nejsou znecisténé
a jsou znovu vyuzivany ve vyrobé, nebo jsou kompaktovany na brikety, takze nezustava zadny nevyuzity
odpad. Jemné odprasky z filtrd mohou byt podle riznych studii pouzity napfiklad pfi vypalu slinku nebo
pfi vytvafeni zaruvzdornych material(®.

Odpadni mineralni vina pfimo z vyrobniho procesu je Iépe zpracovatelna diky své vysoké Cistoté,
nez vina, ktera se stala stavebnim odpadem. Dulezitou roli u této odpadni mineralni viny hraje metoda
predb&zné Upravy, tj. rozmélfiovani vliaken a dosaZeni homogenity®. MnoZstvi minerélni viny, ktera se
pouziva v zateplovacich systémech staveb, tvofi asi 60 % z celkového trhu izolaCnich materialG.
PFi renovaci nebo demolici staveb vznika velké mnozstvi odpadnich izolaénich materiala*.

Zateplovani mineralni vinou se zacalo intenzivné vyuzivat od 70. a 80. let 20. stoleti a odhaduje se,
Ze doba Zivotnosti zateplovacich systému je minimalné 30 let. To znamena, Ze v blizké budoucnosti Ize
oCekavat rozsahlé rekonstrukce staveb, které byly zatepleny mineralni vinou. | kdyz odpady z mineralni
viny tvoii v Ceské republice pouze maly podil na celkovém objemu stavebnich a demoliénich odpadd,
je nezbytné hledat efektivni zplUsoby jejich recyklace. S rostoucim po¢tem budov zateplenych systémy,
jejichz zZivotnost se blizi ke konci, bude stale vice potifeba fesit, jak s témito odpady nakladat. Recyklace
mineralni viny je dulezitd nejen z hlediska ochrany Zivotniho prostfedi, ale i vzhledem k rostouci
poptavce po technologiich pro opétovné vyuzivani téchto materialu.
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Problémem recyklace odpadu z mineralni viny je slozitost oddéleni jednotlivych komponent
kompozitniho systému, ktery se bézné pouziva pro zatepleni obvodovych plastt budov. Tento systém
zahrnuje rGzné materialy, jako jsou stavebni lepidla, mechanické spojovaci prostfedky, armovaci sité,
zakladni natéry, vrchni omitky a dalSi, coz €ini recyklaci naro¢nou. V dusledku této slozitosti je Castéjsi
volba skladkovani nez recyklace, coz neni optimalni z hlediska ekologického, ani ekonomického.

Dal$im problémem je, ze mineralni vina vznikajici jako odpad pfi demolici nebo rekonstrukci staveb
muze byt v nékterych zemich klasifikovana jako nebezpecny odpad, zejména pokud byla vyrobena pred
rokem 1997. V té dobé& byly pfi vyrob& mineralni viny pouzivany starSi technologie, které mohly
zahrnovat i azbest, coz pfedstavuje vazné zdravotni riziko.

Klicovym aspektem spravného nakladani s odpady je tfidéni materiall. Po vytfidéni, zpracovani,
separaci a pripadné pulverizaci se mize jednat o cennou surovinu do fady stavebnich materialu.
Cim lépe jsou stavebni a demoliéni odpady tfidény, tim je recyklace efektivn&jsi a kvalita recyklovaného
materiall vySSi. Tento systém tfidéni, sbéru a zpracovani odpadu z mineralni viny dosud nebyl nastaven
v CR ani na Slovensku. Mineralni vina je vétsinou skladkovana soucasné s jinym stavebnim odpadem.
Vzhledem k tomu, Ze Evropska unie klade duraz na recyklaci stavebniho a demoli¢niho odpadu a zavadi
poplatky za skladkovani, se stale vice zvySuje motivace pro hledani a implementaci efektivnich metod
recyklace t&chto material(. Také v Ceské republice je skladkovani mineralni viny zpoplatnéno, coz &ini
skladkovani tohoto odpadu nakladn&jsim a podporuje rozvoj recyklaénich technologii®.

Objem celosvétové produkce odpadu z mineralni viny je 2,54 milion tun. Odhaduje se, ze objem
odpadni mineralni viny roste linearné z 2,25 milionu tun v roce 2010 na 2,54 milionu tun v roce 2020.
Ocekava se, ze vroce 2030 vzroste na 2,82 milionu tun®. Je tfeba poznamenat, ze pfesny odhad
objemu odpadu z mineralni viny je problematicky kvali roztfisténosti dostupnych udaji”.

Mineralni vina, jeji vyroba a vlastnosti

Termin ,vina“ je obecny nazev pro vlaknité materialy, které vznikaji zvlakiiovanim nebo tazenim
roztavenych mineral(. Hlavnimi slozkami jsou SiO,, Al,O;, CaO a MgO, zatimco ostatni oxidy jsou
povazovany za nedistoty®. Chemické sloZeni viny zavisi na pouzitych surovinach a u mineralni viny
a sklenéné viny se obvykle mirné liSi. Mineralni vina je uméle vyrabéné anorganické vlakno nejCastéji
z CediCové horniny. Sklenéna vina se vyrabi z kfemene, sody a vapence, ale vyhodné lze pouzit
i recyklované sklo.

Odpady z vyrobniho procesu mineralni viny (ofezy z formatovani atd.) Ize znovu pouzit do procesu
vyroby. Vyrobena vina ma vldakna do desek pojena nejCastgji fenolformaldehydovou pryskyfici,
ktera mlze tvofit az 10 % hmot. kone¢ného vyrobku. Jako maziva se obvykle pouzivaji mineralni nebo
silikonové oleje v mnozZstvi do 1 % hmot. kone¢ného produktu. Vrstva mineralni viny mize byt také
laminovana napfiklad hlinikovou folii, netkanymi rohoZemi ze sklenénych vlaken nebo kraftovym
papirem.

NejdulezitéjSi vlastnosti mineralni viny je jeji tepelna vodivost (0,035 - 0,045 W/(m-K)).
Pokud v konstrukci nedoslo k jejimu vystaveni povétrnosti, i po cca 40 — 50 letech zlstava tepelna
vodivost cca 0,04 W/(m-K). Jak mineralni vina i skelnd vina jsou klasifikovany jako nehoflavé
(mineralni vina tfida A1 nebo A2; skelna vina tfida A2). Recyklovana mineralni vina mize obsahovat
rizné necistoty (soucasti mineralni viny z vyroby: pojiva, maziva, kraftovy papir nebo hlinikové vrstvy;
ze stavebniho uZiti: armovaci tkaniny, fdlie, tésnici pasky, spojovaci prvky, pfipadné biologicka
kontaminace — plisné a bakterie).

