WASTE
FORUM

ELECTRONIC PEER-REVIEWED JOURNAL ON ALL TOPICS
OF INDUSTRIAL AND MUNICIPAL ECOLOGY

RECENZOVANY CASOPIS PRO VYSLEDKY VYZKUMU A VYVOJE
Z OBLASTI PRUMYSLOVE A KOMUNALNi EKOLOGIE

YEAR 2017 No. 4
Pages 219 - 356

Patron od the issue / Patron cCisla

Tyden vyzkumu a inovaci pro praxi a zivotni prostredi TVIP 2018
zahrnujici konference APROCHEM a PRUMYSLOVA EKOLOGIE
a symposium ODPADOVE FORUM
6. — 8. 3. 2018, Hustopece, hotel Centro, www.tvip.cz

© Czech Environmental Management Center 2017



OBSAH / INDEX
Uvodni slovo $éfredaktora / Editorial
Pro autory / For authors

Model of biowaste separation of household waste. Case study of the city of Brno
Model separace bioodpadu z domovniho odpadu. Pfipadova studie mésta Brna
TJiti HREBICEK, Jifi KALINA,Martin VANECEK

Comparison of family house and apartment households bio-waste production and composition
Porovnani slozeni a produkce domovniho bioodpadu z rodinnych domi a bytovych jednotek
Bohdan STEJSKAL, Anna MALSOVA, Anna BAREKOVA

Organic fraction of municipal solid waste and its high-solids anaerobic digestion
Organicka frakce tuhého komunalniho odpadu a jeji vysokosusinova anaerobni digesce
Jifi RUSIN, Katefina CHAMRADOVA

Stabilization/solidification of zinc containing sludge using Portland cement
Stabilizace/solidifikace odpadniho zinkového kalu pomoci cementu
Stépan VINTER, Maria Teresa MONTANES, Vratislav BEDNARIK

Structure development study of porous concrete with fluidized-bed combustion ash admixture
Studium vyvoje struktury pérobetonu s pfimési fluidniho popilku
Vit CERNY, Jindrich MELICHAR, Jan FLEISCHHACKER, Rostislav DROCHYTKA

Fly ash modified mortar with content ofagloporite exposed to CO, and high temperature
Vysokoteplotnim popilkem modifikovana malta s obsahem agloporitu exponovana v CO, a pfi vysokych teplotach
Tomas MELICHAR, Jiri BYDZOVSKY, Amos DUFKA

Method of biological treatment of hot air —inoculum optimization and operation of a bubble column reactor

Metoda biologické upravy horkého odpadniho vzduchu — optimalizace inokulace a provozu probublavaného reaktoru

Tereza HNATKOVA, Michal SERES, Jan CHALUPA, Martin HALECKY, Jifi BARTA

Zpracovani kapalné frakce fermenta¢niho zbytku biologickou nitrifikaci a tepelnym zahusténim

Treatment of the Liquid Phase of Digestate Using Biological Nitrification and Subsequent Thermal Thickening

Pavel MICHAL, Pavel SVEHLA, Lukas PACEK, Pavel TLUSTOS

Sledovani mobility kovl v zeminé béhem klasického a mikrovinného ohievu
Influence of thermal desorption on mobility of heavy metals in soils
Andrea BENDOVA, Karolina KEPRTOVA

Mikrobialni oziveni zeminy po procesu termické desorpce
Effect on soil microbial activity after thermal desorption process
Petra KUBINOVA, Jifi KROUZEK, Zuzana HONZAJKOVA

Vyuziti jilovych mineralt na vyrobu biodegradabilnich smési na bazi polyvinylalkoholu a
keratinového hydrolyzatu

Use of clay minerals to produce biodegradable mixtures based on polyvinyl alcohol and keratin hydrolyzate
Martin JURCA, Markéta JULINOVA, Roman SLAVIK, Pavel MOKREJS

Priprava vodivych kompoziti na bazi termoplastického pojiva, grafitu a sazi
Preparation of conductive composites based on thermoplastic binder, graphite and carbon black
Jan KRIVCIK, Petr MAZUR, Zderika CERNA

Adsorpce vzacnych plynt z helia
Adsorption of noble gasses from helium
Martin JANAK, Karel CIAHOTNY

Multicyklické testovani hydrotalcitovych slouéenin z hlediska sorpce CO,
Multicyclic testing of hydrotalcite compounds for capture CO, i
Barbora MIKLOVA, Marek STAF, Veronika VRBOVA, Veronika PODZEMNA

Tyden vyzkumu a inovaci pro praxi a zivotni prostiedi TVIP 2018 — 1. cirkular

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

221
222
223

237

244

254

267

276

288

299

310

315

321

328

335

341

353

WASTE FORUM 2017, islo 4, strana 220



Uvodni slovo $éfredaktora

Vazeni ¢tenari,

mate prfed sebou prvni éislo, které mélo uzavérku po
oznameni, Ze ¢asopis byl zafazen do SCOPUSu. Je nabité,
obsahuje 14 prispévki, presné pulka z toho je v anglictiné
a pulka v ¢estiné. Vérim, Ze to je predevsim zasluhou
zarazeni do Scopusu, i kdyz zajem o publikovani ¢islech
s uzavérkou v fijnu byl vzdy vétsi nez u ostatnich cCisel. Dalsi
Cisla ukazou, kde je pravda.

Zhruba za mésic se muzete tésit jesté na jedno,
mimoradné Cislo, a to sestavené z prispévki vybranych
z programu konference Technika ochrany prostredia
TOP 2017, kterou v zafi organizovala Strojnicka fakulta STU
v Bratislavé. Na internetu bude sice vystaveno v lednu 2018,
ale protoze se pripravuje jiz nyni, bude oznaceno jako letoSni ¢islo 5.

Dostavam dotazy, zda zarazeni do Scopusu se tyka i jiZ dfive uverejnénych ¢lanki. Dostal
jsem z Elsevieru informaci, Ze se to vztahuje na cely ro¢nik 2017.

Na zavér si dovoluji vSechny étenare tohoto ¢asopisu pozvat na Tyden vyzkumu a inovaci
pro praxi a Zivotni prostredi TVIP 2018, jehozZ je nas ¢asopis partnerem. To podstatné o ném se
dozvite z 1. cirkulare, ktery je na konci tohoto ¢isla, dalsi informace pak na www.tvip.cz.

Redakcni uzavérka nejblizsiho Cisla je 8. ledna 2018, dalSiho pak 8. 4. 2018.
Ondrej Prochazka

Editorial

Dear readers,

You have the first number that was closed after the announcement that the magazine was
included in SCOPUS. It contains 14 articles, half of which is in English and half in Czech.

About one month you can look forward to one extraordinary number, compiled from
contributions selected from the Technique of Environmental Protection TOP 2017 conference
organized in September by the Faculty of Engineering of the Slovak Technical University
Bratislava in Slovakia.

Finally, | allow all readers of this magazine to invite to the Week of Research and
Innovation for Practice and Environment TVIP 2018, whose magazine is our partner. You will
learn about it from the Call for Papers, which is at the end of this issue, further information are on
www.tvip.cz. Main lectures are in Czech or Slovak, but lectures in English are also welcome.

The editorial closure of the closest issue is January 8, 2018, the next one is April 8, 2018.
Ondfrej Prochazka
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Pro autory

Casopis WASTE FORUM je ¢asopis uréeny pro publikovani puvodnich védeckych praci
souvisejicich s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadld a
recyklace, jak by mohl naznaCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci
ekologickych zatézi atd. Vychazi pouze v elektronické podobé a Cisla jsou zvefejfiovana na volné
pristupnych internetovych strankach www.WasteForum.cz.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé i se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému Clenéni 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 recenzenti zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

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

Vydavani Casopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 200 K& za kazdou stranku u pfispévku
v anglickém jazyce, u ostatnich je 500 K& za stranku. Uvedené &astky jsou bez DPH. V pfipadé
nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato ¢astka polovi¢ni.

Uzavérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. ledna 2018, dalsi pak 8. dubna
2018.

For authors

WASTE FORUM is an 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.

Journal WASTE FORUM publishes papers in English, Czech or Slovak. Articles submitted
must include a abstract in Czech (Slovak) or English language, respectively.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form
to the e-mail address prochazka@cemc.cz or wasteforum@seznam.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 hames of the reviewers are not
disclosed to the authors.

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.

Revenue to cover at least the costs associated with the issuance of the magazine, we select
a publication fee 200 CZK per each new page for articles reviewed part of issue and CZK 500 for
every new page for contributions in the second part of the issue.

The deadline of the next issue is on January 8, 2018, more on March 8, 2018.
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TJiti HREBICEK, Jifi KALINA, Martin VANECEK: Model of biowaste separation of household waste. Case study
of the city of Brno

Model of biowaste separation of household waste.

Case study of the city of Brno.

"JiFfi HREBICEK ?, Jifi KALINA °,Martin VANECEK °

% Institute of Biostatistics and Analyses, Masaryk University, Czech Republic

®Research Centre for Toxic Compounds in the Environment, Masaryk University,
Czech Republic, e-mail: kalina@mail.muni.cz

 Department of the Environment, Brno City Municipality, Czech Republic

Summary

The paper presents an analysis of the current state and design of a biowaste management system of
in a model city of middle or north European Union countries. Biowaste is considered as a biodegradable
component of household waste, evaluated in four types of built-up areas of the city: rural (suburban)
area, villa area; panel housing estates and block-house estate areas. Variable biowaste generation is
considered depending on the growing season. In this paper, the biowaste is specified in accordance with
the European List of Waste as sum of waste types No. 20 01 08 the biodegradable kitchen and canteen
waste (specifically from households); No. 20 02 01 the biodegradable waste (waste from gardens in
apartment and family houses) and the biowaste share from the mixed municipal waste (No. 20 03 01).
The economic model of generation, collection and treatment of the biowaste is developed and potential
scenarios of the biowaste management are evaluated from the economic point of view.

A case study of the the biowaste management system of the city of Brno (Czechia) is presented. The
evaluation of economic costs and benefits of the various proposed models for the city is also presented,
including the quantity of generated waste (containers rental costs, collection costs, costs for material
recovery facilities etc.). Finally, a design of the best available solution for the biowaste management for
the city is presented, with proposals and recommendations for the next steps, including a design of
areas suitable for the application of different types of the biowaste management.

Keywords: biowaste, biowaste modelling, municipal waste, economic analyses, case study, the city
of Brno

Introduction

Everycity provides an array of service, residential, and industrial functions. How these services are
arranged in relationship to one another is what we call urban structure, or land use structure. Europe and
Middle Eastern cities each have a lot of history behind them, which of course often gives them no easily
identifiable city structure today (https://citybuildingcrashcourse.wordpress.com/2014/08/27/city-structure-
models/). These cities have often evolved from previously large towns and have seen their borders
continually expand.

Let us consider ahypothetical large city (from 250,000 to 1,000,000 inhabitants) in the European
Union (EU) with the introduced system of municipal waste management which fulfils EU waste
management legislation [1-5]. We can recognize here four types of built-up area of the city:
rural(suburban) area; villa area; panel housing estates and block-house estate areas.

The biowaste is defined as biodegradable garden and park waste, food and kitchen waste from
households, restaurants, caterers and retail premises, and comparable waste from food processing
plants. It does not include forestry or agricultural residues, manure, sewage sludge, or other
biodegradable waste such as natural textiles, paper or processed wood [1].

We consider waste classification based on the European List of Waste (ELW) [2], where we will take
into account as the biowaste the following waste codes in the hypothetical large city:
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e 20 01 08 Biodegradable kitchen and canteen waste (specifically from households),
e 20 02 01 Biodegradable waste (waste from gardens near apartment and family houses),
e 20 03 01 Mixed municipal waste.

We suppose that biowaste (codes 20 01 08 and 20 02 01) is partly collected by inhabitants in
collecting yards and waste collection centres in the city and transported to a central composting plant.
However, a large part of biowaste remains in mixed municipal waste (MMW), which citizens store in
small or large containers close to their dwelling. Let us suppose that MMW is collected and transported
to treatment facilities in the city.

The amount of biowaste changes in the growing season (generation of biowaste from vegetation in
the spring and autumn months) and outside the growing season (winter months).

We suppose that this city treats biowaste from MMW in an incineration plant with energy recovery and
in a composting plant with separated biowaste (i.e. codes 20 01 08, 20 02 01).

We suppose that the administration of the city has accepted the development ofthenew Waste
Management Plan following the Commission Methodological Guidance Note [5]. It enables improving the
system of biowaste collection and declining this from MMW withthe support of composting. For decision-
making it is necessary to performan economic analysis of the current situation of biowaste management
in the city and to assess the possible scenarios of biowaste management from an economic and
environmental point of view.

In the first part of the paper a developed model of generation, collection and treatment of biowaste is
introduced with appropriate constant and variable parameters. Further an application ofthe model for the
development of potential scenarios of biowaste management from the economic point of view is
presented. A case study of the current biowaste management system of the city of Brno in Czechia is
presented in the second part of the paper. The evaluation of economic costs and benefits of the various
proposed scenarios for the city of Brno is also presented, including the quantity of generated biowaste,
the number of collected containers, the cost of rental of containers, collection costs, and costs for
material recovery facilities, etc.

Materials and methods

For the support of decision-making in a hypothetical European city with an energy recovery
incineration and composting plant the model for analysing and improvingthesystem of biowaste
management is developed. It included following consequent modelling steps:

1. Identification of the four types of structures of the city (built-up area): rural (suburban) area; villa area;
panel housing estates and block-house estate areas and the number of inhabitants there.

2. ldentification of potential biowastegeneration from MMW in the four types of built-up area of the
cityand computation of its amounts, including analysis of the composition of mixed municipal waste
there.

3. Identification of the system of collection of biowaste from MMW to different types of containers and
costs of their collection and transport to treatment facilities.

4. Construction of the model of biowaste generation with different systems of collected containers and
their economic assessment.

Identification of the four types of built-up areas of the city

We assume that in mostlarge cities and towns in the EU four types of structure of the city (built-up
area) can be distinguished:

1. Villa built-up area - characterized by family houses without productive gardens, usually only with
decorative features (lawns, shrubs and trees). Biowaste and MMW from houses in the villa built-up
area can be collected in small containers (typically 120 |) located at each house individually. The
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placement of a composter in most cases is possible, but one can expect a lower willingness for
composting because of the poor quality of the substrate consisting mostly of grass and treeleaves and
branches (inappropriate C/N ratio).

2. Rural (suburban) built-up area - characterized by family houses with productive gardens, where one
can place a composter. Biowaste and MMW from houses in ruralbuilt-up areascan be collected in
small containers (typically 120 1) located at each house individually (owned by the waste collection
company or property owner). Location of a composter is possible in most cases. Currently
experiencing gradual conversion of part of the rural built-up area toavilla built-up area in several EU
countries.

3. Panel housing estate area — characterized by panel housing estates and residential buildings
constructed without interior courtyards and gardens. Here there is typical collection of biowaste and
MMW from large-volume containers (1,100 I) and an inability to operate the compost.

4. Block house estatearea — characterized by older residential houses carefully articulated in the
intensive development of the city centre. Collection of MMW is mostly in small containers (120 I)
placed in individual houses with larger numbers of flats that are shared by the inhabitants. The
location of a composter in block buildings is possible in inner blocks and courtyards of apartment
buildings, but one can expect the population to be less willing to compost because of more flats
sharing one composter and inhabitants with more difficult opportunities inproducing compost.

Citizen denotes the number of inhabitants in the city. Cities usually have an administrative division of
the city into city districts. For each type of built-up area in the city it is necessary to establish the number
of inhabitants (according to the latest data available from the statistical Census of Eurostat or a given EU
country) and the proportion of the population living in these built-up areas. Let us denote the numbers
Cit;, i=vil,rur,pan,blo of inhabitants andthe ratio Z; = Cit/Citizen, i=vil,rur,pan,bloof inhabitants living in
a villa built-up area, a rural built-up area, a panel housing estate area and block house estate built-up
area. These numbers are necessary to estimate statistics from the city districts. We denote C and Z
arrays/vectors with elements Cit; and Z; for future implementation in the program MS Excel.

Let us denote das the ratio of the population involved in the system of biowaste management, where
0 is a number from 0 to 1 (from O % to 100 %). It indicates how much of the population will be involved in
the separation and collection of biowaste from MMW. This ratio depends on the (non-)separate biowaste
collection obligations of the city and on information and incentive campaigns explaining the system of
biowaste management. The ratio includes all residents who will participate in separate biowaste
collection from MMW and home composting or will be interested in it (but for objective reasons, are not
able to become involved, see below).

Identification of potential biowaste generation during the year in the four types of built-
up area of the city

Let us identify the following input parametersin the designedBIOWASTE model specific for the given city:

e The annual generation of mixed municipal waste (MMW) per capita in each built-up area. We denote
these variable MMW,,i=vil,rur,pan,blo. They are calculated in the unit [kg/inhabitant/year].We denote
the MMW array/vector with elements MMV; for future implementation in the program MS Excel.
Usually they can be taken from the annual waste reporting of the city, which is obligatory from waste
legislation [1,2].

e The portion of biowastecontained in MMWin the given built-up area of the city. For the whole of the
city it is specified by four coefficients k;,i=vil,rur,pan,blo. We denote the K array/vector
withelements k; for future implementation in the program MS Excel. They are quoted as the number
of percentages, i.e. from 0 % to 100 %. This usually results of analysis of MMW compaosition in built-
up areas of the city, see [6-9, 11-13].

e The distribution of generated biowaste in individual months of the year in built-up areas. It is
measured as the proportion of full-year production, i.e.as the number of percentages (i.e. from 0 % to
100 % from January to December in the built-up areas. These parameters are denoted as
d]-_i,i=1,...,12, j=vil,rur,pan,blo,.We denote the matrix Dof 12 rows and 4 columns which contains dj;
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elements. They are usually the result of analysis of MMW composition in built-up areas during the
year [14].

The above parameters Cit, Z, MMW, K, Dare assumed as constant and valid in the designed model
for all considered variants of the system of collection of biowaste and MMW and their transport to the
biowaste treatment facility.

Identification of the system of collection of biowaste in different types of containers and
costs of collection and transport to treatment facilities

Moreover, the designed BIOWASTE model enables each of the variations to separately set out
detailed parameters on specific types of containers (for simplification volumes of 120 | and 1,100 | are
considered), their placement, for calculation of the potential amount of collected biowaste and its
treatment.

Let us denote model variable input parameters:

¢ The willingness of inhabitants to participate in the collecting/composting biowaste to the given type
of containers in the built-up area. These parameters indicate the proportion of inhabitants of the
given built-up area willing to use that type of container (small or larger) or composter, i.e. as
a percentage number (i.e. from 0 % to 100 %). These parameters are denoted as
wil;;, i=small,large,comp, j=vil,rur,pan,blo. We denote the matrix WIL of 3 rows and 4 columns
which contains wil;; elements.They are usually estimated from questionnaires completed by
inhabitants of built-up areas or from other sociological investigation [14]. The willingness of
inhabitants to have large containers can be assumed 100 %, because it depends usually on the city
administration decision and does not depend directly on the willingness of inhabitants.

e The reachable (optimal) proportion of small or large containers and composters in different built-up
areas. These proportions are specified between 0 % and 100 % and are denoted as
opt;;, i=small,large,comp, j=vil,rur,pan,blo. We denote the matrix OPT of 3 rows and 4 columns
which contains opt; ; elements.We assume opt,qncomp = 0, it characterises that in the panel
building built-up area it is not possible to cover the compostable biowaste by composters, because it
is not technically possible to have a place for them.

e The volume of large container Vol,,.4. specified in unit [I] and the maximum frequency fj,, 4. Of the
collection of large containers in the year with unit specified as [number of days].

e The volume of small container Vol,,,; specified in unit [I] and the maximum frequency f,4; Of the
collection of small containers in the year with unit specified as [number of days].

e The average volume of the composter Vol,y,, specified in unit [I] and the frequency f.,m, Of the
variations of the contents of the composter in the year. The unit is specified [number of days].

¢ We denote arrays/vectors VOL and F with elements Vol and f;, i=small,large,comp.

e The densityp of biowaste in the unit of [kgm™].

All the above input parameters are summarized in the Table 1.
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Table 1: Summary of basic input parameters of the BIOWASTE model. Source: Authors

. Villa Rural Panel Block estate

Parameter [unit]

area area estate area area
Number of inhabitants living in the built-up area City; Cityy Citpan Citpo
Ratio of inhabitants living in the built-up area [%)] Zyi Zur Zpan Zoo
Generation MMW per capita [kg/year] MMW,; MMW MMW pan MMWpo
Proportion of biowaste in MMW in the year[%] Kyil Krur Kpan Kpio
Proportion of biowaste in MMW in January [%] dyii1 drurt dpan1 Obio.1
Proportion of biowaste in MMW in February [%] dyir.2 rur2 dpan.» doio.2
Proportion of biowaste in MMW in March [%)] dyis drurs dpan3 Obio.3
Proportion of biowaste in MMW in April [%] dyiia drura dpan.a Abio.4
Proportion of biowaste in MMW in May [%] dviis duurs dpans dbios
Proportion of biowaste in MMW in June [%] dvis diurs dpans Obio.s
Proportion of biowaste in MMW in July [%] dyii7 (o dpan7 Abio.7
Proportion of biowaste in MMW in August [%] dyis diurs dpans Obio.s
Proportion of biowaste in MMW in September [%] dyiig druro dpano Obio.o
Proportion of biowaste in MMW in October [%] dyi10 drur.10 Opan.10 doio.10
Proportion of biowaste in MMW in November [%] dyit11 drur11 Opan.11 dpio.11
Proportion of biowaste in MMW in December [%] dyir12 drur.12 Opan.12 dpio.12
Willingness to place a large container [%] Wilyijarge Wiliur jarge Wilpan jarge Wilpio large
Willingness to place a small container [%] Wilyit smal Wiliyr smal Wilpan.smal Wilpio.smal
Willingness to place a composter [%] Wilicomp | Wilrur.comp Wilpan.comp Wilpio.comp
Reachable (optimal) proportion of large containers [%] OPtyitiarge | OPtrurlarge OPtpan.iarge OPtyio.large
Reachable(optimal) proportion of small containers [%] OPtyismal | OPtrur.smal OPtpan.smal OPtyio.smal
Reachable (optimal) proportion of composters [%] OPtyiicomp | OPtrur.comp OPtpan.comp 0Ptio.comp

Density of biowaste [kgm™~]

0

Volume of large container [l] VOljarge
Maximum frequency of collection of large containers in the f
year [day] large
Fixed costs per large container [€] FCiarge
Variable costs per large containers [€] VClarge
Volume of small container [l] VOlsma
Maximum frequency of collection of small containers in the f
year [day] smal
Fixed costs per small container [€] FCsmal
Variable costs per small container [€] VCsmal
Biowaste treatment costs (depending on waste facility) [€/1] Tc

Construction of the model of biowaste generation from MMW

Based on the above parameters an interactive BIOWASTE model was designed and implemented in

MS Excel. The model is described as follow:

BIOWASTE(Citizen, Cit, MMW, k, D, WIL, OPT, VOL, F, Fc, V¢, 6, p,Tc, P, opt, L, S, C, CC, CT)

where Citizen, Cit, MMW, k, D, WIL, OPT, VOL, F, Fc, Vc, 6, p and T care input parameters described
above.The outputs of the BIOWASTE model P, opt, L, S, C,CC, CT are described below.

The potential amount p,,of biowaste generation from MMW in the city and the individual calendar

months is defined as

Pm =
ZvilkvilMMinldvil.m + ZrurkrurMMVVrurdrur.m + ZpankpanMMWpandpan.m + ZblokbloMMWblodblo.m

(1)

where index m represents a calendar month (from 1 to 12). The total potential P of biowaste generation

from MMW in the city is
P = Zrlr?=1 Pm -

(2)
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Let us denote the optimal ratio opt;,,4.0f biowaste collected in large containers (situated usually in
public collecting nests for separated components of municipal waste) in the city, the optimal ratio optg,,4;
of biowaste collected in small containers (individual location for real estate) in the city, both declared as a
relative proportion between 0 % and 100 %, and the ratio opt,,m,,0f biowaste processed in composters
in the city. These ratios are specified between 0 % and 100 %. Now, we can specify the opt;4;.ge:

optlarge = (ZvilkvilMMinlOptvil.large + ZrurkrurMMM/ruroptrur.large + ZpankpanMMVVpanOptpan.large +
ZpiokpioMMWy1500tpio.1arge) /P, €))

where Z; denotes the ratio of inhabitants living in the i-th built-up area, k; denotes a proportion of the
biowaste in MMW during the year and MMW; is the mixed municipal waste generation per capita (all
constant) and opt; denotes input variable parameters for i = vil,rur,pan,blo and
j = large,small. Similarly, we determine the optimal share of biowaste opt,,, collected in small
containers and the optimal share of biowaste opt ., coOmposted in composters.

Now, we can specify the number of containers or composters which enable collection of the total
potential P of biowaste from MMW in built-up areas.

The number of large containers L;, i=vil,rur,pan,blo, for the given type of built-up area can be
estimated from the knowledge of the real proportion of biowaste collected in large containers in i-th built-
up area and the willingness of the inhabitants to place a large container at their house (specifically in the
case of large containers, wil;jage IS €Xpected to be equal 100%, since the containers are placed on public
places and managed by the municipality):

L = min(opti.large; Wili.large) - Citizen - ZzMMW; - ki/(VOIlarge/looo ' p)/(365/flarge) (4)
Then the number L of totallarge containers in the city is
L =Lvil + Lyt I—pan + Lbio (5)

The number S =S + S, + Span + Spio Of small containersin the city andthe number C =C; + C,y+ Cpan
+ Cp, Of composters in the city can be estimated similarly;howeverthe number C,,, of composters in
panel housing estate areas will be close to zero (because of very low willingness wilpan comp)-

While the costs of biowaste collection depend mainly on the above computed numbers of small and
large containers and their collection frequency, the costs Tcof biowaste treatment depend on the real
amount of collected biowaste on input to the treatment facility.

The costs of collected biowaste usually consist of a fixed cost (expenditures associated with the
container itself, such as initial costs, leasing, cleaning etc.) and a variable cost depending on the
frequency/period of the biowaste collection. We can express the overall costsCC;, i=large, small of the
collection of biowaste in the large, small containers as follows:

where Fc; and Vc;denotes fixed and variable costs of biowaste collection (price list items according to
a biowaste collection company), see Table 1.

The costs CT;, of the waste treatment in i-the built-up are a i=vil,rur,pan,bloare dependent only on the
amount of the waste and the entry price to the waste treatment facility:

Vollarge Vol 365
min| ( L; +§;—-smal ; Citizen-Zyky MMW
(( Y flarge ' fsmal 1000 " L ‘

CTL' =Tc 1000 (7)

where the minimum value is selected from the maximum capacity of the biowaste collection system
consisting of sum of large and small containers (it is not possible to collect more biowaste than was
generated or than the capacity of the system) and the lower amount from the maximum possible
biowaste generation in the given villa built-up area.
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Application of the BIOWASTE model in decision-making

The above designed BIOWASTE model enables theefficient evaluation ofdifferent scenarios with the
above constant and variable input parametersCitizen, Cit, MMW, k, D, WIL, OPT, Vol, f, Fc, Vc, d, p and
Tc. For example, we can considerthe following potential scenarios, which cover most reasonable
biowaste management systems:

e Scenario 1: Collecting biowaste especially in large containers Voli,4=1,100 | located in public spaces
with absolute willingness of inhabitants to sort biowaste from MMW, where we choose parameters
Wilijarge=100 %, Wil sma=0 %, OpPtyiarge=100 %, optyisma=0 %, i=rur,pan,blo. It assumes an idealized
situation where all the inhabitants involved in the biowaste management system with a total
preference of large containers are willing to sort biowaste. There is, therefore, no collection in small
containers located at each of the properties or any home composting. In this case, we can assume
that the number of containers will be based only the needs of the collection of biowaste that residents
are willing and able to sort from MMW and the distribution of containers in the city will be optimized
so that the containers are sufficiently filled and avoid being overfilled. Denote output parameters P,
opt’, L', St, C*, cC'and CT™.

e Scenario 2: Collecting biowaste in small containers located at individual properties in addition to
housing estates and half of the block estates, where we choose the parameterswil, sma= 100 %,
W”vil.smalzl00 %1 W”blo.smal=50 %’ W”pan.smaI=0 %’W”i.largezloo %a Opti.smaI: 100 %a i=Vi|,I’UF, Opti.large=0 %a
i=vil, rur,pan,blo. We consider only small containers with the capacity Volsn,=120 I, located at
individual estate houses (one container may be shared by more flats, we assume that the average
flat is occupiedone and half persons). Denote output parameters P?, opt?, L%, S? C? CC?and CT?.

e Scenario 3: Combination of large containers in the panel built-up areaswith half of small containers,
in block built-up areas and only small containersin the villa and rural built-up areas (according to the
number of hOUSEhOIdS), i.e. Wilpan.largezloo %0, Wilpio.sma=50 %, Wil sma=100 %, Wil sma=100 %.This is
identical to Scenario 2 with the collection of biowaste in large containers from panel housing estates
and 50 % of block house estate, which are not covered by small containers. This covers the whole
included part of the population by either large or small containers. We obtain output parameters P,
opt, L, S, C, CC and CT. The costs roughly correspond to the total costs of Scenarios 1 and 2,
decreased in the area of family houses, where biowaste is not collected in large containers. Denote
output parameters P3, opt®, L*, S%, C3, CC3%and CT>.

e Scenario 4: Combination of large containers in the panel built-up areas with half of composters in the
block built-up areasand only composters in the villa and rural built-up areas (according to the number
of households). This is identical to Scenario 3, in which small containers are replaced with the same
numbers of composters with zero cost to the collection of biowaste from MMW. Denote output
parameters P*, opt*, L%, S* C* CC%and CT*.

Now we can compare and evaluate the output parameters P', opt', L', S, C', CC'and CT', i=1,...,4 and
choose an optimum scenario and the most appropriate biowaste management system for the city.

Case study of the city of Brno

The current biowaste management system of the city of Brno is described here and the potential
amount of generated waste (quantities in tonnes for the period/year) isevaluated with the distribution of
biowaste [14].

Brno is the second largest city in Czechia by population and area, the largest Moravian city, and the
historical capital city of the Margraviate of Moravia. Brno is the administrative centre of the South
Moravian Region in which it forms 29 separate districts (Brno-City District).

The city districts of Brno significantly vary in their size by both population and area, see Fig. 1. The
most populated city district of Brno is Brno-stfed which has over 91,000 residents and the least
populated are the districts Brno-Ofesin and Brno-Utéchov with about 500 residents. By area, the largest
is the city district Brno-Bystrc with 27.24 square kilometres and the smallest is Brno-Novy Liskovec with
1.66 square kilometres.
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We analysed all the districts of the city of Brno to determine their four built-up areas. We used the last
statistical census of the city Brno from the Czech Statistical Office
(https:/iwww.czso.cz/csu/xb/sldb_2011 vybrane_vysledky podle_mestskych_casti_brna), as the
interactive map of each district of the city of Brno (http://gis.brno.cz/jsviewer/mapa_mesta/). These maps
are based on the technology of Google Maps and allow online viewing with a variety of benefits. They
have interactive zooming, enabling us to determine for each district the required part of built-up area.

Brid ltéchov

“N Bro-Kninicky '\

l /" Reckovice
.. aMokraHora s

O, FAedovice

Brnodih

Doini Heripice

Ivorsks,

Brno-Chrlice

Figure 1: Administrative divisions of city districts of the city of Brno.
Source: https://en.wikipedia.org/wiki/Administrative divisions of Brno

On the basis of the above analysis, we can summarize that from the overall population
Citizen = 385,913 of the city of Brnolive: Z; = 9.9 % of the population in avilla built-up area of Brno,
Z.+= 11.2 % of the population in arural (suburban) built-up area of Brno, Z,., = 58.6 % of the population
in a panel housing estate area of Brno and Zy, = 20.3 % of the population in a block house estate area of
Brno.

Brno waste management system

The city of Brno is also the centre of the South Moravian Region in waste management. Major
companies operating in the field of waste management have their seat there, including waste treatment
facilities such as the SAKO incinerator (http://www.sako.cz/en/), theSUEZ Vyuziti zdroju composting
plant (http://www.centralnikompostarna.cz), sorting units of waste paper and plastics, units for the
processing of recyclable waste, etc.

The company SAKO is a Czech joint-stock company which is one hundred percent owned by the City
of Brno. It provides services for the city that are related to the collection and transport of municipal waste
— collection, transport and energy recovery of waste (black refuse bins and dumpsters), collection,
transport and reuse of recoverable municipal waste components (colour bins) and operation of waste
collection centres including the transport of waste from waste collection centres. SAKO is a company
with a tradition. Its history dates back to 1905 when the first incineration plant in the former Austro-
Hungarian Empire was built in Brno and already at that time it was designed to generate electricity
[10].Currently it processes waste for its subsequent recovery and has acapacity of 240,000 t/year. It is
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among the most modern incinerators in Europe. It converts MMW into heat and electricity for the city of
Brno.

SAKO also operates a modern sorting and post-processing unit for separated waste (paper, plastics
and beverage cartons) with the input capacity of 10,000 t/year.

The SUEZ Vyuziti zdroju composting planthas been in operation since 2007 and usesthe
technologyof controlled intensive composting in heaps with aeration. It has a capacity of 7,000 t/year of
input biowaste.

The waste management system of the cityof Brno consists of three basic subsystems:

e The subsystem of collection of MMW (black MMW containers are located at individual properties) on
a 230 km? area of the city by the company SAKO, whoseMMW energy is recovered by in its
incinerator.

e The subsystem of the collection by SAKO of separated material recyclable components of municipal
waste in special containers placed on publicly accessible locations throughout the whole territory of
the city (blue for paper, green and white for glass, and yellow for a mixture of PET-bottles, beverage
cartons and aluminium beverage containers), which passes through sorting units and is recycled.

e The subsystem of 37 waste collection centres (WCC), operated by SAKO, where residents can place
biowaste (in 9 and 14 m® containers), bulky waste (which due to its size and nature cannot be stored
in MMW collection containers), construction and demolition waste, material recycling components of
municipal waste (paper, PETbottles, beverage cartons, glass, metals, biowaste, etc.) and hazardous
components of municipal waste.

The waste is treated in accordance with the terms of the EU and Czech waste legislation, i.e. material
recovery in recycling plants, energy recovery in the SAKO incinerator and disposed of at landfills close to
the city of Brno (only for waste from collection centres that do not perform material or energy recovery).

Brno biowaste management system

The city of Brno currently allows residents to submit all sorted biowaste only to the WCC. Biowaste
collection through the WCC was launched in 2007. From this year all WCC were equipped for the
collection of biowaste. The following table shows the total amount of biowaste on the SSO in the years
2012-2015. For comparison, the overall production of MMW s listed here, including production per
capita.

Table 2: Amount of biowaste placed in the WCC and MMW collected in the city of Brno in the
years 2012-2015 [t]. Source: SAKO

year 2012 2013 2014 2015

Generation of biowaste [t] 2,148 2,530 2,451 2,322

Generation of biowasteper capita [kg/inhab.] 5.67 6.69 6.49 6.30
Generation of MMW [t] 68,582 67,522 66,866 66,684

Generation of MMW per capita [kg/inhab.] 180.97 178.48 177.12 176.67

Composters in the city of Brno

The city of Brno,within the framework of the international project Miniwaste "Design, implementation
and evaluation of an innovative and sustainable strategic plan leading to minimizing urban organic waste
in EU countries" (http://www.miniwaste.eu/) implemented the pilot project aimed at promoting domestic
composting, together with the cities of Rennes Métropole (France), and Lipor (Belgium) on different
scales. The selected location for implementation in the city Brno was the city district of Zebétin with
3,577 inhabitants [14], see Table 2. Within the framework of the project 360 composters were placed at
properties in Zebétin. For the duration of the project 350 composters (volume of 390 |) were deployedat
family houses and 10 composters (volumeof 720 I) on panel housing estates.In the following year, 2013,
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in the context of the sustainability of this project, the city of Brno purchased 500 composters (400 I) and
30 composters (900 I) suitable for family houses and panel housing estates. In 2015 the city of Brno
purchased 200 (volume 1000 |) composters. On 13 September 2016 the council of the city of Brno
approved thepurchase of an additional 150 composters (400 I) and 290 composters (950 I).

The following Table 3 summarizes the number and volume of composters purchased by the city of
Brno in 2010 — 2016.

Table 3: Number and volume of composters purchased from 2012 to 2016. Source: The city of Brno

Composter\Year 2012 2013 2015 2016 Sum of volume

[units] [units] [units] [units] M
K390 350 784,680
K720 10 7,200
K400 500 150 260,000
K950 290 275,500
ThermoKing900 30 27,000
Thermostar1000 200 200,000
Total composter volume [l] 791,880 227,000 20,0000 335,500 1,554,380

Content of biowaste in mixed municipal waste

Biowaste is a quantitatively significant part in MMW in the city of Brno. Determining the exact
proportion of biowaste in the MMW is problematic [6-9, 11-13]. Its amount varies depending on the
season, the type of built-up area and the living standards of the population.

However, many analyses of the composition of the MMW have been processed in the city of Brno by
the company SAKO since 1999 [11-12]. We evaluated these analyses from 2010 and obtained the
proportion d.; = 34 % of biowaste in MMW in the villa built-up areas of the city of Brno, the proportion
dwr=22.2 % of biowaste in MMW in the rural built-up areas of the city of Brno, the proportion
dpan = 16.4 % of biowaste in MMW in the panel housing estate areas of Brno and the proportion
dpio = 16.4 % of biowaste in MMW in the block house estate areas of Brno [14].

We estimated the proportion of biowaste in MMW in individual months of the year 2015, see Table 5.

Input data to the model

The following tables show the input constant and variable parameters to the BIOWASTE model,
which were collected in collaboration with the city of Brno and the company SAKO.

Table 4: Input constant parameters to the BIOWASTE model. Source: City of Brno, SAKO, [14].

, Villa Rural | Panel estate | Block estate

Parameter [unit]

areas areas areas areas
Ratio of inhabitants living in built-up area [%] 9.9 11.2 58.6 20.3
Generation MMW per capita [kg/year] 186.7 166.7 176.7 176.7
Proportion of biowaste in MMW in year [%)] 34.1 22.2 16.4 16.4
Proportion of biowaste in MMW in January [%)] 1.7 1.7 1.7 1.7
Proportion of biowaste in MMW in February [%] 1.2 1.2 1.2 1.2
Proportion of biowaste in MMW in March [%] 8.1 8.1 8.1 8.1
Proportion of biowaste in MMW in April [%] 8.9 8.9 8.9 8.9
Proportion of biowaste in MMW in May [%] 10.1 10.1 10.1 10.1
Proportion of biowaste in MMW in June [%] 10.3 10.3 10.3 10.3
Proportion of biowaste in MMW in July [%] 7.0 7.0 7.0 7.0
Proportion of biowaste in MMW in August [%] 7.9 7.9 7.9 7.9
Proportion of biowaste in MMW in September [%] 11.8 11.8 11.8 11.8
Proportion of biowaste in MMW in October [%] 13.0 13.0 13.0 13.0
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Proportion of biowaste in MMW in November [%] 16.0 16.0 16.0 16.0

Proportion of biowaste in MMW in December [%] 3.9 3.9 3.9 3.9

Willingness to place a large container [%] 100 100 100 100

Willingness to place a small container [%] 70 70 0 50

Willingness to place a composter [%] 50 75 0 25

Reachable (optimum) proportion of small 5 5 100 5
containers [%]

Reachable (optimum) proportion of large
containers [%)] 55 30 0 70

Reachable (optimum) proportion of composters [%0] 40 65 0 25

Density of biowaste [kgm™] 270

Volume of large container [l] 1,100

Maximum frequency of the collection of large
. ) 14
containers in the year [day]

Fixed costs per large container [€] 50

Variable costs per large container [€] 250

Volume of small container [l] 120/240

Maximum frequency of the collection of small
. ) 7/14
containers in the year [day]

Fixed costs per small container [€] 5

Variable costs per small container [€] 25

Biowaste treatment costs (depending on waste 14
facility) [€/1]

Let us consider the input variable parameters WIL and OPTin the scenarios described above. We
consider the parameters WIL constant in all scenarios, see the following Table5.

Table 5: Input variable parameters WILto the BIOWASTE model in Scenarios 1,2,3 and 4. Source: [14].

, Villa Rural Panel estate | Block estate
Parameter [unit]
areas areas areas areas
Willingness to place a large container [%] 0 0 100 50
Willingness to place a small container [%] 100 100 0 50
Willingness to place a composter [%] 0 0 0 0

The parameters OPT are different in the scenarios, see the following Table 6.

Table 6: Input variable parameters OPT to the BIOWASTE model in Scenario 1,2,3 and 4. Source: [14]

: . Panel estate Block estate
Parameter [unit] Villa areas Rural areas areas areas
Scenario 1 2,3 4 1 2,3 4 1,3 2 4 1 2,3 4
Reachable (optimum)
proportion of large 100 O 0O 100 O 0O 100 O 100 100 50 50

containers [%]
Reachable (optimum)
proportion of small 0O 100 O 0O 100 O 0O 100 O 0 50 0
containers [%)]

Reachable (optimum)
proportion of composters [%0]

We use the above input parameters from Tables4, 5 and 6 in the BIOWASTE model for the
calculation of the four scenarios and obtain the results which are summarized in the following table.
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Table 7: Outputs ofthe BIOWASTE model in Scenarios 1, 2, 3 and 4. Source: authors.

Number of Number of Biowaste Biowaste Costs
Collected Number of )
. Eff. large small collection treatment per
Scen. biowaste . . composters

[t] [%] containers containers [units] costs costs ton

[units] [units] [€] [€] [€/t]
1 7,191 56 472 0 0 64,134 100,677 22,92
2 6,231 49 0 33,566 0 887,391 87,242 156,40
3 8,199 64 150 33,566 0 907,773 114,797 124,71
4 2,232 18 150 0 33,566 20,382 31,537 23,05

We introduce the third column in Table 7 with efficiency [%] of collection of 12,755 tons of potential
generated biowaste from MMW. We can now propose an optimal variant of biowaste management for
the city of Brno.

Proposal of an optimal variant of biowaste management

Let us specify the following optimal variant of the biowaste management covering the entire
territory of the city of Brno with the following assumptions:

¢ Home composting in the mode of waste prevention will be preferred over separate biowaste
collection and its processing, where technically possible, the operation of the domestic composters;

¢ In the case of biowaste collection in separate containers, they will not be placed on the ground
outside the premises of the owners of property, i.e. mostly these containers apply only in villa and
rural built-up areas (small containers up to 240 |) or panel housing built-up areas, where it is possible
to place the containers into collection nests (large containers 1,100 I);

e Coverage of rural and villa built-up areas will be 100% made up of small containers, in block building
areas, of 50 % of small containers and 50 % in large containers and in panel built-up areas, of 100 %
of large containers;

e Distribution of small containers will comprise 25 % with a volume of 120 | and 75 % with a volume of
240 |, large containers will all have a volume of 1,100 I;

e The number of small containers in villa, rural and partly in block built-up areas will be defined by the
number of houses (1 container perl house), in panel built-up areas and part of the block built-up
areas the number of containers is defined by the estimated generation of biowaste;

e In the period December to February monthly biowaste collection will take place, the rest of the year
a two-week biowaste collection period will take place.