K zajisténi vhodnosti odpadu z mineralni viny pro rizna feSeni opétovného pouziti je vSak zapotiebi
vice vyzkumu. Nékteré systémy kategorizace nebezpe&nych latek klasifikuji odpad z mineralni viny jako
potencialné karcinogenni latku, pokud je index rozpustné slozky vysSi nez 18 % a pramér vidken je
< 6 um. Nebezpecli zdravotnich rizik zpUsobenych vidkny mineralni viny je velmi nizké nebo Zadné,
a proto by mély byt klasifikacni systémy vyhodnoceny tak, aby zbyte€né nebrzdily recyklacni potencial
odpadu z mineralni viny. Skute&na rizika pro zdravi by véak neméla byt opomijena®.
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Vyuzitelnost odpadni mineralni viny

S ohledem na vysoky obsah chemicky inertnich slouc€enin, jako je oxid kifemicity (SiO;), oxid vapenaty
(Ca0) a oxid hlinity (Al,Os), které zlepSuji vlastnosti pozarni odolnosti, se odpadni mineralni vina
pouziva hlavné jako plnivo v kompozitnich materialech® >,

V dal$i nalezené studii se autofi Yliniemi a kolektiv’ vénuji zkoumani, jak rizné mechanismy drceni
ovliviiuji fyzikalni vlastnosti mineralni viny, v€etné vzhledu, objemové hmotnosti a délky a Sifky viaken.
Vysledky studie ukazuji, ze metody zalozené na kompresi (vibraéni kotou€ovy mlyn a hydraulicky lis)
zcela narusuji vlaknitost mineralni viny, zatimco metody zalozené na vysokych feznych rychlostech
ovliviiuji objemovou hmotnost a délku vlaken jen mirné. Kromé toho tato studie identifikuje rychlou
metodu, kterou Ize novym zplsobem pouzit k analyze velkého poctu vlaken mineralni viny.

Odpad z mineralni viny tvofi hmotnostné jen maly zlomek celkového stavebniho a demoli¢niho
odpadu, presto vyzaduje velké prepravni a skladkovaci kapacity kvuli své nizké objemové hmotnosti.
Pro zvySeni jeho vyuzitelnosti je nezbytné porozumét fyzikalnim a chemickym vlastnostem tohoto
odpadu, abychom ho mohli vyuzit, napf. jako vlaknovou vyztuz v kompozitech nebo jako doplrikovy
cementovy material. V dal$i praci se Yliniemi s kolektivem® vénoval chemické a fyzikalni charakterizaci
15 vzorku sklenéné a 12 vzorkl kamenné viny rizného stafi odebranych z rliznych mist po celé Evropé.
Soucasné proved! i rozsahlou reSersi odborné literatury a uvadi tak chemické slozeni dalSich 61 vzorkud
sklenéné a kamenné viny.

Vzorky skelné vaty vykazuji malé rozdily ve svém chemickém slozeni a vysledky sloZeni jsou
podobné béznému sodno-vapenato-kiemicitému sklu (4 — 11 % hmot. B,O3). Kamenna vina ma slozeni
podobné cedicovému sklu, ale sriznym obsahem vapniku, hofCiku a zeleza (5 — 13 % hmot.).
Potencialné toxické prvky (Cr, Ba, Ni, Cu a Pb) jsou pfitomny v mineralni i skelné viné v nizkych
koncentracich (<0,2 %). Oba typy viny obsahuji organickou pryskyfici (skelna vina 8 % hmot.; mineraini
vina 3 % hmot.), ktera se mize po zahfati nebo kontaktu s alkalickym roztokem rozlozit na mensi
molekularni ¢astice a amoniak. Odpady z mineralni viny maji relativné podobné rozloZeni délky a Sirky,
navzdory stafi a typu mineralni viny. Celkové maji oba typy odpadl z mineraini viny homogenni
chemické a fyzikalni vlastnosti ve srovnani s mnoha jinymi mineralnimi odpady, diky ¢emuz je jejich
vyuziti jako druhotné suroviny slibné. Presto je tfeba brat v potaz vysoké procento respirabilnich viaken
(kolem 50 %), zejména pfi zpracovani starych odpadl z mineralni viny, které mohou mit nizkou
biologickou rozpustnost, a proto mohou byt karcinogenni. RozliSeni mezi nebezpeénymi a zdravotné
nezavadnymi vlakny mineralni viny na zakladé jejich chemického slozeni je narocné a nebezpecné
vlastnosti mineralni viny by mély byt stanoveny testy biologické rozpustnosti in vivo.

Alternativni slozka pojiv

Mineraini vina ma, diky svému vysokému obsahu amorfniho SiO, (az 70 %) a CaO (az 20 %),
potencial byt aktivni pucolanovou sloZkou. Protoze pucolanova reakce probiha na povrchu ¢astic oxidu
kfemigitého, je mérny povrch nejdalezitéj$im faktorem pro prabéh pucolanové aktivity?.

Béhem procesu vyroby mineralni viny se tvofi odpadni materialy, jako je vlaknity odpad a prach.
Na jedné strané Ize odpad z vlaken mineralni viny recyklovat a vratit do vyrobni linky, ale prach z filtr( se
obvykle pouze skladkuje. Na druhé strané Ize odpad z mineralni viny pouzit jako vhodnou nahradu
hrubého a jemného kameniva, ¢imz se uSetfi naklady na pfirodni kamenivo a minimalizuje se dopad
likvidace na Zivotni prostfedi. Né&ktefi vyzkumnici®***? také poznamenavaji, Ze sloZeni odpadu z vlidken
mineralni viny je podobné jako u jinych pucolanovych materialli, jako je popilek, mletd granulovana
vysokopecni struska a mikrosilika.

Tym autorti Kubiliute, Kaminskas a Kazlauskaite® se ve své studii zamé&Fil na moznost vyuziti prachu
ze vzduchovych filtrd béhem vyroby mineralni viny jako mikroplniva do portlandského cementu.
Vysledky ukazaly, ze pfisada odpadniho prachu zvySuje poCateCni hydrataci cementu. Pfi pouziti 5, 10
a 15 % hmot. prachového aditiva byla pevnost vzork( v tlaku po 28 a 90 dnech hydratace vétSi nez
u vzorku Cistého portlandského cementu. Bylo zjisténo, Ze odpady z mineralni viny mohou v zavislosti na
velikosti Castic pusobit bud jako cementovy material, nebo jako inertni plnivo v kompozitech na bazi

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 1 16



Lenka VAVRUSKOVA, René CECHMANEK, lvana CHROMKOVA: Prehledové studie vyuZiti odpadnich
mineralnich viaken ve stavebnictvi

cementu. Kromé toho bylo zjisténo, ze 10 — 40 % hmot. odpadni pfisady z mineralnich viaken snizuje
porovitost a méni mikrostrukturu kompozitli na bazi cementu, coz snizuje migraci chloridovych a jinych
iontd.

Studie autort Cheng, Ling a Chuang® zkoumala vlastnosti kompozitd na bazi cementu s pfidavkem
riznych odpadl z mineralni viny (distribuce ¢astic v rozmezi 17 — 250 ym, z nichz 30 % je menSi
nez 150 ym). Pfidavek 10 % odpadu z mineralni viny do kompoziti na bazi cementu (w/c 0,55 a 0,65)
zpusobil v porovnani s kontrolnimi vzorky:

- zvySeni pevnosti v tlaku 0 19 % a 18 %,

- zvySeni pevnosti v tahu pfi tipani 0 33 % a 26 %,

- snizeni odolnosti proti odéru 0 4 % a 5 %,

- shizeni absorpce 0 33 % a 28 %,

- zvySeni odporu 0 251 % a 253 %,

- snizeni celkového prichodu naboje 0 73 % a 70 %.

Odpad z mineralni viny Ize pouzit jako ¢astecnou nahradu jemného kameniva a doplnkovy pojivovy
material v zavislosti na velikosti jeho Castic (u €astic menSich nez 75 um pucolanova reakce).
Hrubsi ¢astice mineralni viny maiji potencial zachytit/minimalizovat vznik smrstovacich trhlin a inhibuji
vnitfni ifeni trhlin.