Conclusion

The developed BIOWASTE model of the biowaste generation, collection and treatment with
appropriate constant and variable parameters is presented within the paper. The potential of biowaste is
considered as the biodegradable component of household waste (specified by waste types 20 01 08,
20 02 01 and partially 20 03 01, ie. the kitchen, garden and part of the mixed waste), evaluated in four
types of built-up areas of the city: rural (suburban) areas; villa areas; panel housing estates and block-
house estate areas. The distribution of the biowaste in the growing season (the generation of waste from
the green) and outside the growing season (winter months) is also considered and the all-season
potential of the biowaste generation is estimated. The willingness of inhabitants to collect and separate
the biowaste is also incorporated into the parameters of the BIOWASTE model. In additionthe general
application of the BIOWASTE model is presented, enabling theanalysis of potential scenarios of the
management from the economic point of view. A case study of the current biowaste management
system of the city of Brno in Czechia is presented in the second part of the paper. The evaluation of
economic costs and benefits of the various proposed scenarios for the city of Brno is also presented,
including the quantity of generated biowaste, the number of collected containers, the cost of container
rental, collection costs and costs for material recovery facilities.
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Souhrn

Clanek predstavuje analyzu a névrh modelového systému naklédani s biologickym odpadem ve
vzorovém mésté ve strednich a severnich zemich Evropské unie. Biologicky odpad je povaZovan za
biologicky odbouratelnou sloZzku odpadu z doméacnosti, ktery je hodnocen ve Ctyfech typech zastavénych
oblasti mésta: venkovska (pfiméstska) oblast; vilova oblast; panelové sidlisté a blokové domy. Je také
uvazovana tvorba biologického odpadu ve vegetacnim obdobi i mimo néj, a nasledné také jeji celorocni
potencial. Biologicky odpad je povazZovan za specifikovany Evropskym seznamem odpadl, zejména
koédy: 20 01 08 Biologicky rozlozitelny odpad z kuchyni a jidelen (konkrétné z domacnosti); 20 02 01
Biologicky rozlozitelny odpad (odpad ze zahrad rodinnych domu) a biologicky odpad ze smésného
komunalniho odpadu (kéd 20 03 01). Je vytvofen ekonomicky model produkce, sbéru a Upravy
biologického odpadu a z ekonomického hlediska jsou vyhodnocovany potencialni scénafe hospodarfeni
s bioodpady. Je prezentovana pfipadova studie souc¢asného systému Fizeni biologického odpadu mésta
Brna. Viyhodnocuji se také ekonomické naklady a prinosy riznych navrZzenych modeld pro mésto Brno
véetné mnozZstvi vzniklého odpadu (néklady na pronajem kontejnerti, naklady na sbér, naklady na
materialové vyuZiti zafizeni atd.). Nakonec je prezentovan navrh nejlepSiho Fedeni pro nakladani
s bioodpady mésta Brna s navrhy a doporu¢enimi pro dal$i kroky vcéetné navrhu mist vhodnych pro
aplikaci riznych typt nakladani s bioodpady.

Kli¢ova slova: bioodpad, modelovani bioodpadu, komunalni odpad, ekonomické analyzy, pfipadova
studie, mésto Brno
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Abstract

Bio-waste makes up almost half portion of municipal solid waste. The characterization of household
bio-waste is important in determining the most appropriate treatment method. The differences in
composition and amount of bio-waste derived from family house households and apartment households
during the four quarters are described in this paper. Eight components and specific weight of bio-waste
were evaluated. Total average production of household bio-waste was almost the same in family houses
households and apartment household. Household bio-waste was comprised mainly (60 % at family
houses and 73 % at apartments, respectively) of fruit and vegetable debris. The production of bio-waste
improper for composting was nine times larger in family house househods compared to apartment
households. Results of this research could be utilized to support another composition and parameters of
bio-waste and be suitable for establishing bio-waste processing.

Key words: biodegradable waste, household waste, waste composition, waste amount

1. Introduction

Municipal solid wastes constitute a mixture of many materials with diversified properties, depending
on many factors. For a reliable presentation of the structure of wastes generated in a given area, one
should conduct a number of quantitative and qualitative studies®. Developing a detailed characteristics of
the technological properties of waste is crucial for the process of creating waste management plans and
for the selection process of their disposal methods. Conducting analyses of the quantity and composition
of wastes is of key importance for making decisions about construction and location of waste processing
facilities®. Knowledge of waste characteristics allows also to find a systemic and optimal solution which
would allow to recover and recycle the recyclables and subsequently to dispose safely of the remains
from waste sorting®.

There is much information and numerous studies on the composition and parameters of municipal
solid waste (MSW). Biowaste constitutes the highest percentage of individual components comprising
MSW. It ranged from 14 % to 51 % in OECD countries during 2005°. The differences in waste
composition were found between developed and developing countries. Asase et al. found out 30 %
proportion of biodegradable component in household waste of London, Canada, compared to 64 %
proportion in waste of Kumasi, Ghana®. The composition of waste in a study from Siem Reap,
Cambodia, showed largely organic origin. Kitchen wastes, yard waste, wood and coconut shells
collectively account for 66 % of waste by weight®. These authors referred that this amount is similar to
that found in residential waste in other developing countries. Igbal et al. collected data from the area
under jurisdiction in Pakistan to determine the percentage composition of solid waste in summer and
winter season. The percentage (by weight) of organic waste has not shown any significant differences in
those seasons’. Den Boer et al. tested material composition of household waste in several towns of
Poland. These tests performed in four seasons, in development areas typical for individual towns.
Burnley draws together the findings of MSW compositional surveys undertaken in the United Kingdom.
In the next study, Burnley et al. characterized representative samples of all the components of the MSW
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stream across Wales. The results from the research estimated that 28 % of MSW is compostable and
62 % is classed as biodegradable® ® *°.

The environmental balance of the various options available for the management of biodegradable
waste depends on a number of local factors, inter alia collection systems, waste composition and quality,
climatic conditions, the potential of use of various waste derived products such as electricity, heat,
methane-rich gas or compost.

Management options are therefore aimed at stabilising of the Organic Fraction of Municipal Solid
Waste (OFMSW) by means of different technologies, based either on thermal (e.g. incineration) or, more
frequently, on biological processes (composting, anaerobic digestion). Thermal treatment is limited by
the low heating values of OFMSW*? while composting, although a well-established process, features
several disadvantages in term of energy consumption and problems in compost market™ **,

OFMSW is characterised by high moisture and high biodegradability due to a large content of food
waste, kitchen waste and leftovers from residences, restaurants, cafeterias, factory lunch-rooms and
markets'> *°. In view of these characteristics, OFMSW represents the main source of adverse
environmental impacts and risks in traditional landfiling (odours, fires, VOC’s, groundwater
contamination by leachate, global climate changes, etc.)*” 8%

Organic matter plays many roles on physical, chemical and biological properties of the soils thereby
on soil fertility directly and indirectly. There are occasions where these effects occur at the same time.
Organic matter improves the physical properties of the heavy soils. Adding organic matter into soils
provides good aerations leading to good condition for better plant and microorganism growth.
Furthermore, increase of organic matter in the soil leads to aggregations of soil particles. Soil organic
matter has positive effects on soil pH, cation exchange capacity, heat and water holding capacity. From
one side, decomposition products of organic matters increase the availability of unavailable nutrients in
the soils, on the other side, releases of nutrients with mineralization processes from the organic matter
have direct effect on soil fertility and plant mineral nutrition. Additionally, as being a reserve of the many
macro and micro nutrients, organic matter is one of the most important soil components®.

Composition of the bio-waste from households may vary seasonally. This may have impact on
processing facilities. There are mainly two competing types of bio-waste processing technology, aerobic
digestion (composting) and anaerobic digestion (biogasification). Both technologies depend on
composition of wastes, in particular contents of carbon and of nutrients. Seasonal development of bio-
waste composition may result in need to adjust composition of processed bio-waste by additives to reach
optimum combination of nutrients and carbon or in fluctuation of process parameters that have to be
taken into account in process operation. Knowledge of fluctuation of composition of bio-waste during the
year may help to select appropriate processing technology®.

Although numerous studies on the composition of MSW have been published, there is not too much
information of the composition of OFMSW (and especially studies on the composition of household or
kitchen bio-wastes are rare). That is why we conducted this study to evaluate differences in composition
of household bio-wastes from urban settlement and family houses during one year (four seasons).

2. Material and methods

In this study, municipal household bio- waste was monitored at 18 households in the Czech Republic.
Nine of them were households at individual family houses with gardens located in small towns and
villages. Remaining nine households were apartment households at apartment buildings heated by
central heating system without any gardens, located in cities. Detailed description of households is
shown in Table 1. The system of separate waste collection (paper, plastics, glass, tetrapack packages)
is operated in all municipalities. Residents of both types of households belong to the middle class and
they buy their foodstuff in supermarkets or smaller local stores.

Household bio-waste was classified into 8 fractions according to origin and material similarity with the
premise of its specific behavior under aerobic or anaerobic treatment: 1) fruits (other than citrus),

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 238



Bohdan STEJSKAL, Anna MALSOVA, Anna BAREKOVA' Comparison of family house and apartment households
bio-waste production and composition

vegetables and room plants, 2) citruses, 3) baked goods, 4) nonrecyclable paper, 5) wood, 6) teabags
and coffee residues 7) egg shells and 8) bio-waste improper for composting. The individual fractions
were weighed and data were recorded at weekly intervals with an accuracy of 1 g.

The average quantities and composition of household bio-waste per capita were calculated as the
arithmetic average of the values of the individual household measurements and the number of persons
permanently residing in the given households.

Table 1: Description of households

Family house No. | Town/village | Members | Appartment No. | City Members
1 Telc 5 1 Brno 2
2 Nova Rise 3 2 Praha 3
3 Bohuslavice 1 3 Brno 4
4 Pretluky 2 4 Praha 3
5 Telc 2 5 Praha 3
6 Brtnice 2 6 Praha 2
7 Hladov 4 7 Praha 2
8 Bohuslavice 3 8 Praha 4
9 Bohuslavice 2 9 Praha 2

3. Results and discussion

Quantities and composition of household bio-waste fractions are shown in Table 2 and Table 3,
respectively, as the arithmetic average value of wet mass measured in familiy houses and in apartmants.
Fig. 1 and Fig. 3 ilustrate the average percentual ratio of bio-waste composition relative to types of
monitored households. Fig. 2 and Fig. 4 ilustrate the average wet mass of household bio-waste per
capita a quarter.

Table 2. Total amount of household bio-waste components per capita a year (family houses).
Data are reported in [g].

Family fruits, citruses | aked | paper | wood | coffee, | eggshells | uncompostable
house vegetable goods tea bio-waste
No. plants bags
1 55636 116 0 9620 22 26 141 9903
2 15680 5385 5931 623 | 10612 | 6084 3467 4528
3 10115 524 2240 415 | 38000 | 1430 1580 1200
4 21124 1034 0 386 27 80 140 44
5 1593 492 73 1748 | 5958 790 389 281
6 107745 994 6450 | 1067 | 107 1148 5556 9608
7 15389 5303 17210 | 3572 | 3542 2594 2052 7733
8 62255 508 2201 | 1004 | 3892 3684 3400 13484
9 26682 120 8 124 76 1299 278 165
average 35135 1609 3791 | 2062 | 6915 1904 1889 5216
stan. dev. 33940 2142 5630 | 3020 | 12194 | 1949 1914 5113
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Fig.
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Fig. 1. Average ratio of househodl| bio-waste components (family house).
Data are reported as % on wet weight basis (%w/w).
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2. Average amount of household bio-waste per capita a quarter (family house)

Table 3. Total amount of household bio-waste components per capita a year (apartments).
Data are reported in [g].

Apartment | fruits, citruses | aked paper | wood | coffee, | eggshells | uncompostable
No. vegetable goods tea bio-waste
plants bags

1 977 120 136 457 29 1558 242 42
2 7102 397 1075 206 417 688 569 680
3 3707 162 329 406 220 1115 292 57
4 8165 214 97 329 5 5521 3150 23
5 26913 466 | 10398 716 37 2054 1542 319
6 1911 376 31 86 16 2167 0 175
7 90654 20181 1736 | 1846 106 4515 4841 1866
8 99539 19844 2076 994 87 4254 5863 1710
9 106289 18422 1688 | 1074 163 3625 0 0
average 38362 6687 1952 679 120 2833 1833 541
stan. dev. 46150 9609 3265 552 133 1693 2245 739
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Fig. 3. Average ratio of househodl| bio-waste components (apartments).
Data are reported as % on wet weight basis (% w/w).
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Fig. 4. Average amount of household bio-waste per capita a quarter (apartments)

Total average production of household bio-waste was 58.5 kg in family houses and 53.0 kg in
apartments per capita in year, respectively. These values are consist with Han¢ and Havel" . The
masses of bio-waste fractions measured at family houses are difficult to compare with a national study
carried out by Han&?! because by this study all the bio-waste including garden waste was monitored.
Relevant values measured at apartments are fully consistent with the results of Han&?'. In a general
point of view found data are simillar to values at foreign studies as %,

It can be seen that the ratio of bio-waste improper for composting is very small (about 1 % of wet
mass) at apartment households while the ratio of bio-waste improper for composting at family house
households is about 9 % of wet mass. This can be caused by the breeding of small domestic animals for
the meat and the subsequent production of viscera, bones, leathers etc. On the other hand, households
in apartment buildings purchase meat that has already been processed and in the place of consumption
the bio-waste production is minimal already.

Fig. 2 and Fig. 4 show that bio-watste production in apartment households is more stable in
comparison with the bio-waste production in family house households where the differences between
minimal and maximal bio-waste quarterly production were 12% or 18 %, respectively. This is consistent
with the results of Han&* and Krogmann®, who found that the amount and composition of indoor waste
are independent of the time of year.

Differences in quarters of the largest and the smallest bio-waste production can be seen as well. At
family house households the largest production was monitored in the third quarter. That can be caused
by harvesting of gardens and crop processing. The smallest production of bio-waste was monitored in
the first quarter when households® own fruit and vegetable supplies were consumed and the supply of
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fresh fruits and vegetables in local shops was not large. As mentioned above, bio-waste production in
apartment households did not differed too much during the year. The largest production of bio-waste was
monitored in the fourth quarter. It may be caused by increasing kitchen raw materials consumption
during Christmas and New Year holidays. The smallest production of bio-waste was monitored in the
third quarter. Maybe it was caused by the fact that residents of the apartments spent part of the
measured period outside their household because they took a holiday.

4. Conclusions

A study of the amount and composition of household bio-waste was carried out in selected
households in family houses and apartment buildings for one year.

The composition and the amount of bio-waste monitored in selected households through four seasons
was almost invariable. Fruit and vegetable waste prevailed. Bio-waste monitored at family houses was
affected by seasonal garden activity. Total average production of household bio-waste was almost the
same in family houses households and apartment household. The main difference of bio-waste
production in these types of households was the production of bio-waste improper for composting when
the production of mentioned waste was nine times larger in family house househods compared to
apartment households.
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Souhrn

Biologicky rozlozitelné odpady tvori témér polovinu tuhych komunalnich odpadd. Charakteristika
domovniho bioodpadu je duleZita pro uréeni nejvhodnéjsi metody jeho zpracovani. V tomto ¢lanku jsou
popsany rozdily ve sloZzeni a mnoZstvi bioodpadu pochéazejiciho z domacnosti rodinnych i bytovych
domd, sledovanych po dobu jednoho roku. Roéni mérna produkce bioodpadi z rodinnych domu i bytt
byla témeér stejna. Domovni bioodpad je tvofen zejména odpady z ovoce a zeleniny; tvofi zhruba 60 %
domovnich bioodpadd v rodinnych domech a 73 % bioodpadu z domacnosti. Produkce biologického
odpadu nevhodného pro kompostovani byla devétkrat vétsi v rodinnych domech ve srovnani s bytovymi
domaéacnostmi. Vysledky tohoto vyzkumu by mohly byt vyuZity ke srovnani dalSich studii a mohly by byt
pouZity ke stanoveni vhodné technologie zpracovani biologického odpadu v zavislosti na misté
a terminu produkce bioodpadu.

Kli¢ova slova: biologicky rozlozZitelny odpad, domovni odpad, sloZzeni odpadt, mnoZstvi odpadt
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Summary

Within the framework of a project of the Czech Republic's Technological Agency, the main objective
of which is to develop a semi-continuous container biogas station able to process the undersize fraction
of municipal solid waste, laboratory tests of high-solids anaerobic digestion of the undersize -
predominantly organic fraction (OFSKO) were carried out. The MSW samples were obtained at the
Ostrava Hrusov landfill site and were subjected to two-stage separation without crushing. The undersize
fraction separated by an industrial rotary drum sieve with holes of 80 mm diameter was separated by
a lab-scale drum sieve with 15x15 mm and 24x24 mm holes. The undersize fractions showed biogas
production of 0.125 and 0.181 m\* kgrs™, respectively.

Keywords: municipal waste, organic fraction, undersize fraction, OFMSW, high solids anaerobic
digestion, co-fermentation, biogas

Introduction

The amount of mixed (residual) municipal solid waste in the Czech Republic has been slowly
increasing as well as the bio-waste content which is reaching 50 wt. % [1-3]. The biowaste content is
going to be increasing in the coming years [4]. Mandatory separate collection of biological waste and
landfill ban from 2024 should fight these trends. By 2030, the Czech Republic should recycle 65 %
of municipal waste. Due to the high moisture content the co-combustion of organic (biodegradable)
fraction of the municipal solid waste (OFMSW) is difficult. One possibility is waste treatment through
anaerobic digestion. Although some point to the simplicity of landfill biogas collecting technology,
specialized anaerobic bioreactors are promising solution. The OFMSW moisture content is not so high
as to be clearly advantageous to use a wet process. Wet process is applied in particular if it is preceded
by wet sorting. Dry anaerobic process is now relatively common in the west although it is more difficult to
find a use for digestate. Separated solids of a liquid digestates and whole solid digestates generally go
through final aerobic stabilization before landfilling or use as soil additives or possibly as fertilizers.
Development of various high-solids processes is still ongoing. It is not yet clear which technology is the
benchmark [5]. Recently, there is a growing interest in bioreactor units with lower capacities. VSB -
Technical University of Ostrava is working on the project of the Technology Agency of the Czech
Republic EPSILON TH01030513 with the aim to develop a mobile container anaerobic bioreactor for the
treatment of various biowaste, including OFMSW, using the semi-continuous semi-dry process.
This technology is likely to find the greatest use in developing countries, where the undersize fraction or
OFMSW contains the most biodegradable mass and the construction of large processing plants is less
advantageous. A demonstrational biogas plant will be put into operation in AGRO-EKO Ltd. Albrechtice.
The aim of the research presented in this article was to verify the feasibility of OFMSW high-solids
anaerobic single digestion with continuous biomass stirring and the specific methane yields. For example
Dong-Hoon a Sae-Eun used horizontal-type cylindrical paddle-stirred bioreactor to co-digest various
OFMSW with livestock and food wastes mainly at 30 % total solids and 40 days hydraulic retention time
and found the results comparable to conventional wet digestion [6]. European high-solids OFMSW
digestion systems suppliers (Valorga, Kompogas, Dranco) agreed on continuous single stage mesophilic
or thermophilic mode of operation [7] but used stirring / agitation methods and associated equipment are
very different. The methane yield is difficult to compare due to different feedstock mixtures and different
conditions but the high-solids process robustness seems to be confirmed [8]. A two-stage anaerobic
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process consisting of a rotary-drum leaching bed and an anaerobic filter methanizer should theoretically
enable one of the highest methane yields of a “high-solids systems”. For example Walter measured
OFMSW methane production of 0.2 my® kgys™ for this system [9]. Bolzonella measured at 20 % total
solids in the reactor the methane production only of 0.158 my® kgys™ even in the thermophilic process [10].

Experimental
Materials

Due to the anticipated use of the developed container bioreactor, especially in the developing
countries, samples of the undersize fraction were prepared without the prior crushing of solid municipal
waste. In cooperation with OZO Ostrava Ltd. samples of fresh MSW from the areas Ostrava Hrabuvka
and Ostrava Bélsky les (B14 and B18 districts with housing estates and mixed type of buildings),
were gathered at municipal waste dump in Ostrava HruSov. The samples were separated in two stages
by rotary drum separators (trommelscreens). First stage separation was carried out using the industrial
separator Terra Select Trommelscreen T4 with circular holes of 80 mm, (see Fig. 1). Second stage
separation was done by small portable drum sieves with square holes, (see Fig. 2). The resulting highly
organic — undersize fraction (OFMSW) contained all particles which passed through a sieve with holes
a) 15x15 mm (November 2015) and b) 24x24 mm (April 2015). Samples of OFMSW (substrate) were
analyzed in university laboratories and in MORAVA Laboratory Ltd. Prior to the digestion test, OFMSW
was stored at a temperature below 20 °C in closed containers and was not otherwise conditioned. Due to
the inaccessibility of the solid inoculum in the vicinity the reacting suspension (liquid slurry or “digestate”)
from the 1% stage of the mesophilic agricultural biogas plant Pust&jov Il was used as starting substrate -
inoculum containing active methanogenic microorganisms. The typical parameters of inoculum and
OFMSW samples are shown in Table 1.

| S ) o

Figure 1. Drum sieve with @ 80 mm openings Figure 2 - Drum sieve with 15x15 mm openings
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Table 1. Parameters of inoculum and substrate

. OFMSW OFMSW
Parameter Mark Unit Inoculum <15 mm <24 mm
Material density (100 % TS) P1s kg mys”° 1569 2036 1991
Material density (actual TS) p kgm™ 1046 1539 1591
Total solids TS % 8.1 52.0 59.70
Volatile solids (Loss on ignition) VS 75.3 40.9 38.50
Total organic carbon TOC 35.1 19.4 20.4
Carbon C 35.2 19.7 20.7
Hydrogen H 7.1 2.5 2.7
Nitrogen N 6.9 0.9 1.1
Sulfur S Y%rs 0.7 0.8 1.5
Oxygen (6] 39.2 13.4 14.7
Chlorine Cl - 0.22 0.36
Total combustibles ¢ 89.0 41.6 39.2
Volatile combustibles \ 81.9 37.0 35.1
Fixed carbon FC 7.1 4.6 4.1
pH-H,O pH - 7.9 6.5 6.2
Volatile fatty acids C2-C5 VEA % 0.2 4.54 3.39
Aerobic activity AT, mg O,/grg - 60.4 62.0
Ash A 24.70 59.1 61.5
Lipids CL 3.50 3.18 2.41
Carbohydrates CH 0.10 1.61 0.55
Starch ST 3.00 5.54 2.78
Fiber CF 10.00 3.51 7.50
Proteins CP 3.00 0.68 0.69
Nitrogen-free extract NFE % 11.00 24.40 15.80
Nitrogenous compounds NC s 45.00 5.90 6.61
Ammonia nitrogen Nytas 3.30 0.01 0.12
Nitrate nitrogen Nnoa- 0.800 0.001 0.003
Phosphorus P 1.0 0.19 0.15
Calcium Ca 2.75 3.53 2.92
Potassium K 5.3 0.41 0.40
Magnesium Ma 0.9 0.38 0.20
Arsenic As 2.3 4.0 5.8
Cadmium Cd 0.5 1.2 1.0
Cobalt Co 0.3 7.0 5.5
Chromium Cr 11.3 154.0 12.2
Cuprum Cu 700.0 84.3 61.7
Iron Fe mg kgTs"l 3500 24800 11800
Nickel Ni 33.2 58.7 7.8
Lead Pb 16.1 72.0 15.9
Zinc Zn 650.0 1320.0 104.0
Molybdenum Mo 3.1 3.9 0.5
Mercury Hg 0.1 2.2 0.1
Enterococcus ENT 5x 10" 5x 10 8 x 10°
Thermotolerant coliform bacteria TCB KT grs™ 5x 10" 5x 10" 5x 10"
Escherichia coli EC 5x 10" 5x 10" 5x 10"
Salmonella SAL | positive / neg. negative negative negative
Listeria. monocytogenes LM positive / neg. negative negative negative
Clostridium perfingens CP 1x10° 7 x 10° 7 x 10°
Total number of microorganisms TNM 5x 10° 1x10° 2 x 10’
Yeast Y 5x 10" 4x10° 4x10°
Mold M KTJg* 5x 10" 7 x 10" 2x10°
Thermophilic microorganisms ™ 4 x 10° 1x 10’ 4 x10°
Mesophilic bacteria MB 5x 10° 1x10° 2 x10°
Psychrophilic bacteria PB 3x10° 1x10° 2 x 10°
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Methods

Originally, the development of a special lab-scale bioreactor of 0.4 m*® working volume with scraper
conveyor stirring system was considered. This stirring system had to work according to the EWA aerobic
fermenter stirring (re-layering) system principle [11]. Due to the reduction of government subsidies by
20 % only the already existing and modified horizontal cylindrical bioreactor of custom design (0.3 m®
working volume) with axial paddle stirrer was used for the coarser fraction test, see Fig. 3. The stirrer
was most of the time running only 1 minute every 11 minute at the speed of 24 min™. The reactor was
fed manually once a working day just after the digestate sample removal. The solid digestate was taken
out through the neck at the bottom using a screw conveyor. There was just very slight aeration of the
biogas space during feeding/removal. The heating of the batch was ensured by electric heaters through
the reactor wall.

For the finer fraction test the rotary drum reactor INFORS HT Terrafors IS with a working volume
of 0.013 m® was used (see Fig. 4). The drum continuous rotation around the horizontal axis was set to
the lowest possible setting of 0.1 min™. The reactor was fed manually once a working day just after the
digestate sample removal. The solid digestate was taken out through the neck in the lid using a ladle.
There was just very slight aeration of the biogas space during feeding/removal. The heating of the batch
was ensured by water circulating in the duplicator jacket.

The raw biogas production was measured continuously using Ritter TG0O5 drum gas-meter
(made of transparent PVC, calibrated to water, 0,001-0,060 m? h') and the gas was further fed to
laboratory fume hood. The biogas volume was recalculated to 0°C, 1 atm under dry conditions.
The biogas composition was measured once a day at 8:30 with a portable Geotechnical Instruments
(UK) Ltd. “Biogas5000” analyzer with dual wavelength IR sensors for CH, (0-70% % 0.5%) and CO,
(0-60% = 0.5%) and electrochemical sensors for O, (0-25% + 1.0%), H, (0-2000 ppm + 2.0% FS) and
H,S (0-5000 ppm £ 2.0% FS). The fast response analyzer circulated a biogas sample (1 — 2 liter)
through the reactor valves. The composition of biogas was measured once at hourly intervals for 24 h
a day to correct the daily mean methane content. Upon completion of the test, the average value of the
biogas and methane specific production was calculated.

Figure 3. Horizontal bioreactor Figure 4. Rotary drum bioreactor
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The pH value of the substrate and the batch / digestate was measured twice a week by a portable
WTW 340i pH-meter with SenTix® 410 electrode placed in the reactor after lifting the lid. The volatile
fatty acids to total inorganic carbonate concentrations ratio (VFA/TIC) was measured offline by manual
titration of 0.05 M H,SO, to two end values (pH 5.0 and 4.4) once every week. The total solids content
(TS) was measured by drying 10 — 20 g of the biomass sample at 105 °C to constant weight with the use
of halogen analyzer KERN DLB 160-3A (repeatability of 0.2 %) and verified by thermogravimetric
analyzer LECO TGA 701, through which the loss on ignition of the dry matter at 550 °C to constant
weight (volatile solids - VS) was also determined.

Prior to TGA analysis the samples were stored in a refrigerator at 4 — 8°C. The elemental composition
of the dry matter was analyzed using LECO Truspec CHN 628 and S 628 apparatus. The gross calorific
value of the dry matter was measured using LECO AC 600 semi-automatic isoperibol calorimeter.
The density of the dry matter was measured using the semi-automatic gas pycnometer Thermo Fisher
Scientific Pycnomatic ATC with helium according to ISO 18753:2004. The chlorine content was
measured by HCI determination after Combustion according to EN 15289:2011.

Results and discussion

Both OFMSW samples had similar total solids content between 50 to 60 % with the VS content
around 40 %-s. The VS content was the same or lower than that stated by other authors [12 — -14] and
was particularly affected by the way of separation. The C: N ratio around 20 was in line with other
authors [15,16]. The sulfur content was higher in the courser fraction and higher (around 1 %-s) than the
data stated for example by [17]. The chlorine content well below 0.5 %+s was at the standard level for
OFMSW [18]. The 4-day aerobic activity was around 60 mg grs ™ in both samples and this value is at the
bottom of the scale typical for fresh OFMSW [19,20]. We failed to find comparable content data on
N-free substances extracted but the lipids content around 3 %-+s was relatively low [21]. Also the
measured contents of Cu (62 — 84 mg kgrs™) and Zn (104 — 1320 mg kgrs™) were rather low [22].
Negative results of the Salmonella Spp. and Listeria monocytogenes presence are rather surprising. Its
presence is probably a more likely scenario [23,24]

The digestion of OFMSW <15 mm was performed in the rotary drum reactor for 120 days (April-
July 2016). At a temperature of 40°C £ 1°C the daily single dose of substrate in working days was 0.4 to
0.8 kg. At average organic loading rate (OLR) of 7.55 kgys m™ d™* and theoretical hydraulic retention time
(HRT) of 34 days the total solids content in the reactor increased up to 56 wt%. The average parameters
of single-stage mesophilic anaerobic digestion test are shown in Table 2.

The average biogas production intensity calculated from batch volume reached 2.22 my® m™ d™.
This intensity is at the lower limit of the values measured for various OFMSW in other studies [25 — 29].
The main reason certainly is the 4-month storage of the substrate before the test. The OFMSW specific
biogas production was 0.065 my*kg™ and average CH, content settled to 59.5 vol. %. This result is
consistent with literature data [30 — 33]. For example Freindank [33] states specific methane production
of a hand-sorted OFMSW value in the range of 0.04 — 0.09 m®kg™ (lab-scale and pilot plant results from
Germany and Sweden). 7 to 8 kgysm?>d™ can be estimated as the OLR limit value. This for example
also states Karnchanawong [34]. Carefully controlled industrial process could probably be running at
higher loads. Abbassi-Guendouz states that over 30 % of TS in the reactor the methanogenesis is highly
inhibited, which could be the case of this test [35].

The digestion of OFMSW < 24 mm was performed in horizontal cylindrical bioreactor for 40 days
(May-June 2015). At a temperature of 39 °C £ 3 °C the daily single dose of substrate in working days
was constant at 7.5 kg. At average OLR of 5.40 kgys m® d™* and HRT of 90 days the total solids content
in the reactor increased up to 18 wt. %. The average biogas production intensity calculated from batch
volume reached 1.91 my® m™® d*. The OFMSW specific biogas production was 0.108 my*kg™ and
average CH, content settled to 57.8 vol. %. The substrate storage time was minimal (1 week) but the
biogas production was not much higher than in the previous test probably because of more non-
decomposable components (especially plastics and paper) present in the material and not so perfectly
stable temperature. To a certain extent, the slight plug-flow of the material in the reactor could have
a negative effect, compared to perfect stirring provided in the rotating drum. Process data are shown in table 2.
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By comparing the measured CH, production with the theoretical value calculated according to the
elemental composition of the dry matter using Buswell formula modified by Richards [36] we see that
CH, yield of 35 — 50 % can be expected. This result can be a little surprising assuming all the likely
inhibitory effects of harmful substances. Additionally, the digestate low aerobic activity suggests that in
practice it would probably not be necessary to apply a second stage of digestion and after a short
aerobic post-treatment the digestate would be stable enough for landfilling.

Table 2. Average parameters of single-stage mesophilic anaerobic digestion tests

Substrate Substrate | Total Organic Theoretical | Biogas Biogas Methane Theoretic. | Methane
total solids loading hydraulic production production production | methane yield
solids in the rate retention intensity production

reactor time based on the

batch volume
TS TS, OLR HRT B, Bm B+s Mrs Mrs-teor n
Wi% Wi% kgys m°d* | days my°m>d’ my kg” | ma kgrsT [ mykgrs ™ my° Kgrs %

Horizontal rotary drum reactor; 0,013 m?batch volume; 40+1 °C

OFMSW 1 559 424 | 755 34 2.08 0.065 | 0125 | 0075 |0201 |37.3

<15 mm

Horizontal cylindrical reactor with paddle stirrer; 0,300 m® batch volume, 39+3 °C

OFMSW | 59 7 160 | 5.40 90 1.91 0.08 | 0181 |0105 |0207 |50.7

<24 mm

A high-solids digestion raises the question of how to use concentrated digestate. This is a relatively
stable material, the landfilling after the stabilization is completed will continue to be possible,
but preferably the valuable elements as N, P, K and nitrogenous substances or fiber should be extracted
or the material should be used as a whole for example for biochar with adsorption or even catalytic
properties production [37].

Only the digestate prepared from OFMSW < 24 mm was analyzed in more detail. The parameters are
shown in table 3. The gross calorific value of the digestate was relatively high at 12 — 13 MJ kgrs™.
This was mainly due to the content of residual organic matter, since the inorganic particles settled in the
reactor and did not get into the sample.

From the hazardous elements in the undersize fraction particularly Zn, Cu, Cr, were present in higher
concentration but Hg, Pb and Ni were also problematic. All these elements have been concentrated
during the digestion as well as fiber. It can be assumed that in the sediment these elements are
represented so strongly that direct use as substrates for land reclamation according to the Regulation
no. 341/2008 Coll., Addendum no. 5, Table no. 5.1., as amended [38], would not be possible.
As expected, N, P, Ca, K, Mg were also concentrated. The digestate contained high amount of ammonia
nitrogen a nitrogenous substances. Contents of toxic organic substances have not been studied.
Salmonella and Listeria presence tests gave negative results in OFMSW and also in digestate.
Yeasts and moulds were eliminated and other microorganism did not exceed normal values.
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Table 3. Digestate parameters

. Digestate of
Parameter Mark Unit Standard OFSKO <24 mm
Total solids TS % EN 15934:2012 10.84
Volatile solids (Loss on ignition) VS %rs EN 15935:2012 55.70
Total organic carbon TOC EN 15936:2012 26.3
Carbon C EN 15104:2011 26.4
Nitrogen N EN 15104:2011 5.73
Sulfur S EN 15289:2011 0.35
Chemical oxygen demand COD¢, kgm™ CSN ISO 6060 15.2
pH-H,O pH - EN 15933:2012 8.29
Volatile fatty acids C2-C5 VFA % . ISO/TS 17764 0.06
Volatile fatty acids (pH 4,4) VFA kg m’ . 3.90
Total inorganic carbonate (pH 5.0) | TIC ﬁ;ﬁ; nge"a”d (HACH Lange) 5555
Digestion stability ratio VFEA/TIC - 0.15
Total alkalinity TAgas mol m™ EN ISO 9963-1:1995 1000
Aerobic activity AT, mg O,/grs | ONORM S 2027-1.4 10.7
Ash A %rs EN 14775:2009 44.3
Lipids CL CSN 467092-7 2.75
Carbohydrates CH CSN 46 7092-22 0.23
Starch ST CSN 560512-16 0.20
Fiber CE ISO 6865:2000 12.92
Proteins CP CSN 467092-27 1.18
Nitrogen-free extract NFE CSN 46 7092-24 4.08
Nitrogenous compounds NC CSN 46 7092-4 34.97
Ammonia nitrogen Nna+ CEN/TS 16177 3.81
Nitrate nitrogen Nnoa- 0.03
Phosphorus P EN 14672:2005 9.83
Calcium Ca 6.90
Potassium K 3.42
Magnesium Ma 0.66
Arsenic As mg kgrs™ 4.0
Cadmium Cd 0.6
Cobalt Co 9.6
Chromium Cr EN 16174:2012 297.0
Cuprum Cu 155.0
Iron Fe 10300
Nickel Ni 158.0
Lead Pb 22.9
Zinc Zn 1330.0
Molybdenum Mo 4.5
Mercury Hg CSN 757440 amalgam 0.3
Enterococcus ENT CFU g5~ |I1SO 7899-2:1984 <5 x 10"
Thermotolerant coliform bacteria | TCB CFU gr< - |CSN ISO 4832 <5 x 10"
Escherichia coli EC CFU grs~ |CEN/TR 15214 <5x 10"
Salmonella SAL positive / ISO 19250:2010 negative
Listeria monocytogenes LM positive / |EN 1SO 11290:1999 negative
Clostridium perfingens CP CFUg" EN ISO 7937:2004 5 x 10°
Total number of microorganisms TNM EN ISO 4833:2013 9 x 10° .
Yeasts Y <1x10
Moulds M SO 21527 <1 x 10
Thermophilic microorganisms ™ EN ISO 8199:2007 4 X 102
Mesophilic bacteria MB . 3x10
Psychrophilic bacteria PB EN1SO 6222:1999 5x 10°

Based on the laboratory experience utility model [39] specifying the design of anaerobic bioreactor
agitated by scraper conveyor system was designed. In accordance with this model a prototype mobile
container-frame bioreactor has been developed.
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Conclusion

The experiments confirmed the possibility of single-stage semi-dry mesophilic anaerobic digestion of
the undersize fraction of municipal solid waste separated by the two tommelscreen method.
The methane yields are on the level comparable to some hand-sorted organic fraction of municipal solid
waste and this is the level from which it makes sense to consider the biogas plant. In practice, co-
fermentation with more valuable biomass, however, will surely be necessary. No Salmonella and Listeria
monocytogenes presence was detected in the waste and in the digestate. Of the risky elements mainly
Zn, Cu and Cr were concentrated in the digestate. It is necessary to expand experimentation and to
verify best results on a demonstration unit.
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Organicka frakce tuhého komunalniho odpadu a jeji vysokosusinova

anaerobni digesce

Jifi RUSIN, Katefina CHAMRADOVA

Vysoka Skola bariska-Technicka univerzita Ostrava, Institut environmentalnich technologii,
17. listopadu 2172/15, 70833 Ostrava Poruba, e-mail: jiri.rusin@vsb.cz

Souhrn

V rédmci projektu Technologické agentury Ceské Republiky, jehoZ hlavnim cilem je vyvinout
(semi)kontinualné pracujici kontejnerovou bioplynovou stanici schopnou zpracovavat podsitnou frakci
tuhého komunalniho odpadu, byly provedeny laboratorni zkouSky vysokosuSinové anaerobni digesce
podsitné — prevazné organické frakce (OFSKO). Vzorky SKO byly ziskany na skladce Ostrava HruSov
a bez drceni podrobeny dvoustupriové separaci. Podsitna frakce oddélena primyslovym bubnovym
sitem s otvory pruméru 80 mm byla separovana laboratornim bubnovym sitem s otvory 15x15 mm
a 24x24 mm. Zkousky podsitné frakce prokazaly produkci bioplynu 0,125 a 0,181 m\® kgrs™.

Klicova slova: komunalni odpad, organicka frakce, podsitna frakce, OFSKO, vysokosuSinova
anaerobni digesce, kofermentace, bioplyn
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Summary

Stabilization/Solidification process using Portland cement was applied for the treatment of sludge from
hot-dip galvanization process. It is a process aimed at protecting and improving the quality of steel parts
against the corrosion and oxidation caused by the humidity. Ordinary Portland cement was chosen as a
binder for its affordability as a one of the cheapest type of binder and well known for its usability for
hazardous waste treatment. Effectiveness of the process was evaluated using leaching tests according
to both the EN 12457-4 standard and the Toxicity Characteristic Leaching Procedure. The effect of the
mixture composition on the process was analysed in terms of the extract toxicity and ability to retain
pollutants in the concrete matrix. Furthermore, the obtained data were evaluated using statistical
analysis, namely, multi-level factorial design of experiment. This paper deals with the waste from the pre-
treatment of steel pieces by degreasing and chemical cleaning the surface before the hot-dip
galvanization process. This waste does not meet the regulatory levels of the pollutant leaching and thus
its treatment is required before land disposal. The aim of this study was to stabilize and solidify this toxic
waste and thus fulfil the limit values required for land disposal.

Keywords: zinc plating waste; stabilization/solidification; leaching tests; toxicity.

Introduction

One of the most widely used methods for surface treatment of various industrial products is metal
plating, which, however, produces a large amount of waste containing mainly zinc and other toxic
metals. The waste sludge from the pre-treatment process contains mainly the iron oxides (rust) and
other impurities removed from the surface and, of course water (content of solid particles is typically
about 30 % by weight). In the last stage of the pre-treatment process, the treated surface is dipped in
a solution of zinc ammonium chloride (ZnCl,.2NH,CI), and then the surface is immersed into a molten
zinc bath at 450 °C, in which a thin layer of zinc (150 ym) on the surfaces is gained. This final procedure
generates a large amount of dust waste containing zinc, ammonium and chlorides™.

Significant problems of metal-containing sludge or similar waste from metal industry are a release of
pollutants to surface and ground water. A usual way for the assessment of a waste in Spain is leaching
test, which is set by the decree 38414-34 compliance test?, in accordance with the European regulations.
This paper focuses on the waste treatment by stabilization and solidification. Stabilization/Solidification
(S/S) of hazardous wastes is one of the methods used to immobilize pollutants (especially toxic metals)
in the matrix and thus to reduce the pollution of the environment. It is used for the treatment of many
industrial wastes to improve their physical and chemical properties. The waste is less hazardous after
this type of treatment and can be disposed of in a landfill or used as a construction material®®.

Many papers on treatment of galvanic waste reported usage of cement or low-cost binders to treat
waste as a pre-landfill treatment®®, but usage of asphalt emulsions® or calcium oxide with activated
carbon™® were also reported. One of the approaches for optimization of the S/S process is the response
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surface methodology (RSM), which seems to be a very powerful tool to identify interactions between
particular components'’. It uses a sophisticated set of statistical and mathematical calculations for
modelling and analysis of multiple interactions. An advantage of this method is the ability to predict the
interactions among the considered factors and find the best solution®?.

The main goal of this study is to optimize the stabilization/solidification processes for galvanic sludge
to find the best ratios between cement addition, waste and water added, and thus to enable a safer way
of landfill disposal and minimizing the operational and landfill disposal costs. For this purpose, the
relative amount of water, cement and waste added to mixtures were considered and their effect was
studied. Consequently, the toxicity of the treated waste extract and the percentage of metals retained
were measured to determine the effectiveness of the process.

Experimental
Waste

The sample of waste was obtained from the factory Galvanizadora Valenciana, S.A located in Spain
near Valencia. The sludge waste was collected from the filter press, which decreased the water content
in the sludge from the first step of pre-treatment of steel pieces prior to immersion in the molten zinc at
the bath. According to the European Hazardous Waste List, the sludge should be classified as a
hazardous waste with the code 11 0109, as the sludge and filter cakes containing hazardous
substances from chemical surface treatment and coating of metals or other material*®. The sample of the
waste was measured for density and moisture content. Density was obtained by introducing an amount
of waste sample into water and measuring the volume of water displaced. The moisture content was
determined in accordance with the EN 14346:2006 standard™®. All measurements were carried out in
triplicate.

Binder

A commercial binder CEM II/B-L (Cementos El Molino, Spain) based on Portland cement was used
for S/S of the sludge waste from hot-dip galvanizing by the cementation process. It contained 65 — 79 %
of clinker and 21 — 35 % of calcite'”.