Cilem vyzkumu tymu M. G. Mediros™ bylo zjistit pucolanovy potencial odpadni mineralni viny
Rockwool, ktera je pfevazné vyrabéna z CediCe. NejvétSi inovaci této prace byla analyza moznosti
a efektu nahrazeni portlandského cementu odpadem mineralnich viaken Rockwool. Vysledky
provedenych testd ukazuji, Zze odpad Rockwool je klasifikovan jako ftfida Il A, tj. neinertni
(ne nebezpecny), lze ho charakterizovat jako amorfni pevnou latku. Pozorovani pasty hydroxidu
vapenatého s mletymi mineralnimi vlakny v SEM (28 dnu stafi) a vysledky Chapelleova testu neumoznily
prokazat pucolanovou reakci mezi odpadem Rockwool a hydroxidem vapenatym. Zda se v3ak,
Ze pucolanova reakce zaclina pozdé&ji, coz ukazuji dalsi pozorovani v SEM a provedena
termogravimetricka analyza ve vzorcich po 90 dnech.

Dal$i studie'! byla zamé&fena na hodnoceni vlastnosti kompozitt na bazi cementu s pouzitim rtiznych
obsahl odpadni mineralni viny (10 %, 20 %, 30 % a 40 % hmot. cementu) jako Castecné nahrady
portlandského cementu v maltach. Vysledky testll ukazuji, ze kompozity obsahujici odpady z mineralni
viny mohou zlepS$it mechanické vlastnosti a snizit propustnost.

Studie provedena tymem Wei-Ting Lin*? se zamé&tuje na zkoumani vlastnosti kompozitnich materiald
na bazi cementu, do kterych byl pfidan rizny podil recyklované mineralni viny, a porovnava je
s kompozity obsahujicimi popilek a mletou granulovanou vysokopecni strusku (GGBS). Recyklovana
mineralni vina byla rozdrcena na €astice mensi nez 75 ym a na zakladé chemického sloZeni a distribuce
velikosti Castic vykazuje podobné vlastnosti jako jiné pucolanové materialy, jako jsou popilek a GGBS.
To znamena, Ze recyklovanou mineralni vinu lze vyuzit jako doplfikovy cementovy material, ktery ma
podobny ucinek na zpevnéni smési. Experimentalni vysledky ukazaly, ze ¢asteCné nahrazeni cementu
recyklovanou mineraini vinou pfinasi zlepSeni v nékolika klicovych aspektech, jednak vyznamné zvySuje
pevnost v tlaku a souCasné pozitivné ovliviiuje strukturu pord v cementové matrici. Tento efekt se
projevuje zejména pfi pouziti nahradni davky mezi 10 % az 30 % cementu. Studie naznacluje,
Ze recyklovana mineralni vina je uc¢innou pfimési, ktera muze zlepsit mechanické vlastnosti betonovych
kompozit. V tomto kontextu by mohla byt recyklovana mineralni vina zajimavou alternativou k tradi¢nim
pfimésim, jako je popilek nebo GGBS.

Alternativni surovina — malta

Kolektiv Jana Trejbala® pracoval na vyvoji omitkové malty s vyuZitim odpadnich mineralnich viaken.
Odpad v podobé prachovych ¢astic zachycenych na dvojitém filtru recyklaéni linky byl v omitkové smési
pouzit jako mikroplnivo. Cilem bylo pouzit co nejvice recyklovaného materialu pfi zachovani
mechanickych vlastnosti referenéni malty (standardni smés bez pfisad). Bylo navrzeno Sest smési
liSicich se od sebe mnozstvim pouzitého recyklovaného odpadu od 0 do 1,0 % hmot. z celé smési.
PouZiti mikrovlaken potvrdilo o€ekavané funkce v maltové smési:
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- nahrada jemné frakce pfirodniho kameniva (prachové &astice),
- nahodné rozptylena a orientovana mikrovyztuz (kratka viakna),
- shluky vlaken jako izolaéni kamenivo.

K. Kalinowska-Wichrowska s kolektivem™ prezentuje vysledky vyzkumu, ktery potvrzuje moznost
opétovného vyuziti odpadnich stavebnich materialt jako nahrady pfirodniho kameniva. Pro vyzkum byly
pouzity jemné frakce recyklovaného betonu, odpadnich izola¢nich materiall (kamenna vina
a sklolaminat) a recyklovany pisek. Vlastnosti zkoumanych receptur byly porovnavany na zakladé
vysledkd pevnosti v tlaku, pevnosti v ohybu, nasakavosti, povrchové tvrdosti (Shore D) a studia
mikrostruktury (SEM). Vysledky ukazuji, ze vS8echny popisované materialy by mohly byt pfijatelnym
feSenim pro redukci pouzivani pfirodnich zdroju.

Diplomova prace Bc. Cerméaka® se vénuje moznosti vyuzit mineralni vidkna v cementovych maltach
a stérkovych a lepicich hmotach. Mineralni vlakna v cementové malté mohou snizovat objemovou
hmotnost a soucinitel tepelné vodivosti, vliv maji i na pevnostni charakteristiky. Mineralni viakna
v cementové malté vyrazné snizuji soucinitel tepelné vodivosti A a zlepSuji jeji izolaéni schopnost.
Pfidavek mineralnich viaken do primyslové vyrabéné lepici a stérkové hmoty pusobil pfi nanaseni vady
povrchu stérky. Vyuziti viaken je mozné, ale neni zcela bez problém.

C. P. Ramirez s kolektivem™ se vénovala vyzkumu trvanlivosti cementovych malt s pfidavkem
odpadni izola¢ni viny. Pfispévek o vysledcich experimentl podrobné popisuje vyrobu vzork(l cementové
malty obsahujici rizné typy vlaken z izolaéniho odpadu (rGzné druhy: odpad ze skelnych vlaken,
odpad z mineralni viny a smésny odpad). Na vzorcich malt byla testovana mrazuvzdornost, krystalizace
soli, propustnost vodni pary, obsah uzavifeného vzduchu a doba zpracovatelnosti. Studované malty
vykazuji dobré vlastnosti pfi zmrazovani, coz zaruCuje jejich pouziti ve venkovnim prostiedi.
Malty prokazaly niz§i odolnost vici krystalizaci soli v disledku zvySeni jejich poréznich struktur.
V dusledku kapilarniho plsobeni jsou tyto malty nachylngjsi k transportu kapalin ve svém pdérovém
prostifedi (roztok vody, soli).

Cilem prace tymu P. O. Awoyera®® bylo zhodnotit pouZiti mineraini viny a ryzové slamy ke zlep$eni
tepelné izolacnich vlastnosti malt z portlandského cementu. Vzorky cemento-piskové malty
(40x40x160 mm) byly vyrobeny s pfidavky mineralni viny a ryzové sldmy od 0 do 50 % hmot.
Porovnavany byly referenéni smési (bez pfidavku) s modifikovanymi recepturami. Sledované vlastnosti —
nasakavost, pevnost v ohybu a tlaku, tepelna vodivost a mikrostruktura pomoci rastrovaci elektronové
mikroskopie (SEM). Vysledky pro malty s mineraini vinou a vlakny ryZové slamy vykazovaly vyznamny
pokles tepelné vodivosti malty, tj. zlepSeni jeji izolaéni schopnosti. Pevnost vtlaku u vétSiny
modifikovanych vzorkd klesla, ale byl zaznamenan narust pevnosti v ohybu. Provedené zkouSky
prokazaly moznost pouziti vybranych viaken pro izolaéni malty z portlandského cementu.

Alternativni surovina — malty s pozarni odolnosti

Cilem vyzkumu provedeného tymem C. P. Ramirezové!’ bylo analyzovat pozarni odolnost
cementovych malt s mineralni vinou z recyklace stavebnich a demoli¢nich odpadd. Tymem byl navrzen
experimentalni plan pro analyzu termomechanického chovani pred a po testovani malt s raznymi typy
recyklovanych vidken. Vzorky malt s recyklatem byly vystaveny pfimému ohni dosahujicimu maximalni
teploty 700 °C. Hodnoty pevnosti v tlaku vSech malt vystavenych vysoké teploté klesaji, i kdyz zUstavaji
na optimalnich hodnotach pro pouziti podle normovych pozadavku. Vysledky ukazuji, ze povrchova
tvrdost v8ech malt se po poZaru prakticky neméni, zatimco malty s pfidavky vlaken dosahly vyrazné
lepSich pevnosti v ohybu po pozZarni zkouSce ve srovnani s referencni maltou. Cementové malty se
zbytky mineralni viny jsou nehoflavé a neuvolnuji dusivé plyny a vypary v pfipadé pozaru. Pfi teplotach
do 700 °C si zachovavaji pevnosti a maji velmi nizkou tepelnou vodivost, takze by dokazaly ochranit
dal$i prvky hoflavych materiald a zabranit tak Sifeni pozaru. Pfidani odpadnich viaken mize byt,
z hlediska mechanicko-tepelného chovani po pozaru, udrzZitelnou alternativou k bézné pouzivanym
komer&né pouzivanym viaknim.

Kolektiv A. Bala'® se vénoval posouzeni vlivu vyztuZzeni skelnou vatou a Zaruvzdorného povlaku
na chovani samozhutnitelné malty (SCM) pfi béZnych a zvySenych teplotach (200, 400, 600, a 800 °C).
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16 receptur SCM malty bylo navrzeno s 25 % popilku a s pouzitim pfidavku (0; 0,5; 1 a 1,5 %)
a ménicim se efektivnim pomérem vody k cementu (w/c: 0,43; 0,49; 0,55 a 0,70). Na Cerstvych maltach
byla méfena reologie pomoci rozliti kuzele, ,V — nalevky* a reometru BT2. Dale byla vyrobena zkusebni
télesa (krychle 100x100x100 mm a tramce 75x75x300 mm) a jejich dalsi vlastnosti byly zjiStovany po
28 dnech zrani. Cast zkugebnich téles byla povrchové osetfena tepelné odolnym natérem. Jde o natér
dodavany v praskové podobé (fa UGAM Technology, Vadodara, Gujrat, Indie) a podle EDX analyzy
obsahuje tyto hlavni slozky: oxidy prvku Al, Si a Ti. Aplikace tepelné odolného povlaku byla vyznamnou
ochranou vzorki SCM az do maximalni teploty ohfevu 800 °C, kdy doSlo k nepatrnému poklesu
mechanickych vlastnosti, zejména pevnosti. Vzorky malt bez povrchového oSetieni natérem mély
naopak, vlivem pulsobeni vysokych teplot, velké ztraty mechanickych vlastnosti (asi 45 az 65 %
pevnosti). Termogravimetricka (TG) analyza prasku SCM odhalila tepelnou stabilitu smési SCM
az do 1000 °C, kdy k vyznamné ztraté hmotnosti doSlo zahfatim na teplotu 400 °C (ztrata 0,3 %)
a 800 °C (7,5 %).

Alternativni surovina — lehky beton

Perspektivnim smérem rozvoje efektivnich recyklaénich technologii mize byt opétovné pouziti
odpadd z mineralni viny v kompozitech na bazi cementu. Rada vyzkum( prokazuje postupné
nahrazovani pfirodniho kameniva v betonech rlznymi druhy odpadu. Mlety odpad z mineralni viny
s distribuci velikosti ¢astic v rozmezi od 17 do 250 uym Ize pouzit jako nahradu jemného a ultra jemného
kameniva se zlep$enim hlavnich vlastnosti vyrobku?.

Vyzkum pouziti viaken mineraini viny v oblasti vyvoje lehkého betonu (LWC) je vzacny. Cilem studie
provedené tymem Y. Z Shyong™ bylo zkoumat fyzikalni a mechanické viastnosti LWC s pouzitim vlaken
mineralni viny (0 — 15 %) a s rlznym pomérem zamésové vody (w/c: 0,4; 0,5 a 0,6). Navrzeno bylo
21 smési a sledovany byly tyto vlastnosti: hustota, pérovitost, nasakavost, pevnost v tlaku, pevnost ve
smyku a v ohybu. Vysledky ukazaly, Zze pfi davce 15 % mineralni viny doSlo ke znaénému snizeni
objemové hmotnosti LWC (az 73% snizeni). Objemové hmotnosti vzorkl pro obsah vlaken
od 2,5do 10 % jsou 800 az 2000 kg/m?, coz Ize klasifikovat jako LWC. Pouze urcita receptura splnila
pozadavky pouziti LWC jako nosné vnitini stény. Klic¢ovou roli v pfidavani mineralni viny do LWC hraje
velikost a distribuce viaken v objemu hmoty a je takto nasledné ovlivnéna morfologie, velikost poéra,
a tedy schopnost zvukové a tepelné izolace.

Alternativni surovina — keramika

Experimentalni studie provedena Korpajevem s kolektivem? zkoumala pouziti mletého odpadu
z kamenné viny (SWW) na vlastnosti palenych hlinénych cihel. Pro stanoveni maximalnich sméSovacich
pomeértd byly vzorky cihel pfipraveny ze smési jil/SWW v pomérech 95/5, 90/10, 87,5/12,5
a 82,5/17,5 hmot. Po vypalu (850, 950 a 1050 °C) byly stanoveny fyzikalni, tepelné a mechanické
vlastnosti cihel. Vysledky prokazaly, dle procentualniho podilu SWW vneseného do vyrobni suroviny,
Ze muze dojit ke sniZeni objemové hmotnosti palenych cihel az o 13 %. Vypalené cihly (vypal 1050 °C)
s pfidavkem 10 % SWW dosahly zvy3eni tepelné izolace az o 20,75 %, pozitivni vliv mél pfidavek
i na trvanlivost (zejména mrazuvzdornost). Podle zjisténi Ize pouZit pfi vyrobé cihel jako maximalni miru
nahrady jilu 17,5 % SWW. Jde tak recyklovat velké mnozstvi odpadu a zaroven vyrobit cihly
s pozadovanymi vilastnostmi.

Chen s kolegy?! proved! studii, ktera zkoumala op&tovné pouziti mineralni viny a recyklovaného skla
pfi vyrobé& keramickych pén. Pfi spékani mineralni viny a odpadniho skla bylo jako pénidla pouzito SiC.
Cilem vyzkumu bylo porozumét vlivu sloZeni a podminek slinovani na vlastnosti a mikrostrukturu
keramické pény. Optimalni skladba keramické pény byla tvofena 40 % hmot. odpadni mineralni viny,
dale podily odpadniho skla a odpadniho kifemicitého pisku a 2 % hmot. SiC, spékanych pfi 1170 °C
(rychlost ohfevu 20 °C/min, 20 min vydrZ pfi max. teploté). Vyrobené keramické pény mély objemovou
hmotnost 0,71 g/cm® a rovnomérné rozloZeni velikosti pérd. Vyzkum ukazuje, Ze z odpadni mineralni
viny Ize vytvofit keramické pény vhodné pro tepelnou izolaci. Ackoliv autofi v textu mluvi o vzniku
keramické pény, na zakladé chemického slozeni lze konstatovat, Ze se jedna o material v CR
oznacovany jako pénové sklo.
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Recyklaci skelné vaty jako tavidla pfi vyrobé keramiky na bazi jilu a odpadu se vénoval tym
A. Adedirana®. Jako prekurzory byly vybrany komeréni kaolinovy jil a dva primyslové odpady,
konkrétné kfemicity zivcovy pisek a médéna struska. Bylo pfipraveno Sest receptur (3 vzorky s/bez
skelné vaty) a vzorky byly vypalovany pfi 750, 850 a 950 °C. Vzorky byly charakterizovany pomoci
rentgenové difrakce (XRD), skenovaci elektronové mikroskopie (SEM) se stanovenim prvku
(EDS), diferen¢ni skenovaci kalorimetrie (TG/DSC), absorpce vody, zdanlivé hustoty a zkouSek pevnosti
v tlaku a ohybu. Vysledky ukazaly, Zze zaclenénim 10 % hmot. skelné viny do smési vznikla keramika
s lepSimi fyzikalnimi, mechanickymi a mikrostrukturnimi vlastnostmi. Vzorky s kiemennym piskem
a skelnou vatou po vypalu (950 °C) dosahly hodnot pevnosti v tlaku az 117 MPa a nasakavosti 2 %.
U keramiky na bazi strusky a kaolinu byl v8ak tavici efekt skelné viny méné vyznamny,
to pravdépodobné kvuli rozdilim v jejich chemickém slozeni, mineralogii a distribuci ¢astic. Schopnost
taveni sklenéné viny mlze snizit teplotu slinovani a nasledné snizit naklady na vyrobu keramiky.