Acid digestion

For the determination of the zinc content in the untreated waste, the mineralization method in
sulphuric acid was used. The process was performed in the following way: 5 g of sample were weighted
and put into a beaker with 60 ml of 0.5 mol/L H,SO,. After that, the mixture was stirred for 15 minutes
and after, the liquid phase was filtered through 0.45-micron filter, and then analysed by atomic
absorption spectrometry®®.

Stabilization and solidification of sludge waste
The experimental work was designed considering the following parameters:
e Relative amount of water added to the mixture, ranging from 10 to 40 wt. %

e Relative amount of cement in mixture with waste sludge (without added water), ranging
from 10 to 55 wt. %

The process of a mixture preparation was as follows: The components (water, cement and waste)
were mixed by a laboratory mixer in a plastic cup for 15 minutes, and then the mixture was placed into
a plastic tray (30x24x6 cm). The weight of the fresh mixture was recorded, and the mixture was left for
28 days under room temperature and humidity conditions. After 28 days of curing, the mixture was
weighted again, and the weight loss was calculated. Then the mixture was subjected to the leaching test
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and the values of density were determined for the purposes of a volume balance of the treatment
process.

The used mixture nomenclature was W-Y-Z, where Y refers to the relative amount of water added,
and Z refers to the relative amount of cement in the mixture with waste sludge. For example, the mixture
W-10-40 were prepared by mixing 54 weight units of waste sludge with 36 weight units of Portland
cement (i.e. 40 wt. % of cement), and then 10 weight units of water was added (i.e. 10 wt. % of water).

Leaching tests

Leaching tests were performed in triplicate to evaluate the release of toxic metals (iron and zinc) from
untreated waste, cement used and the mixtures after 28 days of curing. Leaching tests were performed
using two mediums: distilled water and acetic acid.

Leaching test using distilled water

European regulations®’ establish the criteria for the acceptance of waste in landfills, which are based
on DIN 38414-S4 compliance test'®. Table 1 shows the leaching limit values for zinc at different types of
landfills (for inert, non-hazardous and hazardous waste). For the leaching test, the solidified waste was
pulverized to particle size less than 10 mm using mortar and pestle, then 400 ml of distilled water was
added to 40 g of the pulverized sample (solid/liquid ratio 1:10) and the suspension was stirred with
a magnetic stirrer at room temperature for 24 hours. Then the liquid phase was filtered through
0.45-micron filter, and analysed by atomic absorption spectrometry.

Table 1. Leaching limits values for waste acceptable at landfills, calculated at a liquid to solid
ratio (L/S) of 10/1 I/kg, according to European regulations (European Commission 2003) for the
acceptance of waste in landfills.

Leaching limit value (mg/kg dry matter) — Leachate classes

l. . a-b .
Inert waste Non-hazardous waste Hazardous waste
Zinc 4 50 200

Leaching tests using acetic acid

The leaching tests using acetic acid were performed in the following way: 40 g of the pulverized
sample was weighed and mixed with 640 ml of distilled water (solid/liquid ratio 1/16). Then the pH-value
was adjusted to 5.0+0.2 with 0.5 mol/L acetic acid (the maximum volume of acetic acid added was 4 ml
per gram of solid sample). After 24 hours under permanent stirring at room temperature, more distilled
water was added according to the following equation™®:

V (ml) =4 (ml/g) x W (g) — A (ml) (1)

where V is the volume of distilled water to add, in ml; W is the mass of the solid sample, in g; and A is
the total volume of acetic acid added, in ml. Thus, the final value of the solid/liquid ratio was equal to
1/20 by weight. The obtained solution, after adding the calculated volume of water, was filtered through
a 0.45-micron filter and then was analysed using the toxicity analyser M-500. The zinc concentration was
determined by atomic absorption spectrometry.

The leaching test using acetic acid was performed to characterize the waste according the mentioned
Spanish regulations and with regulations set by European commission. This test subjects the waste to
an acid solution in slowly rotating container and characterizes its hazardous residues. The waste is
classified as toxic if its acetic acid extract shows after 15 min at 15 °C the toxicity value ECs, equal or
greater than 333.3 TU in the bacterial luminescence test.
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Analytical techniques

The effectiveness of the waste treatment was evaluated by chemical analysis of extracts and also by
tests of eco-toxicity, which complement each other in the classification of waste according to the
catalogue as hazardous or non-hazardous.

Atomic absorption spectrometry

The concentrations of metals were determined by means of a PerkinElmer model AAanalyst 100
atomic absorption spectrometer (PerkinElmer Inc., USA) using an air-acetylene flame. Instrumental
parameters were adjusted according to the manufacture’s recommendations: spectral bandwidth of
0.2 nm, wavelength of 325.7 nm and an operating lamp current of 5 mA (Zn). The parameters for iron
were as follows: spectral bandwidth: 0.1 nm, wavelength 372 nm and operating lamp current of 10 mA.
The calibration solutions for the determination of zinc were prepared from ZnCl, in a range from 1 to
6 mg/L and the calibration solution for the determination of iron were prepared from (NH,),FeSO,.6H,O
in a range from 10 to 100 mg/L.

Toxicity

The toxicity of extracts of solidified waste samples was tested using the Microtox model M-500
Analyser (Strategic diagnostic Inc., USA) on the marine bioluminescent bacteria Vibrio fischeri, which it
is one of the most sensitive microorganisms across a wide range of chemicals. The toxicity was
expressed in n-TU (toxicity units) as the dilution that caused a 50 % reduction in the bioluminescence
after 15 min exposure. Assays were carried out at 15 °C, salinity level of 2 % NaCl and pH range of 6 —8.
The value of half maximal effective concentration (ECs,) was calculated from the data by the
MicrotoxOmni software supplied by the instrument manufacturer.

Statistical analysis

In order to find the optimal mixture composition, data obtained in leaching and toxicity tests, as well as
the values of the mass and volume increase, were subjected to statistical analysis known as Response
Surface Method® using the Statgraphics Centurion XVI software. The main observed factors were
contents of cement and water. Other measured parameters such as: volume increase, mass increase,
zinc leached into distilled water, toxicity and ability to retain pollutants were response variables. The
multilevel analysis was performed to obtain the Pareto charts and significant proof of influence cement or
water in the mixtures.

Results and discussion
The untreated waste sample examination

As is shown in Figure 1a, the untreated sludge had a brownish colour and pasty consistency due to its
high moisture content of 75 wt. %. The measured data for the untreated waste sample are summarized
in Table 2. The analysis of solutions obtained by the acid digestion procedure showed that the content of
zinc in the dry matter of sludge waste was 328 g/kg. As reported in the literature, iron ions could affect
the efficiency of zinc immobilization in the stabilization/solidification processeslo. However, iron was
detected in the tested sample of waste only in a negligible amount.
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Table 2. Characterization of waste and cement

Parameter Waste Cement
Characteristics of the untreated material:
Zinc in dry matter (g/kg) 328.0£0.85 0.0033 £ 0.0029
Moisture content (wt. %) 74.96 £ 0.5 <0.1
Bulk density (g/cm?®) 1.67 £ 0.04 1.51+£0.03
Characteristics of the water leachate
Leached zinc (g/kg) 179.9 £+ 4.59 0.0001 + 0.00003
Retained zinc (%) 45 96
Characteristics of the acetic acid leachate
Leached zinc (g/kg) 2221+ 3.64 0.0006 £ 0.0002
Retained zinc (%) 29 86
Leachate toxicity (ECsq (TU)) 222345 + 884.5 636 + 100

The content of zinc in the extract of the cement was also determined. Table 2 also shows the mean
values of triplicate analysis of the cement sample. Zinc content (mg/kg dry matter) in cement was
negligible, but in a comparison to values obtained by Ogunbileje?!, were it was 400 times lower. The
toxicity level of the cement was negligible prior to toxicity determined in the sludge waste.

(a) Untreated sludge (b) W-10-10

-

Figure 1. Samples of untreated and solidified waste

Aspects of cured mixtures

After 28 days of curing, images of selected solidified sludge samples were taken, and they are shown
in Figures 1b (W-10-10), 1c (W-40-55), and 1d (W-40-40). The type CEM II/B-L of Portland cement was
used for the treatment of all samples. The samples with the most cement addition (45 wt. %) showed
light orange-brownish colour and had the best compressive strength after 28 days of curing. The
mixtures with the smallest cement addition had dark brown colour and pasty structure with white spots
on the surface. The colour of solidified samples depended on content of water and cement in mixtures,
because during the curing process the mixtures lost the plasticity due to reactions between cement and
water (hydration process) and evaporation of water.
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Weight and volume increase

The density of the untreated sludge waste was 1.67 g/cm® and the density values for the solidified
samples were ranging between 1.40 to 2.01 g/cm?®. Except the W-10-10, all mixtures showed an increase
in the weight as well as in the volume. A negative value of increase in mass means that water, which
was contained in the sludge, probably evaporated during the curing process. Obvious trend in increasing
weight with the cement addition could be observed and the volume increase showed similar tendency as
the mass increase.

Characterization of the mixtures by leaching in distilled water

To evaluate an effectiveness of the S/S process according to EN 12457-4, the leaching tests using
distilled water after 28 days of curing were used. All measurements were done in triplicate. The zinc
concentration in extracts of solidified sludge samples was lower than in the extract of untreated waste for
all ratios prepared. It showed that S/S process was effective. Values of retained zinc were calculated,
and they are summarized in the Table 3. The lowest zinc concentration was 5.67 mg Zn/kg of dry matter
for W-40-40, which met the European regulation 200 mg/kg for acceptance of wastes in landfills®*, as
can be seen in Table 1. The lowest zinc concentration was determined in the samples with the highest
cement addition and the lowest water addition.

Another parameter, which is relevant for an efficient S/S, is the ability to retain pollutants to show
whether a dilution effect might take place when the waste is mixed with cement. The value of retained
zinc was 45 % in the case of the untreated waste and in a range from 84 % to 99.99 % for solidified
waste, so the S/S process was rated as effective for this type of waste.

The zinc limit value for hazardous waste landfill disposal is set by European regulations to 200 mg/kg
of dry matter, so that the untreated sludge could not be disposed in any landfill, because the zinc
concentration was determined to 328 g/kg. However, seven solidified samples of the sludge could be
disposed of in landfill as non-hazardous wastes, because they met the limit of 50 mg/kg dry matter of
zinc for landfill disposal, and one sample fulfilled the landfill acceptance criteria as a hazardous waste.

Characterization of the mixtures by leaching in acetic acid

The leaching tests were performed after 28 days of curing the mixtures, all tests were carried out in
triplicate and the values are expressed as mg per kg of mixture. As can be seen in the Table 3, the
results showed that the zinc concentrations in the acetic acid extracts of solidified waste samples were
higher than those obtained by leaching tests with distilled water and the highest zinc concentration was
determined up to 123 g/kg, while the lowest zinc concentration measured was 10.9 mg/kg. This data
confirmed the fact that the lowest zinc concentration was determined in the ratios with the highest
cement addition. Moreover, the acid leaching is considered to be more aggressive and it should better
simulate processes in a landfill. The limit value for the zinc in the acid leaching test is stricter than in
European regulations®’ and according to universal treatment standards® (UTS) is set to 4.3 mg/L. Thus,
only 4 samples met this criterion. Nevertheless, the zinc concentration in the acid extracts of solidified
samples was lower than in the untreated waste (see Table 2), so the S/S process appeared to be
effective.

Table 3 shows the percentage of zinc retained in the matrix. Most of the retained zinc values were
greater than the value in case of untreated waste so the S/S process is effective, and the cement did not
dilute the waste only in those cases. However, in the case of acid leaching, eight solidified sludge
samples were worse than the untreated sludge.
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Table 3. Results of leaching tests and toxicity measurements for solidified waste

Water leaching Acid leaching

Mixture Leached Zn Retained Zn Leached Zn Retained Zn Toxicity

(mg/kg) (%) (mg/kg) (%) ECs (TV)
W-10-10 7472 91.1 122999 0 15042
W-10-25 1012 98.1 43691 20.1 5513
W-10-40 67.72 99.8 11117 74.68 266.7
W-10-55 20.39 99.9 12 99.96 4
W-20-10 4606 94.0 112116 0 9578
W-20-25 1114 97.7 46123 6.44 5637
W-20-40 24.16 99.9 9863 77.24 1067
W-20-55 21.33 99.9 10.86 99.97 9.5
W-30-10 8387 99.3 106887 0 12099
W-30-25 434.2 99.9 46195 5.35 2412
W-30-40 | 7.532 99.9 11537 75.23 1180
W-30-55 12.26 99.9 43.01 99.87 0
W-40-10 9160 84.9 80667 0 6911
W-40-25 | 354.0 99.3 44107 9.22 4534
W-40-40 | 5.670 99.9 7546 82.67 125.7
W-40-55 | 27.23 99.9 11.62 99.97 0

The toxicity limit set by Spanish Government® is following: the waste is toxic, if the acetic acid extract
shows the value of ECsq (15 min, 15 °C) greater or equal to TU (toxicity unit) 333.3. Some of samples
fulfilled the limit criteria for landfill disposal, thus these mixtures could be listed as a non-hazardous
waste. It is obvious that the value of toxicity for solidified sludge was lower than that for the untreated
waste, which was 22222 TU. In addition, the limit set by Spanish government appears to be insufficient,
because in other parts of Europe, the limit for toxicity is stricter than in Spain® and is set to 10 TU. The
results showed that this limit fulfilled only 4 mixtures and the limit 333.3 TU was accomplished by
6 mixtures prepared with sludge. As a conclusion, the mixtures with the highest retained zinc values had
also the lowest toxicity values. Figure 2 shows a correlation between toxicity and concentration of zinc in
leachate, the experimentally obtained data are interleaved by a curve to indicate the trend.
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Figure 2. Dependence of toxicity on zinc concentration
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Effect of the relative amount of cement and water on the S/S process

The relative amounts of cement and water were determined to find the optimum values used to
prepare the mixtures and for bulking reduction. The relative amount of cement also significantly affected
the solidified samples weight and volume. It was observed the weight of samples increased with the
increasing cement dosage. The significance of this parameters was confirmed by the Pareto charts
(Figure 3). Pareto charts are graphs where the obtained data are evaluated from the viewpoint of each
content influence in the mixture with the aim to find the best ratio to be used. A Pareto chart contains
bars marking the significance of each component. If the bars cross the vertical line, it indicates that the
corresponding effect is significant at a confidence level of 95 % (p-value lower than 0.05). The bar above
the line (+) means an increase of the response variable and the bar below the line (-) means a decrease
of the response variable. In this study, only the effects, which cross the vertical line (significant
coefficients), were considered to optimize the operating conditions. It was found that the relative amount
of cement had greater effect on mass increase than on volume increase, which was obviously caused by
a difference in density of untreated and solidified sludge. On the other hand, the water content showed
a small or insignificant influence in the Pareto charts and the effect was negative (-) on both parameters.
It can be concluded that the dosage of cement had the most significant effect on S/S process.
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Figure 3. Pareto charts for solidified samples of sludge
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In this study, the best samples of solidified sludge were W-40-40 and W-30-40. As can be seen in
Figure 4, the zinc concentrations in leachates decreased below the limit value for landfill disposal of non-
hazardous waste (i.e. leaching class lla; leaching class lll is for hazardous waste) to 5.7 and 7.5 mg
Zn/kg, respectively. That means the most effective cement addition was 40 wt. %. The results obtained
with acetic acid showed that the best sample had 55 wt. % percentage of cement and the lowest zinc
concentration was determined to 10.9 mg Zn/kg for the ratio W-20-55. Pareto charts (see Figure 3) for
the sludge showed that the effect of the relative amount of cement (B) on the metals leached using water
was significant, because corresponding p-values were higher than 0.05. Figure 4 shows the zinc
concentration in the log-scale as a function of the relative amount cement for different water additions,
revealing a decreasing tendency of the zinc concentration with increasing amount of cement and decline
to nearly zero after 25 wt. % cement addition. However, the results indicated relatively low dependency
of zinc leachability on the water content, except the line with the 40 wt. % cement addition, where it
caused a decrease of zinc concentration by an order of magnitude. Also, the Pareto charts (Figure 3)
showed that the effect of the relative amount of water on zinc leachability was not significant, because it
was below the vertical line, which defines 95 % of the confidence interval.

The value of solidified sludge toxicity decreased with the increasing dosage of cement, as can be
seen in Figure 5. The Pareto charts (see Figure 3) revealed that the effect of cement content on toxicity
was negative, i.e. the toxicity was decreased by the cement addition, whereas the water addition had
a smaller effect, but also negative. According the obtained results, samples with 40 wt. % of cement
were rated as non-toxic. However, the zinc concentrations were nearly zero in all extracts of samples
with more than 25 wt. % of cement, which means the toxicity had to be influenced also by other factors.
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Figure 4. Effect of relative amount of cement on zinc concentration (logarithmic scale) in leachate
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Figure 5. Effect of relative amount of cement on toxicity

Selection of the optimum operating conditions

Multiple response optimization was computed to find the optimum conditions (cement and water
contents) which simultaneously minimized weight increase, volume increase, metals leached using water
and toxicity. Each parameter was optimized for the best value, which satisfied e.g. leaching limits. The
last goal was performed to find the best usable ratio for optimization by Portland cement which is shown
in the Figure 6. Values of the operating conditions, that minimized the overall desirability function and
corresponding response variable values, were predicted. The results showed the optimum operating
conditions, which were following: 32 wt. % cement addition and 40 wt. % water addition.

Optimized factors:
Cement (wt. %): 32
Water (wt. %): 40
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Figure 6. Optimized factors for solidified samples of sludge

The results showed that the lowest zinc concentration in leachate for solidified sludge was 6 mg
Zn/kg. Despite the fact that, the best-optimized value for toxicity was 1221 TU, which was over two order
of magnitude higher value than stricter limit suggested by some authors®, which is set to 10 TU. The
optimum values for volume and mass were 83 % and 77 %, respectively. Thus, it was impossible to
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optimize toxicity value, because it depended on higher values of weight and volume increases, but the
zinc concentration depended on lower values of both parameters.

The presented results showed that stabilization and solidification of the sludge was successful in half
of the samples. The used type of Portland cement showed the ability to immobilize contained toxic metal,
especially zinc. The zinc concentration decreased from initial value of 328 g Zn/kg to the range of 5.7 —
67.72 mg Zn/kg. Thus, the statistical analysis recommended these operating conditions as the most
desirable: 32 wt. % cement addition into the solid components of the mixture and balanced with sludge,
and 40 wt. % water addition added to the mixture. For comparison, the best mixture with the lowest
toxicity and zinc concentration found, had contents of cement and water both 40 %.

Conclusions

S/S process using cement for zinc containing galvanic sludge was applied to find a safer way of
landfill disposal this waste to reduce its hazardous intrinsic characteristic. The toxicity, zinc concentration
in leachates and values of retained zinc were measured for the analysing the effectiveness of the
process. The following conclusions may be made:

1. The S/S process was effective in half samples of solidified sludge.

2. The values of retained zinc confirmed that the S/S treatment did not cause only a dilution of the
sludge.

3. The untreated sludge could not be disposed of in any landfill (not even a hazardous one) since
the leached zinc value was very high. Half of the solidified sludge samples could be disposed of
in landfill, most of them in non-hazardous waste one.

4. The minimum zinc concentration was determined to 5.7 mg Zn/kg for the solidification mixture
W-40-40.
Four samples of solidified sludge had negligibly low toxicity values below the regulatory levels.
Multilevel response analysis for the sludge showed that cement had a significant influence of the
S/S process. On the other hand, the water addition had no significant effect or small influence on

S/S process. The optimum operating conditions corresponded to the highest cement addition
(32 wt. %) and mid water addition (40 wt. %).

7. The used type of Portland cement could be recommended for S/S process of the galvanic
sludge.

List of symbols

SIS Stabilization/solidification

EN European norm

TCLP Toxicity characteristic leaching procedure

RSM Response surface methodology

DIN German Institute for Standardization ("Deutsches Institut fir Normung" in German)
ECs The value of half maximal effective concentration

TU Toxicity unit

UTS Universal treatment standard

wit. weight

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 4, strana 264



Stépéan VINTER, Maria Teresa MONTANES, Vratislav BEDNARIK: Stabilization/solidification of zinc containing
sludge using Portland cement

Acknowledgements

This research was carried out with the support of Internal Grant Agency of TBU in Zlin, project no.
IGA/FT/2015/012 and IGA/FT/2017/003. The authors wish to express their gratitude to
GALVANIZADORA VALENCIANA, S. A. for providing samples for this research.

References

1. Ahner, C., Maal3, P., Peillker, P., 2011. Handbook of hot-dip galvanization. WILLEY-VCH Verlag
GmbH & Co, KGaA,Weinheim 978-3-527-32324-1.

2. Spanish Government, 2002. Spanish Royal Decree 1481/2001 which establishes regulations on
disposing of wastes in a landfill.25 edn. Boletin Oficial del Estado (Official State Gazette).

3. Brook, M.A., 1999. Silicon in Organic, Organometallic, and Polymer Chemistry. John Wiley & Sons.

4. Hoeffner, S., Conner, J., Spence, R., 2006. Stabilization/Solidification Additives. ChemInform 37.
doi:10.1002/chin.200615266

5. Hoeffner, S.L., Conner, J.R., 1998. A Critical Review of Stabilization/Solidification Technology. Crit.
Rev. Environ. Sci. Technol. 28, 397 — 462. doi:10.1080/10643389891254250

6. Cioffi, R., Lavorgna, M., Santoro, L., 2002. Environmental and technological effectiveness of a
process for the stabilization of a galvanic sludge. J. Hazard. Mater. 89, 165 — 175.
doi:http://dx.doi.org/10.1016/S0304-3894(01)00310-7

7. Luz, C.A., Rocha, J.C., Cheriaf, M., Pera, J., 2006. Use of sulfoaluminate cement and bottom ash in
the solidification/stabilization of galvanic sludge. J. Hazard. Mater. 136, 837 — 845.
doi:http://dx.doi.org/10.1016/j.jhazmat.2006.01.020

8. Pérez-Villarejo, L., Martinez-Martinez, S., Carrasco-Hurtado, B., Eliche-Quesada, D., Urefha-Nieto, C.,
Sanchez-Soto, P.J., 2015. Valorization and inertization of galvanic sludge waste in clay bricks. Appl.
Clay Sci. 105 — 106, 89 — 99. doi:http://dx.doi.org/10.1016/j.clay.2014.12.022

9. Bednarik, V., Vondruska, M., Koutny, M., 2005. Stabilization/solidification of galvanic sludges by
asphalt emulsions. J. Hazard. Mater. 122, 139 — 145. doi:10.1016/j.jhazmat.2005.03.021

10. Orescanin, V., Lovrencic Mikelic, I., Kollar, R., Mikulic, N., Medunic, G., 2012. Inertisation of galvanic
sludge with calcium oxide, activated carbon, and phosphoric acid. Arh. Hig. Rada Toksikol. 63,

337 —344. d0i:10.2478/10004-1254-63-2012-2171 [doi]

11. Montafiés, M.T., Sanchez-Tovar, R., Roux, M.S., 2014. The effectiveness of the stabilization/
solidification process on the leachability and toxicity of the tannery sludge chromium. J. Environ.
Manage. 143, 71 — 79. doi:10.1016/j.jenvman.2014.04.026

12. Bezerra, M.A., Santelli, R.E., Oliveira, E.P., Villar, L.S., Escaleira, L.A., 2008. Response surface
methodology (RSM) as a tool for optimization in analytical chemistry. Talanta 76, 965 — 977.
doi:10.1016/j.talanta.2008.05.019

13. Diari Oficial de la Comunitat Valenciana, 2008. Conselleria de Medio Ambiente, Agua, Urbanismo
y Vivienda. 5853 edn.doi:http://www.dogv.gva.es/datos/2008/09/19/pdf/2008_10698.pdf

14. EN 14346, 2006. Characterization of waste - calculation of dry matter by determination of dry residue
of water content.

15. Instituto Espariol del Cemento y sus Aplicaciones (IECA), 2002. Normas Espanoles UNE 2002 para
Cementos.doi: http://pmb.apatgn.org/documents/02587.pdf

16. Spanish Government, 1989. Spanish Order of October 13th 1989 which establishes the methods of
characterization of hazardous wastes.

17. European Commision, 2003. Council decision 2003/33/EC which establishes crtiteria and procedures
for the acceptance of waste at landfills, Official Journal of the European Communities L11.

18. European Commision, 2002. Characterization of waste-leaching-compliance test for leaching of
granular waste materials and sludges — Part 326 4: One stage batch test at a liquid to solid ratio of
10 L/kg for materials with particle Size below 10 mm (without or with size reduction).

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

WASTE FORUM 2017, &islo 4, strana 265



Stépéan VINTER, Maria Teresa MONTANES, Vratislav BEDNARIK: Stabilization/solidification of zinc containing
sludge using Portland cement

19. Vera Candioti, L., De Zan, M.M., Camara, M.S., Goicoechea, H.C., 2014. Experimental design and
multiple response optimization. Using the desirability function in analytical methods development.
Talanta 124, 123-138. doi:10.1016/j.talanta.2014.01.034

20. Ogunbileje, J.0., Sadagoparamanujam, V.-M., Anetor, J.l., Farombi, E.O., Akinosun, O.M.,
Okorodudu, A.O., 2013. Lead, mercury, cadmium, chromium, nickel, copper, zinc, calcium, iron,
manganese and chromium (VI) levels in Nigeria and United States of America cement dust.
Chemosphere 90, 2743-2749. doi:http://dx.doi.org/10.1016/j.chemosphere.2012.11.058

21. Spanish Government, 2013. Spanish Royal Decree 1481/2001 which establishes regulations on
disposing wastes in a landfill.97 edn. Boletin Oficial del Estado (Official State Gazette).

22. USEPA, 2016. Land disposal restrictions phase Il—universal treatment standards, and treatment
standards for organic toxicity characteristics wastes and newly listed wastes, final rule, Title 40 Code
Fed. Regul (CFR), Part 268-28.

23. Seco, J.l., Fernandez-Pereira, C., Vale, J., 2003. A study of the leachate toxicity of metal-containing

solid wastes using Daphnia magna. Ecotoxicol. Environ. Saf. 56, 339 — 350.
doi:http://dx.doi.org/10.1016/S0147-6513(03)00102-7

Stabilizace/solidifikace odpadniho zinkového kalu pomoci cementu
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Souhrn

Proces stabilizace/solidifikace pomoci Portlandského cementu byl aplikovan pro dpravu odpadniho
kalu z Zarového zinkovani. Portlandsky cement byl zvolen jako pojivo pro svou dostupnost jako jedno
z nejlevnéjsich pojiv dobfe znémych svou pouZitelnosti pro zpracovani nebezpeénych odpadi. Uginnost
procesu byla hodnocena pomoci vyluhovaciho testu dle normy EN 12457-4, a také pomoci vyluhovaciho
testu v kyseliné octové (TCLP). Vliv sloZzeni smési na proces stabilizace/solidifikace byl charakterizovan
parametry toxicity a retence polutantt v matrici. Ziskana data byla podrobena statistické analyze za
pouZiti metody multi-faktorového navrhu experimentu. Prace se zabyva odpadem z odmastovani
a chemického ¢isténi povrchu ocelovych vyrobki pred Zarovym zinkovanim. Tento odpad nevyhovuje
legislativnim pozZadavkim na obsah polutanti ve vodném vyluhu, a proto jej neni mozné bez dalsi
Upravy ukladat na skladky odpadd. Hlavnim cilem studie bylo stabilizovat a solidifikovat uvedeny toxicky
odpad, a tak umoznit jeho bezpecéné uloZeni na skladku odpadd.

Kli¢ova slova: odpad z pozinkovani; stabilizace/solidifikace; vyluhovaci testy; toxicita.

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 266



Vit CERNY, Jindrich MELICHAR, Jan FLEISCHHACKER, Rostislav DROCHYTKA: Structure development study of
porous concrete with fluidized-bed combustion ash admixture

Structure development study of porous concrete with

fluidized-bed combustion ash admixture

Vit CERNY, Jindfich MELICHAR, Jan FLEISCHHACKER, Rostislav
DROCHYTKA

Brno University of Technology, Faculty of Civil Engineering, Vevefi 95, 602 00
Brno, Czech Republic

e-mail: cerny.v@fce.vutbr.cz, melichar.j@fce.vutbr.cz,
fleischhacker.j@fce.vutbr.cz, drochytka.r@fce.vutbr.cz

Abstract

Because of its correlation between compressive strength and density, autoclaved aerated concrete
(AAC) is a very suitable building material for many applications. Optimal macrostructure of the AAC
skeleton is composed by small air pores. On the other hand, the well grown crystals of 11 A tobermorite
represent the most important part of the microstructure. The mineral is formed in hyper-alkaline,
hydrothermal environment of the CaO - SiO, — Al,O3; — H,O system. The main objective of this article is
to study the influence of the fluidized bed combustion ash, as gypsum and partially lime alternative.
Ground quartz sand, with an admixture of fluidized combustion ash, was used as the initial silica
material. In order to reach the Ca/Si molar ratio of 0.73, the main silica sources were mixed together. As
the instrument for the hydrothermal synthesis, carried out in the saturated steam environment at the
pressure of 1.3 MPa and 185 °C for 12 hours, a laboratory autoclave was used. As the parameters
determined to analyse physical-mechanical properties of the samples, density and compressive strength
were chosen. X-ray diffraction method was used to observe the growth of the main mineralogical phases
and scanning electron microscope (SEM) was used for crystal observation. From the results it is
apparent that the fluidized bed combustion ash had a significant influence to tobermorite crystallization
and formation.

Keywords:Autoclaved Aerated Concrete (AAC), Calcium silicate hydrates (CSH), Fly Ash (FA),
Quartz sand, Fluidized Bed Combustion Ash (FBCA), hydrothermal reactions, tobermorite, katoite,
sulfate admixture, Rietveld refinement

Introduction

Natural or industrial by-products are used in the process of the autoclaved aerated concrete (AAC)
production. These materials are quartz sand, fly ash, lime, cement, gypsum, water and a rising agent,
i.e. aluminium powder. An optimal microstructure of AAC is caused by small air pores which form its
structure. This material is convenient for many applications mainly because of the correlation between its
compressive strength and bulk density. Low thermal conductivity of AAC is also well known.

Tobermorite is the main mineral phase in AAC. Its quantity and crystallinity in AAC affect the
mechanical properties of the building material. Tobermorite mineral phase belongs to calcium silicate
hydrates. This rare mineral is formed in hyper-alkaline, hydrothermal environment. Tobermorite is built
by small leaf-shaped crystals which form compact skeletal structure of the autoclaved aerated concrete
and are well grown through.*?

High complexity of the C-S—H (calcium silicate hydrates) system is even more increased by the
presence of amorphous gels, poorly crystalline (e. g. CSH | or IlI) and crystal phases. The chemical
structure of crystal phases differs depending on the Ca/Si molar ratio, hydrothermal conditions and
amount of water, as shown in Figure 1.
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Figure 1. Phase diagram of CaO — SiO, — H,O system at hydrothermal conditions®

Normally, the tobermorite structure is orthorhombic. In the range of the Ca/Si ratio between 0.8 and
1.0, the mineral is stable. The structure of tobermorite is layered and consists of calcium octahedral
layers with silicate sheet on both sides. The infinite silica layer is connected to the SiO,tetrahedra with
three tetrahedron repeating unit, the so called “dreierketten”. The length of the three SiO, tetrahedron
repeating unit is nearly the same as the distance between two edges in the octahedral layer (Figure 2).
Calcium and two silicate layers are separated and bonded with an interlayer containing Ca** ions and
molecules of water in order to create tobermorite. The diversity of tobermorite group minerals is caused
mainly by the amounts of these particles. 11 A tobermorite [Ca,SisO;7-2H,0]:(Ca-3H,0) is well known,
same as clinotobermorite [Ca,SigO.7-2H,0]:(Ca-3H,0), 9 A tobermorite Cas(HSi;Oq), 2H,0
and 14 A tobermorite [Ca,SisO16(OH),-2H,0]-(Ca-5H,0).*

Silicate layer

‘Inter-layer’ Ca & H,0

Ca octahedral
layer

Calcium ion

A Silicate tetrahedron

Figure 2. Structure of tobermorite, bc projection’
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In the reaction scheme below, the tobermorite formation in CaO — SiO, — H,O — (Al,O3) system is
described:

As the first step, the formation of the CSH amorphous gel or, with Al substitution in presence of
aluminum oxide,of the semi-crystalline CSH takes place. Reaction continues according Eg. 1 to form
more complex crystalline phases. The course of the reaction in the C-S-H system and microstructure of
the final product are influenced by several parameters, mainly by temperature, saturated steam
pressure, duration of the hydrothermal synthesis and the presence of other ions >"%°

In addition to the Ca/Si molar ratio, another key attribute is characteristic for silicon dioxide in the
silica source. SiO, can exist either in amorphous or crystalline state. The ability of saturating the solution
by Si** ions is the main difference between these two types. As can be seen from the Figure 3 that, when
amorphous (more reactive) silica is used as the source, the CSH formation is increased, but the CSH
transformation into more complex phases is decreased. This means that initially formed CSH gel
(especially its Ca/Si molar ratio) controls the rate of its transformation into tobermorite. Tobermorite is
formed more easily from Ca-rich CSH gels than from the Si-rich ones which have low Ca/Si molar ratio.
This fact points out that the structure of initially formed CSH gel influences its crystallization.
Rearrangement of the silica tetrahedron leading to crystalline phases is prevented by long chains in Si-
rich gels. On the contrary, crystallization of the gel to more complex CSH phase, tobermorite is endorsed
by the short chains in the Ca-rich gels,>%!111213.14.1516.17

16
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Figure 3. Relationship between dissolution rate and temperature for silica sources and
portlandite

Alternatively, the reactions in C-S-H system can be influenced by varying the amount of the gypsum
admixture. By dissolving the gypsum in the solution, the sulphate ions enter the reaction. Small amount
of sulphate ions influences the reaction of CaO with CSH (I). However, the most important fact is that
sulphates have significant influence on tobermorite formation, and its microstructure.®

The most commonly used gypsum is industrial by-product of coal power plant gas desulphurization.
An attractive by-product is also provided by the fluidized-bed combustion technology. The fluidized
combustion fly ash consists of significant amount of anhydrite (and also a-hemihydrate of CaSQ,), lime
(Ca0), calcined clay minerals and quartz (SiO,). Sulphates present in anhydrite can partly replace those
in gypsum. The research of the fluidized combustion ash effect on the tobermorite formation is the main
objective of this paper.*®
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Experimental part
Materials and methods

In this research, the formation of tobermorite using fluidized combustion ash as an admixture (10, 30
and 50 wt. % of the ground quartz sand) was evaluated. The following raw materials were used during
this study: ground quartz QZ (specific weight p = 2.72 g-cm™ and specific surface area S = 3500 cm?-g™)
as a source of silica, lime (o = 3.20 g-cm™, S = 4800 cm?-g™?) as a source of calcium, and Class C
Fluidized Bed Combustion Ash FBCA (o = 2.82 g-cm™, S = 3430 cm®-g™) as an admixture. The chemical
composition of these raw materials is presented in Table 1).

Table 1: Chemical composition of raw materials

. Loss on
: Free CaO SiO, 0 o o o
Material Cao [%] [%] [%] AlL,O3[%] | Fe,03[%] | SO3[%] |gr[1;/t0|]on
QS 0.05 0.17 86.10 5.47 1.58 0.17 1.12
Lime 85.30 86.10 1.18 0.56 0.48 0.38 2.70
FBCA 3.31 20.00 | 33.40 22.20 6.71 5.68 2.04

The initial mixture had the molar ratio of C/S = 0.73. The amount of the FBCA admixture in the tested
materials was 10, 30 and 50 wt. % with respect to the silica component. Composition of each of the
mixtures is shown in the Table 2.

Table 2: Composition of mixtures with FBCA admixture

Raw material Share of raw materials [%]

10% 30% 50%

Quartz sand 56,04 50,23 45,50

Quicklime 38,36 34,70 31,73

FBCA 5,60 15,07 | 22,76

Aluminium powder 1,50¢g

Degreaser 15,00 ml

Water according to consistency

Temperature of the mixture and nature of the aluminium powder had a major influence on the gas
evolution during the production of samples. The lime used was softly burnt, and when the mixture was
mixed, initial temperatures rose to too high values, so that the aluminium powder was activated in high
gquantities and escaped from the mass. The result was higher bulk density of test samples.

The mixture was subsequently poured into the insulated cubical moulds with the edge of 100 mm.
The solidification of the mixture took 20 hours, after which the samples were placed into the laboratory
autoclave. The conditions of autoclaving (in saturated water vapor) were set to 12 hours, a pressure of
1.3 MPa, and temperature of about 185 °C. After autoclaving, the samples were dried at 60 °C to
constant weight. For the test samples thus prepared, the bulk density and compressive strength were
determined. Phase composition was determined by the XRD analysis of fragments of the test samples
and the microstructure by the SEM microscope.
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Results and discussion

Materials and methods

Bulk density and compressive strength were determined on the test samples. When aluminum
powder is added to form the pore structure, the relationship between strength and bulk density, which
determines the constructive coefficient K, = (f. / D) * 100, must also be taken into account.

1.95
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Content of FBC ash [%]

B Compressive strength Bulk density

Figure 4. Graph of mechanical properties of test samples made of quartz sand with admixture
of 10, 30 and 50 wt. % of FBCA

As seen in Figure 4, the highest values of bulk density and compressive strength were observed in
sample No. 2 with an admixture of 30 wt. % FBCA. Higher bulk density was partly caused by a leakage
of gas from the material, which also increased the strength of the body. Comparing samples No. 1 and
No. 3 (10 wt. % and 50 wt. % admixtures of FBCA, respectively), improvement of mechanical properties
due to higher ash content can be considered. The reason is that the sulphates content in ash
significantly improves mechanical and handling strength of porous concrete mass. Thus, the FBCA
admixture is favorable due to its sulphate content, as well as for the high CaO content, which can
replace the lime used in the technology of aerated concrete production.

X-ray analysis

In the roentgenograms in Figure 5, mineralogy of aerated concrete samples prepared from the quartz
sand with 10, 30, and 50 wt% admixture of fly ash (with respect to quartz sand) is assessed. From the
results of X-ray analysis, a positive influence of FBCA admixture on the tobermorite formation can be
observed. At a 10 wt. % of FBCA, formation of these phases was not observed. On the other hand, at
30 wt. %, the intensity of the tobermorite peaks was apparent and at 50 wt. % admixture of FBCA the
intensity was the most significant. With increasing content of the admixture, the content of portlandite in
the hydrothermal synthesis product was decreasing. This is due to the content of sulphates in FBCA
which have a positive effect on solidification of the mixture and also on the crystallization of CSH phases.
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Figure5. Roentgenograms of combination of aerated concrete samples with admixture
of FBCA 10, 30 and 50 %

SEM analysis

As an alternative method to assess the structure of aerated concrete samples formed, SEM analysis
was carried out. The pictures of the analyzed samples are shown in the images in Figures 6 — 8.

SEM MAG: 5.00 kx " Det:SE MIRA3 TESCAN SEM MAG: 10.0 kx Det: SE RA3 TESCAN
SEMHV:20.0kV | 5pm SEMHV:20.0kV | 2pm
AdMas - FAST VUT Brmo AdMas - FAST VUT Brno

Figure 6. SEM images of aerated concrete samples made of quartz sand with
10 wt. % admixture of FBCA and autoclaved for 12 hours at 185 °C
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Figure 7. SEM images of aerated concrete samples made of quartz sand with
30 wt. % admixture of FBCA and autoclaved for 12 hours at 185 °C
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Figure 8. SEM images of aerated concrete samples made of quartz sand with
50 wt. % admixture of FBCA and autoclaved for 12 hours at 185 °C

Microstructure of aerated concrete samples created from quartz sand with an admixture of FBCA is
slightly crystalline. The majority of the phase consists of non-crystallized CSH, the probable reason
being a short isothermal process during autoclaving, when no suitable hydrothermal conditions for the
crystallization of tobermorite have been achieved. Therefore, an optimization of the laboratory simulation
of the autoclaved aerated concrete production is necessary.

Conclusions

The FBCA admixture had a positive effect on the formation of CSH phases, mainly on the content of
tobermorite. The intensity of to bermoritic X-ray peaks (SAXS) increased with increasing content of
FBCA admixture. At 10 wt. % admixture its presence was not recorded, at 30 and 50 wt. % the content
of tobermorite increased, reaching its maximum at 50 % of the FBCA admixture. This implies that the
FBCA admixture has a positive effect on the formation of the CSH phase, especially in the form of
tobermorite. This is caused by content of sulphates which slows down the hydration of lime. During the
deceleration of the lime hydration, dissolution of quartz occurs thus reducing the efficiency of sulphates
may lead to reaction between Si* and Ca?* ions, generating CSH phases on a larger scale.

Physical-mechanical parameters are influenced by the mechanism of the porous structure formation
by the reaction of lime and aluminum. At the same time it is necessary to achieve stable porous
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structure. In the next phase it will be necessary to focus the research on the optimization of the
technology to achieve optimal parameters of the autoclaved aerated concrete products and to verify the
suitability of other types of secondary raw materials such as recycled glass.
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Studium vyvoje struktury pérobetonu s primeési fluidniho popilku
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Viysoké uceni technickeé v Brné, Fakulta stavebni, Veveri 95, 602 00 Brno

e-mail: cerny.v@fce.vutbr.cz, melichar.j@fce.vutbr.cz, fleischhacker.j@fce.vutbr.cz,
drochytka.r@fce.vutbr.cz

Souhrn

Clanek se vénuje problematice viivu pfimési fluidniho popilku na strukturu pérobetonové hmoty.
Fluidni popilek byl do smési vapna, kfemicitého pisku a hlinikového prasku pfimisen v procentualnich
podilech 10, 30 a 50 % hmotnosti kfemicéitého pisku. Molarni pomér SiO,/CaO byl nastaven na 0.73.
Vytvorfené vzorky o rozmérech 100x100x100 mm byly autoklavovany pri teploté 185 °C a tlaku 1,3 MPa
po dobu 12 hodin a nasledné byly stanoveny fyzikalné-mechanické parametry a proveden rozbor
struktury pomoci rentgenové difrakéni analyzy (RTG) a rastrovaci elektronové mikroskopie (REM).

Primés fluidniho popilku méla pozitivni vliv na tvorbu CSH fazi, hlavnhé na obsah tobermoritu. Se
zvySovanim obsahu pfimési stoupala intenzita pikt tobermoritu, kdy pri obsahu 10 % hm. nebyla jeho
pfitomnost zaznamenana, pfi 30 % a 50 % hm. obsah tobermoritu stoupal, pricemz jeho obsah byl
maximalni pfi 50 % primési.