PFispévek R. Stonyse a kolektivu? se zabyval odpadem z vyroby mineralni viny (kupolovy prach CD,
amorfni SiO,, primér &astic prachu je podobny jako u mikrosiliky 30 az 150 nm) a jeho opétovnym
pouzitim pfi vyrobé& Zarobetonl s hlinitanovym cementem. Filtrani sedimenty z vyroby mineralni viny
maji velmi malé rozméry, a proto nejsou snadno recyklovatelné. Ultra jemny odpadni prach nahradil
v recepturach mikrosiliku, ktera je jednim z nejrozSifenéjSich ultrajemnych aditiv do Zaruvzdornych
betonu. Mikrosilika zvySuje hustotu a zlepSuje vlastnosti zarobetonu diky své pucolanové aktivité a malé
velikosti Castic. Pro navrh Zzarobetonu bylo ve smésich pouzito 1, 2 a 3 % odpadniho prachu.
Na vzorcich zarobetonu byly stanoveny vlastnosti po vytvrzeni, vysuSeni (105 °C) a vypalu
(800 a 1000 °C). Sledovany byly vlastnosti: objemova hmotnost, rychlost prichodu ultrazvukové viny,
pevnost v tlaku bez tepelné zatéZze a odolnost proti tepelnému Soku. Z vysledkd fyzikalnich
a mechanickych vlastnosti plyne, ze jako optimalni teplota vypalu je 800 °C s davkovanim CD do 2 %.
Pfinosem vyzkumu je zjisténi, Ze metoda zpracovani CD navrzena v této praci, je vhodna jak
z ekologického, tak technologického i ekonomického hlediska.

Alternativni surovina — pénové sklo

Moznosti vyuziti odpadni mineralni viny pro vyrobu pénového skla za nizké teploty (800 °C)
se vénovala studie R. Ji a kolektivu®®. Nové vyvinuta metoda vyroby pé&nového skla pouZivala jako hlavni
suroviny odpady z mineralni viny a odpadniho skla z procesu vystavby a demolice. V navrZzené
receptufe byly pouzity pfisady s funkci pénidla, tavidla a stabilizatoru pény (uhli¢itan vapenaty CaCOs,,
borax Na,B,0.,+10H,0, fosfore€nan trisodny dodekahydrat NasPO,+12H,0). Na vlastnostech pénového
skla (objemova hmotnost, mikrostruktura) byly zkoumany vlivy rizného obsahu jednotlivych pfisad
aruzné teploty slinovani. Vysledky experimentu ukazaly, Ze optimalni slozeni surovin se pohybovalo
vrozmezi 40 % hmot. odpadni mineralni viny, 60 % hmot. odpadniho skla, 20 % hmot. boraxu,
1-2 % hmot. uhli¢itanu vapenatého a 2 % hmot. fosforeCnanu. Vzorek slinuty pfi 800 °C mél
nejrovnomé&rné&jsi rozlozeni pénové struktury a nizkou objemovou hmotnost 0,7 g/cm®.

Alternativni surovina — kompozit na bazi sadry

Ve vyzkumu A. Zaragoza-Benzal s kolektivem®* byl pfedstaven novy sadrovy kompozitni materidl,
ve kterém byly tradi¢ni suroviny &asteCné nahrazeny tepelné izolacnim odpadem (polystyren EPS
a mineralni vina) z renovace fasad. Vyslednym navrhem je novy lehky sadrovy kompozit s ndhradou az
14,7 % hmot. plvodniho materidlu s odpadem EPS a s pfidanim mineralni viny jako vyztuze
(0,375 % hmot.). Podle vysledkl ma novy material o 20,3 % nizSi objemovou hustotu nez tradiCni
sadrovy kompozit, tedy ma i o 30,4 % nizSi tepelnou vodivost. Tyto nové odlehéené sadrové kompozity
Ize pouzit v kombinaci s lehkymi ocelovymi ramy jako dokonCovaci desky ve sténovych systémech,
a to pfi sniZzeni celkového tepelného odporu stény az o 10,6 % (tloustka 25 mm). Mechanicka odolnost
nového materialu prekracuje referencni hodnoty stanovené soucasnymi normami, snizeni celkové
i kapilarni absorpce vody ve srovnani s tradi¢ni sadrou, coz zvySuje odolnost materialu a jeho vynikajici
tepelné vlastnosti po celou dobu Zivotnosti.
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Alternativni surovina — alkalicky aktivované hmoty

vvvvvv

vina obsahuje vysoké mnozstvi oxidl (SiO,, Al,O3, CaO), které jsou vhodné jako prekurzory pro vyrobu
alkalicky aktivovanych materialG®.

Clanek tymu t.azniewska-Piekarczyk a Dominik Smyczek® pojednava o vlivu aditiv odpadnich viaken
mineralni viny na geopolymerni pojivo. Clanek popisuje uginnou metodu rozméliovani viny na prasek
a metodiku tvorby vzorkl geopolymeru, oznacenych G1 pro geopolymer na bazi skelné vaty a G2 pro
geopolymer na bazi kamenné viny. Sledovanymi vilastnostmi byla pevnost v tlaku a ohybu a soucinitel
tepelné vodivosti geopolymeru s pfidavkem mineralnich vlaken. KliCovym prvkem ¢lanku je ovéreni,
zda pfidavek vlaken mineralni viny pozitivné ovliviiuje vlastnosti geopolymeru. Ziskané vysledky
dokazuiji, ze pfidani vlaken vyrazné zlepSuje pevnost v tahu za ohybu. Pro recepturu G1 je pomér
pevnosti v tlaku k pevnosti v tahu za ohybu 18,7 %. U vzorkl G2 v8ak bylo dosazeno jesté lepSiho
poméru pevnosti v tlaku k hodnotdm pevnosti v tahu za ohybu 26,3 %. Ziskany primérny koeficient
tepelné vodivosti byl 1,053 W/(m-K) pro vzorky fady G1 a 0,953 W/(m-K) pro vzorky fady G2.
Ziskané zavéry ukazuji korelaci mezi poérovitosti a pevnosti v tlaku a koeficientem tepelné vodivosti.
Cim vy$8i porovitost, tim lepsi tepelna izolace materialu a horsi pevnost v tlaku.