Klicova slova: Autoklavovany porobeton, kalciumhydrosilikaty, popilek, kfemicity pisek, fluidni
popilek, hydrotermaini reakce, tobermorit, katoit, siranova pfimeés
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Abstract

This paper presents our research focused on the synergic influence of CO, and extreme temperature
on polymer-cement mortars. The basic criterion of the design for thecomposition of these materials was
to achievetherequired properties and maximum possible useof components originating from alternative
raw material resources. For this reason, the matrix or binding component was modified with high
temperature fly ash. Fly ash agloporite created a substantial proportion of the aggregate. Agloporite is
a porous aggregate artificially produced by means of self-firing from high temperature fly ash. Mortars
were subjected to tests of their resistance to carbonation in accordance with CSN EN 13295 and
subsequently exposed to temperatures from 22 °C to 1,000 °C. Mortars were also analyzed in the longer
term: after 90 and 150 days; physico-mechanical and physical-chemical properties, including
microstructure, were analyzed (SEM, DTA, XRD and CT).It was determined that, as regards the
analyzed influence of synergic action of CO, and high temperature, the mortars showed considerable
levels of resistance.

Keywords: Mortar, polymer, cement, fly ash, agloporite, durability, carbon dioxide, compressive and
flexural strength, extreme temperature, resistance, microstructure.

Introduction

Durability is one of the key requirements of building materials. The development of new materials or
the innovation and optimization of existing materials must focus on their behavior under various adverse
conditions and environments. Their final properties and changes are influenced by many factors.
Carbonation is a commonplace phenomenon that occurs when cement materials are exposed to outdoor
climatic conditions. Many authors have addressed this issue. Simply put, it can be said that, during
carbonation, Ca(OH), from a cement matrix reacts with CO, from the atmosphere and produces CaCOs.
However, the complex of reactions taking place during carbonation is far more complicated. This is
because several various phenomena occur during carbonation that may result in a worsening of the
properties in the final composite material (based on cement matrix). The resistance of concrete to
carbonation is described in detail by Faella et al.', Sisomphon and Franke?, Thomas et al.?, Kou et al.*,
Matousek and Drochytka®. Such deterioration of construction materials can have decisive influences on
its behavior under various extreme circumstances. One possibility is their exposure to high temperatures
during a fire. Phenomena occurring during increased temperatures in composite materials based on
cement matrix (mortars, concrete etc.) have also been described in detail in many scientific publications.
For example, the influence of various compositions of materials was described by Donatello et al.®,
Horszczaruk et al.” and Wang®. However, it is clear that under actual conditions, there are more adverse
influences acting either one after the other or, in worst cases, simultaneously. The synergic action of
various factors has a much worse effect on properties and behavior of a given material. Results of high
temperatures and a subsequent assessment of their resistance to carbonation is presented, for example,
by Wang et al.® The authors consider a situation in which concrete was exposed to thermal load and
subsequently to an environment with a higher concentration of CO,. Another interesting case of
comparable importance is the long term exposition of concrete or mortar to CO,, followed by a fire, which
has not been examined in greater detail. Wang et al. closely examines in detail the properties of two
types of concrete when exposed to temperatures up to 550 °C. A binder of this concrete was modified
with high temperature fly ash. Even so, temperatures during a fire can often reach 1200 °C, according to
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Garlock et al.'® For this reason, our paper focuses on newly developed mortars with increased amounts
of alternative raw materials exposed to synergic action of various adverse environments. In particular the
influence of carbonation under subsequent thermal loads of up to 1,000°C was analyzed. Detailed
examinations were also carried out by means of x-ray computed tomography (hereinafter CT), which is
not a common method used for this purpose. The evaluation of porous structure and cracks in cement
paste exposed to high temperatures was addressed by Kim et al.'* Their research proved that, at
temperatures above 900°C, a network of cracks formed in the specimens tested, causing explosive
spalling. Use of the CT analytical method for evaluation of the structure of building materials is also
presented by Wang and Dai.'* These authors assessed porous systems, including the molecular
diffusion of cement mortars.

Experimental

A design of the mix of polymer-cement mortar took into account the fact that the final material should
have both increased fire resistance and resistance to climatic conditions (CO,). The aim also included
the applications of the largest possible amounts of alternative raw materials, which would otherwise be
wasted. Portland cement CEM 42.5 R was used as a binder. 35 % of the cement was substituted by high
temperature fly ash (Tusimice plant). The influence of fly ash on the durability of the cement paste was
described, among others, by Donatello et al.® The binder was then modified by polymeric addition, in
particular a dispersion powder of co-polymer of vinyl-acetate and ethylene. To achieve good temperature
resistance and, at the same time, sufficient parameters, a mix of dense and light-weight aggregate was
used. The mix of aggregate consisted of fly-ash agloporite with grain size 0 — 1 mm and amphibolite with
grain size 1 — 2 mm. Agloporite was intentionally used because Cerny et al.*® proved that a good solution
of addedraw materials makes it possible to manufacture this thermally resistant porous aggregate. The
fact that the use of agloporite could achieve high strength in the final composite material is affirmed by
Cerny et al.** Cerny et al. manufactured and tested light-weight high performance concrete containing
agloporite. No additional admixtures were used in the developed mortar. Consistency was adjusted by
water so that effective plasticity and adhesion of the fresh mortar was achieved. The reason for such
consistency is the possible application of such mortars for the repair of steel-reinforced structures.
A detailed composition of the mix-design of analyzed mortar is shown below in Table 1.

Table 1: Composition of the tested mortar for its synergic effect of CO, and extreme temperatures

Component Amount [kg.m™]
Cement— CEM1425R 442

Fly ash — TuSimice (ES2, ES3) 175

Vinyl acetate copolymer 20

Silica fume 27

Porous aggregate (Agloporite) 0-1mm 642

Dense aggregate (Amphibolite) 1-2mm 516
Polypropylene fibres 1.2

Water 163

Three sets of testing specimens were constitutedwith 40x40x160 mm dimensions.The first set was
tested after 28 days of ageing. The other two sets of test specimens were intended for longer term
testing. The test specimens of the last (third) set were exposed to an environment with increased
concentration of gaseous CO, in accordance with CSN EN 13295. Exposition in the adverse
environment was ended at the age of test specimens of 90 and 150 days. To examine the influence of
extreme thermal load, all test specimens were exposed to temperatures of 22 °C (reference), 400, 600
and 1,000 °C, all after 28, 90 and 150 days.This approach made it possible to compare both properties
and microstructures at various ages and after exposureto various conditions. Thermal load was achieved
in electric furnaces with controlled thermal curves. Increase of temperature graduated by 10 °C/min up to
maximum selected temperatures. Isothermal dwell was 90 minutes. Cooling was gradual in furnaces at
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a decrease rate of ca 1 °C/min. To evaluate influence of synergic action of exposition conditions, the
following parameters were determined for all test specimens: volume weight, changes of weight and
strength characteristics (compressive and flexural strength), including visual assessment. Analyses
carried out were by physical-mechanical, physical-chemical (XRD, DTA and phenolphthalein tests) or
micro-structural analyses (SEM — electron microscopy and CT — X-ray computed tomography). SEM and
CT were only used for selected test specimens, the properties of which were most interesting from the
point of view of actions taking place within the microstructure of those mortars analyzed.

Results and discussion

The diagram below (see Fig 1) shows that the development of volume weight,as well aschanges in
weight is rather balanced. Specimens made from thermally non-exposed mortar exposed to CO, show
slightly increased compressive strength. However, this is unconfirmed by other values, i.e. the values of
material exposed to 400 and 600 °C. Decreases of up to 5 % of weight were observed on specimens
exposed to a thermal load of 600 °C. Decreases of weight are much steeper during exposition to
a temperature of 1,000 °C. The most marked decrease of weight (13.1 %) was observed on reference
mortar after 90 days, without exposure to environments with increased concentrations of CO, (see Fig. 1
— AW90-R). Mortar exposed to CO, showed that, after 150 days and a thermal load 1,000 °C, they
decreased by 12.1 % (see Fig. 1 — AW150-C).
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Fig.1l: Bulk density and changes of weight comparison

Changes incompressive strength were more marked compared withchanges of bulk density of weight
see Fig. 2). Compressive strength increases with the age of mortar. Observed strengths ranged from 36
to 46 N.mm (without thermal load). Carbonation likely also increases compressive strength, however,
only to a minorextent. The source of crystals of CaCOj; are precursors Ca(OH), (portlandite in hydrated
matrix) and CO, (from aggressive environment). An increase instrength of cement composites is typical
for the action of CO, during initial phases of carbonation. Increasesin thephysical-mechanical properties
arecaused by the gradual filling of pores by formed products. The problem subsequently occurs when
pores are full and newly formed carbonates recrystallize. At this moment, the structure is gradually
deteriorated by crystallization pressure, which failed to show in the case of tested mortar and analyzed
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compressive strength after 150 days. Only minor and negligible changes of compressive strength were
noted on tested mortars.

The trend of slight increases of pressure during age and carbonation is not apparent after thermal
load of mortar. This finding implies that the analyzed mortar could have been at a very early stage of
carbonation. At this stage, chemical or mineralogical changes are not so marked.CaCO; (product of
carbonation) decomposes at temperatures from 700 °C (fine grained form - aragonite), or 800 °C (coarse
grained - vaterite). If calcite was present in increased amounts, the growing trend of carbonated mortar
would most probably be apparent for the mortar exposed to thermal load up to 700 °C as well (aragonite
begins to decompose at this temperature). Due to a thermal load of 600 °C (with the exception of the age
of 28 days), the strengths of mortar leveled. Mortar of the age of 150 days showed higher compressive
strengths when exposed to 1,000 °C. Mortar exposed to CO, showed only a very slight decrease of
compressive strength compared to reference samples after thermal load 1,000 °C (see Fig. 2). Thermal
resistance, which is characterized by the curves of reduction, showed differences at various
temperatures of thermal load. Those differences were 9 % or 6 % after thermal loads of 400 °C or
600 °C, respectively. Curves of reduction of compressive strength after thermal load of 600 °C imply
slightly negative influences of CO, on thermal resistance of analyzed mortar. However, this phenomenon
is minor, only observable in the case of strength after 150 days.
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Fig. 2: Compressive strength and its changes comparison

The development of flexural strengths (see Fig. 3) was different when compared to compressive
strengths. It was found no influence of carbonation, characterized by reduction of flexural strength due to
exposition to environment with increased concentrations of CO,. After 150 days, a slight reduction of
strength was observed. Mortars not exposed to increased temperatures showed flexural strengths from
5.7 to 6.6 N.mm™. As regards thermal resistance, this is an enhancement caused by longer term ageing.
Thermal resistance declines from a temperature 600 °C on; which may be caused by the adverse
influence of carbonation. However, in spite of this fact, thermal resistance remains very effective.
Residual flexural strength after thermal load with 1,000 °C of mortar exposed to CO, to 150 days is
2.6 N.mm™ (approximately 39 % of its original value).
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Fig. 3: Flexural strength and its changes comparison

Fig. 4 illustrates representative test samples at the age of 150 days after exposition to CO,. Fig. 5
illustrates representative test sample at the same age after exposition to CO, and the subsequent action
of extreme temperature of 1,000 °C. The test samples in the picture were subjected to tests of flexural
strength. The picture clearly shows that there are practically no failures in the fracture area. The only
notable phenomenon is a change of color shade of polymer-cement matrix. No cracks were identified by

visual examination. Structure of the material is compact, both on its surface and fracture area, which
represents inner structure.

|

Fig.4: Sample of composite exposed in environment with increased concentration of CO, after
150 days without thermal stress (in graphs marked as “150-C”) — surface (left) and detail of
fracture area (right)
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Fig. 5: Sample of composite exposed in environment with increased concentration of CO, after
150 days and subsequent exposition to 1,000 °C (in graphs marked as “150-C”) — surface (left)
and detail of fracture area (right)

The depth of carbonation was determined by the phenolphthalein test. This test was carried out only
on test specimensunexposed to thermal load, at the age of 90 and 150 days. Representative test
specimens appear in the pictures below (see Fig. 6). The average depthof carbonation at the age of
90 days was approximately 1.1 mm and increased at the age of 150 days up to 3.2 mm.

As regards measured values, it must be said that mortars contained agloporite which is porous
aggregate with grain size 0 — 1 mm. This fact has a major impact on the porous structure of the final
composite material, hence on the diffusion properties of the composite system. Various gaseous
compounds such as CO, can better permeate such a material.

Fig. 6: Fracture area of carbonated mortar (phenolphthalein test) — 90 days (left) and 150 days
(right) without high temperature exposure

Structure of tested mortar of all ages and types of exposure was analyzed in detail by means of CT. It
was found that the structure to berelatively compact, aggregate and the system of pores was evenly
distributed and the matrix had no significant failures or defects. Practically no failures were detected on
test specimens exposed to an adverse environment with CO, (incl. thermal load), even after more
detailed examination. For this reason, only pictures of mortar tests after 90 and 150 days are shown
here, i.e. pictures of the synergic action of CO, and extreme temperatures (see Fig. 7 to 9).
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Fig. 7: CT slice of sample (40 x 40 x 160 mm; in graphs marked as “90-C”) exposed to increased
concentrations of CO, after 90 days and subsequent exposure to 1,000 °C — cross section (left)
and detail (right)

The picture clearly shows that there were very rare cracks (only um wide) after 90 days. For example,
the picture below (see Fig. 7) shows a tiny crack (with max width ca 10 um), which was created on the
transition zone of dense aggregate and matrix. Closer observation of the further picture (see Fig. 8 — on
the left) reveals cracks (again, width in pm), which were mainly formed in the area of pores with
a diameter of ca 1.5 mm.No failures were detected in matrix, aggregate or transitional zone.

Fig. 8: CT slice of sample (40 x 40 x 160 mm; in graphs marked as “90-C”) exposed in increased
concentration of CO, after 90 days and subsequent exposition to 1,000 °C — cross section (left)
and detail (right)

The pictures below show the structure of mortar at the age of 150 days (see Fig. 9 and 10) after
synergic action of CO, and extreme temperatures. In this case, it was observeda slightly increased
number of failures, manifested as cracks. However, their occurrence remains minimal. Cracks were
predominantly located in two areas: in the area of pores and in the transition zone between aggregate
and matrix. The important fact is that they occurred in the transition zone of dense aggregate
(amphibolite).
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Fig. 9: CT slice of sample (40 x 40 x 160 mm; in graphs marked as “150-C”) exposed to increased
concentrations of CO, after 150 days and subsequent exposition to 1,000 °C - cross section (left)
and detail (right)

Cracks across the matrix were very rare (see Fig. 10).In all cases, those cracks identified on test
specimens at the age 150 days were limited in width to only um.

Fig. 10: CT slice of sample (40 x 40 x 160 mm; in graphs marked as “150-C”) exposed to
increased concentrations of CO, after 150 days and subsequent exposition to 1,000 °C — cross
section detail (left) and longitudinal section detail (right)

Further analyses by DTA and XRD were used for quantitative and qualitative assessment of the
development of carbonation at observed time intervals. It was proven by DTA that a slight increase of the
content of calcite (mostly in the form of aragonite) occurred in mortars exposed to increased
concentrations of CO,. The growth was confirmed by the slightly increased intensity of peaks of calcite
insamples exposed to CO, in a chamber. This finding relates only to mortars of the age of 150 days.
Calcite increased in only trace amounts. Otherwise, the gel structure of the C-S-H phase dominates the
matrix of mortar, which was proven by XRD analysis as well as SEM.
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Fig. 11: SEM of mortar exposed to increased concentrations of CO, after 150 days

SEM made it possible to analyze in detail the microstructure of tested mortar. Assessment was
emphasized of the synergic action of increased concentration of gaseous CO, and extreme
temperatures. Our evaluation of microstructures focused on the degree of disruption of matrix and the
transition zone between matrix and aggregate. Our paper shows the selected SEM images of mortar at
the age of 150 days (see Fig. 11 and 12).

The picture below (see Fig. 12, left) shows the pseudo-morphosis of aragonite, however, it was only
detected in trace amounts. A further picture (see Fig. 12, right) shows a more typical matrix, as is usually
found in analyzed mortars. The image clearly shows a grain of fly ash encapsulated by the matrix, where
a crystal of portlandite can be identified in the bottom area on the right.
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Fig. 12: SEM of mortar exposed to increased concentrations of CO, after 150 days and
subsequent exposition to 400 °C
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Fig. 13: SEM of mortar exposed to increased concentrations of CO, after 150 days and
subsequent exposure to 1,000 °C

It was quite difficult to find the products of carbonation in the microstructure, which corresponds with
our above-mentioned facts and findings. The picture above (see Fig 13) shows the microstructure of the
material exposed to the synergic action of adverse factors (after 150 days of ageing). It is evident that
the matrix microstructure is compact, with no apparent failures and defects. Only a partial decomposition
caused by extreme temperatures can be observed. Neither SEM analysis identified an increased number
of cracks, which corresponds with the CT results.

Conclusions

To conclude, it can be stated that mortar with high contents of alternative raw materials tested over
along term time horizon (ages up to 150 days) exhibits a high resistance to combinations of adverse
factors. These include increased concentrations of CO, and extreme temperatures (up to 1,000 °C). The
matrix was modified with high temperature fly ash and a considerable amount of the aggregate was fly
ash agloporite (porous aggregate manufactured by self-firing of fly ash). The developed mortar shows
very good thermal resistance, which remained essentially unaffected by the action of CO,. CT is
advantageous as an analytical method for the evaluation of structures of materials exposed to
aggressive substances causing degradation. This instrument of assessment is highly effective for the
non-destructive evaluation of three dimensional structure including detecting failures and abnormalities
in the analyzed materials. This is confirmed by the results and findings of Kim*!, Wang and Dai'?, who
also found this method as a key to research and development of materials exposed to extremely adverse
conditions. With respect to these facts, a focus on the tests and analyses appears to be very interesting
in longer time horizonsup toone year. The possible increase of concentrations of CO, might considerably
accelerate the degradation observed (for example Matousek and Drochytka®). It can be recommended
a focus on further research to monitor and evaluate the influence of more aggressive compounds such
as SO,, which is also quite common in the atmosphere.
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Vysokoteplotnim popilkem modifikovana malta s obsahem agloporitu
exponovana v CO, a pfi vysokych teplotach
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Souhrn

Clanek prezentuje vyzkum zaméreny na synergické ptsobeni CO, a extrémnich teplot na polymer-
cementové malty. Podstatnym kritériem pfi navrhu sloZzeni hmot bylo kromé dosaZeni poZadovanych
viastnosti také co nejvy$§i mnozstvi slozek z alternativnich surovinovych zdroji. Proto byla matrice,
resp. pojivova slozka, modifikovana vysokoteplotnim popilkem. Podstatnou ¢ast kameniva zaujimal
popilkovy agloporit. Agloporit je lehké kamenivo uméle vyrabéné samovypalem z vysokoteplotniho
popilku. Malty byly testovany na odolnost proti karbonataci dle CSN EN 13295 a nasledné exponovény
pfi teplotach 22 — 1000 °C. Malty byly analyzovany i v dlouhodobéjsim ¢asovém horizontu 90 a 150 dni.
Hodnoceny byly jak fyzikalné-mechanickeé, tak fyzikalné-chemické vlastnosti, vcetné mikrostruktury
(SEM, DTA, XRD and CT). Bylo zjisténo, zZe z hlediska analyzovaného vlivu synergického ptsobeni CO,
a vysoke teploty jsou vyvinuté malty zna¢né odolné.

Klicova slova: Malta, polymer, cement, popilek, agloporit, trvanlivost, oxid uhlicity, pevnost v tlaku
a ohybu, extrémni teplota, odolnost, mikrostruktura
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Abstract

Use of two previously isolated and described thermophilic bacteria Geobacillus caldoxylosilyticus
BGSC W98A1 and Aeribacillus pallidus in bubble column reactor for biological treatment of waste hot air
was tested. The development of inoculum composition was carried out using the method of the goal-
directed adaptation depending on final application by the addition of the pollutants as a primary source of
carbon and energy into the culture medium. Acetone, ethyl acetate, propionic acid, a-pinene,
triethylamine (TEA) and dimethyl sulfide (DMS) in the mixture were used to pollute a hot (50 °C) air.
Those mixtures of odor pollutants with different physical-chemical properties, structure, biodegradability
and claims on their specific degrader are representative of air pollution that is commonly present in real
off-gases. Finally, the analyses of taxonomic distribution of bacteria at the end of the reactor operation
were performed. The results confirmed high differences in removing of individual pollutants and surviving
of both introduced thermophilic bacteria in the reactor.

Keywords: inoculum optimization, thermophilic biofiltration, bubble column reactor, mixed pollution,
Geobacillus caldoxylosilyticus, Aeribacillus pallidus

Introduction

Hot waste air refers to, off-gas with temperature exceeding 50 °C with variable moisture and volatile
organic compounds (VOC) content. For purposes of this work we focus mainly on waste air generated by
rendering, composting and foodstuff drying facilities. Such air typically contains wide range of VOCs with
different moieties (volatile fatty acids, organic amines, sulfides etc.)*. Biofiltration, purification of the
waste air using biological agent in different types of reactors, is a dominant technology used for limiting
volatile organic compounds (VOC) emissions. Biofiltration process can, under certain conditions, lead to
reactor overheating and subsequent selection of thermophilic strains®. This phenomenon focused the
scientific interest on thermophilic biofiltration, a technology where the reactor is operated at elevated
temperatures (50 — 60 °C) and utilizes thermophilic or thermotolerant bacteria. This technology can be
applied for treatment of hot waste air or biofiltration in hot climate.

The main advantage of this technology is elimination of energy demand for cooling of hot waste air,
which can be considerable, especially in case of high relative humidity. Moreover, given the right
degrader, the elevated temperatures can be advantageous, because of enhanced biodegradation
kinetics®. Enhanced biodegradation kinetics affect the process both directly by improving removal rate of
individual compound or indirectly by decreasing inhibitory effects caused by substrate competition®.
Mohammad et al. compared performance of mesophilic and thermophilic perlite packet biofilters treating
BTEX (benzene, toluene, ethylbenzene, and xylenes mixture). The thermophilic biofilter showed higher
overall EC, lower pressure drop better removal of benzene then mesophilic biofilter under same OL.°
Similarly Montes et al. showed, that thermophilic biofilter degrading a-pinene performed better (EC =
293 g'm™-h™), than mesophilic one (EC = 195 g-m™:h™") under the same conditions’.
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In recent years thermophilic biofiltration has been carried out in reactors well tested for mesophilic
biofiltration. Conventional biofilters were investigated for treatment of methanol and a-pinene®, benzene
and toluene®, BTEX®, MTBE (methyl tert-butyl ether)'®, hydrogen sulphide, benzene, hexane and
toluene™ and sulfur dioxide™. Biotrickling filters were used for treatment of ethanol*, hydrogen
sulphide™ *®, isobutyraldehyde and 2-pentanone®’, a-pinene” *® and trimethylamine®®.Not much has
been published on thermophilic biofiltration in suspended growth reactors. Montes et al. investigated
a-pinene removal in two-phase stirred tank?®. Suspended growth reactors (bubble column reactors, airlift
reactors and stirred tanks) offer greater possibilities for monitoring and regulation of significant process
parameters (DOC, pH, biomass growth), which can help to further elucidate complex processes
occurring during the biofiltration process as opposed to conventional biofilters which are often
considered with “black box” approach®. Also not much has been published on thermophilic biofiltration
of relevant, real-life compound mixtures which are typically generated by target facilities. While it has
been shown, that it is possible to remove some of the compounds individually*®> *® ** 22 in case of
pollutant mixture following factors should be considered: preferential degradation of easily digestible
substrate by wide range of microbial strains, subsequent elimination of strains with specific activities and
accumulation of not degraded pollutants in media®"#*2°,

Inoculum optimization, selection of a suitable biocatalyst, is crucial step for efficient biofiltration as well
as characterization of relevant strains which possess specific degradation activity. In this work the
attention is focused on Aeribacillus pallidusand Geobacillus caldoxylosilyticus. Aeribacillus pallidus,
formerly known as Geobacillus pallidus?®or Bacillus pallidus®’ is gram positive, rod-shaped, endospore-
forming bacteria with temperature range for growth (30 — 67 °C) and optimum growth conditions (55 —
60 °C) an pH 7 — 8 2. Mnif et al. investigated biodegradation capability of bacterial strain very close to
A. pallidus (99 % similarity), it was able to utilize wide range of aromatic compounds: benzoic acid, gallic
acid, ferulic acid, m-cresol or phenol. On the other hand it was not able to degrade catechol,
naphthalene, fenanthren or toluene®. It possess and gene sequence YfIT, which is related to heat
induced thermotolerance, moreover its genome sequence has recently been published®*.Geobacillus
caldoxylolyticus formerly known as Saccharococus caldoxylolyticus® is a gram positive, rod-shaped,
endospore-forming bacteria with temperature range for growth (43 — 75 °C) and optimum growth
conditions 65 °C and pH 6.8 — 7.2.

In this work we investigate thermophilic biofiltration of pollutant mixture (mixture) based on real-life hot
waste air composition in bubble column reactor with focus on optimization of inoculum composition.

Experimental part
Microorganism’s origin and determination

Used bacteria were obtained from samples with potential content of thermophilic or thermotolerant
microorganisms originated from long-term operated biofiltr and from burning coal mine dumps in
Ostrava, the Czech Republic. Samples underwent an enrichment cultivation using basic salt medium at
60 °C. Mixture of VOCs containing toluene, butyl acetate, methyl isobutyl ketone, heptane and decane
with the weight ratio of 1:1:1:1:1 served as the sole energy and carbon sources. Standard isolation
procedure at 60°C was applied and DEV agar were used. Finally, after screening degradation tests,
Geobacillus caldoxylosilyticus BGSC W98A1 and Aeribacillus pallidus were chosen to be most promising
thermophilic bacteria for biofiltration of hot gases.

Total bacterial genomic DNA was extracted using UltraClean® Microbial DNA Isolation Kit (MoBio,
USA) following the manufacturer’s instructions. Amplification of the 16S-rRNA V6-V9 region was
performed using forward primer 926F (5-AAACTYAAAKGAATTGACGG-3')* attached to the Roche A
adapter for 454-library construction and reverse primer 630R (5-CAKAAAGGAGGTGATCC-3)*
attached to the Roche B adapter. For multiplexing purposes, each primer included a 10-nt barcode
sequence. The PCRs were performed for each sample with Fast Start PCR System (Roche, Mannheim,
Germany) containing 20 ng of DNA. PCR reactions were pooled and purified using a QiaQuick PCR
Purification Kit (Qiagen, Hilden, Germany). After quantification using a QuantiFluor® dsDNA
guantification kit and Quantus Fluorimeter (Promega, Madison, USA). The sequencing of the partial 16S-
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rRNA genes was performed on a 454 GS Junior system (Roche). Amplicons were sequenced as
recommended in the instructions of the manufacturer for amplicon sequencing. Sequences were
processed and data were analyzed according to the 454 operating procedure using uparse v8.

Microplate Reader tests

The culturing of the microorganisms was performed in the Microplate Reader ELx808 apparatus
where the ability of the microorganisms to grow in individual model solutions of selected pollutants were
monitored in three repeated series and where control culturing, which means without an added source of
carbon and energy, is performed. The growth of the microorganisms was expressed as a change in
optical density (0.D.) which was measured automatically every half an hour at wavelengths 450 and
630 nm. The inocula were prepared by submerged culturing of the microorganisms in a medium selected
depending on the experiment nature with an added source of carbon and energy with relevant
concentration. Data were evaluated based on direct indicators, specifically an increase/decrease in
optical density of the culture medium depending on a defined composition of the model solution allowing
the stimulating/inhibiting effect of the solution on the respective microbial population to be evaluated. An
increase in optical density is regarded as the manifestation of the stimulating effect of the tested solution.
On the other hand, a decrease in optical density is regarded as the manifestation of the inhibiting effect
of the tested solution. All experiments were performed in 3 repeated series.

Oxitop test

The cultures were simultaneously tested in the Oxitop apparatus allowing CO, generated during
aerobic culturing to be measured. CO, was absorbed in sodium hydroxide solution. This reduces
pressure in the closed culture bottle corresponding to consumed O,. Based on the state equation it was
then possible to calculate a decrease in the partial pressure of O, that is consumed by the bacteria. All
experiments were performed in 3 repeated series. Measured data was later compared to the model of
bacterial growth in the GraphPad Prism 4.0 application and the respective growth parameters (i.e.
specific growth rate and the lag (or the adaptation phase) duration) were calculated.

Chemicals

During the operation of the reactor basic salt medium (BSM) with following composition was used as
growth medium (g-I""): K,HPO, 4.3; KH,PO, 3.4; (NH,),S0,41.5; KNO;0.5; MgCl, 0.3; ZnS0,.7H,0 6-10;
MnS0,.H,0 2:10°; CuS0,.5H,0 2-10°; FeS0,.7H,0 3.2:10®; CaS0,.0.5 H,0 3-10°; C0S0,.7H,0 2:10°;
Na,B,0-.10H,0 2:10°. Acetone (< 99.5 %) dimethyl sulfide (DMS) (< 99.0 %), propionic acid (< 99.5 %),
ethyl acetate (< 99.5 %), triethylamine (< 99 %) and a- pinene (< 99.0 %) from Sigma-Aldrich were used
as pollutants in the biofiltration system and as standards for GC-FID calibration.

Reactor setup

The bubble column reactor (BCR) shown in Fig. 1 consisted of glass column with internal diameter of
7.5 cm. Total reactor height was 86 cm and working volume of 1.5 | and water level 37 cm. Working
temperature was in range 50 — 55°C and the reactor was heated with six pieces of flexible heater
TF 0412V/15W (Malapa, Czech Rep.) adhered to the reactor surface and regulated with socket
thermostat TX3 (Conrad, GmbH) and 12 V transformer. A glass frit with porosity 40 — 100 ym and
diameter 6.5 cm was used as gas distributor. Syringe pump Gilson 402 (Gilson Inc., France) was used
for loading of the pollutants to the inlet air stream, namely acetone, ethyl acetate, propionic acid,
a-pinene, TEA and DMS with the weight ratio of 1:1:1:1:1:1. Mixtures were loaded through T-shaped
glass tubes filled with glass cotton for efficient evaporation. Dissolved oxygen concentration was
measured by polarographic sensor In Pro 6050 (Mettler Toledo Inc., Czech Rep.) using multi-parameter
converter M300 (Mettler Toledo) and was automatically recorded in 5 min intervals. Neutral pH was
maintained at 7 + 0.5 by automatic pH stat MPH66 (Insa, Czech Rep.) with electrode OP-0718P
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(Radelkis Ltd., Hungary) using 1M NaOH solution. Water evaporation was compensated by providing
periodic supply of water. Reactor performance in terms of removal efficiency and elimination capacity
was evaluated by measuring pollutant concentration in the inlet and outlet gas stream.

The reactor was inoculated with mixture of Geobacillus caldoxylosilyticus BGSC W98A1 and
Aeribacillus pallidus in the ratio of 2:1.

Acetone, ethyl acetate, propionic acid, a-pinene, TEA and DMS in the mixture were used as
representatives of odor pollutants that are commonly present in off-gases from composting plant and
also foodstuff drying facilities. Interactions of those pollutants with different physical-chemical properties,
structure, biodegradability and claims on their specific degraders were tested during their simultaneous
degradation in BCR. Overall reactor operation time was 40 days. Loading by inlet concentration in steps
of 0.8, 1.6 and 2 g.m™ (sum of individual pollutants) and constant air flow rate of 1 1.min™* was applied to
determine effect of reactor overloading on degradation of individual pollutants and on composition of
degrading bacterial community.

12
6\:_I :
v
Liquid s e 7 ” 10
pollutant . B
mixture R 4
-y
4‘@7
2 X
1

Figure 1. Bioreactor setup: (1) blower, (2) control valve, (3) evaporating T fittings filled with glass
wool, (4) syringe pump, (5) flow meter, (6) inlet gas sampling port, (7) bubble column with an air
sparger (frit), (8) temperature control, (9) pH electrode linked to pH control system, (10) dissolved
oxygen electrode, (11) dump valve, (12) outlet gas sampling port

Methods for gas phase analysis

Pollutant concentration in the gas phase was determined by gas chromatography with flame
ionization detector (GC-FID) 6890N Network GS system (Agilent Technologies, USA). Gas samples
were taken by syringe Hamilton Bondauz Gastight ® 1750. The GC setting was the same as previously
published®*
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Evaluation parameters

Elimination capacity (EC):
Q

EC = (Cin — Cout) " Al m~3-h7
Organic load (OL):
OL= G- g m™ 17
Removal efficiency (RE):
RE = fin~ Cour 44 [%]
Cin

where C;,, and C,,; are inlet and outlet pollutant concentration [g - m~3], respectively, V,, is operating
bioreactor volume [m~3], Q is the air flow rate [m=3 - h™1].

Results and discussion

Optimization of inoculum

The purposefully selected ratio of the representatives of the two bacterial strains — Geobacillus and
Aeribacillus with evident capability of growth competition within the given range of temperature-
dependent growth conditions had a positive impact on the growth rate of the inoculum and the total
growth of the microbial population in the course of the biofiltration process as provided in Figure. 2. This
increase can be up to twice as high.

0.4

0.D. (630 nm)

00 I I I I
0.0 0.2 0.4 0.6 0.8 1.0

T (h)

Figure 2. Influence of inoculum compaosition on its growth rate and yield of biomass (propionic
acid C;,=500 mg.L'l; o:: - Aeribacillus pallidus: Geobacillus caldoxylosilyticus BGSC W98A1 — 2:1;
mo Aeribacillus pallidus:Geobacillus caldoxylosilyticus BGSC W98A1 — 1:2; A-Aeribacillus
pallidus; A Geobacillus caldoxylosilyticus BGSC W98A1.

The inoculum comprising the strain mixtures Geobacillus caldoxylosilyticus BGSC
WO9BAL: Aeribacillus pallidus with and without pre-cultivation on selected target pollutant in the ratios of
1:1; 2:1; 1:2, respectively, was used for submerged cultivation test. The culture prepared in this manner
with initial optical density O.D. = 0.1 at the culture temperature of 40 °C was subsequently used in the
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cultivation tests for the growth on propionic acid withinitial concentration of 500 mg.I™. In Fig. 2, the
curves indicate the growth of the microbial population in time characterizing the influence of the inoculum
composition on the course of the adaptation phase.

The purposefully selected ratio of the representatives of the two bacterial strains — Geobacillus and
Aeribacillus with evident capability of growth competition had a positive impact on the growth rate of the
inoculum and the total growth of the microbial population in the course of the biofiltration process as
provided in Fig. 2. This increase can be up to twice as high.

Table 1: Testing the development of the metabolic potential on propionic acid with initial
concentration of 500 mg.L'by the method of targeted adaptation of the inoculum depending on
the final application of the addition of propionic acid as the sole source of carbon and energy to

the culture medium

Geobacillus caldoxylosilyticus strain BGSC

WOBAL Growth rate (mg O,.L™".h™) sd

With pre-cultivation on propionic acid 25.4 0.5
Without pre-cultivation on propionic acid 13.7 0.1
Aeribacillus pallidus Growth rate (mg O,.L™".h™) sd

With pre-cultivation on propionic acid 29.5 0.4
Without pre-cultivation on propionic acid 14.3 0.2

Testing the development of the metabolic potential on a selected group of pollutants by the method of
targeted adaptation of the inoculum depending on the final application via the addition of the pollutant as
the sole source of carbon and energy showed that both tested strains demonstrate, in the case of pre-
cultivation on target pollutant, higher degradation rate on propionic acid. The increase in the degradation
rate for Geobacillus and Aeribacillus at the culture temperature 40 °C by 85 and 106 %, respectively,
have been achieved as depicted in Tab. 1.

Operation of bubble column reactor

Results of BCR performance are placed in Figure 3. Very high degradation efficiency (above 90 %)
was found for ethyl acetate, propionic acid regardless of organic load. Generally, both pollutants are very
well degradable and soluble, thus, both mass transfer to agueous medium and their degradation from
the medium are quick. The introduced bacteria were tested on propionic acid, therefore, nearly total
removal efficiency forpropionic acid and ethyl acetate, which is similar substance, is not surprising. At
first glance, the last oxygenated pollutant, acetone, appears to be easily degradable, however, it requires
specific initial reaction, which can in some cases even include carboxylation by CO,* %*. Acetone
removal, despite good mass transfer, was low with values in the range of 15 — 20 % independently on
the organic load. This preference of more easily degradable propionic acid and ethyl acetate over
acetone was previously observed in both biotrickling filter and biofilter under mesophilic conditions®.
Moreover, acetone accumulation in liquid media, rather than biodegradation, was observed under
overloading conditions. This phenomenon occurred during mesophilic biofiltration of paint solvents®” and
styrene-acetone mixture® in biotrickling filter and also in BCR treating styrene-acetone mixture®.

Both organic pollutants with heteroatoms, DMS and TEA, shown average removal efficiency, since
they require specific degraders with ability to cleave S-C or C-N bonds. Removal efficiency of DMS was
40 — 50 % only slightly dependant on organic load. On the other hand, removal efficiency of TEA was
highly depended on organic load. Initially its removal efficiency was close to zero; however, after the
acclimation period it rose above 90 %. After further increase of the whole organic load (69 g.m>.h™)
removal efficiency dropped to values around 50 %. The minimal removal efficiency of TEA at the initial
phase of loading tests was probably caused by lack of its degraders. Neither Geobacillus
caldoxylosilyticus nor Aeribacillus pallidus was probably able to grow on TEA. Composition of microbial
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population at the end of the reactor operation (Figure 5) indicates emergence of new strains which
possess the ability to degrade TEA.

Oxygenated organic compounds or hydrocarbons® *“were degraded by representatives of family

Bacillaceae. On the other hand, representatives of genus Bacillus, Geobacillus and Paenibacillus are
known by its ability to biodesulfurization*" “ i.e. cleavage of S-C bonds in sulfur organic compounds
frequently at thermophilic conditions.

The last used pollutant a-pinene is specific in several ways in comparison with other used pollutants
in mixture. It is hydrocarbon, thus, oxygenases are required for initiation of its degradation. Moreover, it
is complex molecule, which generally leads to poor degradability. Finally, its hydrophobic character and
very low solubility cause poor mass transfer, therefore, low availability for cells in aqueous medium.
Those are reasons for low removal of a-pinene in BCR (less than 30 %), moreover, it got even lower with
increasing of whole organic load (Figure 3).

Interactions between individual pollutants that led to decrease in removal efficiency were observed
during their simultaneous biofiltration, particularly when pollutants significantly varied in physical-
chemical properties and/or biodegradability. Mohseni and Allenpublished negative effect ona-pinene
degradation by presence of hydrophilic compound (methanol) in compost and wood chips packed
biofilter*®. Similar phenomena were observed for hydrophobic pollutants in mixtures with polar, e.g.
styrene-acetone and paint solvents in different types of reactors®> %> %,

100 s —a—— 1

80 r

60 r

RE (%)

40 |

o | s

0 I 1 I 1 I 1 I
100

80 r

60 t

RE (%)

40 |

20 r

OLy (g.m=3.h")

Figure 3. Efficiency of removal of individual pollutants from their mixture in BCR during
loading by inlet concentration. Degradation efficiency of ethyl acetate (A ), propionic acid (o),
acetone (o) in Figure a, DMS (m), TEA (o) and a-pinene (4) in Figure b.
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Although removal efficiency and elimination capacity of ethyl acetate and propionic acid were high,
the lower removal efficiency of acetone, DMS and TEA and poor removal efficiency of a-pinene caused
low values of overall removal efficiency and elimination capacity (Figure 4). The mixture was removed
with maximal removal efficiency of 47 % and maximal elimination capacity of 27 g.m™.h™. Above the
organic load of 56 g.m™.h™ overloading of the BCR was observed i.e. both overall removal efficiency and
elimination capacity decreased. Dissolved oxygen concentration was measured during BCR operation. It
ranged from starting values of 5.7+0.5 g.I" to values of 5.2+0.3 g.I"* at the end of the BCR operation
during the highest organic loading of 69 g.m*>.h* (data not shown). Thus, no limitation of biological
processes by oxygen was observed and oxygen mass transfer was sufficient for the biodegradation
process at 50 °C.

60

40 t

20 r

ECw (g.m3.h"") and RE,, (%)

OLy (g.m=3.h'1)

Figure 4. Overall removal efficiency (m) and elimination capacity (o) in BCR during loading by
inlet concentration.

Analysis of microbial mixed culture at the of end BCR operation

An analysis of taxonomic distribution of bacteria in 40" day of BCR operation was performed. Results
are shown in Figure 5. Genus Aeribacillus predominated in bacterial mixture with 64 %. Also, the second
introduced genus Geobacillus had significant share of 9 %. Further bacteria appeared in the population,
namely representatives of the genus Blastocatella (9 %), genus Achromobacter (2 %) and family
Rhodocyclaceae (16 %). Although both introduced bacteria were able to survive in competitive nonsterile
environment with pollutants as the sole energy and carbon sources, Aeribacillus shown much stronger
adaptability and vitality.
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Family Genus
Rhodocyclaceae L Blastocatella
Genus
Achromobacter
Genus
Geobacillus
Genus
Aeribacillus

Figure 5: Activated sludge bacteria composition in 40" day of BCR operation. Pie charts
represent relative abundances of different bacteria genus or family only in case of
Rhodocyclaceae that was not more precisely defined.

Conclusions

The results demonstrably confirmed the higher growth rate of the mixture of test strains compared to
the individual cultivation results, optimal ratio of Geobacillus caldoxylosilyticus BGSC W98A1 and
Aeribacillus pallidus was 1:2.

Individual pollutants were removed from waste gas, based on real off-gas composition, with very different
rates. Ethyl acetate and propionic acid were removed almost completely, while removal of DMS and TEA
was limited, probably due to specific degrader requirements.Least removable pollutant was a-pinene with
removal efficiency below 30 %. The process was not limited by dissolved oxygen concentration.

Introduced Aeribacillus and Geobacillus predominated in bacterial mixture with summary percentage
of that genusof 73 % after 40 days of BCR operation.

This method of biological hot (T > 35°C) off-gas treatment can be utilized in various industries,
particularly to remove odor organic acids and/or their derivatives. The most extensive application of this
technology can be seen in incineration plants, composting plants, smoke houses or wastewater
treatment plants.

List of symbols

TEA triethylamine

DMS dimethyl sulfide

EC elimination capacity (g.m>.h™)

oL organic load (g.m™>.h™)

RE removal efficiency (%)

BTEX benzene, toluene, ethylbenzene, and xylenes mixture
MTBE methyl tert-butyl ether

DEV nutrient agar based on meat extracts

oD optical density
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Souhrn

V ramci projektu bylo testovano pouZziti dvou dFfive izolovanych a popsanych termofilnich bakterii
Geobacillus caldoxylosilyticus BGSC W98A1 a Aeribacillus pallidus v probublavaném kolonovém
reaktoru uréeném pro biofiltraci odpadniho horkého vzduchu. Optimalizace sloZeni inokula byla
provedena za pouZiti metody cilené adaptace zaloZené na pridani znecistujicich latek jakoZto
primarniho zdroje uhliku a energie do kultivacniho média v zavislosti na konec¢né aplikaci. V simulacnich
testech byly jakoZto kontaminanty pouZity nasledujici latky ve smési: aceton, ethylacetat, kyselina
propionova, a-pinen, triethylamin (TEA) a dimethylsulfid (DMS), teplota vzduchu pro testy byla
nastavena na 50 °C. Jedna se o smés latek vyskytujicich se jakozZto kontaminanty v odpadnich plynech,
senzoricky aktivnich, s raznymi fyzikalné-chemickymi viastnostmi, strukturou, biologickou rozloZitelnosti
a pozadavky na jejich specifické degradéry. Testovana smés tedy pfedstavuje svym sloZzenim
reprezentativni smés, ktera se bézné vyskytuje v realnych odpadnich plynech. V zavéru provadénych
testti byly provedeny analyzy taxonomické distribuce bakterii. Vysledky potvrdily velké rozdily
Vv odstrariovani jednotlivych znecistujicich latek a schopnost obou testovanych kmeni aplikovanych
Vv inokulu preZit v testovanych podminkach v reaktoru.

Kli¢ova slova: optimalizace inokula, termofilni biofiltrace, probublavany kolonovy reaktor, smisené
znecisténi, Geobacillus caldoxylosilyticus, Aeribacillus pallidus
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Souhrn

Tento prispévek je zaméfen na dvoustupriovou upravu kapalné frakce fermentacniho zbytku (tzv.
fugéatu) umozriujici Fedit problémy spojené s velkou produkci fermentaéniho zbytku v ramci provozu
zemédélskych bioplynovych stanic, které byly v poslednich letech v CR vybudovény. Tato Uprava
spociva v biologické nitrifikaci dusiku obsaZeného ve fugatu a néasledném tepelném zahusténi
nitrifikovaného fugatu. Nitrifikace umoZzni oxidaci vyznamné ¢asti amoniakéalniho dusiku na dusi¢nany
a zaroven vede k poklesu pH fugatu, ¢imz mohou byt minimalizovany ztraty dusiku tékanim amoniaku
v prubéhu skladovani fugatu i jeho aplikace na zemédélskou pldu. Zahusténi vyuZzivajici pfebyteéné
teplo produkované kogeneraCnimi jednotkami pak vede k radikalnimu sniZzeni objemu fugatu a
k produkci destilatu. Zahustény fugat s vysokym obsahem dusiCnant muzZe byt vyuZit jako cenné
hnojivo, pficemz naklady na jeho dopravu jsou podstatné niz8i nez v pfipadé surového fugatu, snizi se
i riziko zhutriovani puady &astymi pojezdy zemédélské techniky aplikujici fugat. Nabizi se i vyuZiti
destilatu jako procesni vody napfiklad pro optimalizaci suSiny substratu vstupujiciho do anaerobniho
reaktoru bioplynové stanice. V ramci pfispévku jsou presentovany prvotni vysledky vyzkumu v této
i v agresivnim prostredi fugatu, pficemz nitrifikace vede ke sniZeni pH fugatu aZ o nékolik jednotek.
Hlavnim faktorem ovlivriujicim viastnosti produkt odparovaciho procesu je hodnota pH zahus$tovaného
fugatu.

Klicova slova: Fermentacni zbytek, fugat, Ziviny, nitrifikace, tepelné zahustovani

Uvod

Fermentacni zbytek (€asto oznaCovany téz jako digestat) produkovany v ramci provozu bioplynovych
stanic je v fadé pfipadl separovan na dvé slozky: na pevnou frakci (tzv. separat) a na kapalnou frakci
(tzv. fugat). Separat muze byt nasledné dosousen a vyuzit pro fadu ucell (stelivo, péstebni substrat i
jeho slozka, surovina pro vyrobu kompostu & vermikompostu apod.)"?. Fugat, charakteristicky nizkou
suSinou do 5 %, predstavuje v tomto pfipadé v podstaté odpadni proud, pfiCemz nakladani s nim je
spojeno s fadou problém(°®. Soudasnou bé&znou praxi nakladani s fugatem je jeho relativng dlouhodobé
skladovani v uskladfiovacich nadrzich a jeho nasledna aplikace na zemédélskou pidu. Fugat obsahuje
relativné velké mnozstvi Zivin, zejména amoniakalniho dusiku (N-amon). Pomérné vysoky je ve fugatu i
obsah drasliku, hofgiku a vapniku &i fosforu®®. N-amon se vyskytuje ve dvou disociaénich forméch,
kterymi jsou amonny kationt (NH,") a nedisociovany amoniak (NHs, free ammonia - FA). Pomér téchto
forem je dan fyzikalné-chemickymi podminkami, pfi¢emz zasadni vyznam ma v tomto ohledu zejména
hodnota pH a teplota. Zastoupeni tékavého NH; se zvySuje s rostouci hodnotou pH a s rostouci
teplotou®’. Fugat je charakteristicky mirné zasaditou hodnotu pH (cca 7,5 — 8,5). Za téchto podminek je
jiz zastoupeni nedisociovaného NH; pomérné vysoké, v zavislosti na teploté &ini cca 4 — 20 %°.

Tékavy NH; pfi skladovani fugatu i pfimo béhem jeho aplikace na pudu unikd do ovzdusi, coz je
nezadouci jak z environmentalniho®, tak z ekonomického hlediska (ztrata dusiku). Podil ztrat mize &init
az 30 % z celkového mnozstvi dusiku plvodné obsaZeného ve fugatu®. Ziviny jsou pres relativné vysoké
koncentrace N-amon, fosforeCnanl a dalSich latek ve fugatu rozptyleny v pomérné velkém mnozstvi
balastni vody. To navySuje naklady na skladovani, pfepravu a naslednou aplikaci tohoto materialu na
pudu. Vysoka frekvence pojezdu zemédeélské techniky aplikujici velké objemy fugatu je navic spojena
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i se zvySenym rizikem zhutnéni plGdy. Problémy s uplatnénim digestatu nebo jeho kapalné slozky
(fugatu) jsou slabym c¢lankem provozu soucasnych BPS. Pfitom vyvinuti vhodné technologie pro
zpracovani fugatu maze vést k ploSnému vyuziti separace digestatu a celkové i k racionalizaci vyuziti
latek v ném obsazenych.

Optimalizovat vyuziti Zivin obsazenych ve fugatu je mozno rGznymi pfistupy, které jsou zpravidla
zaloZeny na zakoncentrovani Zivin & jejich ziskani v relativné &isté podob&™. Znamé jsou fyzikalng-
chemické metody vedouci k ziskani amonného dusiku, popfipadé k sou¢asnému ziskavani amonného
dusiku a fosforu — napfiklad stripovani amoniaku, & srazeni struvitu™*. Cist& biologickou metodou je
prevedeni Zivin obsaZenych ve fugatu do biomasy fas &i vyssich rostlin'®>. Zmin&né zptisoby zpracovani
fugatu jsou v3ak vice €i méné selektivni, tedy s jejich pomoci jsme schopni ziskavat pouze jednu (napf.
stripovani amoniaku), dvé (dusik a fosfor pfi srazeni struvitu) nebo nékolik (inkorporace do biomasy fas)
zivin. Ostatni cenné latky obsazené v surovém fugatu neni mozno zpravidla vyuzit. Navic jsou vSechny
vySe uvedené postupy spojeny s produkci odpadniho materialu, tedy vody zbavené vybranych Zivin.
Cisténi takové odpadni vody je pfitom velice komplikované, nebot fugat obsahuje pestrou $kalu
nejriznéjsSich chemickych latek. Zasadnim problémem z hlediska biologického Cisténi takového proudu
odpadni vody je vysoky obsah téZko biologicky rozloZitelnych organickych latek charakteristicky pro
material, ktery jiZ proSel anaerobnim biologickym rozkladem v biologickém reaktoru bioplynové stanice.

Cestu umoznuijici zachovat pfi zpracovani fugatu v koncentrovaném proudu v podstaté vSechny ziviny
a soucCasné se vyvarovat produkce odpadni vody mUlze predstavovat tepelné zahustovani fugatu
vedouci k odpafeni vyznamné &asti balastni vody'®, popfipadé aplikace membranovych procest
(zpravidla ultrafiltrace a reverzni osméza, resp. jejich kombinace)****. Membranové procesy predstavuji
pomérné slozité a nakladné systémy. Tento pfispévek se zaméfuje zejména na variantu zpracovani
fugatu jeho tepelnym zahustovanim. To je velice energeticky naroéné™, nicméné pokud zohlednime
skutednost, ze vétSina zemédélskych BPS provozovanych na Gzemi CR nedokaze vyuzivat vedkeré
teplo produkované kogeneracnimi jednotkami, naskyta se mozZnost jeho vyuziti pravé pro tepelné
zahustovani fugatu vedouci k zakoncentrovani vedkerych Zivin do jednoho produktu omezeného
objemu. Destilat ziskany v pribéhu procesu (kondenzované pary balastni vody) by navic bylo mozno
v arealu bioplynové stanice vyuZzit jako procesni vodu, zejména pro upravu obsahu vody v substratu
vstupujicim do anaerobniho reaktoru. Abychom pfi tepelném zahustovani zamezili unikim amoniaku do
destilatu, resp. do ovzdusi, je v8ak nutné nejprve upravit hodnotu pH fugatu do mirné kyselé oblasti
(< 6,0). Nejjednodussi metodou, jak tohoto cile dosahnout, je davkovani mineralni kyseliny™®. Nevyhodou
tohoto pfistupu je vSak vysoka spotfeba chemikalii a z ni plynouci provozni naklady. Problémem muze
byt i okyselovani puady po aplikaci takto upraveného fugatu.

Nabizi se v8ak moznost docilit upravy pH fugatu pfed jeho tepelnym zahusténim bez davkovani
chemickych ¢inidel. Tato moznost spociva v nitrifikaci N-amon obsazeného ve fugatu. Nitrifikace
predstavuje biochemickou oxidaci N-amon na dusi¢nany a je soucasti pfirozeného kolobéhu dusiku ve
vodnim prostfedi. Tato biochemicka transformace probiha ve dvou krocich a podileji se na ni dvé
nezavislé skupiny nitrifikacnich bakterii. N-amon je nejprve oxidovan na dusitanovy dusik (N-NO)
¢innosti nitritaCnich organismd (ammonium oxidizing bacteria - AOB) rodu Nitrosomonas, Nitrosococus
a dalSich. Nasledné je N-NO, pfevadén na dusi¢nanovy dusik (N-NOj’) v ramci €innosti nitrataCnich
organismu (nitrite oxidizing bacteria - NOB) rodu Nitrobacter, Nitrospira a dalSich. Oxidované formy
dusiku (N-NO, a N-NOy3) pfitom nejsou tékavé a z tohoto hlediska je mozno je povazovat za ,stabilni*
formu dusiku. Nitrifikace je v kombinaci s denitrifikaci i zakladnim principem odstrafovani sloucenin
dusiku z odpadnich vod. Pfi nitrifikaci, pfesnéji v prabéhu jeji prvni faze - nitritace, jsou uvolfiovany ionty
H*. V ptipadé vodniho prostiedi s velmi vysokou koncentraci N-amon a nedostate¢nou kyselinovou
neutralizaéni kapacitou (coZ je i pfipad fugatu) proto dochazi pfi nitrifikaci k poklesu hodnoty pH®. Diky
tomu je zaroven s produkci oxidovanych forem dusiku po nitrifikaci radikalné sniZzeno riziko ztrat dusiku
tékanim amoniaku, nebot i v pfipadé, Ze vyznamna &ast N-amon neni pfi nitrifikaci pfevedena na
oxidované formy, zastoupeni t€kavého NH; je minimalni.

Se zpracovanim fugatu s vyuzitim nitrifikace nejsou v CR dosud Zzadné zkusenosti. Na druhou stranu
je vS8ak za uCelem optimalizace tohoto procesu mozno vyuZzit vysledky ziskané pfi dlouhodobych
experimentech zaméfenych na zpracovani kalové vody ¢i jinych odpadnich vod charakteristickych
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vysokou koncentraci sloudenin dusiku'®*®. Prekazkou pro Uspé&$nou iniciaci a dlouhodobé udrzeni

nitrifikacniho procesu v prostfedi fugatu muze byt vysoka koncentrace N-amon. Ten je sice substratem
pro AOB, ale zaroven na tyto organismy (zejména ve formé FA) od urcité koncentrace pusobi inhibi¢né.
Jesté citlivéjSi jsou vtomto sméru NOB. Navic, pfechodna akumulace N-NO,, ke které dochazi
v pfipadé c¢innosti AOB a soucCasné inhibici aktivity NOB, mUlze nitrifikaéni organismy sekundarné
inhiboﬁ\{?t jesté silngji z duvodu zvySeného vyskytu volné kyseliny dusité (HNO,, free nitrous acid —
FNA)>".

Cilem tohoto pfispévku je ovéfit moznost iniciace a dlouhodobého udrzeni nitrifikacniho procesu
v agresivnim prostiedi fugatu a posoudit vliv riznych faktord na prabéh tohoto procesu. Zaroven si klade
za cil navrhnout optimalni podminky pro tepelné zahustovani suroveho fugatu tak, aby bylo mozno zvolit
vhodnou strategii pro dvoustupfiovou Upravu fugatu v soustavé nitrifikace — tepelné zahusténi, ktera
bude realizovana v dalSich fazich vyzkumu.

Experimentalni ¢ast

Test zaméfeny na simulaci nitrifikace v prostfedi fugatu probihal v laboratornim modelu biologického
reaktoru zkonstruovaného z plexiskla, jehoz pracovni objem C¢inil 1,5 I. Za reaktorem byla zafazena
dosazovaci nadrz o objemu 0,25 I. K inokulaci systému nitrifikujici biomasou byl vyuzit vratny aktivovany
kal odebrany z biologického stupné cCisténi na méstskeé Cistirné odpadnich vod. V okamziku zahajeni
provozu byl cely objem reaktoru napinén aktivovanym kalem o koncentraci (NL) cca 10 g/, teprve poté
bylo zahajeno kontinualni davkovani fugatu. Pribéh zapracovani reaktoru v danych podminkach
(prakticky nulova koncentrace N-amon v reaktoru pfi zahajeni provozu reaktoru) byl analogicky s dfive
provedenym experimentem s kalovou vodou vznikajici pfi odvodhovani anaerobné stabilizovaného
kalu'®. Reaktor byl provozovan jako aktivaéni systém v rezimu sméSovaci aktivace zpUsobem
analogickym s postupy aplikovanymi pfi biologickém &i$téni odpadnich vod®. Provzdudiiovani aktivaéni
smési bylo zajisténo vzduchovacim motorkem pouzivanym v akvaristice. PfeCerpavani tekutin v ramci
modelu bylo realizovano pomoci peristaltickych Cerpadel. Fugat pouzity jako vstup do reaktoru byl
odebran z bioplynové stanice zpracovavajici zejména praseci kejdu, travni hmotu a masokostni moucku.
Koncentrace N-amon v pouzitém fugatu se pohybovala mezi 2,4 a 2,9 g/l, pficemz predstavovala
dominantni chemickou formu dusiku v tomto fugatu. Hodnota pH dosahovala v priméru 8,2. Fugat byl
charakteristicky velice vysokym obsahem organickych latek, pficemz hodnota CHSK odstfedéného
vzorku ¢Cinila pramérné 8,3 g/l. Homogenizovany vzorek vykazoval dokonce hodnoty CHSK okolo 20 g/I.
Zatizeni reaktoru se v prib&hu provozu reaktoru pohybovalo mezi 0,17 a 0,70 kg/(m®-d). Tomu
odpovidala hydraulicka doba zdrzeni fugatu v reaktoru v rozsahu 4 — 15 dn0. V ramci téchto prvotnich
experimentd byl reaktor provozovan po dobu 54 dnl. Hodnota pH nebyla regulovana, coz limitovalo
celkovou ucinnost prevedeni N-amon na oxidované formy ve shodé s priibéhem nitrifikaéniho procesu
v kalové vodé vznikajici pfi odvodfiovani anaerobné stabilizovaného kalu™®.

V prabéhu celého experimentu bylo jednou tydné provadéno spektrofotometrické méfeni koncentrace
N-amon ve vstupnim fugatu a koncentraci jednotlivych forem dusiku (N-amon, N-NO, a N-NOj3) na
odtoku z reaktoru. Ve stejném intervalu byla sledovana i hodnota CHSK fugatu na vstupu a vystupu.
Kontinualné pak byla pomoci méficiho systému Magic XBC (GRYF HB, spol. sr.0.) méfena teplota
a hodnota pH v reaktoru. Pravidelné byla také sledovana koncentrace kysliku v reaktoru, ktera byla ve
shaze zabranit limitaci vykonnosti reaktoru a hromadéni dusitant v odtoku®udrzovana na hodnotach
prevysujicich 2,5 mgl/l.

Za uCelem posouzeni efektivity nitrifikacniho procesu byl pouzit parametr ,ucinnost pFevedeni
N-amon na oxidované formy* (E (ox)), jehoZ hodnota byla vypoctena dle nasledujici rovnice 1:

¢(N-NO3)+ c(N-NO3)

E (ox) = c(N-NO3)+ c(N-NO3 )+ c(N-amon)

-100 % (1),
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ve které c(N-NO,), c(N-NO3z) a c(N-amon) predstavuji koncentraci jednotlivych forem dusiku na
odtoku z reaktoru.

Koncentrace volného amoniaku -FA (Cga) a volné kyseliny dusité - FNA (Cgya) V Mg/l byly vypoCteny
dle nasledujicich rovnic (rovnice 2 a 3)°:

17 c(N—amon)- 10PH

FAT I o) o ‘2’
_ 46 c(N-NO03)
FNAT 5 o () 10" ©)

kde c(N-amon) a c(N-NO,") pfedstavuje aktualni celkovou koncentraci N-amon a N-NO, v mg/l, T je
teplota ve °C a pH aktualni hodnota pH v systému.

K pokusiim zamé&fenym na tepelné zahustovani fugatu byla vyuZita laboratorni odparka BUCHI
Rotavapor R-215 s vakuovou pumpou V-700 a regulatorem podtlaku V-850. Prvotni pokusy zaméfené
na odpafovani balastni vody z fugatu probihaly za snizeného tlaku (300 mBar) s vyuZitim vodni lazné
temperované na teplotu 95 °C. P¥i tepelném zahustovani byl produkovan zahustény fugat a destilat
vznikajici kondenzaci vodni pary v chladici, ktery je soucasti pouzité odparky. Zpracovavany byly vzorky
fugatu o objemu 200 ml. Pfed zahajenim vlastniho odpafovani byly vzorky pfidavkem kyseliny sirové
0 molarni koncentraci 0,1 mol/l okyseleny ze slabé alkalické hodnoty typické pro fugat na hodnoty 6,0;
5,0; resp. 4,0. Nasledné byly vzorky tepelné zahustény na 50 % puvodniho objemu. Z pavodniho objemu
fugatu 200 ml bylo tedy 100 ml pfevedeno do destilatu. Ve vzorcich surového fugatu, zahusténého
fugatu i destilatu byla sledovana hodnota pH, koncentrace amoniakalniho dusiku a mérna elektricka
vodivost (konduktivita).

Testy byly realizovany s fugatem produkovanym v ramci tfi BPS provozovanych na tzemi CR (BPS
1, BPS 2 a BPS 3). BPS 1 a BPS 2 zpracovavaji pfevazné cilené péstovanou biomasu a exkrementy
hospodarskych zvifat, BPS 3 vyuziva jako substrat pro vyrobu bioplynu zejména separované bioodpady
a biologicky rozlozitelné odpady z kuchyni a stravoven (gastroodpad).

V ramci experimentu byl kvantifikovan podil amoniakalniho dusiku zlstavajiciho v zahusténém fugatu
a jeho podil pfechazejici do destilatu. UrCovany byly také ztraty dusiku béhem odpafovaciho procesu.
Tepelné zahustovani jednotlivych vzorka bylo realizovano ve tfech opakovanich, pficemz nize uvedené
vysledky jsou aritmetickymi priiméry z téchto tfi pokusu.

Veskeré chemické rozbory vzork( byly provadény ve shodé s postupy uvedenymi v praci**.N-amon
byl stanovovan spektrofotometricky indofenolovou metodou, N-NO; a N-NO, byly kvantifikovany
spektrofotometricky s 2,6 dimethylfenolem, respektive s amidem Kkyseliny sulfanylové a NED
dihydrochloridem, hodnota CHSK byla stanovovana dichromanovou metodou (spektrofotometrickou
semimikrometodou).

Vysledky a diskuse
LABORATORNI TEST HODNOTICi NITRIFIKACI FUGATU
Zmény koncentrace slouc¢enin dusiku v odtoku z nitrifikacniho reaktoru

Pfes extrémné vysokou koncentraci N-amon a organickych latek ve zpracovavaném fugatu se
podafilo od po€atku experimentu iniciovat nitrifikacni proces s dusiCnany jako kone€nym produktem. To
svédCi o vysoké aktivité nitritacnich (AOB) i nitratacnich (NOB) bakterii. Jiz dva dny po zahgjeni
experimentu byla v odtoku z reaktoru zaznamenana koncentrace N-NO;" 250 mg/l, pficemz do 21. dne
rovnomérné stoupala az na 1540 mg/l (obrazek 1A). Sou€asné dochazelo k narlistu koncentrace N-
amon v odtoku. Z vyvoje koncentraci jednotlivych forem dusiku v odtoku je zfejmé, Ze pfiblizné polovina
N-amon byla v této fazi pfevedena na N-NO;™ a druha polovina zlstavala v odtoku. Produkce N-NO,
byla do 21. dne provozu reaktoru velice nizka. Od 21. dne experimentu byl (patrné v souvislosti se

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 302



Pavel MICHAL, Pavel SVEHLA, Luké&$ PACEK, Pavel TLUSTOS: Zpracovéni kapalné frakce fermentacniho zbytku
biologickou nitrifikaci a tepelnym zahusténim

zvysSenim zatizeni reaktoru — obrazek 1B a poklesem pH v reaktoru — obrazek 2A) zaznamenan
pozvolny narlst koncentrace N-NO,, ktery byl doprovazen poklesem koncentrace N-NOj. Zatimco
21. den byla naméfena koncentrace N-NO;, 47 mg/l, 28. den jiz Cinila 1022 mg/l. Koncentrace N-amon
v odtoku se od 15. dne ustalila na hodnotach mezi 950 a 1250 mg/I.

Postupny nartst koncentrace celkového dusiku (sumy N-amon, N-NO3 a N-NO;) v odtoku z reaktoru
reaktoru, ktery byl plvodné naplnén aktivovanym kalem s koncentraci dusiku nepfevysujici 20 mg/I.
V dalSim pribéhu experimentu byla v nékterych pfipadech naopak zaznamenana situace, ve které
soucet koncentraci jednotlivych forem dusiku v odtoku pfevySoval koncentraci N-amon v pfitoku. K tomu
doslo zejména okolo 20. dne provozu reaktoru. Hlavnim divodem tohoto jevu byl patrné provoz reaktoru
pfi relativné nizkém zatizeni, kdy pfi malém pratoku dochazelo k zahu$tovani fugatu odparem vody
Z reaktoru. Tuto domnénku potvrzuje i skute€nost, Ze po nasledném zvySeni zatizeni reaktoru (a tim
i prutoku fugatu reaktorem) jiz nebyl tento jev tak vyznamny (obrazek 1). K odparu sice pochopitelné
dochazelo v pribéhu celého experimentu, nicméné pfi vy§§Sim pritoku reaktorem nemél takovy vliv na
koncentrace sledovanych latek, nebot objem odpafené vody byl ve vztahu k pritoku zanedbatelny.
Urcity vliv na bilanci dusiku v systému mohla mit i pfipadna mineralizace organického dusiku
v nitrifikaénim reaktoru. Ta by mohla byt vyznamna zejména ve fugatu z anaerobnich reaktorQ
bioplynovych stanic, ve kterych nedochazi k dostate¢né ucinnému rozkladu organické hmoty. V kazdém
pfipadé je zamérem autor(l tohoto pfispévku se v ramci navazujicich experimentl podrobnéji vénovat
biochemickym pfeménam slougenin dusiku, které by v reaktoru mohly probihat soubé&zné s nitrifikaci.

Zjisténi, ze pfi vhodné volbé strategie zapracovani nitrifikacniho procesu je mozno nitrifikaci okamzité
iniciovat pres extrémni chemické sloZzeni zpracovavané vody je ve shodé se zavéry plynoucimi
z experimentt provedenych s kalovou vodou vznikajici pfi odvodiovani anaerobné stabilizovaného kalu
na velkych méstskych &istirnach odpadnich vod*®. Vysledky prezentované v ramci tohoto prispé&vku tedy
potvrzuji pfedpoklad, ze v mnoha ohledech bude nitrifikace v prostfedi fugatu probihat podobné jako
v pfipadé biologického C¢isténi kalové vody, pFestoZze fugat obsahuje N-amon ve vyrazné vyS$Si
koncentraci nez kalova voda a nékolikanasobné vyssi ve fugatu je i hodnota CHSK kvantifikujici obsah
organickych latek.
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Obrazek 1: Nitrifikace fugatu — koncentrace N-amon ve vstupnim fugatu a koncentrace N-amon,
N-NO; a N-NOj; v odtoku z reaktoru (A); objemové zatizeni dusikem - BV a uc¢innost prevedeni
N-amon na oxidované formy — E (ox) (B)

Hodnota pH a jeji vliv na inhibici nitrifikace

Do 21. dne pokusu se hodnota pH v reaktoru pohybovala mezi 6,1 a 6,5 (obrazek 2A). Nasledné ale
doslo k poklesu pH az na 5,2. To mélo i pfi relativné nizké koncentraci N-NO, (47 mg/l méfeno 21. den)
za nasledek pomérné vyznamny narlst koncentrace volné kyseliny dusité (FNA), viz obrazek 2B. Jiz
22. den byla zaznamenana koncentrace FNA dosahujici 13,8 mg/l. Pfitom jiZ rozmezi koncentrace FNA
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0.2 — 2.8 mg/l byva z hlediska aktivity NOB oznagovano jako inhibiéni®. Nékteré nov&jsi studie naznaduiji,
Ze FNA muiZe inhibovat &innost NOB dokonce pfi koncentraci 0,037 mg/I*2. Z tohoto ddvodu byla patrné
od 21. dne aktivita NOB vyznamné omezena, coz se projevilo strmym naristem koncentrace N-NO,
(obrazek 1A) a soucasné logicky i dalS§im vzristem koncentrace FNA (obrazek 2B). Ta vzrostla na
extrémni hodnoty dosahujici az 30,9 mg/l. Za téchto podminek jiz ve shodé s Vadivelu et al.? doslo
i k potladeni aktivity AOB, coz se v dusledku absence acidifikace prostfedi pfi jejich &innosti’projevilo
strmym narGstem pH az na 8,7 (méfeno 35. den experimentu). Tento narust pH na jedné strané
eliminoval inhibiéni plisobeni FNA, na druhou stranu v8ak vyvolal narlist koncentrace volného amoniaku
(FA) az na extrémni hodnoty dosahujici 35. den az 308 mg/l (obrazek 2B).
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Obrazek 2: Nitrifikace fugatu — hodnota pH a teplota v reaktoru (A) a jejich vliv na koncentraci
FA a FNA (B)

Za téchto podminek jiz nelze oekavat uspokojivou funkci NOB ani AOB®?®. Pfesto se v dal$im
prubéhu experimentu ¢innost reaktoru obnovila, coz se projevilo uritym poklesem pH jiz pfi dal§im
méfeni. | dale v8ak pfes vyznamné snizeni zatiZzeni reaktoru (obrazek 1B) dochazelo k silnym fluktuacim
v hodnoté pH a tedy i k pfechodnému extrémnimu narlstu koncentrace toxickych forem dusiku.

Ucinnost prevedeni N-amon na oxidované formy

Uginnost prevedeni N-amon na oxidované formy (E (ox)) se po celou dobu provozu reaktoru
pohybovala v rozmezi 47 — 67 %. Omezeni ucinnosti procesu v podminkach bez regulace pH je dano
nedostateCnou kyselinovou neutralizaéni kapacitou zpracovavaného fugatu (respektive pfrilis nizkym
pomérem mezi kyselinovou neutralizacni kapacitou a koncentraci N-amon), pfi¢emz pokles pH
zpUsobeny nitrifikaénim procesem nasledné limituje aktivitu nitrifikadnich organismt’. Hodnoty E (0x)
zjisténé v ramci tohoto experimentu jsou ve shodé s vysledky ziskanymi pfi obdobnych testech
zamé&fenych na nitritaci kalové vody™.

Zatizeni reaktoru se v prvnich 21 dnech provozu reaktoru pohybovalo okolo 0,2 kg/(m?-d). Nasledné
bylo postupné zvySovano (obrazek 1B). Pii hodnoté 0,70 kg/(m*-d) dosazené 35. dne do$lo ke strmému
nartstu hodnoty pH (obrazek 2A) svédc&icimu o snizeni ucinnosti nitrifikace (nedochazi k tak intenzivni
produkci H* charakteristické pro nitrifikaci, resp. nitritaci’). Proto bylo zatizeni reaktoru sniZeno na
pavodni hodnotu okolo 0,2 kg/(m*-d). Z provedenych experimentli vSak nebylo mozno udinit
jednoznacny zavér, zda narust hodnoty pH zplsobilo primarné pretizeni reaktoru i extrémni nartst
koncentrace FNA v této fazi jeho provozu (viz vysSe).

Rizika plynouci z vysledku testu zaméreného na nitrifikace fugatu a naméty na navazujici
experimenty

Nizké hodnoty pH jsou pfihodné pro tepelné zahustovani nitrifikovaného fugatu. Na druhou stranu je
vSak potfeba brat na zfetel vliv aktualni hodnoty pH v nitrifikacnim reaktoru na koncentraci FA a zejména
FNA. Jejich inhibi¢ni plsobeni na nitrifikaCni organismy muze v danych podminkach silné ovliviiovat
nejen zastoupeni konecnych produktld nitrifikace, ale v extrémnich pfipadech mize vést i ke kolapsu

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 304



Pavel MICHAL, Pavel SVEHLA, Luké&$ PACEK, Pavel TLUSTOS: Zpracovéni kapalné frakce fermentacniho zbytku
biologickou nitrifikaci a tepelnym zahusténim

celého procesu. V ramci dosavadnich experimentl bylo také zjisténo, ze i prudké zmény v zatizeni
reaktoru dusikem mohou vyvolat nestabilitu procesu. Systém se jevi jako velice nachylny zejména
k inhibici aktivity NOB. Ukazalo se, Ze razantni nekontrolovany pokles pH v nitrifikaénim reaktoru
(v naSem pripadé z hodnoty cca 6,4 na cca 5,2) muze vést k masivni akumulaci dusitant v odtoku
zZ nitrifikacniho reaktoru a k riziku kolapsu biologického procesu. Vzhledem k toxickému vlivu N-NO, ha
nékteré rostliny® je vak pii vyuziti nitrifikovaného a nasledné tepelné zahusténého fugatu v zemédalstvi
nasim zajmem minimalizovat zastoupeni N-NO,  mezi produkty nitrifikace. V kazdém pfipadé bude za
ucelem identifikace optimalnich podminek pro nitrifikaci fugatu zapotfebi v ramci navazujiciho vyzkumu
realizovat dlouhodobé&jsi experimenty, pfi kterych bude biomasa vystavena po del$i dobu neménnym
podminkam. Jako perspektivni se jevi zejména varianta s mozZnosti kontinualni regulace pH v reaktoru
a velice pozvolnym zvySovani zatizeni reaktoru dusikem.

VLIV PH NA TEPELNE ZAHUSTOVANI SUROVEHO FUGATU

V ramci prvotnich experimentll zamérenych na tepelné zahustovani surového fugatu bylo potvrzeno,
Ze hlavnim faktorem ovliviujicim distribuci N-amon v zahusténém fugatu a v destilatu i dalSi vlastnosti
téchto dvou produkt(, je hodnota pH fugatu pfi zahajeni odparovaciho procesu. S klesajici hodnotou pH
vzrastal podil N-amon zUstavajiciho v zahusténém fugatu a klesal podil N-amon pfechazejiciho do
destilatu. PFi hodnoté pH 6,0 &inil podil N-amon v zahu$téném fugatu u jednotlivych vzorkd 63 — 80 %
(viz tabulka 1), podil N-amon v destilatu 7 — 14 %.

Zbytek (8 — 30 %) pak pfipadal na ztraty N-amon v plynné formé (viz tabulka 1). LepSich vysledku
bylo u BPS 1 a BPS 2 v tomto sméru dosazeno pfi hodnotach pH 5,0 a 4,0, pfiemz vysledky pfi téchto
hodnotach nevykazovaly pfilis vyznamné rozdily. U BPS 3 naopak nebyly zaznamenany velké rozdily
u vzork( okyselenych na pH 6,0 a 5,0. Vyrazné lepSi vysledky byly u této BPS naopak zaznamenany pfi
pH 4,0. UpIn& nejvyssi podil N-amon v zahu$téném fugatu (90 %) byl pozorovan u vzorkd z BPS 2
okyselenych na pH 5,0, resp. 4,0. Podil N-amon v destilatu nepfekrocil pfi hodnotach pH 4,0 ani 5,0
v zadném ze vzorkl( 7 %. U vzorka z BPS 1 a BPS 3 zahustovanych pfi pH 4,0 pak neprekro€il 2 %.
Nejmensi ztraty dusiku (cca 4 %) byly zaznamenany u vzorku z BPS 2 zahustovaného pfi hodnoté pH
5,0. Av8ak u vzorku z BPS 3 Cinily ztraty i pfi pH 4,0 celych 20 %, pfi hodnotach pH 5 a 6 byly u této
BPS jesté vyrazné vysSi (tabulka 1). V kazdém pfipadé je pfekvapujici velky rozdil mezi ztratami dusiku
u jednotlivych BPS. Zda se, Ze v tomto sméru mohla hrat roli skute€nost, Ze pfi upravé pH vzorkl fugatu
pred tepelnym zahusténim davkovanim roztoku kyseliny doslo ke zméné, resp. narlstu, objemu vzorku,
ktery byl v ramci téchto experimentl zanedban. Narlist objemu fugatu vSak mohl zpUsobit u nékterych
vzorkd vyznamnéjSi zménu v koncentraci dusiku ve vzorku fugatu a z ni plynouci zkresleni vypoctu
procentualniho zastoupeni dusiku v zahusténém fugatu, destilatu a dusiku pfipadajiciho na ztraty.
U vzorkd s vy38Si hodnotou kyselinové neutralizacni kapacity (zejména BPS 3) byly davky roztoku
kyseliny logicky vy8Sia to patrné vedlo k uritému zkresleni vypocCtu ztrat dusiku. DalSimi faktory
ovliviiujicimi pfesnost vypoctu bilance dusiku muze byt také omezena moznost ukon it destilaci pfesné
ve chvili, kdy byla odpafena %2 puvodniho objemu fugatu a chyba stanoveni N-amon, kterd muize
dosahovat v danych podminkach az 5 %. V kazdém pfipadé bude nezbytné se v ramci navazujicich
experimentd na vS8echny faktory ovliviiujici pfesnost bilance dusiku pfi odpafovacim procesu detailngji
zaméfit a eliminovat jejich vliv.

Vysledky ziskané v ramci tohoto experimentu jsou srovnatelné s literarnimi udaji. Napfiklad Chiumenti
et al.'® také dospéli k zavéru, Ze hodnota pH fugatu je hlavnim faktorem ovliviiujicim pribéh
odparovaciho procesu a vlastnosti jeho produktd. Zatimco pfi zahuStovani surového neupraveného
fugatu charakteristického hodnou pH v rozmezi 7,6 —7,9 bylo 78 % N-amon pfevedeno do destilatu,
Uprava pH na 5,0 vedla k tomu, ze 97,5 % N-amon zUstalo v zahu$téném fugatu. Pfi hodnoté pH 3,5
tento podil vzrostl dokonce na 99,2 %.

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 30D



Pavel MICHAL, Pavel SVEHLA, Luké&$ PACEK, Pavel TLUSTOS: Zpracovéni kapalné frakce fermentacniho zbytku
biologickou nitrifikaci a tepelnym zahusténim

Tabulka 1: Bilance amoniakalniho dusiku po odpareni pfi ruznych hodnotach pH vstupniho
fugatu

koncentrace N-amon (mg/l) N-amon N-amon ztraty
vzorek (surO\E))"l-'fugét) (po l'E):)-:'avé) surovy | zahustény — v zahyété?ém v destilatu N-amon
fugat fugat destilat fugatu (%) (%) (%)
6,0 3680 710 74 14 12
BPS1 8,2 5,0 2500 4080 160 82 3 15
40 4030 67 81 1 18
6,0 3030 460 80 12 8
BPS 2 nr 50 1900 3420 240 ) 6 4
40 3410 190 90 5 5
6,0 5970 650 63 7 30
BPS3 8.0 50 4750 6 250 150 66 2 32
40 7510 70 79 1 20

Hodnota pH surového fugatu v okamziku zahajeni odpafovani ma pochopitelné vyznamny vliv i na
dalSi vlastnosti zahusténého fugatu i destilatu. V tabulce 2 jsou uvedeny hodnoty pH a konduktivity pro
tyto produkty tepelného zahustovani fugatu. Konduktivita destilatu vyznamné klesa s poklesem hodnoty
pH, coz jasné prokazuje pokles koncentrace elektrolytu v destilatu. V pfipadé hodnoty pH 5,0 a 4,0,
nepresahovala konduktivita 1 mS/cm a dosahuje tedy hodnot splfiujicich limit pro pitnou vodu. Na
druhou stranu jsou to hodnoty o 2 — 3 fady vy$$i nez hodnoty typické pro destilovanou vodu’. Vyrazné
hodnota (0,22 mS/cm) byla zaznamenana u destilatu ziskaného tepelnym zahuStovanim fugatu
produkovaného na BPS 3 pfi hodnoté pH 4,0. Ve vSech vzorcich zahusténého fugatu byly zaznamenany
velice vysoké hodnoty konduktivity pohybuijici se v fadu desitek mS/cm.

Tabulka 2: Hodnoty pH a konduktivity v produktech tepelného zahustovani fugatu

pH zahustény fugat destilat
vzorek | surovy fugat po upravé pH konduktivita pH konduktivita
(mS/cm) (mS/cm)
6,0 6,7 39 9,3 3,2
BPS 1 8,2 50 54 41 8,6 0,7
4,0 4,4 45 7,5 0,5
6,0 6,8 19 9,1 3,2
BPS 2 7,7 50 5,8 20 8,4 0,9
4,0 51 28 54 0,5
6,0 6,5 48 9,3 4,3
BPS 3 8,0 50 54 53 7,5 0,9
4,0 4.4 52 3,8 0,2

Naméty na navazujici vyzkum v oblasti tepelného zahustovani fugatu

V ramci vySe popsaného experimentu zaméfeného na tepelné zahustovani fugatu byla z hlediska
obsahu Zivin hlavni pozornost vénovana N-amon, u kterého je vysoké riziko pfestupu z kapalné do
plynné faze. U dalSich zakladnich Zivin (zejména fosforu a drasliku) Ize vzhledem Kk jejich fyzikalné-
chemickym vlastnostem pfedpokladat, Zze po tepelném zahus$téni v podstaté beze zbytku zlstanou
v kapalné frakci, resp. v zahusténém fugatu. Za pfedpokladu aplikace optimalnich podminek
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odparovaciho procesu a zachovani cca 80 — 90 % N-amon v tepelné zahusténém fugatu (viz tabulka 1),
je tedy mozno ocCekavat, Ze zpracovani fugatu tepelnym zahusténim nepovede k zasadnim zmé&nam
vpoméru N, P a Kvtepelné zahusténém fugatu ve vztahu k surovému fugatu pfed jeho upravou.
V kazdém pfipadé autofi prispévku pocitaji s ovéfenim téchto predpokladl v ramci navazujiciho
vyzkumu.

Zatim byly samostatné simulovany nitrifikace a tepelné zahustovani surového fugatu, pficemz
v dalSich fazich feSeni projektu se pocita s integraci obou procesu, tedy se zpracovanim fugatu
v soustavé nitrifikace/tepelné zahusténi. Tepelné zahustovan jiz nebude surovy fugat, nybrz fugat, ktery
byl nejprve podroben biologické predupravé nitrifikaci. To v ramci dosud provedenych experimentd
nebylo mozné, nebot nebylo k dispozici dostate€né mnozstvi nitrifikovaného fugatu, jehoz vlastnosti
navic nebyly stabilni. V ramci navazujicich experimenti se bude potfeba zaméfit na detailnéjsi
identifikaci faktorll zpusobujicich ztraty dusiku pfi odpafovani. Budou vyvijeny snahy navrhnout

Pozornost bude nutno v ramci navazujicich experimentl vénovat také riziku zvySeného obsahu
tézkych kovl a dalSich rizikovych latek v zahus§téném fugatu. Tepelné zahusténi logicky povede nejen
ke zvy3eni obsahu Zivin, ale zaroven i k zakoncentrovani téchto latek. Existuje tedy nebezpedi, Ze
i v pfipadé spinéni limitd obsahu rizikovych latek v surovém, resp. nitrifikovaném, fugatu dle aktualnich
legislativnich pfedpist®, t&mto predpistim nevyhovi koneény produkt dvoustupriové tpravy fugatu, tedy
tepelné zahustény nitrifikovany fugat. V kazdém pfipadé se jevi jako nezbytné u kazdého konkrétniho
vzorku pied aplikaci upraveného fugatu na zemédélskou ptidu provadét testy ekotoxicity?®.

Z hlediska praktické aplikace tepelného zahustovani fugatu muze pomérné zasadni problém
pfedstavovat velka energeticka narocnost tohoto procesu. Z dosud realizovanych zahrani¢nich aplikaci
pro tepelné zahustovani surového fugatu je ziejme, ze k odpareni 1 kg vody je potfeba pfiblizné 1 kWh
tepla. Dle dostupnych zdroju je proto k realizaci takového systému potfeba cca 75 % zbytkového
odpadniho tepla produkovaného v ramci provozu BPS?’. Tento daj ale nelze povaZovat za univerzalné
platny, bude se ménit v zavislosti na mistnich podminkach. V kazdém pfipadé, pro BPS, které
nenachazeji jiné uplatnéni pro zbytkove teplo, se jevi jako redlné uvazovat o jeho vyuZiti pro tepelné
zahusténi surového, resp. nitrifikovaného fugatu.