Clanek H. Dai s kolektivem? predstavuje vyvoj tepeln& izolaéniho geopolymerniho materialu.
Jde o porézni kompozit na bazi kaolinitu s alkalickou aktivaci pfi pokojové teploté a vyztuzeni viakny
z mineralni viny. Zkouman byl ucinek obsahu vlaken mineralni viny a vlivu tepelného zpracovani
na komplexni vlastnosti porézniho geopolymeru. Od pfidavku vlaken z mineralni viny se oekavalo
zlepSeni mechanickych vlastnosti porézniho geopolymeru, od tepelného zpracovani pak vznik porézni
struktury, tj. zlepSeni tepelné izolace geopolymeru na bazi kaolinitu. Vzorek s obsahem 15 % hmot.
mineralni viny vykazoval poréznost ~90 %, hustotu 0,118 g/cm?® tepelnou vodivost 0,057 W/(m.K)
a maximalni pevnost v tlaku 0,66 MPa. Tento novy tepelné izolaéni material ma obrovsky potencial
v oblasti Uspory energie budov.

V pfispévku Luo a Yu?’ je zkouman potencial vyuZiti odpadu z mineralni viny jako prekurzoru
a vlaknoveé vyztuze v geopolymeru s popilkem tfidy F. Pouziti téchto odpadu, zejména ve formé jemnych
Castic (dvé rlizné predupravy vlaken), urychluje proces geopolymerizace, coz vede ke zvySené tvorbé
gelu a zvySené absorpci Al v gelu N-A-S-H. Vliv reaktivity a rozmérd odpadni viny na hybridnich
geopolymerech byly systematicky studovany na zakladé reakéni kinetiky a produktli, mikrostruktury,
smrsténi pfi suSeni, mechanické pevnosti a studia tepelného chovani (vypal pfi 800 °C).

Vyzkum tymu Pavlin®® nabidl novy pohled na vyuZziti odpadni mineralni viny (kamenna vina, skelna
vina) a pomocnych pojiv pfi vyvoji alkalicky aktivovanych smési pro 3D tisk. ZjiSténi podtrhuji robustni
mechanicky vykon a tepelnou stabilitu téchto materiald a stavi je jako slibné kandidaty pro aplikace
vyZadujici odolnost pfi zvySenych teplotach. Diky pfidani mineralni viny a pomocnych pojiv vykazovaly
alkalicky aktivované 3D tisténé produkty pevnost v tlaku pfesahujici 50 MPa po 28 dnech vytvrzovani
(pfi TO). 3D tisténé vzorky byly pfi rostouci teplot€ chemicky i mineralogicky stabilni do 700 °C.
S rostouci teplotou (nad 800 °C) se objevily nové mineralogické faze a doSlo ke snizeni obsahu
amorfnich sloZek (z cca 86 % hmot. na 46 % hmot.).

V dalsi studii provedené kolektivem K. M. Klima® byly zkoumany uginky odpadu z mineralni viny
v alkalicky aktivovaném umélém kamenivu vyvijeném pro vysokoteplotni aplikace. Byly zkoumany
parametry aktivaniho a vytvrzovaciho procesu. Stanoveni vlastnosti probéhlo pfi pokojové teploté
a pri vysoké teploté (1000 °C) na prostém kamenivu a po zaclenéni do geopolymerniho kompozitu.
PFi optimalnim rezimu vytvrzovani (za pokojové teploty) po dobu 3 dnlG vzniklo umélé kamenivo
s objemovou hmotnosti v rozmezi od 1960 do 2090 kg/m3 a pevnosti v tlaku 7,0 az 7,9 MPa.
Sodny aktivator s vysokou viskozitou zpusobil nepravidelngjsi tvar zrna s niz8i hustotou ¢astic a pevnosti
v tlaku, oproti kamenivu aktivovanému draselnym aktivatorem. Vysoka krystalinita byla pozorovana
v K-aktivovanych agregatech, coz zpUsobilo lepsi tepelnou stabilitu.

Studie C. H. Koh s kolektivem® zkoumala recyklaci kamenné viny ze stavebniho a demoliéniho
odpadu pro vyrobu lehkého alkalicky aktivovaného kameniva uréeného pro izolaci podlahy. Kamenivo
bylo vyrobeno alkalickou aktivaci z rdznych podild mleté a puvodni kamenné viny. Vysledkem byla
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objemova hmotnost v rozmezi 720 az 850 kg/m® a tepelna vodivost od 0,075 do 0,094 W/(m-K).
Morfologie vldakna kamenné viny v puvodnim stavu ovlivnila reologii, dala vzniknout vétSimu poctu poér(
i defekt, coz vedlo ke snizeni mechanické pevnosti. Hydrotermalni simulace ukazaly, Ze sestava
podlahy caste¢né vyplnéna vyrobenym kamenivem vykazovala sniZzeni obsahu vody a zvySeni
povrchové teploty podlahy.

Alternativni surovina — lehké kamenivo

A. B. Lopez-Garcia s kolektivem® zkoumali pouziti sklenéné viny (GW) a mineralni viny (SW) jako
slozky pfi vyrobé lehkého kameniva (LWA). Oba odpady dle studie mohou byt vhodnou surovinou
(hustota 1,3 — 1,5 g/lcm® a mechanicka pevnost 2 — 6 MPa). Pfi pouziti GW se pfedpoklada vyrazné
shizeni vypalovaci teploty (700 °C) oproti béZné pouzZivanym teplotam (kolem 1200 °C) pfi vyrobé téchto
materiall, coz by znamenalo znaéné Uspory energie. Technologické vlastnosti LWA ziskané ze sklenéné
viny a mineralni viny vykazovaly vlastnosti analogické vlastnostem komercniho lehkého kameniva
(hustota, porovitost, nasakavost a mechanicka pevnost). Tepelné izolacni materialy a lehké kamenivo
dlouhodobé patfi mezi nejpouzivanéjsi materialy ve stavebnictvi, proto byl hodnocen metodou LCA
i dopad na zivotni prostfedi spojeny s vyrobou lehkého kameniva s SW a GW ve srovnani s tradié¢nim
procesem. Témér u vSech analyzovanych kategorii vlivu umélého kameniva vyrobeného z mineralni viny
bylo pozorovano vyznamné zlepSeni parametru zivotniho prostredi.

Alternativni surovina — kompozitni zvukova izolace

Hemmati s kolektivem®? se zabyval sloZitou rovnovahou mezi pohlcovanim zvuku, tepelnou izolaci
a nakladovou efektivitou dfevovlaknité desky — mineralni vina — cementové desky (WRCB).
Desky WRCB s obsahem dfevénych vléken, portlandského cementu, mineralni viny a chloridu
vapenatého byly vyrobeny v rdznych tloustkach (20 — 60 mm) a hustotach (400, 500 a 600 kg/m?).
WRCB vykazovala priimérnou zvukovou absorpci (SAA) a efektivni tepelnou vodivost (Ke).
Desky WRCB s tloustkami od 30 do 50 mm a hustotami 400 — 500 kg/m® vykazovaly téméF idealni
urovné absorpce mezi 1000 a 2000 Hz, coz vyhovuje sou€asnym architektonickym pozadavkim.
Vyuziti metody ,Response Surface Methodology® umoznilo optimalizovat vlastnosti desky
(tj. hustota 452,8 kg/m® a tloustka 37,8 mm) s maximalni SAA, pfi sou¢asné minimalizaci K¢ a nakladg.
Vysledky ukazaly vyznamny vliv tloustky a hustoty na akustické a tepelné viastnosti WRCB desky.