Zaveéry

Zpracovani fugatu v soustavé nitrifikace/tepelné zahusténi predstavuje perspektivni variantu pro
upravu fugatu produkovaného v ramci provozu bioplynovych stanic, ktera muze vést k efektivnéjSimu
vyuziti tohoto materialu. Byla potvrzena moznost iniciovat a provozovat nitrifikaci v agresivnim prostredi
fugatu. V nitrifikovaném fugatu je vyrazné sniZzena hodnotou pH, rozdil v pH surového a nitrifikovaného
fugatu mlze Cinit i nékolik jednotek. To je pfiznivé z hlediska potencialniho tepelného zahustovani
nitrifikovaného fugatu. Na druhou stranu bylo zjisténo, ze za urc€itych okolnosti hrozi nekontrolovatelné
vykyvy hodnoty pH v nitrifikacnim reaktoru, které mohou vyvolat masivni akumulaci dusitant v odtoku Ci
dokonce zastavit nitrifikacni proces. Pro dalsi fazi vyzkumu bude tedy zapotiebi regulovat pH v reaktoru.
Pribéh tepelného zahustovani fugatu ovliviiuje zejména hodnota pH zahu$tovaného fugatu. V ramci
navazujicich experimentl bude jiz tepelné zahusStovan nitrifikovany fugat, pfiCemz technologické
usporadani odpafovaciho procesu bude zapotfebi optimalizovat z hlediska minimalizace obsahu N-
amon v destilatu a z pohledu minimalizace ztrat dusiku.
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Summary

This paper deals with two-stage treatment of the liquid phase of digestate (so called fugate or
liquid digestate) enabling to solve the problems connected with large production of digestate
during the operation of agricultural biogas plants which were constructed intensively during last
years in the Czech Republic. The treatment consists of the biological nitrification of ammonia
contained in the fugate and consequent thermal thickening of all nutrients contained in fugate
pre-treated by the nitrification. Nitrification ensures partial conversion of ammonia to nitrate and
simultaneously induces pH decrease in the fugate. By this way, the nitrogen losses during the
storage and during the application of fugate to soil which are mainly caused by the volatilization
of free ammonia could be minimized. Thermal thickening utilizing excess of heat produced by
cogeneration units consequently leads to radical decrease of the volume of fugate where
valuable distilled liquor will be produced. Thickened fugate could be applied as fertilizer where
the costs for the transport of this material will be reduced significantly in the comparison with
raw fugate. Also the risk of the compacting of the soil by frequent driving of agricultural vehicles
will be reduced significantly. The distilled liquor produced during the thermal thickening could be
used as the process water e.g. for the optimisation of the content of dry matter in the substrate
for anaerobic reactor of biogas plant. Primary results of the research in the field of combined
treatment of the fugate by nitrification and subsequent thermal thickening are presented within
this paper. The results indicated that the nitrification process could be successfully initiated and
operated in the aggressive environment of fugate where the pH of fugate could decrease even
by several units thanks to initiation of nitrification. The main factor influencing the course of
thermal thickening of raw fugate was the pH value reached during the evaporation process.

Keywords: digestate; fugate; nitrogen; nitrification; thermal thickening
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Souhrn

Cilem této prace je srovnani mobility téZzkych koviu v zeminé pfed a po termické desorpci. Ohfev
materialu probihal v klasické a mikrovinné peci za teplot 200 °C a 380 °C. Ke sledovani mobility tézkych
kovu (Cr, Cu, Pb, Zn) byla zvolena sekvencni extrakcéni analyza podle modifikovaného protokolu BCR.
Po analyze ziskanych roztok( na atomovém emisnim spektrometru Ize fici, Ze béhem ohfevu dochazi
pouze k minimalnim zménam v mobilité vybranych kovid. Nejvyraznéjsi zmény jsou pozorovany u Cu,
kdy pri mikrovinném ohrevu na teplotu 380 °C dochazi k nardstu mobility kovu v Zivotnim prostredi.

Klicova slova: termicka desorpce, tézké kovy, sekvencni extrakéni analyza, mikrovinny ohfev

Uvod

Termicka desorpce je moderni sanacni technologie, ktera se vyuziva zejména pro odstranovani
perzistentnich organickych polutantd (POP’s). Jedna se o fyzikalné chemicky proces, kdy plsobenim
zvySené teploty dochazi k uvolnéni navazanych kontaminantd z tuhého materialu. Ohfev sanovaného
materialu Ize provadét bud v klasické (konvenc&ni) peci nebo v mikrovinné peci. Mikrovinny ohfev vyuziva
schopnosti nékterych latek pfeménit energii zafeni v kinetickou energii molekul, ¢imz nasledné vznika
teplo. Vyhodou mikrovinného ohfevu je rychlejSi dosazeni poZadované teploty, jelikoZ se cela vsadka
ohfiva soucasné (objemovy ohfev). V pfipadé konvenéniho ohfevu dochazi pouze k prestupu tepla
z povrchu materialu do stfedu vsadky. Porovnani mikrovinného a klasického ohfevu je uvedeno
v Tabulce 13

Tabulka 1: Porovnani mikrovinného a klasického ohfevu?®

Mikrovinny ohfev Klasicky ohrev
Pfenos tepla Pohlceni energie zareni Vedeni/proudéni
Rychly Pomaly
Ohfev Objemovy Povrchovy
Selektivni Neselektivni

Béhem ohfevu muze dojit ke zménam ve struktufe zeminy, coz mize mit za nasledek zménu mobility
kovl, které se v zeminénachazeji, at uz pfirozené nebo vlivem lidské Cinnosti. Ke sledovani mobility
kovl v prostfedi Ize pouzit metodu sekvenéni extrakéni analyzy (SEA), ktera déli jednotlivé kovy do
frakci podle typu vazby kovu na zeminu. Pivodni metodika navrzena Tessierem * rozdéluje extrakci do
5 krok(l, b&hem kterych se sledované kovy déli na nasledujici frakce™®.

I. Vyménna frakce — frakce volné adsorbovana na pudni komplex nebo vazana relativné
slabymi elektrostatickymi interakcemi; k vylouZeni se pouziva neutralni prostfedi (pH 7), jako
Cinidlo se nejcastéji voli MgCl, nebo CH;COONH,.

Il. Frakce vazana na karbonaty — frakce vyluhujici se v mirné kyselém prostiedi (pH 5), jako
extrakéni Cinidlo I1ze pouzit 1M roztok CH;COONa.
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[ll. Erakce vazana na oxidy a hydroxidy Fe/Mn— frakce uvolfiujici se v kyselych reduk&nich
podminkach, vhodné ¢&inidlo je napf. 1M roztok NH,OH-HCI v 25% kyseliné octové.

IV. Frakce vazana na_organickou hmotu a sulfidy — frakce vznikajici po Uplném rozkladu
organické hmoty, pfikladem pouzivaného oxida¢niho Cinidla je H,O, v kombinaci s HNOs3; za
téchto podminek dochazi i k rozpousténi sulfidové frakce.

V. Residualni frakce — zbytkové mnozstvi kovd, které jsou navazany v silikatovém reziduu,
k rozkladu se pouziva smés silnych mineralnich kyselin.

Prvni dvé frakce se povazuji pro zivé organismy za dobfe dostupné na rozdil od frakce residualni,
ktera je pro organismy jiz nedostupna. Metodika BCR vychazi z postupu navrzeného Tessierem, ale je
zde urcité zjednoduseni a snizeni extraknich kroku. | tato metoda ma jiz v literatufe nékolik modifikaci.
Hlavni vyhodou BCR metody je existence standardnich referenénich materiald 8.

Experimentalni ¢ast

K experimentu byla pouzita antropogenni navazka z lokality HolySov a k monitorovani mobility byly na
zakladé vyhlasky €. 294/2005 Sb. (pfiloha €. 2 — limity pro ukladani na skladky — tfidy vyluhovatelnosti)
a obsahu kovu v zeminé vybrany nasledujici kovy: chrom, méd, olovo a zinek. Analyza vybranych prvkul
probihala na atomovém emisnim spektrometru Agilent 4200 MP-AES.

Ve vysledcich jsou porovnavany vzrorky pfed a po termické desorpci, pfiéemz k ohfevu materialu byla
pouzita mikrovinna pec MicroSYNTH MA143 a upravena konvenc¢ni pec LM 212. Teplota ohfevu byla
zvolena na 200 °C a 380 °C. Po dosazeni pozadované teploty (cca 30 min) byla izoterma udrzovana po
dobu 10 min. P¥i teploté nad 350 °C se zacina rozkladat organicka slozka, ktera je v zeminé pfitomna,

SEA probihala pro kazdy vzorek zeminy ve 2 az 4 paralelnich méfenich a navazka zeminy byla pro
lepSi reprodukovatelnost zvySena oproti standartnimu protokolu na 4 g. Ve vysledcich je uvadéna
primérna hodnota z provedenych méreni. Postup sekvenéni extrace je blize popsan v tabulce 2. Mezi
kazdym krokem extrakce nasledovalo odstfedéni na centrifuze (3000 ot/min), filtrace a proplach vzorku
zeminy destilovanou vodou. Ziskana frakce byla okyselena a nasledné analyzovana. Celkové mnozstvi
kovll v zeminé se stanovilo mineralizaci 1,5 g zeminy v 15 ml roztoku kyselin HCl a HNO; (lu¢avka
kralovska), postup mineralizace probihal za stejnych podminek jako 4. krok sekvenéni extrakce.

Tabulka 2: Postup SEA

krok | rozpoustédlo;postup extrakce cilova frakce

vyménna frakce a frakce navazana na

1. 40 ml 0,11M CH3;COOH; 20 h tfepacka (5,5 ot./min) uhlicitany

40 ml 0,5M NH,OH-HCI, pH 2 (HNOg); 20 h | frakce vazana na oxidy a hydroxidy
trepacka (5,5 ot./min) Fe/Mn (redukovatelna frakce)

10 ml 8,8M H,0,;1 h odstat, 1 h pfi 85 °C vodni

lazen, odpareni roztoku na 3 ml, opétovné zahfivani . . .
3 ve vodni lazni a odpareni frakce vazana na organickou hmotu

L. a sulfidy(oxidovatelna frakce)
50 ml 1M CH3COONH,, pH 2 (HNOs); 20 h tfepacka

(5,5 ot./min)

4, 40 ml HCI+HNO3; (3:1); 20 h odstat + 0,5 h povafrit residualni frakce bez silikatu
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Vysledky a diskuse

Pfredmétem této prace je sledovani mobility vybranych téZzkych kovu v zeminé bé&hem termicke
desorpce pfi mikrovinném (MW) a klasickém (K) ohfevu. V tabulce 3 je zobrazena hmotnostni bilance
sledovanych kovl. Pro kazdy kov je uvedena hodnota v mg na kg suSiny po mineralizaci plvodniho
vzorku, kdy doslo pouze k rozkladu navazky vzorku v luavce kralovské, a poté soucet dil€ich vysledki
ziskanych béhem jednotlivych fazi (I. — IV.) sekvencni extrakce (SE) za dané teploty TD a typu ohfevu
(MW — mikrovinny ohfev; K — klasicky ohfev), pfi¢emz vzorek oznaceny jako ,plvodni“ nebyl vystaven
zadnému teplotnimu rezimu TD (pouze SE). Obsah kovu stanoveny mineralizaci lu€avkou kralovskou
nemusi odpovidat realné celkové koncentraci daného prvku v zeming, coz mulze byt zplsobeno
pritomnosti sledovanych kovl v malo rozpustnych slouéeninach (napft. Pb v Zivcich). Jednotlivé uginnosti
extrakce se pohybuji vrozmezi 72 — 116 %. NejlepSich bilanci bylo dosazeno pro Cr a Cu.Ziskana
ucinnost extrakce je ovlivnéna vys$Sim pocétem extrakénich krokl, kdy v kazdém kroku dochazi k urcité
ztraté navazky vzorku, a také i chybou metody, kdy napf. jenom chyba zvolené analytické metody (AES)
¢inni u kazdého méfeni 5 %. Ani rozpoustédla uvedena v postupu SE nemusi vzdy plné vyextrahovat
kovy v dané frakci, coz spole¢né s pfitomnosti hafe rozlozitelnych minerald, mohlo zpUsobit nizSi
ucinnost extrakce pro Zn a Pb.

Tabulka 3: Hmotnostni bilance a u¢innost SEA

Cr Cu Pb Zn
Err"']g‘?lig'_'l]zace 500 1500 1300 11440
soucet . soucet - soucet - soucet -
frakei ucinnost frakei ucinnost frakei ucinnost frakoi uc€innost
g % B % R % R ot
mgkg®l| " | imgkg | | imgkg’ | | mgkgl | P
pavodni 580 116 1570 105 990 76 9340 82
200 °C MW 510 102 1540 103 950 73 10020 88
200 °C K 493 99 1450 97 960 72 9780 87
380 °C MW 530 106 1730 115 1280 98 9240 81
380°CK 519 105 1520 101 1090 82 8080 72

Ohrev (mikrovinny i klasicky) na teplotu 200 °C nevykazuje oproti pavodnimu vzorku zeminy zadné
statisticky vyznamné zmény v rozlozZeni sledovanych kovu (Cr, Cu, Pb, Zn) do jednotlivych frakci. Zména
nastava pfi ohfevu na teplotu 380 °C a to zejména u ohfevu pomoci mikrovin. Na obrazku 1 je uvedeno
rozloZzeni médi do frakci |. — IV., pfiCemz |. frakce je povazovana za nejvice mobilni a IV. frakce se jiz do
prostfedi za béznych podminek neuvolfiuje. Ohfev na 380 °C v konvencéni peci nevykazuje oproti
pavodnimu vzorku zeminy vyznamny rozdil, zatimco pfi ohfevu v mikrovinné peci dochazi k narlstu
I. frakce na ukor Il. frakce. Cu se tak stava v zivotnim prostfedi mobilngjsi a mize dochazet k jeho
snadnéjSimu vymyvani do okoli. Zaroven dochazi i k narastu lll. frakce, ktera je vazana na organickou
slozku. P¥i teploté nad 350 °C, jak jiz bylo zminéno, dochazi k rozkladu organické slozky, coz mohlo
zpuUsobit lepSi dostupnost kovu pro extrakéni ¢inidlo.

Obsahy jednotlivych frakci se u olova béhem ohfevu (klasického i mikrovinného) vyrazné neméni.
Chrom je z vybranych kovu nejméné mobilni. S rostouci teplotou ohfevu vykazuje narast IV. frakce
(residualni) na ukor lll. a to u mikrovinného i klasického ohfevu. U mikrovinného ohfevu pfi 380 °C jsou
oproti klasickému ohfevu pozorované zmény v rozlozeni Cr do jednotlivych frakci vyraznéjSi. Ze
ziskanych dat vyplyva, Ze pravdépodobnost Sifeni Cr v prostfedi je za té€chto podminek minimaini.
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Obrazek 1 — Rozlozeni Cu do frakci v puvodnim vzorku zeminy a pfi ohfevu na 380 °C
(I. frakce kovu volné adsorbovanych na padni komplex nebo vazanych relativné slabymi

elektrostatickymi interakcemi; 1. frakce kovu vyluhujicich se v kyselych redukcénich

podminkach (kovy navazané na hydroxidy Fe/Mn); lll. frakce kovu uvolriujicich se po

uplném rozkladu organické hmoty; IV. zbytkové mnoZstvi kovd, které jsou navazany

v silikadtovém reziduu)

Zinek je v analyzované zeminé ze sledovanych kovl dle vysledkd SEA nejvice mobilni. PFi ohfevu na
380 °C, viz obrazek 2, Ize u mikrovinného ohfevu pozorovat mirny narust |. frakce, ktera jiz pfi malé
zméné pH muze prechazet do okolniho prostfedi, ale zaroven dochazi k poklesu Il. frakce. U klasického
ohfevu je vidét mirny narust IV. frakce a pokles I. a Il. frakce. Z obrazku 2 Ize fici, ze mobilita zinku se po
mikrovinném ohfevu oproti klasickému nepatrné zvysila.
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Obrazek 2: RozloZeni Zn do frakci v plivodnim vzorku zeminy a pfi ohfevu na 380 °C
Zaver
Pfedmétem predkladané studie bylo porovnani vlivu dvou typud ohfevu na mobilitu kova v zeminé.
K experimentu byla pouzita antropogenni navazka z lokality HolySov. Obecné Ize fici, Ze za podminek
tohoto experimentu, nema proces termické desorpce vyraznéjsi vliv na zvySeni mobility tézkych kovu

(Cr, Cu, Pb, Zn) v prostfedi. V nékterych pfipadech dokonce dochazi po mikrovinném (Cr) i klasickém
ohfevu (Cr, Zn) k mirnému poklesu mobility kovu.
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Pfi 200 °C nedochazi ani u jednoho typu ohfevu k Zadnym statisticky vyznamnym zménam. Mirné

zvyseni mobility je pozorovano u mikrovinného ohfevu na teplotu 380 °C u Cu a Zn, ale jedna se
0 hodnoty v ramci jednotek procent. Olovo nevykazuje zadné vyrazné zmény ani u jednoho typu ohfevu.

Seznam symbolu

BCR Community Bureau of Reference; metodika sekvencni extrakce
POP’'S Perzistentni organické polutanty
SE Sekvencni extrakce
SEA Sekvencni extrakéni analyza
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Influence of thermal desorption on mobility of heavy metals in soils
Andrea BENDOVA, Karolina KEPRTOVA, Jifi HENDRYCH

University of Chemistry and Technology Prague, Faculty of Environmental Technology,
Technicka 5, 166 28 Praha 6; Czech Republic, e-mail: sykorovh@vscht.cz

Summary

This study is focused on the comparison of mobility of heavy metals in soil during thermal desorption.
Thermal treatment has been carried out using a microwave and convection (classical) device operating
at 200 °C a 380 °C. Heavy metals (Cr, Cu, Pb, Zn) were analysed by atomic emission spectrometry and
were monitored by modified sequential extraction procedure (BCR). The change of their mobility was
insignificant.The most significant changes are observed in Cu at microwave heating by temperature
380 °C, when the mobility increased.

Keywords: Thermal desorption, heavy metals, sequential extraction procedure
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Mikrobialni oziveni zeminy po procesu termické desorpce
Petra KUBINOVA, Jifi KROUZEK, Zuzana HONZAJKOVA

VSCHT v Praze, Fakulta technologie ochrany prostfedi, Technicka 5, 166 28
Praha 6, e-mail: petra.kubinova@vscht.cz

Souhrn

Prace je vénovana ucinku mikrovin na pudni mikroorganismy a hodnoceni jejich vlivu na vysledny
dekontaminacni efekt. Experimenty mikrovinné termické desorpce v laboratornim méfitku probihaly
s vyuzitim realné kontaminovanych matric. Byl sledovan ucinek teplotnich rezimt mikrovinné
termodesorpce na testovanou zeminu a jeji ovlivnéni heterotrofnich mikroorganismi po skonceni
procesu. Pro vzorky zeminy byla provedena vstupni a vystupni méreni mikrobiaini aktivity (DHA,
respiracni aktivita a stanoveni celkového poctu heterotrofnich mikroorganismt) a doprovodna analyza
poklesu dekontaminace (HS-GC).

Klicova slova: termicka desorpce, mikrovinny ohfev, dekontaminace zeminy, organické polutanty,
mikrobialni aktivita, padni heterotrofni mikroorganismy

Uvod

Termicka desorpce je nespalovaci sanacni technologii, ktera se vyuziva zejména pro odstrafiovani
organickych polutant (POPs, PAHs, VOCs) ze zemin ¢&i stavebnich odpadud. Jedna se
o fyzikalné-chemicky proces fizeného ohfevu materialu, kdy vlivem zvy3ené teploty dochazi k pfevedeni
kontaminantll z pevné matrice do plynného proudu. V posledni dobé se stava atraktivni mikrovinny
ohfev materialu, jehoz vyhodou je rychlejSi dosazeni pozadované teploty desorpce a zaroven i uspory
energie. Modifikaci procesu pro in-situ sanace je mikrovinny venting nesaturované zény horninového
prostfedi, kdy dochazi vlivem zvySené teploty nejen k u€innéjSim a rychlejSimu odstranéni polutantu, ale
i ke zmé&nam ve struktufe zeminy, coz mdze nasledné ovlivnit ptidni mikroorganismy.* 2

Zemina je slozity systém zahrnujici pudni mikrofléru a jejich metabolické produkty, tj. padni enzymy
hrajici roli v biochemickych reakcich materialové a energetické pfemény. Pudni dehydrogenazy se proto
uzivaji jako ukazatel celkové pldni mikrobialni aktivity, protoZe jsou esencialni intracelularni soucasti
vSech zivych bunék a pfitom se nehromadi extracelularné v pudnim prostfedi. Dehydrogenazy, jakozto
enzymy dychaciho Fetézce, hraji vyznamnou roli v biologické oxidaci organické hmoty pfenosem vodiku
z organickych substratl pro anorganické akceptory a jsou zapojeny do redukénich procesl biosyntézy.
Dehydrogenazova aktivita (DHA) tedy slouzi jako indikator mikrobiologickych redox-systému, mize byt
povazovan za dobfe vypovidajici méfitko mikrobialnich oxidacnich aktivit v pidé a je také povazovana
za Umérny biomase mikroorganism0 v ptdé.>®

K ukazatelim mikrobidlni aktivity patfi rovnéz respiracni aktivita zeminy. VSechny skupiny
mikroorganismu ziskavaji potfebnou energii obdobnym zplsobem, tj. oxidace organickych latek
v zeminé&, ve kterych je kyslik hlavnim akceptorem elektrond a vysledny produkt respirace je H,O a CO,.
Mé&Feni respiraéni aktivity vychazi ze sledovani mnoZstvi vytvofeného CO, & Ubytku O,.° K dal$im
ukazatelim monitorujicim mikrobialni aktivitu v zeminé fadime stanoveni celkového poctu heterotrofnich
mikroorganismu. Oproti sledovani mikrobialni aktivity je toto stanoveni pouze kvantifikaci biomasy, ktera
muZze prispét k destrukci organickych latek. V pudnim edafonu se mikroorganismy témér vzdy vyskytuji
ve spoleCenstvech, tedy jako tzv.smiSeni kultury. Hrani¢ni po€et pro souziti mikroorganismu je
10" KTJ/g susiny.

Cilem pFedstavené prace bylo sledovani zmén v mikrobidlni aktivité v kontaminované zeminé po
mikrovinném ohfevu a souvisejiciho dekontaminaéniho efektu v laboratornich podminkach.
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Metodika

Laboratorni experimenty ventingu mikrovinami podporovaného ohfevu matrice probihaly na specialné
sestavené laboratorni aparatufe (obrazek 1). Principem testl bylo prosavani definovaného mnozstvi
vzduchu vrstvou kontaminované zeminy v mirném podtlaku, kdy je zemina umisténa v kavité mikrovinné
pece a ohfivana dle definovaného teplotniho programu. Tento systém mikrovinného ventingu
zpracovaval 100 g vsadky uméle homogenizovaného vzorku kontaminované zeminy umisténé ve
specialni vestavbé v mikrovinné peci, vtenké svrchni vrstvé bylo umisténo optické teplotni cidlo
propojené s generatorem mikrovin pro zpétnovazebnou regulaci. Do vestavby byl spodem pfivadén
okolni vzduch pfes rotametr regulujici pratok na definovanou hodnotu. Vzduch byl nasavan vakuovou
pumpou umisténou na konci aparatury. Regulace pratoku vzduchu byla umoznéna pfisavanim okolniho
vzduchu za aparaturou, pratok byl kontrolovan hmotnostnim pratokomérem. Timto zplUsobem byla
testovana homogenizovana zemina z lokality A — areal byvalého vojenského letisté, pisCitd zemina,
kontaminant letecky petrolej; z lokality B — areal kovoobrabéciho pramyslu, hlinitopiscita zemina,
kontaminant téZSi ropné frakce (mazaci oleje). Pomoci experimentl byl porovnavan rezim laboratorni
teploty (20 °C bez aplikace mikrovin) a dale teploty 40, 50, 60, 70 a 90 °C. Cilova teplota byla dosazena
béhem deseti minut s naslednym udrzenim izotermy po dobu procesu dvé hodiny. Po kazdém procesu
byl vzorek homogenizovan a jednotlivé diléi vzorky podrobeny jednotlivym analyzam.

MicroSYNTH

Obrazek 1: Laboratorni aparatura mikrovinného ventingu

Hlavnim ukazatelem o probéhlé dekontaminaci matrice z lokality A byl dosazeny ubytek sumarni
koncentrace kontaminantl C6 — C18 méfeny pomoci analyzy metanolového extraktu zeminy pomoci
statické head-space a plynové chromatografie (GC/FID).

Stanoveni DHA ve vzorcich po procesu ventingu mélo za ukol sledovat, zda dochazi k oziveni i
Uhynu padnich mikroorganismu, jez se mohou ucastnit biodegradace ropnych latek v zeminé. Méfeni
DHA v zeminé& bylo provedeno podle normy CSN EN ISO 23753-1, tj. tfi paralely 5 g vzorku jsou zalité
5ml 0,5 % roztoku TTC a jeden slepy vzorek pfelity pouze 5 ml pufru. Poté probiha inkubace 16 h pfi
25 °C bez pfistupu svétla, kdy dochazi k hydrolyze TTC na vysledny produkt TPF. TPF je extrahovan do
acetonu, jeho obsah zanalyzovan pomoci UV/VIS-spektrometrii pfi 485 nm, DHA je pfimo umérna
koncentraci TPF v extraktu zeminy. Respirometricky postup byl zaloZzen na méfeni biochemické spotfeby
kysliku (BSK) ve vzorku a probihal na pfistroji OxiDirect®, v pfipadé tuhych vzorku je postup oznacovan
AT,. Mé&Fici jednotka je umisténa v termostatu vyhfivaném na 20 °C, kdy je vysledna hodnota BSK
mg O,/kg zeminy béhem &ty deniho méfeni stanovena na zakladé rozdilu tlakd v uzavieném systému.
Za uCelem stanoveni poctu heterotrofnich mikroorganismd byla za pfisné aseptickych podminek
kultivovana suspenze inokula na PCA agaru pfi 30 °C tfi dny za aerobnich podminek roztérovou
metodou. Nasledné byl odecéten pocet narostlych kultur heterotrofnich mikroorganisma v médiu.

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

WASTE FORUM 2017, &islo 4, strana 31 6@



Petra KUBINOVA, Jifi KROUZEK, Zuzana HONZAJKOVA: Mikrobiélni oZiveni zeminy po procesu termické
desorpce

Vysledky a diskuze

Dosazené vysledky laboratornich testl jsou graficky znazornény na Obrazek 2. Vlevo je patrné, ze
koncentrace kontaminant(l v testované vsadce pevné matrice dle ocekavani pfimo Umérné klesa
s rostouci teplotou. Pro experiment o laboratorni teploté prosavaného vzduchu se jesté jedna jen
o0 mirny pokles pavodniho obsahu leteckého petroleje v zeminé. O vyznamném uc€inku mikrovinného
ohfevu na dekontaminaci, kdy doSlo k poklesu obsahu polutantid z vice nez 70 % proti plvodni
koncentraci, lze hovofit u teploty 60 °C a vyS8Si. AvSak kompletni dekontaminace za aplikovanych
podminek nastala aZ pfi 90 °C.
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Obrazek 2: Efekt teploty béhem mikrovinného ventingu na uc¢innost dekontaminace
alifatickych uhlovodiku C6 — C18 ze zeminy z lokality A (vlevo) a na mikrobialni aktivitu této
zeminy (vpravo)

Vpravo na obrazku 2 je vidét porovnani experimentl z hlediska mikrobiologie. Tyto vysledky jsou na
jedné strané pomérné prekvapivé, protoZze nastalo mirné snizeni aktivity mikroorganismd proti
pavodnimu stavu jiz pfi pouhém prosavani vzduchem o laboratorni teploté, ale s ohledem na
pravdépodobnou nejistotu méfeni, I1ze konstatovat, Ze k vyznamné zméné DHA nedoSlo. Po aplikaci
mikrovinného ohfevu na teplotu 40 °C a vy3$Si naopak doslo k vyraznému poklesu DHA, coz od 60 °C jiz
bylo oCekavané, teplota 70°C je i v literarnich zdrojich uvedena jako hraniéni pro preziti
mikroorganismu. Pfekvapivy je ovSem vystup zjistény pro teplotu 90 °C. DoSlo zde v porovnani s testy
za niz8i teploty k ¢aste€nému znovu ozZiveni pevné matrice. Teplota 90 °C by méla mit spiSe sterilizujici
ucinky. Je pravdépodobné, Ze se zde projevil efekt hormeze, tj. kdy pasobeni vysoké teploty mohlo mit
v dusledku pfiznivy u€inek na mikroorganismy, které se adaptuji na stresové podminky. Dadvodem vSak
mulze byt i odstranéni kontaminace a tedy sniZzeni toxického plsobeni. Nelze vSak vyloucit, Zze tyto
vysledky jsou disledkem obecné pomérné nizké miry oZiveni této testované matrice odebrané na
lokalité A.

Na zakladé nejasnych vysledkd mikrobialni aktivity ve vzorcich z lokality A byl dale proveden obdobny
vyzkum se zeminou z lokality B, ktera se vyznaCovala vys8i DHA a také diky obsahu tézSich ropnych
frakci (C10 — C40) je mozné odliSit u€inek mikrovinného ohfevu od vlivu ubytku dekontaminace. Z téchto
divodl byla tedy vhodngjSim simulaénim nastrojem podrobnéjSiho porovnani vlivu mikrovinné
dekontaminace na padni mikrofléru.

Vysledky porovnani méfeni DHA ve vzorku zeminy z lokality B po procesu s ruznou teplotou pfinasi
obrazek 3. V tomto pfipadé byl negativni efekt mikrovin nezpochybnitelny. Ddvodem tohoto klesajiciho
trendu pusobeni mikrovin je, Ze mazaci oleje obsahuji té€zSi uhlovodikové frakce, a proto
dekontaminacni proces vyzaduje vyrazné vysSi teploty, nez tomu bylo pfi experimentu s leteckym
petrolejem. Proto je zde potlacen vliv ubytku znecisténi a znazornén pouze postupny negativni vliv

mikrovin na padni mikroorganismy.
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Obrazek 4 shrnuje a vzajemné porovnava vysledky respirometrického méfeni vzorkd z jednotlivych
teplotnich rezimd mikrovinného procesu a vstupni matrice. Vysledky porovnani respiracni aktivity oproti
meéfeni DHA ukazuji odliSny ucinek technologie na mikrofléru. V pfipadé zeminy vystavené teploté 90 °C
nedodlo k tak vyraznému poklesu aktivity. Mikroorganismy jsou po opétovném nastoleni pfiznivych
podminek (vlhkost, teplota) znovu schopny se zaktivizovat. Za povSimnuti stoji zvySeni respiracni aktivity
po procesu s teplotou 50 °C, kdy se pravdépodobné projevil efekt hormeze neboli reakce organismu po
zpétném nastoleni béznych podminek v podobé pfipravy na kritické podminky zvySenim své aktivity. Az
do teploty 70 °C ohfev nezpusobil zasadni ovlivnéni aktivity mikrobd.
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Obrazek 3: Vliv teploty mikrovinného ventingu na mikrobialni aktivitu v zeminé z |okality B
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Obrazek 4: Vliv teploty ventingu na respiracni aktivitu (AT,) v zeminé z |okality B
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Obrazek 5: Vliv teploty mikrovinného ventingu na celkové pocty heterotrofnich
mikroorganismi v zeminé z lokality B

Vysledky na obrazku 5 znazorfiuji ucinek teploty na vysledné pocty kultivovatelnych heterotrofnich
mikroorganisma, kdy vysledky znovu neodpovidaji pfedchozim. Prakticky v tomto ukazateli nenastala
vyznamna zména. Nutno v8ak podotknout, Ze nejistota méfeni u tohoto stanoveni je vyrazné vyssi, az
fadové, i proto se vysledky uvadéji v logaritmickém méFitku. Tento ukazatel vSak zahrnuje pouze uréitou
Cast spole€enstev mikrofléry kultivovatelné za pouzitych podminek postupu stanoveni. Nicméné tyto
vysledky podobné jako v pfipadé respirometrického stanoveni potvrzuji pomérné silnou protektivni funkci
zeminy, kdy mikroorganismy po aplikaci vysoké teploty a novém nastoleni pfiznivych podminek
pravdépodobné pomérné rychle obnovi svoji pavodni vitalitu.

Rozdil mezi dosazenymi vysledky pfi pouziti rGznych ukazatell, zejména mezi DHA a podty
heterotrofnich mikroorganisma, naznacuje, Ze jsou pfi hodnoceni dulezité také rizné podminky inkubace
a postupu meéfeni téchto ukazatell. Rovnéz kazdy ukazatel mlze upfednostriovat urcité skupiny
mikroorganismU, dehydrogenazy napfiklad zahrnuji rovnéz anaerobni mikroorganismy, které je taktéz
produkuji, tyto enzymy se navic mohou vyskytovat i extracelularné. Nelze tak s jistotou dle jednoho
parametru zhodnotit kompletné ucinky na slozity systém mikroorganismua. Ale i ztakto odliSnych
dosazenych vysledkl vyplyva, Zze pravdépodobné aplikace mikrovinného ohfevu in-situ v horninovém
prostfedi neni pro mikroorganismy letalni a pomérné rychle mohou obnovit svou funkci a Ize tak tuto
technologii pfipadné aplikovat v kombinaci biologickym docisténim lokality.

Zaver

Data ze studie technologie ventingu podpofeného mikrovinnym ohfevem a jejim vlivu na heterotrofni
pudni mikroorganismy potvrzuji vysokou rezistenci padnich mikroorganismi vuci extrémnim vnéjSim
vlivim a zaroven poukazuji na fakt, Ze problematika studia pudnich mikroorganisml je pomérné
komplikovana a neexistuje zcela jednoznacny ukazatel.

Provedeny soubor laboratornich testli naznaduje, Ze teplota zeminy do 100 °C, ktera je pro tékavé
latky vysoce efektivni, neni pro mikroorganismy letalni, ¢imz ani mikrobialni procesy nejsou potlaceny.
Je mozné ocekavat pfi postupném snizovani teploty v zeminé a jejim ovlhCovani také jeji pomérné
rychlé zpétné oZiveni, a tedy nelze vyloulit také pfip. pokraCujici biodegradaci kontaminace po
skon€eném in-situ mikrovinném dekontaminaénim procesu. P¥i pfipadné biodegradaci se ve velké mife
uplatiuji aerobni heterotrofni mikroorganismy, kdy kromé& oxidace organické hmoty probihaji i dalSi
biochemické redoxni déje.

Do budoucna bude tfeba provést dalSi laboratorni méfeni pro lepSi pochopeni mechanismu
biodegradace a nalezeni optimalnich podminek k u¢innému zpétnému oziveni padniho edafonu.

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 319



Petra KUBINOVA, Jifi KROUZEK, Zuzana HONZAJKOVA: Mikrobiélni oZiveni zeminy po procesu termické
desorpce

Podékovani

Prispévek byl pripraven v ramci vyzkumu realizovaneého s podporou projektu ,Vyvoj a overeni
technologie pro ucely intenzifikace in-situ sanacnich opatfeni“ (TACR TA04020435).
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Effect on soil microbial activity after thermal desorption process
Petra KUBINOVA, Jifi KROUZEK, Zuzana HONZAJKOVA

University of Chemistry and Technology Prague, Faculty of Environmental Technology,
Technicka 5, 166 28 Prague 6, Czech Republic, e-mail: petra.kubinova@vscht.cz

Summary

This paper explains the potentional remedial effect of microwave heating assisted soil vapor
extraction on contaminated soil. Also explains the limits for recovery heterotrophic soil microorganisms
after used in-situ decontamination technique.

Experiments are designed by using real contamination of soil. Samples have input and output
measurement of biological activity (dehydrogenase activity, respiration activity and determining the total
number of heterotrophic soil microorganisms) and measurement of loss contamination in soil
(HS-GC/FID).

Collectively, our results suggest that microwave heating-assisted SVE using our technology is
a viable, cost-effective and speedy alternative to thermal desorption for in situ soil decontamination.

Keywords: Thermal desorption, microwave heating, soil decontamination, organic pollutants,
microbial activity, soil heterotrophic microorganisms.
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Souhrn

V ramci vyzkumu byly navrZzeny kompozitni PVA félie, obsahujici vybrané typy jilovych minerali a
keratinovy hydrolyzat. Pfidavkem jilovych plniv dochazi ke zlepSeni procesnich a uZivatelskych
viastnosti vysledného kompozitu. V ramci vyzkumu byly pouZity dostupna komeréné vyrabéna
nanoplniva Cloisite® Na*, Cloisite® 20A, Cloisite® 308, dale Kaolin Sedlece 1A a odpadni Kaolin Stfeleg,
posledni skupinu tvofily syntetické zeolity pripravené z odpadnich surovin. Smésné félie byly nasledné
podrobeny biodegradacnim experimentum. Vysledky testt naznacuji viiv typu jilu na vysledny stuper
rozkladu fdlie.

Klicova slova:Polyvinyl alkohol, kompozitni materialy, jilové mineraly, keratinovy hydrolyzat

Uvod

Jilové mineraly tvofi skupinu vyznamnych minerall, vyznacujicich se rozliénou strukturou a slozenim.
Jsou dulezitou slozkou pidniho horizontu a v horninovém systému zemské kury patfi k nejrozSifené&jsim
mineralim. Velikost jednoho z rozmérd prevazné ¢asti jilovych minerald nepfesahuje 2 nm. Vzhledem
k velikosti Castic jilovych mineralt patfi bezesporu k pfirodnim nanomaterialdm. Vyznamné uplatnéni
nachazeji jako plniva ur¢ena k pfipravé nanokompozitnich polymernich material( na bazi Polymer/Jilovy
mineral. Kompozitni materialy jsou pevné viceslozkové materialy tvofené kombinaci materiald s rdznymi
strukturalnimi, fyzikalnimi a chemickymi vlastnostmi, pfiemz za nanokompozity jsou povazovany
materialy, kdy alespon jeden z rozméru ¢astic plniva je v nanometrech (<100 nm). Pfednosti jilovych
plniv je jejich ekonomicka nenaronost, dostupnost a nezavadnost v Zivotnim prostfedi. Rozptylenim
Castic nanoplniva v polymerni matrici dochazi k vzajemnym interakcim mezi polymerni matrici a
Casticemi nanoplniva, pficemz ve vodném prostfedi dochazi k expanzi molekul vody mezi jednotlivé
vrstvy a roz8ifovani mezivrstevniho prostoru, nasledkem ¢ehoz dochazi ke zlepSeni vlastnosti finalniho
produktu. V hydratované formé tedy dochazi k oslabeni sil a oddaleni jednotlivych vrstev — interkalaci.
Mize také dojit az k exfoliaci, kdy dochazi k oddéleni jednotlivych vrstev jilu. '*® Obecné se
nanokompozity vyznacuji zlepSenim procesnich a uZivatelskych vlastnosti. Na zakladé, ¢ehoz dochazi
k rozSifeni téchto materialll ve spotfebitelské sféfe, nicméné je malo informaci o jejich schopnosti
biologického rozkladu.>*>*®

Keratin, respektive keratiny, patfi mezi strukturalni proteiny vyznacujici se vysoce stabilni strukturou.
Keratin obsahuje dlouhé polypeptidové fetézce, které jsou navzajem spojeny pomoci disulfidickych
mustkd. Pravé tvorba disulfidickych mastkd je odpovédna za jejich stabilitu a odolnost vici degradaci.
"89Podle dostupnych zdrojd vznika celosvétové vice neZ 5 miliénd tun keratinového odpadu ro&né
produkovaného z réiznych odvétvi primyslu. *° Keratinové odpady se stale hromadi v Zivotnim prostfedi
a to zejména v podobé pefi, srsti, vlast &i v podobé dalSich obtizné zpracovatelnych odpadu jako jsou
kopyta, rohy €i nehty. V sou€asné dobé je vénovana pozornost t&émto opadim z hlediska jejich mozného
druhotného vyuziti. Uplatnéni nachazeji predevsim v lékarstvi, zemédélstvi ¢i obalovém primyslu, kde
se vyuzivaji ve formé rozpustného keratinového hydrolyzatu. °

Biologickou rozlozitelnosti nanokompozitnich materiald na bazi jilovych minerall se zabyvala studie
Spiridona a kol. ', kde byla studovéna rychlost biologického rozkladu nanokompozitnich folii
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PVA/JIL/ISKROB, pfic¢emz dospéli k zavéram, Ze piidavek nanogastic jilu mél negativni vliv na rychlost
biologického rozkladu. Sinha a kol. ** se zabyvali biologickou rozloZitelnosti nanokompozittl
polyamid/montmorillonit (MMT). Po 50 dnech inkubace dosahl stupen biologického rozkladu
nanokompozitu 95 %. Za stejnou dobu inkubace bylo rozloZzeno 60 % C&istého polyamidu, &imz byl
prokazan pozitivni vliv na rychlost biologického rozkladu. Okamoto a kol.'* se zabyvali biologickym
rozkladem nanokompozitli na bazi polybutylsukcinat/MMT. Stupen rozkladu byl vyhodnocen na zakladé
zmeén struktury materialu, respektive z mikroskopickych snimka pofizenych po 35 dnech inkubace.
Snimky prokazaly pozitivni vliv na rychlost biodegradace oproti samotnému polybutylsukcinatu. Naopak
negativni vliv byl prokdzan u nanokompozitd na bazi alifatickych polyester(. Autofi predpokladaji, ze
k retardaci biologického rozkladu doSlo v dlisledku zlepSeni bariérovych vlastnosti nanokompozitu, ¢imz
byl omezen pfistup degradujicich mikroorganismd k polymerni matrici. **

Tato studie se zabyva vlivem jilovych minerald na biologicky rozklad kompozitnich félii na bazi
PVA/Jilovy mineral/Keratinovy hydrolyzat ve vodném prostfedi. PVA je v dne$ni dobé, diky svym
vlastnostem Siroce vyuzivan v domacnostech, pramyslu i v zemédélstvi. Nasledkem €ehoz dochazi ke
kontaminaci vodniho a puddniho prostfedi, pficemz ve vodé, i kdyz je povazovan za biologicky
rozlozitelny a netoxicky pro vodni organismy, vykazuje velkou povrchovou aktivitu, ktera se muze
projevit nezadoucim pénénim. V padnim prostfedi dochazi k jeho sorpci na pudni Castice jilového
charakteru a nasledné akumulaci v prostfedi, coZz nepfiznivé ovliviiuje jeho schopnost biologického
rozkladu.

Experimentalni ¢ast

Pocgateéni navrh folii se odvijel od poznatk(i publikovanych ve studii Sapalidise.? Pro pfipravu folii
byla navrzena technika liti do formy, pfi€¢emz byl pouzit PVA se stupném hydrolyzy 88 % - Sloviol 88-08,
dale keratinovy hydrolyzat ziskany dvoustupriovou alkalicko-enzymovou hydrolyzou odpadniho kufeciho
pefia kromé& konvenénich plniv byly pouZity i pfirodni a odpadni jilova plniva vyznadujici se relativné
nizkou cenou a nezavadnosti v Zivotnim prostfedi. Byla pfipravena série kompozitnich félii s obsahem
jilovych mineralt — 2 %, keratinového hydrolyzatu — 8 % a glycerolu — 12 %. Glycerol se pfidava jako
zmékcovadlo a tepelny stabilizator. Félie byly michany a zahfivany na vodni lazni pfi teploté 80 °C.

Postup pfipravy folii je schematicky znazornén na obrazku 1. Pro pfipravu félii byl pfipraven 10%
zasobni roztok PVA 88-08. Poté bylo davkovano 20 ml tohoto roztoku do kadinky o objemu 250 ml, kde
byl roztok smichan s 15 ml destilované vody. Smés byla michana po dobu 30 minut. Zatimco se smés
michala, byla pfipravena suspenze jilového mineralu s glycerolem a 2,5 ml destilované vody (R;). Pfed
pfidanim jilu, byl glycerol spolu s destilovanou vodou michan 10 minut, poté byl pfidan pfislusny jilovy
mineral. Takto pfipravena suspenze byla michana po dobu 30 minut, poté byla suspenze vystavena
pusobeni ultrazvuku, taktéZz po dobu 30 minut. Nasledné byla suspenze pfidana k roztoku PVA 88-08
a michana 30 minut. V tomto €ase byl jiz pfipraven roztok keratinového hydrolyzatu, ktery byl smichan
s 2,5 ml destilované vody (tak aby ve vysledné smési vznikl 10% roztok) a michan po dobu 30 minut
(R2). Po smichani vSech slozek byla vysledna smés michana opét 30 minut. Po dikladném promichani
byla smés vylita do polystyrénové Petriho misky. Folie byly suSeny pfi laboratorni teploté (+ 25°C) do
konstantni hmotnosti, cca 14 dni.
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Obrazek 1: Schéma pripravy kompozitnich folii

Sledovani biologického rozkladu pomoci respirometru Micro-Oxymax

Sledovani biologického rozkladu kompozitnich félii na bazi PVA/Jilovy mineral/Keratinovy hydrolyzat
ve vodném aerobnim prostfedi probihalo na respirometru Micro-Oxymax. Respirometr Micro-Oxymax je
uzavieny systém, ktery kontinualné zaznamenava spotiebu Kkysliku a produkci oxidu uhli€itého.
Sledovani biologického rozkladu probiha na zakladé zmén sloZeni plynné faze, kde dochazi ke zménam
obsahu O, a CO,, ke kterym dochazi v dusledku probihajicich mikrobialnich procest. Stupen
biologického rozkladu (Dco,) testovanych vzorku byl stanoven na zakladé produkce CO, v Case.

Procento biologického rozkladu bylo vypocteno jako pomér substratové produkce CO, a teoretické
produkce CO,. **

Jako inokulum byl pouZit neadaptovany aktivovany kal z méstské Cistirny odpadnich vod, kdy
koncentrace inokula byla 500 mg/l. Koncentrace testovanych jili nebo félii byla cca 200 mg/l.
Experiment probihal po dobu 28 dni. Stanoveni probihalo 3 x vedle sebe. Pfed zahajenim a po ukon&eni
experimentu byla stanoven obsah rozpusténého organicky vazaného uhliku a hodnota pH.

Vysledky a diskuse
Viiv jilovych minerald na respiraci mikrobialniho inokula

Pfed zahajenim biodegradacnich experimentl byl sledovan také samotny vliv jilovych minerall na
respiraci inokula. Na obrazku 2 je vidét, Zze pfitomnost jilovych minerald neméla negativni vliv na
respiraci mikroorganismu aktivovaného kalu (AK). Dosazené vysledky jsou v souladu se studii *°, kdy
nebyla prokadzana akutni ani chronicka toxicita silikatovych nanocastic, vaci Zivotaschopnosti
mikroorganism0 aktivovaného kalu. Vyjimkou je pfirodni MMT-Cloisite® Na’, kdy doSlo k poklesu
respirace témér o 17 %. Toto chovani by mohlo byt zplsobeno v disledku sorpce, kdy ve vodném
prostfedi dochazi k uvolnéni interkalovanych kationtd obsaZenych v mezivrstevnim prostoru MMT
a nasledné adsorpci gramnegativnich bakterii mikrobialni populace AK na MMT.*"Naopak, v pfitomnosti
Cloisite® 20A a Cloisite® 30B je mozné pozorovat pozitivni vliv, kdy byla zaznamenana respirace vysSi
07,1 %, respektive o 10,5 %. Vzhledem k tomu, Ze jilové mineraly Cloisite® 20A a Cloisite® 30B

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 4, strana 323



Martin JURCA, Markéta JULINOVA, Roman SLAVIK, Pavel MOKREJS' Vyuziti jilovych minerélii na vyrobu
biodegradabilnich smési na bazi polyvinylalkoholu a keratinového hydrolyzatu

obsahuji organické modifikatory, které obsahuji pomérné dlouhé uhlovodikové fetézce (Cis-C14), mohl
byt narust respirace zplsoben jejich rozkladem.
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Obrazek 2: Respirace inokula za pfitomnosti studovanych jilovych minerali

Sledovani biologického rozkladu nanokompozitnich félii na bazi PVA/Jilovy
mineral/Keratinovy hydrolyzat

Pfed zapocetim testu byly félie dikladné vysuSeny a nasledné nastfihany na zkuSebni téliska
o rozmérech cca 0,5 x 0,5 cm a o hmotnosti ~10 mg s pfesnosti 0,1 mg. Experiment probihal po dobu
28 dni. V prubéhu experimentu nedochazelo k zadnym vyznamnym zménam pH, kdy se hodnota
pohybovala v rozmezi 6,5 — 7,5. Standardem v tomto experimentu byla (Cista) PVA fdlie.
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Obrazek 3: Shrnuti vysledku dosazenych pri biologickém rozkladu smésnych félii na bazi
PVA/Jilovy mineral/Keratinovy hydrolyzat

Z obrazku 3 je zfejmé, Ze nejvysSi stupen rozkladu byl zaznamenan u fdélii s nanoplnivem Cloisite®
30B, kdy doslo k rozkladu ~88 %. Vzhledem k tomu, ze Cloisite® 30B dle literatury projevuje biocidni
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aginky™®*®, tak je vysoka uroven rozkladu smésné félie s timto nanoplnivem pomérné prekvapiva.
Uroveni rozkladu by mohla byt ovlivnéna pFitomnosti organického modifikatoru, ktery obsahuje dlouhé
uhlovodikové fetézce (C14-Cig), Vv pribéhu experimentu tak mohlo dojit k rozkladu organického podilu
tohoto nanojilu. Hodnoty dosazené pfi rozkladu félii s plnivy Cloisite® Na* a Cloisite® 20A jsou pFiblizné
totozné, kdy bylo rozlozeno 63 %, respektive 67 %. V prubéhu biologického rozkladu nanokompozitnich
félii s obsahem kaolinu Sedlece a kaolinu StfelCe byla zaznamenana témér identicka hodnota, a to
69 %. U folii s obsahem zeolitl se nejlépe rozkladala folie s obsahem Sedleckého zeolitu, kdy doslo
k biologickému rozkladu folie ze 79 %. U dalSich dvou félii s plnivy zeolit Stfele€ 2 a zeolit Stfele¢ N
doslo k rozkladu ve stejném rozsahu, kdy bylo rozloZzeno ~ 67 % vzorku.

Pro pribéh biodegradacnich kfivek byl charakteristicky dvoustupriovy rozklad. Obvykle dochazi
v prvnim stupni k zahajeni biologického rozkladu snadno rozlozitelnych substratd, coz jsou v tomto
pfipadé glycerin a keratinovy hydrolyzat. Lze se také domnivat na zakladé vysledk( pfedchozich studii,
ze v druhém stupni dochazi k rozkladu jiz samotného PVA 88-08.
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Obrézek 4: Cas zahdjeni druhého stupné biologického rozkladu smésnych félii

Na obrazku 4 je uveden €as zahajeni druhého stupné rozkladu. Je zajimavé, Ze i kdyZ je kone¢na
uroven rozkladu u smésnych folii nizsi, v porovnani se standardem, tak k zahajeni rozkladu samotného
PVA doslo u vétSiny félii dfive. K zahajeni druhého stupné rozkladu doslo u vétSiny kompozitnich folii po
160 — 190 hodinach.

Zaver

Vysledky testd naznacuji vliv typu jilu a s tim souvisejici distribuce €astic v matrici na vysledny stupen
rozkladu fdlie, avSak je patrné, Zze u vétSiny folii byl zaznamenan pokles schopnosti biologického
rozkladu PVA ve formé smesnych félii. Snizeni urovné rozkladu by mohlo byt zplsobeno pfipadnou
sorpci PVA na jil = MMT- Cloisite® Na’, kdy béhem technologického postupu vyroby folii mohlo dojit
k sorpci jak PVA, tak i keratinového hydrolyzatu, vzhledem k vysoké teploté (80°C) pfi pfiprave folii. Jak
je znamo, tak teplota ma vyznamny vliv na prabéh a rychlost sorpce. Obecné byl zaznamenan pokles
schopnosti biologického rozkladu o 10 % v porovnani se standardem. Vyjimkou jsou folie s obsahem
Sedleckého odpadniho zeolitu a félie s komeréné dostupnym plnivem Cloisite®30B, av8ak zde mohlo

dojit v pribéhu experimentu ke zkresleni hodnot, z ddvodu rozkladu organického modifikatoru tohoto
jilového mineralu.

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

WASTE FORUM 2017, &islo 4, strana 3259



Martin JURCA, Markéta JULINOVA, Roman SLAVIK, Pavel MOKREJS' Vyuziti jilovych minerélii na vyrobu
biodegradabilnich smési na bazi polyvinylalkoholu a keratinového hydrolyzatu

Podékovani

Autofi dékuji za finanéni podporu internimu grantovému projektu Univerzity Toméase Bati ve Zliné
IGA/FT/2017/003.

Seznam symbolu a zkratek

PVA polyvinylalkohol
MMT montmorillonit
AK aktivovany kal
Literatura

1. OLAD A., Polymer/Clay Nanocomposites. [editor] Reddy Borreddy. Advances in Diverse Industrial
Applications of Nanocomposites. 22.. 3. 2011, 7, s. 113 — 38, DOI: 10.5772/14464.

2. SAPALIDIS A. A., KATSAROS F. K., KANELLOPOULOS N. K., PVA / Montmorillonite
Nanocomposites:Development and Properties. InTech [online]. Recko: 2011, DOI: 10.5772/18217.

3. RAY S. S., BOUSMINAM., Biodegradable polymers and their layered silicate hanocomposites: In
Greening the 21st century materias words.Progress in Materials Science. Canada: University of
Laval, 2005, €. 50, s. 962 — 1079, DOI:10.1016/j.pmatsci.2005.05.002.

4 PLACHAD. S., MARTYNKOVA G., VALASKOVA M., Vyznam jild a jilovych mineral(

v nanotechnologiich. Chemické listy. 2011, 104, s. 582 — 84.

5. NEL A, XIA T., MADLER L., LI N., Toxic Potential of Materials at the Nanolevel. Science. 2006, 311,
S. 622 - 27.

6. WEISS Z., KUZVART M., Jilové mineraly: Jejich nanostruktura a vyuziti. Praha: Karolinum, 2005.
ISBN 80-246-0868-5.

7. MEYERS, M. A., CHEN P. Y., LIN A. Y. M., SEKI Y., Biological materials: Structure and mechanical
properties. Progress in Materials Sciece. 2008, 53, s. 1 — 206, DOI:10.1016/j.pmatsci.2007.05.002.

8. MOKREJS, P., KREJCI 0., CERMAK R., SVOBODA P., Optimalizace podminek enzymové hydrolyzy
kufeciho pefi. Chemické listy. 2013, 107, s. 709 — 12.

9. SINGH, I., KUSHWAHA R. K. S., Keratinases and microbial degradation of Keratin. Advances in
Applied Science Research. 2015, 6 (2), s. 74 — 82. Dostupné z:
http://www.imedpub.com/articles/keratinases-and-microbial-degradation-of-keratin.pdf

10. ZOCCOLA, M., ALUIGI A., TONIN C., Characterisation of keratin biomass from butchery and wool
industry wastes. Journal of Molecular Structure. 2009, 938, DOI:10.1016/j.molstruc.2009.08.036.

11. SPIRIDON, I,M.,POPESCU C., BODARLAU R., VASILE C.,Enzymaticdegradation of some
nanocomposites of poly(vinylalcohol) with starch. Polymer Degradation and Stability. 2008, €. 93,

s. 1884 — 90, DOI:10.1016/j.polymdegradstab.2008.07.017.

12. SINHA R. S., OKAMOTO M.,Biodegradablepolylactide/layeredsilicatenanocomposites: Open a new
dimension for plastics andc omposites. Macromolecular Rapid Communications. 2003, &. 24,

s. 815 - 40, DOI: 10.1002/marc.200300008.

13. OKAMOTO K., RAY S. S., OKAMOTO M., New poly(butylenesuccinate)/layered silicate
nanocomposites: Effect of organically modified layered silicates on structure, properties, melt
rheology and biodegradability, Journal of Polymer Science: Part B: Polymer Physics.

14. LEE S. R., PARK H. M., LIM H., KANG T., LI X., CHO W. J., HA CH. S., Microstructure, tensile
properties and biodegradability of aliphatic polyester/clay nanocomposites. 2002, €. 43, s. 1495 — 500.

Dostupné z: http://www.ecoconceptionpolymerescomposites.com/medias/files/ds-eco-materiaux-
2010.pdf

Patronem tohoto Cisla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. - 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 4, strana 320


http://www.ecoconceptionpolymerescomposites.com/medias/files/ds-eco-materiaux-
http://www.ecoconceptionpolymerescomposites.com/medias/files/ds-eco-materiaux-

Martin JURCA, Markéta JULINOVA, Roman SLAVIK, Pavel MOKREJS' Vyuziti jilovych minerélii na vyrobu
biodegradabilnich smési na bazi polyvinylalkoholu a keratinového hydrolyzatu

15. DRIMAL P., HOFFMANN J., Laboratorni pfistroje a postupy: Automatizovany systém kontinualniho
sledovani aerobniho biologického rozkladu latek ve vodnim a ptdnim prostfedi, Chemické listy, 2008,
€. 102, s. 139 — 47, ISSN 1213-7103.

16. ZHENG X., SU Y., CHEN Y., Acute and Chronic responses of activated sludge viability and
performance to Silica nanoparticles. Environmental Science and Technology. China: Tongji
University, 2012, €. 46, s. 7182 — 88, DOI: 10.1021/es300777b.

17. MALACHOVA K., PRAUS P., PAVLICKOVA Z., TURICOVA M., Activity of antibacterial compounds
immobilised on montmorillonit. Applied Clay Science, 2009, €. 43, s. 364 — 68,
DOI:10.1016/j.clay.2008.11.003.

18. HONG S. I, RHIM J. W., Antimicrobial Activity of Organically Modified Nano-Clays. Journal of
Nanoscience and Nanotechnology. American Scientific Publishers, 2008, ¢. 11, s. 5818 — 24.

19. LIU G., SONG Y., WANG J., ZHUANG H., MA L., LI C,, LIU Y., ZHANG J., Effects of nanoclay type
on physical and antimicrobial properties of PVOH — based nanocomposite films.LWT — Food Science
and Technology. Elsevier, 2014, €. 57, s. 562 — 68, DOI:doi.org/10.1016/j.lwt.2014.01.009.

Use of clay minerals to produce biodegradable mixtures based on polyvinyl
alcohol and keratin hydrolyzate
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Summary

In the research, composite PVA films to contain selected types of clay minerals and keratin
hydrolyzate were designed. The addition of clay Fillem can also improve the process and user properties
of the resulting composite. In the research the Cloisite® Na*, Cloisite® 20A, Cloisite® 30B, Kaolin Sedlec
1A, waste Kaolin Strelec and zeolites prepared by synthesis of the waste materials. The blended films
were subsequently subjected to biodegradation experiments. The test results indicate the effect of the
mineral clay type on the resulting film decomposition.

Keywords: polyvinyl alcohol, composite materials, mineral clay, keratin hydrolyzate
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Souhrn

V dusledku rozvijejicich se ekonomik roste poptavka po zdrojich elektrické energie. S tim ale souvisi i
otazka rovnomérného pokryti elektrické energie v prubéhu dne. Tuto problematiku by mély reSit tzv.
konvertory elektrické energie v podobé klasickych akumulatord, palivovych ¢lankd, redoxnich pratoénych
baterii apod. Tato prace ma za cil porovnat pfipravu a mechanické viastnosti vodivych kompozitt na
bazi termoplastického pojiva (vysokotekuty polypropylen random kopolymer) a jako vodivych pfisad tfi
typG grafittd (jemny synteticky, hruby synteticky a pfirodni) v kombinaci se tfemi typy sazi o rizném
mérném povrchu. Smyslem prace je nalézt smér vhodné kombinace grafitu a sazi s cilem dosaZeni co
nejlepSich vodivostnich charakteristik, mechanickych viastnosti a rovnéz i zpracovatelnosti. Pro
jednoduchost byly vzdy pripravovany smési jednoho typu grafitu a sazi pro dva riizné poméry. Tyto nové
kompozitni materialy by mély nalézt uplatnéni napf. jako levné alternativy bipolarnich desek. Bylo
potvrzeno, Ze prisady s vysokym mérnym povrchem snizuji limit maximalniho obsahu vodivych sloZek,
¢imZ mohou negativné ovlivnit vyslednou vodivost kompozitu. Na druhou stranu vyztuZujici charakter
Jjemnych Ccastic zvySuje mechanickou pevnost, avS8ak na ukor zhorSené zpracovatelnosti a vy$$i
kfehkosti.

Kli¢ova slova: redoxni pritoéné baterie, kompozitni bipolarni deska.

Uvod

Bipolarni desky jsou jednou ze zakladnich komponent svazku elektrochemickych €lankd pratocnych
baterii a palivovych ¢lanku, které se stale vice uplatiiuji ke stacionarni a mobilni akumulaci elektrické
energie. S ohledem na jejich pouziti jsou na bipolarni desky kladeny zna¢né pozadavky jak z pohledu
vodivosti, korozivzdornosti, mechanické odolnosti a také snadné zpracovatelnosti a nizké ceny. Jednim
z prvnich materiald pro bipolarni elektrody byl grafit, ktery ma dobrou vodivost, je lehky a ma
dostate¢nou chemickou odolnost. Jeho nevyhodou je ale vysoka kiehkost a komplikované;jsi vyroba, coz
ho limituje pro velkokapacitni vyrobu. Proto jsou hledany alternativy, které by umoznili levné&jsi
a snadnéjsi vyrobu bipolarnich desek. Z téchto divodu je pozornost zaméfena na kompozitni materialy,
jejichz zakladem je nejcasté&ji termoplastické pojivo, grafit a saze'**. Pro dalsi zlepSeni vlastnosti se
mohou pfidavat i grafitova vlidkna ¢i uhlikové nanotrubky nebo dal$i pfisady. Jejich pfinos je ale mnohdy
diskutabilni s ohledem na jiz vysoky obsah grafitu a sazi.

Kompozitni material se stava vodivym az po pfekroceni tzv. perkolacniho prahu, kdy vodivé Castice
plniva vytvofi kontinualni vodivy kanal®. Tento perkolaéni prah zavisi na fadé faktor(i, pficemz nejvice
vyznamny je typ, velikost a charakter vodivych &astic>®.

v v

neni mozné pfipravit dostateCné vodivé bipolarni elektrody pouze se sazemi. Divodem je limit
maximalniho obsahu sazi v kompozitu z divodu vysokého mérného povrchu a vyztuzujiciho charakteru
sazi. Pro dosazeni vysoké vodivosti je zapotiebi kombinovat velké a malé Castice a tim dosahnout co
nejvétsiho zaplnéni prostoru s minimalnim vlivem na zpracovatelnost®.

Tato prace ma za cil porovnat pfipravu a mechanické vlastnosti vodivych dvouslozkovych kompozitQ
na bazi termoplastického pojiva, grafitu a sazi.
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Experimentalni ¢ast

Materialy

Pro pfipravu vodivych kompoziti byl vybran vysokotekuty polypropylen random kopolymer. Vysoka
tekutost by méla byt Zadouci s ohledem na mozny zpusob vyroby vstfikovanim, jez umoznuje velmi

levhou vyrobu bez nutnosti

nasledného frézovani

nebo jiného zpusobu

tvorby distributort.

Homopolymery a blokové kopolymery maji pfili§ nizkou taznost, ktera by se u vysoce naplnéného
kompozitu projevila zvy$enou kiehkosti. Z tohoto dlivodu je dana prednost random kopolymeru.

Jako vodiva plniva byly zvoleny tfi typy grafit( a tfi typy sazi. Jejich zakladni vlastnosti jsou uvedeny
v tabulce 1. U grafitu byla velikost ¢astic ovéfena za pomoci laserového difraktometru Mastersizer 2000E
od Malvernu (viz obrazek 1). V pfipadé sazi se jednalo o granulované formy, se kterymi je lepSi

manipulace.

Tabulka 1: Zakladni udaje pouzZitych grafiti a sazi

Grafit Saze i
— - — i3 —
Koédové oznaéeni Pivod Median velikosti castic Kédové oznaéeni Merny ;2)ovrch
(pm) (m%9)
Gl Prirodni 5,9 S1 <500
G2 PFirodni 13,3 S2 <1000
G3 Synteticky 21,1 S3 > 1500
Legenda:

a — udaje z vlastniho méreni na Mastersizer 2000E

b — orientacéni velikost ziskana z dat od vyrobce nebo ¢lankd

Volume (%)
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Obrazek 1: Distribuce velkosti ¢astic grafitovych prisad
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Priprava smési

Do PE pytld byly namichany smési grafitu a sazi v hmotnostnim poméru 70:5 pro vice naplnény
kompozit a 60:10 pro meéné& naplnény kompozit. Viastni pFiprava smési byla provadéna na
dvousnekovém modularnim systému PTW24/28 PolyLab OS od Thermo Scientific HAAKE pfi teploté
200 °C a 120 ot/min. Pomoci gravimetrickych davkovacua byl do prvni nasypky davkovan PP a do druhé
smeés grafitu a sazi. Vykon davkovani byl upravovan s ohledem na rdznou sypnou hmotnost grafitovych
smési tak, aby nedoslo k zahlceni nasypky a zaroveri, aby nedoSlo k pfekro¢eni maximalni tlaku na
vytlaCovaci hlavé, ktery je 100 bar. Vzhledem k prudké zavislosti obsahu grafitu a sazi na viskozité a tim
i vytlaGovaciho tlaku nebylo mozné pfipravit vSechny smési s pozadovanym cilovym obsahem plniv 75,
resp. 70 hm%. Proto byl celkovy obsah grafitu a sazi sniZzen na 72 hm.% (pro smési 70:5) resp. 65 hm.%
(pro smési 60:10). Extrudované struny byly kladeny a chlazeny na pojizdném pasu a po vychlazeni
granulovany.

Z pfipraveného granulatu byly na témze zafizeni s extruznim modulem Rheomex 19/25 vytlageny
desky o tloustce cca 1,5 mm a Sifi cca 10 cm. Podminky extruze byly upravovany tak, aby extrudované
desky mély co nejleps$i kvalitu a pozadovanou tloustku. Rovnéz i porfadi extruze smési bylo voleno dle
jejich oCekavané viskozity a tedy i rostouciho extruzniho tlaku. Proto u nejvice tekutych smési byl zvolen
mirny teplotni profil cca 180 — 160 °C (pocatek Sneku — extruzni hlava), zatimco u nejméné tekutych
smési byl teplotni profil navySen az na 200 — 190 °C. VysSi teplota na poCatku extruderu byla volena
z davodu rychlého nataveni smési, které bylo nezbytné pfi aplikovanych otackach 120 — 200 ot/min.
Extrudované desky byly kladeny na pojizdny pas a fezany na délku cca 60 cm pro nasledné pielisovani.
To bylo nezbytné pro dosazeni rovhomérné kvality a komprese materialu.

V pribéhu homogenizace a extruze byly zaznamenavany procesni podminky, jako je teplota, otacky
extruderu, to€ivé momenty a tlaky, které byly pouZity pro vyhodnoceni zpracovatelnosti smési.

Prelisovani bylo provadéno na hydraulickém lise ZHOT60MT od Presshydrauliky za teploty 160 °C,
doby predehfevul/lisovani 5/5 minut a lisovacim tlaku 25 kg/cm?® Pted vyjmutim zlisu byly desky
vychlazeny na 60 °C pfi stejném lisovacim tlaku. Lisovany byly vzdy 3 desky od stejné smési vedle sebe.

Charakterizace mechanickych vlastnosti

U prelisovanych kompozitnich desek byly stanoveny mechanické vlastnosti v ohybu na zafizeni
Tinius Olsen H5KT dle normy EN ISO 178:1993. Pro zkousky byly z pfelisovanych desek vyfrézovany
vzorky o rozméru 4x10 cm. Pro kazdy smér extruze bylo pfipraveno nejméné 10 vzorkd. Pro ohybovou
zkouSku byla nastavena vzdalenost podpér na 60,9 mm a nabé&hova rychlost do kontaktu se vzorkem
3 mm/min. PFi dosazeni sily 0,5 N byla automaticky vynulovana pozice a test pokracoval rychlosti
1 mm/min az do prasknuti vzorku. Ze ziskanych dat byl vyhodnocen ohybovy modul (MPa), maximalni
pevnost ohybem (MPa) a deformace pfi maximalni pevnosti (%).

Vysledky a diskuse
Zpracovatelnost

Pfi homogenizace smési bylo nutno pfihlédnout k sypné hmotnosti pfipravenych smési grafitu a sazi.
Vzhledem k tomu, Zze pouzity homogenizator nema nucené podavani do Sneku, ma sypna hmotnost vliv
na maximalni davkovaci mnozstvi. Sypna hmotnost nebyla konkrétné méfena, ale byla porovnavana na
zakladé mnozstvi smési grafitu a sazi v zasobniku gravimetrického davkovace. VSechny smési mély
sypnou hmotnost méli smési s hrubym grafitem G3. Pfidavek sazi v granulované formé& mél minimalni
vliv na sypnou hmotnost.

Pro zachovani stejné smykové rychlosti byly pro homogenizaci zvoleny konstantni otacky
a pfizplsobovan byl davkovaci vykon slozek. V pfipadé extruze bylo nutno otacky upravovat s cilem
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dosahnout dobré kvality extrudovanych desek. U extruze neni smykova rychlost tak zasadni jako
u homogenizace, kde je vyrazné vyssi a pfedevSim nutna pro kvalitni homogenizaci.

Vzhledem k riznému vykonu davkovani slozek pfi homogenizaci a riznym otackam pfi extruzi byly
hlavni sledované parametry toCivy moment a tlak na extruzni hlavé vztazeny pravé k témto parametrim.
Tato normalizace je mozna jen za predpokladu, kdy todivy moment a tlak Umérné zavisi na mnozstvi
zpracovavané smési. Normalizace byla provedena dle nasledujicich vztahl, kde Qg je celkovy
davkovaci vykon slozek v kg.h™,

Mg = MSZZZQ [N.kg™*. h] )

g = Pg‘:’e'zg [bar.kg=L.h] (2)

norm — Mexer [N.ot™ 1. min] (3;
extr

prorm — Lexer [bar.ot™ . min] (L;

extr

Z porovnani normalizovanych to€ivych momenta a tlak( pfi homogenizaci a extruzi v tabulce 2 az 5 je
zietelné vidét negativni vliv jemnosti ¢astic na zpracovatelnost. Nejvyssich to€ivych momentl a tlaku dle
predpokladl dosahuji smési jemného grafitu G1 s pfidavkem sazi o vysokych mérnych povrSich S2
a S3. Tyto smési mély zaroven nejnizSi davkovaci vykon kolem 1,25 kg/h kvuli velmi nizké sypné
hmotnosti grafitovych smési. Naopak nejlépe se zpracovavaly smési s hrubymi grafity G2 a G3
v kombinaci se sazemi s nejmensim mérnym povrchem S1. Nejvy$sSiho davkovaciho vykonu az 3 kg/h
dosahovaly smési s hrubym syntetickym grafitem G3 a to se vSemi typy sazi.

Tabulka 2: Zavislost normalizovaného tocivého momentu pri homogenizaci na sloZzeni smési

65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3
S1 19,4 14,1 12,6 20,7 13,0 13,9
S2 26,5 20,3 25,1 25,9 16,4 19,1
S3 28,8 17,6 18,8

Tabulka 3: Zavislost normalizovaného tlaku extruzni hlavy pfi homogenizaci na sloZzeni smési

65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3
S1 21,5 14,0 11,9 36,8 14,9 15,2
S2 43,1 24,4 34,1 51,6 23,9 24,3
S3 56,0 25,3 24,0

Tabulka 4: Zavislost normalizovaného to¢ivého momentu pri extruzi na sloZeni smési

65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3
S1 0,29 0,20 0,22 0,42 0,25 0,31
S2 0,41 0,35 0,55 0,47 0,32 0,39
S3 0,54 0,33 0,36
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Tabulka 5: Zavislost normalizovaného tlaku extruzni hlavy pfi extruzi na sloZzeni smési

65 hm. % 72hm. %
Gl G2 G3 Gl G2 G3
S1 0,47 0,43 0,49 0,66 0,42 0,53
S2 0,65 0,57 1,11 0,73 0,49 0,66
S3 0,85 0,52 0,61

Charakterizace mechanickych vlastnosti

Vysledky mechanickych vlastnosti z ohybové zkousky (viz tabulka 6 az 8) zfeteln& ukazuji zpevnujici
charakter jemnych ¢&astic. Nejvy$Sich moduld a pevnosti dosahuji vzorky s jemnym grafitem G1
a sazemi s nejvysSim povrchem S2 a S3. Nicméné rozdily v mechanickych vlastnostech v ramci
porovnani jednotlivych skupin liSicich se typem grafitu, sazemi nebo koncentraci nejsou nikterak vyrazné
a pohybuji se cca od 10 do 15 %, Prakticky jen u porovnani modult smési s rozdilnym grafitem dosahuiji
rozdily cca 20 az 40 %. Ukazuje se tedy, Ze vétSi pfinos na mechanické vlastnosti ma volba grafitu nez
sazi, coz muze byt dano vyrazné vysSim podilem grafitu. Na druhou stranu vyrazné vyssi mérny povrch
maji saze, které i pfes nizsi obsah ve smési by méli mit vyrazné vyssi vyztuzZujici schopnost, coz se
v tomto pfipadé nepotvrdilo. Pfi¢inou by mohla byt i nedostateéna dispergace granulované formy sazi.

S rostouci pevnosti kompozitu zaroven klesa jeho maximalni deformace, tj. kompozit se stava
kiehkym. PfestozZe rozdil v deformacich jednotlivych smési dosahuje az 50 %, nema vyznam vzhledem
k velmi nizkym absolutnim hodnotam o néjakém rozdilu hovofit. Maximalni deformace vSech smési se
pohybuji v rozmezi cca 0,5 az 1 %, coz znamena vysokou kiehkost kompozitu, nicméné tato deformace
je pro pfipadné bipolarni desky stale dostate¢na.

v v

Tabulka 6: Zavislost ohybového modulu v MPa na sloZeni smési v podélném a pficném sméru

Podélny smér PFi€ny smér
65 hm. % 72 hm. % 65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3 Gl G2 G3 Gl G2 G3
S1| 11630 | 10170 {8281 | 11430 | 11190 | 9841 | 11550 | 9718 | 6895 | 13980 | 11790 | 9122
S2| 12090 | 11640 [ 9192 | 11830 | 12830 | 9985 | 12940 | 11860 | 8621 | 13740 | 13200 | 10190
S3 12620 | 12830 | 10990 16220 | 13430 | 10310

Tabulka 7: Zavislost maximalni pevnosti v MPa na sloZzeni smési v podélném a pficném sméru

Podélny smér Priény smér
65 hm. % 72hm. % 65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3 Gl G2 G3 Gl G2 G3
S1| 5449 |47,17 | 46,41 | 50,00 | 51,18 | 48,70 | 52,98 | 46,31 | 41,77 | 58,29 | 50,07 | 46,57
S2| 56,25 | 53,67 | 49,65 | 50,38 | 56,04 | 48,38 | 58,17 | 53,20 | 48,11 | 54,51 | 54,08 | 50,22
S3 51,84 | 55,92 | 51,75 62,15 | 54,89 | 49,88

Tabulka 8: Zavislost maximalni deformace v % na sloZzeni smési v podélném a pricném sméru

Podélny smér Pri¢ény smér
65 hm. % 72hm. % 65 hm. % 72 hm. %
Gl G2 G3 Gl G2 G3 Gl G2 G3 Gl G2 G3
S1| 0,794 | 0,748 | 0,950 | 0,685 | 0,728 | 0,757 | 0,724 | 0,795 | 1,010 | 0,556 | 0,622 | 0,783
S2| 0,745 |0,684 | 0,812 | 0,597 0,648 | 0,671 | 0,672 | 0,655 | 0,816 | 0,506 | 0,546 | 0,696
S3 0,560 | 0,665 | 0,656 0,491 | 0,560 | 0,682
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Zaveéry

Bylo pfipraveno celkem 6 kompozitnich smési s celkovym obsahem grafitu a sazi 65 hm. % a 9 smési
s celkovym obsahem grafitu a sazi 72 hm%. Jako pojivo byl pouzit vstfikovaci typ PP random
kopolymeru. Nejlépe zpracovatelné byly smési s hrubym grafitem G3 a sazemi s nejmenSim mérnym

povrchem S1. Sklesajici velikosti Castic grafitu nebo rostoucim mérnym povrchem sazi se
zpracovatelnost zhorsuje.

Podobny trend maiji i mechanické vlastnosti, kde ohybovy modul a maximalni pevnost kompozitu
roste s klesajici velikosti Castic grafitu a rostoucim mérnym povrchem sazi. Naproti tomu deformace,
resp. taznost, klesa.

v v

zpracovatelnost umoznujici nenaro¢nou vyrobu i slozitéjSich tvard. Dal$i vyhodou je moznost zvySeni
celkového obsahu grafitu a sazi pro dal8i zvySeni vodivosti
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Summary

As a result of emerging economies, demand for electricity is growing. However, the issue of even
electricity coverage during the day is also related to this. This problem should be solved by
electrochemical energy convertors such as classical accumulators, fuel cells, redox flow batteries, etc.
This work aims to compare the preparation and mechanical properties of conductive composites based
on thermoplastic binder (polypropylene random copolymer) and as conductive additives of three types of
graphite (fine synthetic, coarse synthetic and natural) in combination with three types of carbon black of
different specific surface. The purpose of this work is to find a suitable combination of graphite and
carbon black with the aim of achieving the best conductivity characteristics, mechanical properties as
well as processability. For simplicity, mixtures of one type of graphite and carbon black have always
been prepared for two different ratios. These new composite materials should find use, for example, as
a cheap alternative to bipolar plates. It has been proved that high specific surface additives reduce the
maximum content of conductive components, thereby adversely affecting the resulting conductivity of the
composite. On the other hand, the reinforcing nature of fine particles increases mechanical strength, but
at the expense of worse processability and higher brittleness.

Keywords: redox flow battery, graphite bipolar plate.
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Souhrn

Rostouci poptavka po energiich ve svété vede k potiebé vytvaret nové zdroje s vysSi ucinnosti
a niz§im dopadem na Zivotni prostfedi. PokroCilé jaderné reaktory mohou byt jednou z moZnosti jak
udrzitelné nahradit fosilni paliva a omezit tak emise oxidu uhlicitého a dalSich latek zneciStujicich
velké naroky na jejich bezpeénostni systémy. Soucasti bezpecnostniho systému pro budouci heliem
chlazené reaktory by mohl byt separacni systém pro odstranéni radioaktivnich vzacnych plynd
z primarniho okruhu. Pro odstranéni vzécnych plynt z helia byla na VSCHT v Praze pouZita adsorpéni
aparatura. Moznost separace xenonu a kryptonu z helia byla potvrzena za tlaku 40 bar a teploté 22 °C
v adsorbéru. Nasledné byla separacni ucinnost zvySena sniZzenim teploty v adsorbéru na -40 °C.
Separace kryptonu probihala s dostate¢nou ucinnosti az pfri teploté -75 °C.

Kli¢ova slova:pokrocilé jaderné reaktory, necistoty v heliu, krypton, xenon, adsorpce

Uvod

S rostouci svétovou populaci roste i poptavka po elektrické energii. V souCasné dobé je vyroba
elektrické energie velmi zavisla na vyrobé z fosilnich paliv. Je tfeba vzit v Uvahu, ze fosilni paliva jsou
omezenym, neobnovitelnym zdrojem energie a ze jejich spalovani je jednim z nejvétSich zdrojl
znecisténi ovzdusi. Kvuli tomu se zemé Evropské unie zavazaly prostfednictvim rdznych pravnich
predpisi omezovat zavislost vyroby elektrické energie z fosilnich paliv [1]. Proto je dllezité vyvijet nové
energetické zdroje, které budou stabilni, ekonomicky vyhodné a s nizkym dopadem na Zivotni prostredi.
Vyvoj novych jadernych elektraren mize byt jedna z cest jak vytvofit zdroje stabilni elektrické energie
bez spalovani fosilnich paliv [2]. Dva z Sesti konceptd budoucich jadernych reaktorl IV. generace
predstavenych Mezinarodnim férem v roce 2002 jsou VHTR (reaktor s velmi vysokou teplotou) a GFR
(reaktor pracujici na rychlych neutronech chlazeny plynem). Jaderné rektory IV. generace maji byt
vyznamnym pokrokem oproti souCasnym reaktordm |IIl/lll+. generace predevSim ve zvySeni
bezpecénosti, ucinnosti, ekonomicnosti, snizeni mnozstvi radioaktivnich odpadl, s niz§im vlivem na
Zivotni prostfedi a zajiSténi proti zneuziti k vyrobé jadernych zbrani. Nicméné& komercéni vyuZziti jadernych
reaktor( IV. generace se neocekava dfive nez po roce 2030 [3].

Pro plynem chlazené jaderné reaktory pfisti generace je nutné pouzit helium jako teplonosné medium
vzhledem k velmi vysokym pracovnim teplotam reaktord (1000 °C — VHTR, 850 °C - GFR), aby
nedochazelo k nezadoucim chemickym reakcim s konstrukénimi materialy [4-6].

Helium je inertni plyn, stabilni za vysokych teplot a nereaktivni. Nicméné do chladiciho okruhu
s héliem se budou dostavat stopova mnozstvi necistot jako H,, CO, CO,, CHy4, Ny, O,, H,O. Necistoty se
mohou do helia v primarnim okruhu dostat napfiklad pfi zavazeni nového paliva nebo desorpci
z konstrukénich materialt reaktoru. Necistoty v heliu mohou vést k sériim chemickych reakci a zpUsobit
korozni poskozeni komponent reaktoru [7-10]. Tyto necistoty nejsou radioaktivni a budou separovany
v Cisticim systému pro primarni chladivo [11].

Radioaktivni plyny a té€kavé latky vznikajici pfi jaderné reakci (vzacné plyny Xe, Kr, Ar nebo |, Cs)
mohou unikat nebo difundovat do primarniho chladiva pfi poSkozeni palivovych ¢lanka. Proto je vhodné
uvazovat o havarijnim Cisticim systému, ktery by byl schopny odstranit uvolnéné radioaktivni latky

z primarniho chladiva, které by se mohly do primarniho okruhu uvolnit pfi vzniku mimoradné udalosti
(roztésnéni vice palivovych ¢lanku).
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Experimentalni ¢ast

Laboratorni experimenty na VSCHT v Praze byly zaméFeny na sorpéni separaci xenonu a kryptonu
jako znedisténi helia vzacnymi plyny. Jako testovany adsorpCni material bylo pouzito Uzce porézni
aktivni uhli. Testy byly provedeny na adsorpéni aparatufe sestavené v laboratofich VSCHT v Praze.
K experimentim byla pouZita pracovni smés plyni o sloZeni: Helium + Krypton (500 cm®m?®) +
Xenon (1000 cm®m™®). Toto sloZeni bylo spogitdno matematickym modelem jako mnozZstvi, které se
muze uvolnit do reaktoru pfFi vzniku mimoradné udalosti - roztésnéni vét§iho mnozstvi palivovych ¢lanka.

Adsorbent

Jako adsorbent bylo pouzito Uzceporézni kusové aktivni uhli ve tvaru nepravidelnych kousku
o velikosti nékolika mm vyrobené z kokosovych skofapek. Jeho BET povrch byl vétsi, nez 1050 m?eg,
nejvice zastoupené pory byly o velikosti mensi nez 3.82 nm. Navazky adsorbentu pro jednotlivé pokusy
Cinily cca4 -5 g.

Adsorbent byl pfed méfenim aktivovan v sudarné po dobu 10 hodin pfi teploté 150 °C, aby se z jeho
porézni struktury odstranily latky nasorbované do adsorbentu béhem jeho skladovani (vodni para a dalsi
org. i anorg. plyny a pary). Poté byl adsorbent zvazen a prfesypan za tepla do adsorp¢ni kolony, ktera
byla neprodlené uzaviena a nasledné pfipojena do aparatury a byl spustén proplach adsorpéni kolony
heliem po dobu 15 minut za pfetlaku 0,1 MPa pro vytésnéni vzduchu vniklého do systému.

Laboratorni aparatura

Pro experimenty byla pouZita laboratorni sorpéni aparatura pracujici pfi pretlaku plynné smési az
4,5 MPa. Experimentalni zafizeni je umisténo do hlinikové konstrukce. Jednotlivé komponenty aparatury
jsou pospojovany nerezovou kapilarou o priméru 6 mm od firmy Swagelok.

Pro experimenty pfi snizené teploté byla adsorpéni kolona umisténa do chladiciho boxu Julabo
FP 50 (HC) pomoci flexibilnich spoju a nerezovych kapilar zajiStujicich ponofeni adsorbéru a jeho
umisténi ve spravné poloze v chladici smési.

Adsorbér byl vyroben z antikorozni oceli ve tvaru valce o vnitfnim prdmeéru 21 mm a vySce 150 mm.

Na obrazku 1 je zobrazeno schéma experimentalni aparatury s adsorpCni kolonou uloZenou
v chladicim boxu.

Tlak v aparatufe je regulovan regulatorem tlaku od firmy Brooks, ktery umoziuje nastaveni tlaku v
rozsahu 1,5 — 4,5 MPa; na vystupu ze zafizeni je tlak plynu snizen Skrticim jehlovym ventilem na tlak
0,1 MPa. Prutok plynné smési aparaturou je regulovan regulatorem od stejné firmy pracujicim v rozsahu
0 — 25 dm*min™. Ovladani regulatoru pratoku a regulatoru tlaku je zajisténo digitalnim ovladacim
panelem od firmy Brooks osazenym displejem.

o Vystup k
Ridici jednotka va analyze
Tlak = _(>'<]_‘><}_::>
10 - 40 =
Kapilara bar —7Jehlovy ventil | | V-4 Ve
@=6mm Redukce tlaku Tlak
J 2 Drzeni tlaku pfed, vystup 1 bar| 1 bar
@ V-3
D DG
Regulace pritoku Jehlovy ventil \@
: Pritok O - 0,25 I/min Absorpéni kolona v chladicim boxu
Modelovy plyn Vstupni tiak max. 60 bar -40°C,-75°C
Tlak na vystupu 15 — 45 bar

Obrazek 1: Schema experimentalni aparatury s adsorpéni kolonou uloZzenou v chladicim boxu
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Analyza plynné smési

K analyze byl pouzit plynovy chromatograf od firmy Aglient technologies model 7890B s heliové
ionizaCnim detektorem PDHID model D-3-I-7890. PouZita kolona byla ShinCarbon ST 100/120 o délce 2
m, ID 1 mm, OD 1/16“ Silico.

Podminky experimentu

K méfeni sorpCnich kapacit pro Kr a Xe na vzorcich aktivnich uhli byly pouzity plynné smési helium +
Kr + Xe pfipravené v tlakové lahvi. Tlak v aparatufe byl v pribéhu experimentl nastaven na 4 MPa,
prodly plyn vystupoval z aparatury za tlaku 0,1 MPa o pritoku 0,52 dm*min-1 (p = 101,325 kPa, t = 0 °C).
Experimenty probihaly za teplot 22 °C, -40 °C a -75 °C.

Pfed vlastnim méfenim sorpce byla pfipravena aparatura s adsorbentem proplachovana heliem
o Cistoté 99,9999 % po dobu 15 minut za tlaku 0,1 MPa a pfi pratoku 0,5 dm3-min-1 pro vytésnéni
okolniho vzduchu z aparatury. Poté pfi stalém priplachu heliem bylo spusténo chlazeni. Po dosazeni
pozadované teploty pokracoval priplach heliem po dobu asi 15 minut do ustaleni teploty v adsorbéru.