Alternativni surovina — tepelna izolace

Clanek M. Domonkos® se vénoval studiu tepelnych a strukturalnich vlastnosti izolace z recyklované
mineralni viny ziskané ze stavebniho a demoli¢niho odpadu. Méfenim tepelného toku byl na vzorcich
stanoven zakladni parametr charakterizujici tepelné izolaCni materidly — tepelna vodivost.
ZkuSebni vzorky byly vyrobeny z mikromletého a nasekaného odpadniho materialu (objemova hmotnost
50 — 120 kg/m®). K testim byly pfipraveny 3 vzorky (nekontaminovany referenéni vzorek Supafil Loft
045; mikromleta a nasekana odpadni mineralni vina). Vzorky vyrobené z recyklované izolace mély vySsi
soucinitel tepelné vodivosti nez referencni vzorky, pfesto vykazovaly pfijatelné izola¢ni vlastnosti,
protoZze jejich soucCinitel tepelné vodivosti se pohyboval v rozmezi 0,040 —0,055 W/(mK).
Sekana odpadni mineralni vina je vhodna jako vyplhova izolace. Mikrofrézovany material ma SirSi
vyuziti, a to jako recyklovana sypana/foukana i vyplfiova izolace.

Zavéry
Recyklace odpadl z mineralni viny, jako je sklenéna a CediCova mineralni vina, je kliCovym tématem
v oblasti udrzitelnosti a ochrany Zivotniho prostfedi. Mineralni vina je béZné pouzivana pro své izolacni

schopnosti, ale jako odpad predstavuje technologickou vyzvu. Provedena reSerSe ¢lankd o recyklaci
odpadl z mineralni viny nam umoznila ziskat pfehled o riznych oblastech jejiho vyuziti. Aktualni stav

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (14. — 16. 10. 2025, Hustopece, Ceské republika)
WASTE FORUM 2025, &islo 1, strana 1 22



Lenka VAVRUSKOVA, René CECHMANEK, lvana CHROMKOVA: Prehledové studie vyuZiti odpadnich
mineralnich viaken ve stavebnictvi

poznani ukazuje, ze po vhodném piecisténi a upravé mohou byt mineralni viakna efektivné vyuzivana
jako nahrada drobného kameniva nebo jemnozrnnych &astic v betonech a maltach. Velmi jemné mleta
mineralni vina muize pfispivat ke zlepSeni vlastnosti téchto smési diky své pucolanové aktivité.
Smeér recyklace mineralnich vliaken v alkalicky aktivovanych materidlech muze byt efektivnim krokem
k ekologicky Setrnym a vysoce vykonnym stavebnim materialim. DalSi slibny smér vyuziti mineralni viny
je pfi vyrobé palenych keramickych cihel nebo jako soucasti keramickych pén, resp. pénového skla.
Mineralni vina mize nejen zlepsSit mechanické a izolacni vlastnosti produktl, ale také pfispét k Usporam
energie a snizeni emisi CO, pfi vyrobé stavebnich materiald.

Podékovani

Tento prispévek byl zpracovan na zaklade Institucionalni podpory na rozvoj vyzkumne organizace
(Dlouhodoby koncepéni rozvoj vyzkumné organizace) poskytnuté MPO CR.
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Review study on the use of waste mineral fibres in the construction industry
Lenka VAVRUSKOVA, René CECHMANEK, lvana CHROMKOVA

Vyzkumny ustav stavebnich hmot, a.s., Hnévkovského 30/65, 617 00 Brno, Czech Republic
Summary

Mineral wool waste (glass and basalt) constitutes significant problem in the field of recycling of
construction materials. This waste is created not only within production process as cuttings and dust
(we have already dealt with this issue in our research), but also within demolition and reconstruction of
thermal insulation system of buildings, the optimal use of this waste is currently under intensive
research. A barrier for its recycling is contamination of mineral wool with other construction material
and sizeable volume for storing to subsequent recycling. Mineral wool is currently dumped as a waste.
European legislation implements charges for construction waste disposal, and therefore motivates to
development of recycling technologies. Regarding to increasing volume of mineral wool waste, which is
estimated 2.82 million tons up to 2030, it is necessary to find sustainable solution for its reuse.
Key factors for effective recycling are proper sorting and separation of individual components, which is
not sufficiently established in the Czech Republic and Slovakia so far. Recycling of mineral wool waste
can contribute to environment protection and decreasing of disposal costs, if suitable technologies for its
treatment are implemented. By studying the literature, the most frequent directions of use of waste
mineral wool were identified as an alternative component of construction binders (an additive increasing
strength characteristics) and replacement of fine and very fine aggregate fractions (an additive for
the creation of new insulation materials). The scope of our next work is in the field of development of
concrete elements, plasters and alkali-activated materials.

Keywords: Thermal insulation of buildings, waste mineral wool, basalt and glass fibres,
fibre recycling, utilization of waste insulation material
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Vysledky vyzkumu a vyvoje pro priimyslovou a kemunalni ekologii:

AKTUALNI PROJEKTY V OBLASTECH: ODPADY - VODA - 0VZDUSI
ODPADY ZE A PRO STAVEBNICTV]

ODPADNI TEXTIL

OEEZ A ELEKTROPROMYSL

Symposium je uréeno:

k prezentaci vysledkd vyzkumu z celé oblasti pramyslové a komunalni ekologie, tedy nejen z oblasti nakladani s odpady, ale
také vodniho hospodaistvi, ochrany ovzdusi, sanaci ekologickych zatézi a havarii a v neposledni fadé na snizovani dopadd
lidské ¢innosti na zmény klimatu;

pro zastupce podnikatelské sféry, aby se seznamili s vyzkumnymi tématy a projekty, na kterych se v CR a SR pracuje, s cilem
eventudlniho prevzeti nebo dalsiho rozvinuti dosazenych vysledkd v praxi, pripadné k navazani spoluprace s vyzkumnymi
pracovisti;

pro zastupce vefejné spravy, aby se seznamili s vyzkumnymi tématy, na kterych se v CR a SR pracuje a zvy3ovali si tim svou
kvalifikaci.

Pfi organizaci symposia nam jde nejen o to poskytnout resitelim projektt prostor k prezentaci vysledkd jejich prace, ale také
o rozsifeni kontaktd mezi vyzkumnou sférou a praxi.

Rizikovy management, prevence a zkuSenosti z odstaranovani
zavaznych priimyslovych havarii, bezpecnost a hygiena prace
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RIZIKA VYPLYVAJICI Z NOVYCH VYZEV do 15.9. 2025
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do15.9.2025
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VAZENI PRIZNIVCI APLIKOVANEHO VYZKUMU A RIZIKOVEHO
MANAGEMENTU,

dovolujeme si vas pozvat na dalSi ro€nik Tydne vyzkumu a inovaci pro praxi a zivotni
prostiedi (TVIP), ktery letos probéhne v terminu 14. — 16. fijna 2025 v Hustopecich
u Brna. Novy roc¢nik opét zastieSuje dvé tradicni specializovana odborna setkani:
konferenci APROCHEM a symposium ODPADOVE FORUM. Symposium se mimo
aktualni projekty z oblasti odpadt, ochrany vod a ovzdusi, blize zaméfi na odpady ze
stavebnictvi, textilniho primyslu a elektroodpad.

APROCHEM: Konference tematicky pokryva oblast Fizeni rizik a bezpecnosti. Zaméfuje se
zejména na fizeni primyslovych rizik a rovnéz na rizika pfi spravé regionti, mést
a obci. Konference odrazi vyznam vyzev vyplyvajicich ze zmén ovliviiujicich nasi spole€nost
v oblasti Sirokého spektra rizikového managementu (mezinarodni bezpeénostni situace,
bezpe€nost kritické infrastruktury v souvislosti s uplathiovanim novych technologii,
rozSifovanim energetického mixu o alternativni zdroje energie, zménami klimatu atd.).

RIZIKOVY MANAGEMENT A PREVENCE A ODSTRANOVANI HAVARII

O Posuzovani a fizeni rizik O Rizika souvisejici s nanomaterialy (napf. ve
O Prevence zavaznych primyslovych havarii vztahu k potravinam)
O ZkuSenosti z odstranovani nasledkd havarii O Rizika vyplyvajici z novych vyzev (zména klimatu,
O Rizika pfi nakladani s chemickymi latkami a nastup chytrych technologii, vyuZiti alternativnich
pripravky zdroju energie a dopady geopolitickych zmén)
O Bezpetnost a hygiena prace

ODPADOVE FORUM: 19. roénik symposia pokracuje v prezentaci vysledkil vyzkumnych
projektl z celé oblasti primyslové a komunalni ekologie z oblasti odpadd, ochrany vod
a ovzdusi. Navic budeme vénovat zvySenou pozornost vyzkumu cilicimu na aplikaci
principti cirkularni ekonomiky a udrzitelnosti ve stavebnictvi, textilnim pramysiu
a elektrickych a elektronickych zafizeni.

AKTUALNI PROJEKTY: ODPADY ZE A PRO STAVEBNICTVI
ODPADY - VODA - OVZDUSI
O Cirkularni ekonomika, inovativni metody a pfistupy | O Udrzitelna vystavba
(ecodesign, LCA, uhlikova a vodni stopa) O Efektivni vyuziti surovin a cirkularni ekonomika
O Prevence, materidlové, biologické a energetické O Piedchazeni vzniku odpadd
vyuziti odpadd O Recyklace a downcyklace
O Pramyslové a komunalni odpadni vody, kaly, O Vyuziti vedlejsich produktt a odpadi z jinych
ziskavini fosforu, recyklace vody pramyslovych odvétvi
O Cisténi odpadnich plynl a spalin, snizovani a O Inovativni pfistupy a materialy
méfeni emisi O Brownfieldy
ODPADNI TEXTIL OEEZ A ELEKTROPRUMYSL
O Udrzitelnd textilni vyroba a spotfeba O Ecodesign a jeho aplikace
O Moznosti vyuziti pouzitého textilu O Postupy demontaze a recyklace
O Bezpecnostni a zdravotni aspekty recyklata O Ziskavani a recyklace kritickych surovin
O PFAS a jejich dopady na Zivotni prostfedi O Toxické latky a kontaminované materialy
O Uzivatelské chovani a marketing
KLICOVE TERMINY CENY VLOZNEHO
Prihlasky pFispévku 30. 6. 2025 PIné vlozné 6 500 Ké
Zaslani pinych textu do 15.9.2025 |  Jednodenni viozné 5 000 K&
sborniku
Prihladky ulasti 30. 9. 2025
Termin konani 14.-16. 10. 2025

TVIP@CEMC.CZ ~3v WWW.TVIP.CZ
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PRIHLASKY PRISPEVKU A PREZENTACE PREDNASEK

Prispévky na TVIP mohou mit povahu prfednasky v odborné sekci (15 min. pfednaska
a 5 min. diskuse) nebo vyvésky. Vyvésky mohou byt az do formatu A0 na vySku, vétsi
rozméry je tfeba konzultovat s pofadateli.

Termin prihlaSek pfispévkd je 30. 6. 2025. PrihlaSky je mozné zasilat vyhradné
prostfednictvim elektronického na www.tvip.cz. Pofadatel potvrzuje pfijeti
pfihladky a vyhrazuje si pravo kone¢ného rozhodnuti o pfijeti pfispévku, formé jeho
prezentace a zafazeni do konkrétni sekce a programu.

Po uvedeném datu je mozno pfihlasit pfispévek bud po vyzvé pfipravného vyboru, nebo do
naplnéni kapacity (sestaveni kone¢ného programu). Jednaci jazyk je €¢eStina a slovenstina.
Zahranic¢ni prednaSejici (i posluchaci) jsou vitani, ale tlumoceni nezajistujeme. Komercéni
prezentace na konferenci je mozna, vice na

PLNE TEXTY PREDNASEK

Autory v8ech prispévkl, pfednasek i vyvések zadame o v€asné predani kone€ného, graficky
upraveného piného textu prispévku v elektronické podobé v MS Word nejpozdéji do 15. 9.
2025. Pozadavky na grafickou upravu texti do sborniku jsou uvedeny na internetovych
strankach TVIP, kde je rovnéz i vzorova Sablona pro psani textd. Sbornik TVIP je vydavan
v elektronické formé s oznacenim ISBN.

PUBLIKACE VE WASTE FORUM

Casopis WASTE FORUM, ktery je dlouholetym medialnim i odbornym garantem TVIP,
je od roku 2017 indexovan v databazi SCOPUS. V pfipadé zajmu o publikaci pfispévku ze
symposia v ¢asopisu je toto mozné. Publikaéni jazyk je angli¢tina, ¢estina a slovenstina.
Redakéni uzavérky jsou pravidelné 8. 1., 8. 4., 8. 7. a 8. 10. Text je tfeba upravit podle
redak&nich zvyklosti (vice na v sekci ). PFispévky jsou
posuzovany minimalné dvéma nezavislymi recenzenty. Hotové Cislo byva vystaveno na
internetu zhruba 10 — 11 tydnU po redakéni uzavérce. VSechna Cisla Casopisu (aktualni
i archivni) jsou volné ke stazeni na strankach

PRIHLASKY UCASTI

K ucasti na TVIP se pfihlaSuje prostfednictvim na www.tvip.cz. Jeho soucasti je
internetu. Termin pro prihlaseni je 30. 9. 2025 K ucasti se pfihlasuji (a plati vlozné) i autofi
prispévkl, prednasky nejsou honorované. Za neodpfednaSenou prednasku ¢&i za
nevystaveny poster fakturujeme poplatek 1000 K& za zafazeni pfispévku do programu
a uvefejnéni textu ve sborniku.

DRUHY CIRKULAR A DALSI INFORMACE

Druhy cirkular s pfedbéznym programem bude rozesilan v poloviné zafi. Veskeré, prubézné
aktualizované informace k TVIP naleznete na internetovych strankach www.tvip.cz.
Konkrétni dotazy a pfipominky adresujte bud’ na nize uvedené garanty, nebo na spole¢nou
adresu tvip@cemc.cz.

PORADATEL KONTAKTY

Ceské ekologické manazerské O Ing. Ondiej Prochazka, CSc., programovy garant
centrum, z.s. symposia OF, $éfredaktor WASTE FORUM —

28. pluku 524/25, Praha 10, PSC 101 00 prochazka@cemec.cz

www.tvip.cz, tvip@cemc.cz O Ing. Jifi Student, programovy garant APROCHEM —
Tel.: (+420) 274 784 417 student@cemc.cz

ICO: 45249741, DIC: CZ45249741 O Ing. Vladimir Student, hlavni garant —

Cislo uétu: 27534061/0100 studentv@cemc.cz
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https://www.tretiruka.cz/konference/prihlasky/prihlaska-prispevku/
http://www.wasteforum.cz/
https://www.tretiruka.cz/media-a-odpady/waste-forum/pro-autory/
http://www.wasteforum.cz/
https://www.tretiruka.cz/konference/prihlasky/prihlaska-ucasti/
http://www.tvip.cz/
mailto:tvip@cemc.cz