Nasledné byla aparatura natlakovana na 4 MPa plynnou smési a tento stav se nechal ustalit po dobu
10 minut. Poté byl zapocat vlastni experiment za pozadovanych podminek a pritoku modelového plynu
adsorpéni kolonou. Cast plynu vystupujiciho z aparatury byla vedena do plynového chromatografu
k analyze obsahu Kr a Xe v plynu.

Vysledky a diskuse

Prvni experimenty adsorpce xenonu a kryptonu z helia pfi teploté 22 °C a tlaku 40 bar potvrdily
separacni schopnost téchto latek z helia vybraného uzceporézniho aktivniho uhli.

Na obrazku 2 jsou zobrazeny prinikové kfivky xenonu a kryptonu pfi teploté 22 °C. Na vodorovné ose
je zaznamenano proteklé mnozZstvi plynu adsorpéni kolonou (dm?® p = 101,3 kPa, t = 0 °C) a na svislé
ose objemovy zlomek sledovanych vzacnych plynt (% obj.).

0,12

0,1 .

0,08

0,06 |

RS AE SR IR JE SR BT I ARl AR SR IR Y SN SN
[ |

L 3

0,04

Objemovy zlomek [% obij.]

* ®Kr(C-46) MXe (C-46)

0,02

Y B IR E————— . R

T T
0 500 1000 1500 2000

Proteklé mnoiZstvi plynu [dm3]; p = 101,325 kPa, t =0 °C
Obrazek 2: Prabéh adsorpce pri teploté 22 °C a tlaku 40 bar
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Vodorovné ¢&ary znaCi koncentrace sledovanych sloZzek v plynu v plynné smési vstupujici do
adsorbéru: Cervena barva znazorfiuje koncentraci Xe a zelena koncentraci Kr. Pribéh pranikovych
kfivek je na obrazcich prepocitan na navazku 100 g adsorbentu. Celkova adsorpcni kapacita je
spoCitana do okamziku dosazeni koncentrace sledovaného plynu v plynné smési na vystupu z
adsorbéru odpovidajici koncentraci tohoto plynu ve smési vstupujici do adsorbéru.

Na obrazku 2 je vidét, ze xenon je mnohem Iépe sorbovan na povrch vybraného Uzceporézniho
aktivniho uhli nez krypton. Po zapInéni adsorpCnich péru sorbentu sorbovanymi plyny je sorbovany
krypton ¢astecné vytésrniovan xenonem a vychazejici plyn z adsorbéru obsahuje vétsi mnozstvi kryptonu
nez na vstupu do adsorbéru. Celkova kapacita pro krypton je 0,4 g na 100 g adsorbentu, pro xenon je
10,7 g na 100 g adsorbentu.

Protoze celkova kapacita pro krypton byla velice nizka, byly provedeny expedienty za snizené teploty
v adsorbéru. P¥i teploté -40 °C a tlaku 40 bar vykazovalo aktivni uhli kapacitu 2,6 g na 100 g adsorbentu
pro krypton a 43,4 g na 100 g adsorbentu pro xenon. Prubéh prunikovych kfivek pfi teploté -40 °C je
znazornén na obrazku 3.
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Obrazek 3: Pribéh adsorpce pri teploté -40 °C a tlaku 40 bar

Navyseni celkové kapacity bylo dosazeno pfi teploté -75 °C a tlaku 40 bar v adsorbéru. Celkova
kapacita pro krypton za téchto podminek je 7,8 g na 100 g adsorbentu a pro xenon 76,0 g na 100 g
adsorbentu. Za téchto podminek je jiz celkova kapacita pro krypton dostate¢na. Prabéh adsorpénich
kfivek pfi teploté -75 °C je znazornén na obrazku 4.
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Obrazek 4: Pribéh adsorpce pfri teploté -75 °C a tlaku 40 bar

Zaver

Adsorpc¢ni technologie ¢isténi He od Kr a Xe s pouzitim Uzce poréznich aktivnich uhli jako adsorbentu
se ukazala jako vhodna separa¢ni metoda. SniZzenim teploty v adsorbéru pfi adsorpci na -40 °C se
celkova kapacita zvysila oproti teploté 22 °C témeér Ctyfikrat na 2,6 g na 100 g adsorbentu pro krypton
a pro xenon na 43,4 g na 100 g adsorbentu. Celkova kapacita pro krypton byla stale nizka, Proto byly
provedeny experimenty za niz3i teploty -75 °C pfi tlaku 4 MPa, coZ jsou podminky pod mezi suchosti
Cistého kryptonu (kriticky bod kryptonu t = -63,67 °C, p = 5,525 MPa).

Pfi teploté -75 °C a tlaku 4 MPa vykazovalo uzceporézni aktivni uhli sorpéni kapacitu pro xenon
76,0 g na 100 g sorbentu a pro krypton 7,8 g na 100 sorbentu. Za téchto podminek je sorpCni kapacita
pro xenon velmi vysoka a pro krypton dostateéna pro to, aby zafizeni mohlo byt vyuzZito v technické
praxi.

Vysledky provedenych experimentl ukazaly, Ze za laboratorni teploty je adsorpce na aktivnim uhli
vhodnym separa¢nim procesem pro odstrafiovani Xe z plynné smési s He.

Pro krypton je vSak potfeba snizit teplotu adsorpce pod — 70 °C, pfi které je dosahovano adsorp¢&nich.
kapacit kolem 8 g na 100 g pouzitého aktivniho uhli. Tyto adsorp¢ni. kapacity jsou dostateéné pro
aplikaci technologie v provozni praxi.

Optimalnim feSenim systému Cisténi helia pro provozni nasazeni je pouziti dvou adsorbér za sebou
pro oddéleny zachyt obou vzacnych plynd. V prvnim adsorbéru, ktery by mohl pracovat za laboratorni

teploty (pfip. pouze mirné snizené teploty) bude dochazet k zachytu Xe a druhy adsorbér bude chlazen
na nizké teploty adsorpéniho loze (pod — 70 °C). Tento adsorbér bude uren pro zachyt Kr.

Regeneraci adsorbentu nasyceného Kr nebo Xe bude moZzZné provadét odtlakovanim adsorbéru
a ohfevem adsorbentu na vysokou teplotu pomoci inertniho plynu (napf. He) s naslednou evakuaci
ohfatého adsorbentu.
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Adsorption of noble gasses from helium
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Summary

The growing world population is followed by ever increasing demand of electrical energy. The
advanced nuclear reactors could be one option to sustainably replace fossil fuels and reduce carbon
dioxide emissions and other air pollutants. The most important objective IV" generation of nuclear
reactors is security and therefore will put great demands on their security systems. Part of the safety
system for the future helium cooled nuclear reactors could be system for removing radioactive noble
gases from primary circuit. The adsorption apparatus was tested at ICT Prague for separation noble
gases from helium. The separation ability was confirmed at the pressure 40 bar and temperature 22 °C
in adsorption column. The separation ability was increased by degreasing temperature to -40 °C in
adsorber. Krypton was sufficiently separated by degreasing temperature to -75 ° C.

Key words: advanced nuclear reactors, impurities in helium, krypton, xenon, adsorption
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Souhrn

Tento prispévek se vénuje velmi aktualnimu tématu sniZovani emisi oxidu uhli¢itého do atmosféry. Je
zaméren predevsim na aplikaci syntetickych sorbentii na bazi hydrotalcitovych sloucenin. Tyto
slouceniny jsou sice z ekonomického hlediska méné vyhodné nez napr. prirodni sorbenty, nicméné pfi
dlouhodobém testovani vykazuji vcelku uspokojivé sorpéni viastnosti a podstatné vys$si stabilitu. Pro
experimentalni ovéreni sorpcnich viastnosti bylo vybrano nékolik zastupctl hydrotalcitovych sloucenin,
Z nichz ¢éast byla déale chemicky modifikovana za tucelem zvySeni jejich sorpénich kapacit. Experimenty
byly provadény na péti riznych vzorcich hydrotalciti s vyuZitim metody termogravimetrické analyzy.
V prubéhu experiment byla studovana stabilita téchto sorbentd, jejich sorpéni kapacita a rovnéz
strukturalni zmeény. Ze ziskanych vysledku je patrné, Ze béhem cyklicky se opakujicich krokd
kalcinace/karbonatace nedochazi k poklesu sorpcnich kapacit, coz je velka vyhoda pro nasledné
praktické vyuZiti.

Klicova slova: zachyt CO,, termogravimetrie, hydrotalcitové slouc¢eniny

Uvod

Oxid uhliity je povazovan za jeden z hlavnich pfispévatelt ke klimatickym zménam. Od prvniho
systematického méreni koncentrace CO,, které zapocalo v roce 1958 na observatofi Manua Loa, je
patrny narust koncentrace diskutovaného plynu. Data pochazejici ze zminéné observatofe ukazuji, ze
v dnesni dobé se hodnota atmosférického obsahu CO, pohybuje lehce nad 400 ppm,q., COZ je nejvyse
v historii Zemé. Pravé kvuli negativnim vlastnostem sklenikovych plyn(, které ovliviuji s tim spojené
globalni oteplovani, resp. klimatické zmény, vzniklo jiz nékolik mezinarodnich Umluv. Tyto dohody si
vzaly za cil snizit koncentraci CO, a dalSich latek v ovzdusi a tim pfispét ke zlepSeni nastalé situace. Je
tfeba pfipomenout Montrealsky protokol, ktery se fadi mezi prvni mezinarodni dohody, vypracované
k tomuto UCelu. Zabyval se snizenim vSech latek, které maji vliv na narudeni ozonové diry. Nicméné
latky ze skupin chlorfluorovanych uhlovodikt (CFC), hydrochlorfluorovanych uhlovodiki (HCFC) apod.
jsou zaroven vyznamnymi sklenikovymi plyny. Pozdé&ji nasledoval Kyotsky protokol, navazujici
na Ramcovou umluvu OSN o zméné klimatu (UNFCCC), jehoZz cilem je snizit emise CO, alespori o0 18 %
oproti situaci v roce 1990. Platnost prvni &asti Kyotského protokolu vyprsela v prosinci roku 2012, ale
druha €ast je platna az do roku 2020. Jako zatim posledni mezinarodni dohoda byla uzaviena Pafizska
dohoda, ktera je v platnosti od listopadu 2016. Jako jeden zjejich hlavnich cild je udrzet narust
primérné globalni teploty vyrazné pod hranici 2 °C a snaha omezit zvySeni teploty o 1,5 °C oproti
hodnotam pred pramyslovou revoluci 1'2' 3'4'5.

K dosazeni vytyCenych cild vySe zminénych mezinarodnich umluv je ovSem nezbytné najit vhodnou
technologii. Jako jedna z moznosti je uvazovan soubor metod, spadajicich pod obecné&jsi pojem Carbon
Capture and Storage (CCS), neboli zachyt a ukladani oxidu uhli¢itého. Pouziti CCS v blizké dobé se
povazuje za vhodné feSeni, nebot se spravnou implementaci téchto technologii se daji vyznamné snizit
emise CO, pochazejici z uhelnych i plynovych elektraren. Dekarbonizace elektraren ve spojeni s CCS
technologiemi bude patrné hrat kliCovou roli v energetickém sektoru. Vzhledem k urCité nestabilité
dodavek energie obnovitelnych zdroji musi byt elektrarny (vybavené systémem CCS) i v budoucnu
schopny flexibilné kryt zminéné fluktuace.
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Evropska komise predpoklada, zZe vyrobé elektfiny budou dominovat tfi zpusoby:

1) obnovitelné zdroje s podilem vyrobené elektfiny 59 — 83 %, z ¢ehoz je 42 — 65 % nestabilnich
zdroju obnovitelné energie,

2) uziti fosilnich paliv se zachytem a ukladanim oxidu uhli¢itého s podilem 7 — 32 %,

3) jaderna energie s podilem 3 — 19 % 6.

International Energy Agency (IEA) pfedpovida ve svych scénafich podobné trendy. Bez ohledu
na tvirce scénafe se poukazuje nafakt, Ze podrobnosti konstrukéniho FeSeni budou pro jednotlivé
oblasti aplikace CCS rozdilné. Nicméné elektrarny s CCS, které budou schopny pracovat flexibilng, se
stanou nepostradatelnym pfinosem pro energeticky systém v mnoha zemich 6.

Obecné se CCS déli na tfi technicky nezavislé kroky: zachyt oxidu uhli¢itého, jeho pfeprava a finalni
uskladnéni, Ci pfipadné materidlové vyuziti CO,. Pro zachyt oxidu uhli€itého se daji vyuzit v zasadé ffi
pfistupy, a to: pre-combustion, post-combustion a oxy-fuel metody. Pro ucely této studie je relevantni se
vénovat pouze post-combustion zachytu, neboli odstranéni CO, ze spalin. Oddéleni CO, muze byt
dosazeno procesy absorpénimi, adsorp&nimi, nebo technikou membranové separace. Absorpéni proces
je vsoucasné dobé hojné testovan v pilotnich jednotkach. NejCastéji pouzivané rozpoustédlo je
monoethanolamin (MEA). Aminy reaguji s oxidem uhliCitym za vzniku slou€enin rozpustnych ve vodé,
diky ¢emuz je MEA schopny odstranit CO, i z proudu s nizkym parcialnim tlakem CO,. Jeho nejvétsi
nevyhoda je vysoka energeticka narocnost, vyplyvajici z potfeby ohfivat velka mnozZstvi vody, aby se
¢inidlo mohlo regenerovat. Z tohoto divodu se vyzkum také zaméfuje na zbylé dvé metody, tedy
adsorpéni a membranovy proces 7' 8.

Zakladni pozadavek na vyvinuti ekonomicky vyhodné adsorpéni separace je nalézt vhodny
adsorbent. Pro posouzeni vhodnosti adsorbentu je ovéfovano nékolik kliCovych vlastnosti, jako napf.:
uspokojiva kapacita, selektivita, Zivotnost a dobra schopnost regenerace. Pro ucely adsorpéniho zachytu
CO, jsou testovany materialy na bazi CaO nebo MgO, aktivované uhlikaté materialy, zeolity,
modifikované oxidy kov( nebo hydrotalcitové slouéeniny 9 *°.

Pravé pouziti slou€enin na bazi hydrotalcitd (HT) v procesu odstrafiovani oxidu uhli¢itého je
pfedmétem této studie. Obecné jsou HT znamy také jako vrstevnaté hydroxidy nebo aniontové jily.
Jejich struktura je tvofena pozitivné nabitymi vrstvami brucitu (Mg(OH),) v oktaedrickém uspofadani, kde
ve vrcholech jsou dvojmocné kationty nahrazovany trojmocnymi. Prebytek kladného naboje je
vyrovnavan anionty a molekulami krystalové vody, vmezefené do prostoru mezi jednotlivymi vrstvami.
Obecny vzorec HT slouéenin se vyjadiuje takto **:

n+ -
[M(11)1—xM(111)x(0H)2] Ax - yH,0
n

May znaéi kationty typu: Mg?t,Ni%t,Zn?*, Cu®*t, Mn?*; M, oznaéuje zastoupeni trojmocnych
kationtl, napf.: Al3*, Fe3t, Cr3tatd.; A"pak predstavuje anionty, které jsou nejcastji zastoupeny
CO%‘,SOZ‘,NO_;,CI‘,OH‘.Symbol pismena x znaCi miru zastoupeni trojmocnych Kkationtd
v hydroxidovych vrstvach a je obvykle v rozsahu od 0,17 do 0,33 **.

Vlastnosti hydrotalcitovych slou¢enin mohou byt optimalizovany nékolika zpusoby. Jedna se
o vhodnou kombinaci kationtd a aniontt, zmé&nu molarniho poméru M*/M**, nebo zménu podminek pfi
vyrobé (napf. zména pH). Hydrotalcitové slou€eniny vykazuji o néco malo niz3i sorpéni kapacitu nez jiné
modifikované adsorbenty, ale k jejich vyvhodam patfi dobra a dlouhodoba stabilita a snadna regenerace.
Literarni zdroje uvadéji moznosti zvySeni sorpcni kapacity HT, které se da dosahnout impregnaci
draslikem, nebo ¢astecnou substituci hliniku galiem. Pfi upravé molarniho poméru dle literatury vykazuje
nejlepsi sorpéni vlastnosti pomé&r Mg:Al rovny 2:1'2,

Hydrotalcity jsou plvodem pfirodni materialy, nicméné v poslednich letech nachéazeji stale vétsi
uplatnéni v rdznych hospodaiskych odveétvich, pro coz nejsou pfirodni zdroje dostacujici a HT jsou tedy
vyrabény primyslové. Timto zpisobem se jich roéné vyprodukuje nékolik tisic tun. Diky své vrstevnaté
struktufe jsou hojné pouzivany jako prekurzory katalyzator(. Jejich ¢asté vyuziti jako katalyzatorlje napf.
pfi vyrobé vodiku pomoci rlznych procest. Dale se testuji materidly na bazi hydrotalcitd pro parni
reformovani ethanolu s cilem vyrobit syntézni plyn. DalSi uvazované uplatnéni hydrotalcitovych
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slou€enin je v oblasti vyroby nosi¢u katalyzatord, nebo jejich nasazeni v roli stabilizatord polymeru.
Pokud se uvazuje jejich pouziti pro zachyt oxidu uhli¢itého, déje se tak predevSim diky dobré stabilité
a snadné regeneraci*® ** 1°,

V zasadé se uvadeéji dva postupy pfipravy syntetickych hydrotalcitd. Tyto postupy jsou podrobnéji
popsany ve studii, kterou publikovali Yang a Kim. Prvnim zplsobem pfipravy je nizko supersaturacni
metoda, druhym pak vysoka supersaturacni metoda. Prvni zmifiovana metoda je jinymi slovy srazeni pfi
nizkém presyceni, kdy setrvale kontroluje a koriguje optimalni hodnota pH, ktera se musi pohybovat
v rozmezi hodnot 7 az 10. Hydrotalcitové slou€eniny vzniklé touto cestou jsou vice krystalické nez HT
pfipravené druhou metodou. Vysoka supersaturacni metoda se oznacuje jako srazeni pfi vysokém
presyceni. Pii této metodé se nesleduje hodnota pH, ale rozhodujici jsou jiné pracovni podminky*® *'.
Tato metoda je vice popsana v experimentalni ¢asti, protoze byla vybrana pro syntézu HT testovanych
pro ucely této studie.

Na vyuziti zachyceného CO, jsou ruzné nazory. Jedna z variant je jeho skladovani, a to bud
ve vhodnych geologickych formacich, idealné v poréznich horninach nebo v oceanech. Pfedpoklada se,
Ze oxid uhli€ity by v hlubokych geologickych rezervoarech mohl byt skladovan az 1 000 let. Jako
o0 moznych prostorech se diskutuje napf. o vyCerpanych loziscich ropy a zemniho plynu nebo
o vytéZenych dolech. Nicméné vzdy je jisté nebezpeci uniku uloZzeného CO,, ktery by pak mél dopad
na lidské zdravi a ekosystém. Takovy unik by mohl snizit kvalitu spodnich vod, poskodit nerostné
suroviny nebo rostliny a zvifata zijici vzemi. S ohledem na riziko vzniku nebezpeénych situaci by
vytvofeny rezervoar musel byt, co se ty¢e moznych uniki dobfe monitorovan. Jako druha moznost
skladovani zachyceného CO, pfichazi v uvahu oceany. Oceany pokryvaji vice jak 70 % zemského
povrchu a se svou pramérnou hloubkou 3 800 metrd, tak tvofi vhodné misto pro skladovani. Modely
a analyzy ukazuiji, ze v pripadé spravného postupu vstfikovani by CO, mél byt vice jak 100 let izolovan
od atmosféry. Na druhou stranu jsou také studie ukazujici, ze pfidavani CO, do oceanli by mélo
negativni dopad na moiské organismy. PfedevSim tém z nich, které Ziji blizko povrchu ocean(, by to
pravdépodobné pfineslo problémy v reprodukci, riistu, pohybu, zvysilo umrtnost atd. ** *°.

Ackoli skladovani CO; je jedna z moznych variant, hledaji se technologie, kde by se dal oxid uhli€ity
vyuzit. Velka perspektiva je spatfovana ve znovupouziti CO, pro riizné odveétvi pramyslu, coz by pfineslo
i vétSi podporu Carbon Capture and Storage (CCS) technologiim, resp. Carbon Capture and Utilization
(CCU). Otazka vyvoje CCU zacina stale vice pfitahovat pozornost po celém svété, nebot jejim smyslem
je pretvaret odpadni emise oxidu uhliCitého na cenné produkty (palivo nebo chemické latky) a souCasné
zajiStovat zmirfiovani klimatickych zmén. Z tohoto vyplyva, Ze jedna z pfednich vyhod CCU je opétovné
vyuziti CO, a pretvoreni CCS technologii do ziskové &innosti®.

Jiz v dnedni dobé existuje cela fada technologii, které CO, vyuZivaji, jako napf.: v potravinarstvi,
ke zvySeni vytéznosti ropy, k vyrobé oceli a obrabéni kovd, v elektronice, pfi vytvrzovani betonu nebo
jako chladici plyn. Pfi pfedpokladu zavedeni technologii pro odstrafiovani CO, se zvySi jeho mnozstvi,
které bude tfeba zpracovat. Jako mozné varianty vyuziti CO, je napf.: zlepSeni regenerace methanu
v uhelném lozi, pouZiti CO, jako kapaliny ve vyménicich tepla v geotermalnich systémech a tim zvySeni
jejich ucinnosti, zpracovani polymerd, péstovani fas nebo pfi vyrobé elektrické energie v systému
zvaném power-to-gas. Tento koncept pracuje na principu pfemény nadbytecné energie na vodik pomoci
elektrolyzy. Pro vyuziti zachyceného CO, je tu moznost ho upotiebit pfi chemické reakci s vodikem
za vzniku methanu. Tento koncept mlze byt dobra pfilezitost k vyuziti antropogennich emisi CO, z CCU
technologii a tim snizeni koncentrace CO, v atmosféfe ** %,

Experimentalni €ast
Materialy a postupy jejich pripravy

Pro testovani zachytu oxidu uhli¢itého byly vybrany hydrotalcitové slouceniny (HTS). Vzorkova
zdkladna pro experimentalni méfeni zachytu oxidu uhli¢itého byla tvofena celkem péti vzorky HTS.
VSechny zde testované materialy byly syntetizovany v laboratofi. Jeden vzorek HT sloucenin byl ziskan
Z jiného pracovisté Vysoké Skoly chemicko-technologické v Praze a vzhledem k tomu, Ze tento material
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nebyl ur€en primarné k testovani zachytu CO,, byl vyuZit jako srovnavaci material. Dany vzorek byl
pfipraven nizko supersaturacni metodou s pomérem Mg:Al rovhym 2:1. Ostatni vzorky byly pfipraveny
srazenim pfi vysokém presyceni podle postupu popsaného ve studii publikované autory Yang a Kim, tak
aby vysledny molarni pomér Mg:Al byl 2:1 *°. Postup pfipravy byl nasledujici. NejdFive byly pfipraveny
dva vodné roztoky, pouzité chemikalie pro jejich pfipravu jsou uvedené v tabulka 1. Nasledné byl
roztok 1 po malych davkach pfidavan do roztoku 2 po dobu 20 min a za stalého michani vznikajiciho
precipitatu. Vznikla sraZenina se nasledné nechala krystalizovat 18 hodin opét za stadlého michani
ateploty 65 °C. Po uplynuti doby krystalizace byl roztok filtrovan a filtraCni kolaé byl 3x promyt
destilovanou vodou, aby doS$lo k vymyti sodnych iontd. Filtraéni kola¢ byl poté vysusSen v susarné pfi
teploté 100 °C do konstantni hmotnosti. Vysu$eny material byl kalcinovan 2 hodiny za teploty 450 °C. Po
tomto kroku byl pfipraven sorbent na bazi hydrotalcitovych sloucenin. VySe zminéna studie od autord
Yang a Kim uvadi, ze impregnaci HT dojde k navyS$eni jejich sorp&nich vlastnosti, protoze se zvysuje
jejich bazicita. Pro danou studii byla impregnace provadéna mokrou cestou pomoci uhli€itanu
draselného, tak aby bylo dosazeno 20 %hm. drasliku ve vysledném produktu. Impregnace materialu
probihala po dokonéeni kalcinace. Po pfidani adekvatniho mnoZzstvi K,CO3; byl material suSen pfi 100 °C
a poté byl kalcinovan 8 hodin opét pfi teploté 450 °C. Ukon&enim kalcinace byl vzorek pfipraven pro
analyzy.

Tabulka 1: Chemikalie pouZité pro pripravu roztoku

Roztok Pouzité chemikalie
1 Mg(NOs), - 6H,0 + AI(NO3), - 9H,0
2 NaOH + Na,CO,

Charakterizace materialt

Pfipravené hydrotalcitové slouceniny byly podrobeny zakladni charakterizaci, neboli bylo provedeno
stanoveni specifického povrchu a distribuce velikosti pérd. K tomuto Ucelu byl vyuZzit pfistroj Coulter SA
3100, ktery je univerzalni analyzator vyuzivany pravé pro méfeni BET povrchu a k charakterizaci péra
pevnych materiall. Pfed vlastni analyzou dojde k odplynéni pfi teploté¢ 150 °C a tim odstranéni
pfipadnych necistot z povrchu, doba odplynéni je tedy silné zavisla na Cistoté materialu. Nasledné dojde
k vlastni analyze specifického povrchu, ktera je realizovana prostfednictvim adsorpce dusiku pfi teploté
77 K. Béhem analyzy dochazi ke kontinualnimu zaznamu tlaku syté pary dusiku, z ¢ehoz je nasledné
matematicky vyhodnocen BET povrch. Analyzator je konstruovan tak, aby jeho vnitfni objem byl co
nejmensi, coz umoznuje jednak pracovat s malymi navazkami tak urychlit dobu analyzy a zvysit citlivost
pristroje®.

K této zakladni charakteristice materialt byla jesté pouzita dalSi metoda, a to skenovaci elektronovy
mikroskop (SEM). Tato metoda poskytuje moznost zobrazeni povrchu vzorku ve vysokém rozliSeni
a vysledné snimky tak umoZziuji i vizualni porovnani povrchu sorbentu. Ktomuto ucelu byl vyuzit
elektronovy mikroskop Field Emission Scanning Electron Microscope JEOL JSM — 7500F se studenou
katodou (vyrobce JEOL Ltd., Japonsko).

Termogravimetricka analyza

Sorp¢ni kapacity hydrotalcitovych sloucenin byly otestovany pomoci termogravimetrické metody
v pristroji typu Navas Instruments TGA-2000. Tento pfistroj se pouziva ke stanoveni vihkosti, popela,
tékavych latek, pevné vazaného uhliku a ke zjisténi ztraty zihanim. PfestoZe je TGA-2000 navrzen
predevSim pro testovani uhli a koksu, je moznost ho vyuzit prakticky pro jakoukoli aplikaci, a to
predevdim takovou, kde se vyuzije nadzvedavani vicek umisténych na kelimcich. Zakladni technické
specifikace tohoto pfistroje souhrnné uvaditabulka 2.
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Tabulka 2: Zakladni technické specifikace TGA-2000.

Teplotni rozsah 50-1000°C+1°C
Hmotnost navazky 0,1-5¢g
Standardni odchylka 0,0002 g
Zesileni 0-100 %

Tento typ analyzatoru umozfiuje simultanné testovat az devatenact vzork?*.

Pfi analyze v TG analyzatoru bylo testovano pét vzork hydrotalcitovych slouéenin, jejichz zplsob
pfipravy je popsan vySe. Pfed spusténim analyzy se nastavi program pro dané testovani. Takové
nastaveni programu obnasi nastaveni odstranéni vihkosti ze vzork(, upraveni podminek pro jednotlivé
kfivky kalcinace a karbonatace a nastaveni chlazeni mezi jednotlivymi kroky. Odstranéni vlhkosti bylo
nastaveno do teploty 105 °C a konstantni hmotnosti, teplotni podminky pro kalcinaci byly 500 °C
s teplotni rampou 5 °C/min do konstantni hmotnosti. Po kalcinaci nasledoval krok chlazeni, kdy
hydrotalcitové slouceniny byly ochlazeny na teplotu karbonatace, tedy na teplotu 400 °C. Karbonatacni
faze byla nastavena pfi konstantni teploté na dobu jedné hodiny. BEhem méfeni vlihkosti, kalcinacni faze
a chlazeni proudil analyzatorem Cisty dusik. Karbonataéni krok byl testovan v atmosféfe Cistého CO..

Rozsah programu, v kterém se nastavuji jednotlivé kroky experimentu, neumoznuje nastaveni vice
nez dvou po sobé jdoucich krokl kalcinace/karbonatace. Z tohoto duvodu bylo jedno méfeni slozeno
pouze ze dvou kalcinac¢nich a karbonatacnich krokl, poté nasledovalo chlazeni pfistroje na laboratorni
teplotu a analyza musela byt spusténa od zacatku, opét od prvniho kroku, respektive od odstranovani
vihkosti. Kazdy material ze vzorkové zakladny byl podroben celkem tfem nezavislym cyklickym testim
sorpce a desorpce. Pro vysledky sorp&nich kapacit v kazdém cyklu byly spocitany variaéni koeficienty,
jejichz hodnota se pohybovala v intervalu 1,97 — 4,74 %.

Vysledky a diskuse

Pro vétSi prehlednost je zvolena vzorkova zdakladna, ktera byla tvofena péti hydrotalcitovymi
slou€¢eninami uvedena v tabulce 3. V této tabulce je uvedeno jednak oznaceni vzorku, které bylo
pouzivano pfi vyhodnocovani naméfenych dat, tak zplsob pfipravy a pfipadna impregnace sorbentd.

Tabulka 3: Identifikace vzorkové zakladny.

Oznaceni vzorku | Zpusob pripravy Impregnace K,COs
HT 1 vysoko supersaturacni metoda NE

HT 2 nizko supersatura¢ni metoda NE

HT 3 vysoko supersaturacni metoda ANO

HT 4 vysoko supersaturaéni metoda ANO

HT 5 vysoko supersaturaéni metoda ANO

Porozita testovanych sorbentu

Z celkem péti testovanych sorbentd, byli vybrani dva zastupci. Jeden vzorek, ktery nebyl impregnovan
s oznaceni HT 1 a druhy zastupce byl z modifikovanych hydrotalcitd s oznacenim HT 4. U téchto dvou
zastupcu jsou porovnany hodnoty BET povrchu a objemy pérl v zavislosti na jejich distribuci. Ostatni HT
slou¢eniny dosahovaly podobnych hodnot a nejsou tedy pro prehlednost vysledkd uvedeny. V grafu nize
(obrazek 1) je zobrazena zavislost objemu poérd na jejich praméru pro hydrotalcity pfed zapocCetim
analyzy (HT 1) a po jejich ukon€eni (HT 1'), tedy po naméfeni 10 cykli kalcinace/karbonatace. Z tohoto
porovnani bylo zjisténo, Ze po méfeni dochazi k poklesu objemu péru. Tento efekt se nicméné neprojevi
na poklesu sorp¢nich kapacit testovanych materialu.
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Obrazek 1: Zavislost objemu port na pruméru port

Hodnoty BET povrchu vypoctené na zakladé naméfené izotermy a celkovy objem p6ru hydrotalcitd
HT 1 a HT 4 uvadi tabulka 4z tohoto porovnani je patrné, ze impregnacni proces snizuje BET povrch
a celkovy objem pér, coz zplsobuje uhli¢itan draselny, ktery na povrchu zanasi péry.

Tabulka 4: Porovnani BET povrchu a celkového objemu poéru hydrotalciti

Oznaceni vzorku HT 1 HT 1' HT 4 HT 4'
BET povrch (m*-g™) 141,43 84,97 25,32 12,09
Celkovy objem port (ul-g™) 663,8 662,4 142 90,20

Pfi porovnani naméfenych dat s vysledky zfluidniho loze, které byly prfedmétem dfivéjSiho
vyzkumu?®’, material nevykazuje pokles BET povrchu ani objemu poéri, coz je dale potvrzeno i snimky
ze SEM analyzy. TG analyzator na rozdil od fluidni aparatury udrzuje Iépe nastavenou teplotu.
V predeSlém vyzkumu dochazelo k pfekroceni nastavené teploty kalcinace az o 60 °C, coz mize mit vliv
na lepsi desorpci CO,. V sou€asné fazi vyzkumu neni ovéfeno, co je pfi€inou poklesu. V ramci daldiho
zkoumani se pfedpoklada se vice zaméfit na vliv otéru a teploty kalcinace.

Pro analyzu pomoci SEM byl ze vzorkové zakladny vybran hydrotalcit oznaceny jako HT 4, tento
sorbent byl impregnovan uhli€itanem draselnym. Snimky povrchu pochazeji z testovani HT 4 ve fluidnim
rezimu a byly pofizeny pfed samotnym testovanim (obrazek 2) a po provedeni cyklickych testu
kalcinace/karbonatace (obrazek 3). Snimky jsou pofizeny ve zvétSeni 10%x. Ze snimkill Ize zfeteln&
pozorovat, ze ani po naméfeni deseti cyklld kalcinace/karbonatace nedochazi k zadnym projevim
destrukce poérl ani viditelné sintrace povrchu materialu. V dusledku druhého zminéného jevu se
na povrchu €astic materialu vytvari hladka vrstva, pozorovatelna jako zesklovaténé plochy s minimalnim
mnozstvim péra.

Pouzity mikroskop JEOL JSM — 7500F umoziioval v pfipadé vzork( hydrotalcitt pofizovat snimky
s dostatednou ostrosti pouze do zvétSeni 5.10%. Text urni analyza povrchu pomoci SEM nemohla tudiz
zodpovedét otazku, jak cyklické opakovani sorpci a desorpci pusobi na péry o priméru mensSim nez
10 nm, jez byly pod rozliSenim zafizeni. Obdobné potize byly dfive pozorovany i pfi pfedchazejicich
experimentech s jinymi nevodivymi materialy (na bazi CaO apod.).

Za mikropory jsou obvykle povazovany pouze ty, jejichz primér je mensi nez 2 nm. Omezeni pouzité
metody SEM bylo ¢aste€né kompenzovano analyzou distribuce velikosti pord pomoci pristroje Coulter
SA 3100. | tato metoda vSak umoziuje vyjadrit toliko sumu objemu poérd o priméru < 6 nm (viz
obrazek 1).

Podil objemu mikroport na celkovém objemu poru Ize proto z dostupnych hodnot pouze odhadovat,
resp. extrapolovat. V ramci celé vzorkové zakladny se extrapolované hodnoty pohybovaly v intervalu
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1 — 3 %. Z hlediska fyzikalni adsorpceby takto nizké hodnoty byly jisté problém. Literarni prameny*> *°
nicméné, uvadéji, ze sorpce CO, na hydrotalcitech je zalozena na kombinaci fyzikalni sorpce
i chemisorpce. Malé zastoupeni mikropér( neni proto kritickym parametrem.

Hydrotalcitové slouceniny se vyznadluji spiSe rozvrasnénym reliéfem s porézni strukturou. Vzhledem
k tomu, ze HT 4 byl impregnovany, je jeho povrch jesté pokryt vrstvou vytvofenou impregnacnim
procesem. Tato vrstva se v prGbéhu méreni rozruSuje a dochazi k jejimu popraskani. V dusledku tohoto
déje je povrch impregnovanych hydrotalcitovych slouéenin vice porézni po skonéeni cyklického
testovani. HTS tedy nepodléhaji sintraci, na coz ma velky vliv jejich stabilni vrstevnata struktura a dale
také nizsi teplota pfi které se provadi experimenty zachytu oxidu uhli¢itého.

OB HIGH WD 8.4mm 09:16:13

Obrazek 2: SEM snimek hydrotalcitu pred cyklickym testovanim

GB_KIGH WD 8.4mm 1

Obrazek 3. SEM snimek hydrotalcitu po cyklickéem testovani

Stanoveni sorpcénich viastnosti sorbentt

Experimentalni stanoveni sorpCnich vlastnosti celé vzorkové zakladny bylo provedeno
termogravimetrickou analyzou v pfistroji TGA-2000. Cely experiment sestaval zdeseti cykll
kalcinace/karbonatace. Vzhledem k rozhrani programu bylo mozné nastavit kontinualné pouze dva po
sobé nasledujici cykly kalcinace/karbonatace, proto po kazdém druhém cyklu se zacdinalo opét
odstranénim vihkosti.

Cilem této studie bylo porovnat, zda dochazi k degradaci sorp&ni kapacity béhem jednotlivych cykld
kalcinace/karbonatace a jak se méni kinetika téchto sorbentll. Tabulka 5 uvadi zménu hmotnosti
v karbonataénim kroku vzorkové zaklady pro jednotlivé cykly. Hodnoty jsou vztazeny na suSinu
a vyjadreny v hmotnostnich procentech. Vztazeni vyslednych hodnot na suSinu bylo provedeno z toho
dlvodu, Zze po kazdém druhém cyklu bylo méfeni ukonéeno a aparatura byla chlazena na laboratorni
teplotu, ¢imz vznikla delSi ¢asova prodleva mezi spusténim dalSiho méfeni. Tato asova prodleva pak
méla vliv na sorbovani vét§iho mnozstvi vihkosti ze vzduchu. DalSi méfeni bylo poté opét zahajeno od
odstranovani vlhkosti. Z tabulky je patrné, ze dochazi k celkem stabilni zméné hmotnosti v jednotlivych
cyklech. Zastupci neimpregnovanych sorbentl vykazuji vyrazné nizsi hodnoty zachytu oxidu uhlicitého,
nez je tomu u tfech impregnovanych sorbentd uhliCGitanem draselnym. Tento jev potvrzuje tvrzeni
literarnich zdroju, které uvadeéji, Zze impregnacni proces zajisti vy$Si sorpcni kapacitu hydrotalcita.
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Literaturou doporu€ovany postup impregnace je silné zavisly na obtizné identicky reprodukovatelnych
podminek, jedna se predevsim o michani vysoce zahusténé suspenze, udrzeni rovhomérného rozlozeni
teplot atd. Proto impregnované sorbenty maiji rozdilné hodnoty sorpce, nebot zalezi na UspésSnosti
provedené impregnace. Rozdil mezi kapacitami u dvou neimpregnovanych hydrotalcitd je zpUsoben
metodou pfipravy. HT 1 byl pfipraven vysoko supersaturacni metodou, ktera dle literarnich zdroju
poskytuje vysSi sorpcni kapacity na rozdil od nizko super saturacni metody, coz je ve shodé
s naméfenymi hodnotami.

Z naméfenych hodnot uvedenych vtabulce 5 je pozorovatelna mirna fluktuace zachyceného
mnozstvi CO, v jednotlivych cyklech. Tento jev byl pozorovan i u opakovanych méreni realizovanych
v aparatufe s pevnym nebo fluidnim lozem, prezentovanych v minulych publikacich. U hydrotalcitovych
slougenin se molekuly CO, vazou fyzikalni sorpci a chemisorpénim mechanismem?. Reversibilni
chemisorpéni mechanismus u HT slou€enin ma vliv na relativné stabilni hodnoty zachytu CO,. Ovéem
nevratny chemisorpéni mechanismus, ktery se u HT slouc€enin také projevuje, zplsobuje nevyrazné
propady sorpénich kapacit v jednotlivych cyklech karbonatace. Takovéto chovani HT sloucenin je
popsano napt. ve studii publikované védci Halabi, de Croon a kol.?®

Tabulka 5: Zména hmotnosti pro karbonataci.

Oznaéeni Cislo cyklu
vzorku 1 2 3 4 5 6 7 8 9 10
HT 1 0,42% | 0,39% | 0,56 % | 0,52 % | 0,58 % | 0,54 % | 0,57 % | 0,53 % | 0,57 % | 0,50 %
HT 2 0,19% | 0,21 % | 0,32% | 0,24 % | 0,23 % | 0,23 % | 0,28 % | 0,28 % | 0,30 % | 0,24 %
HT 3 0,64% | 0,62% | 0,62% | 0,55% | 0,59% | 0,57 % | 0,59 % | 0,56 % | 0,59 % | 0,54 %
HT 4 0,77% | 0,76 % | 0,73 % | 0,68 % | 0,74 % | 0,70% | 0,73 % | 0,74 % | 0,72 % | 0,68 %
HT 5 1,09% | 1,00 % | 0,95% | 0,86 % | 0,94 % | 0,88 % | 0,93 % | 0,89 % | 0,92 % | 0,85 %

Diky velkému poctu namérenych hodnot byl vybran jeden zastupce testovanych hydrotalcitt, sorbent
HT 1, jehoz cely pribéh méfeni je zobrazen na grafu nize (obrazek 4). Sloupcovy graf zobrazuje
hmotnostni ubytky v kalcinaéni fazi a hmotnostni narlsty pro kazdou karbonatacni ¢ast. Hodnoty jsou
vztaZeny na suSinu a vyjadifeny v hmotnostnich procentech. V kazdé liché kalcinaci dochazi k uvolnéni
vét§iho mnozstvi hmotnosti. Tento jev je zpUsoben jiz zmifiovanou sorpci vihkosti, tak pfedevsim sorpci
CO, volné pfitomného v okolnim ovzdus$i. Ktomuto dochazi pravé pfi ¢asovych prodlevach mezi
jednotlivym méfenim.
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B Kalcinace mKarbonatace Cislo cyklu
Obrazek 4: Zména hmotnosti v jednotlivych cyklech; vzorek HT 1
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Vyzkum zabyvajici se sorpci oxidu uhli¢itého na hydrotalcitech byl jiz proveden dfive a to ve fluidnim
rezimu. Z téchto méfeni, publikovanych v periodiku Paliva?’, vychazi hodnoty zachytu vy$si nez pro
testovani termogravimetrickou metodou. Rozdil v sorbované hmotnosti je zpusoben nékolika faktory,
prvni faktor je dand metoda. TG metoda slouzi primarné k porovnani zmén kapacit a porovnani
material. DalSi Cinitel je typ aparatury, ktera v pfipadé TG analyzatoru neni pruto¢na, jako je tomu
u fluidni aparatury a navic kelimek, v kterém je vzorek umistén, neumoznuje tak dobry priichod plynu
vzorkem a nedochazi k otéru materialu. Navic jak uz bylo zminéno, kalcinace v TGA byla nastavena na
konstantni ¢as jedné hodiny, zatimco v pfedeslém vyzkumu se Cekalo na ustaleni hodnot vystupujiciho
plynu z aparatury.

Pfi vyneseni zavislosti zmény hmotnosti na teploté a Case (obrazek 5) je zfetelné vidét, pfi jakych
teplotach dochazi k rozkladu. K prvni ztraté hmotnosti dochazi do teploty 250 °C, kdy dochazi k uvolnéni
vody vazané v mezivrstvach hydrotalcitt, do teploty 105 °C se uvoliuje vihkost vazana na povrchu.
V rozmezi teplot 250 — 500 °C je uvoliovana voda vyskytujici se v hydrotalcitech ve formé
hydroxylovych skupin, které jsou vazany v brucitovych vrstvach. Teplota rozkladu vody vazané
v hydrotalcitovych slouCeninach neni zavisla na metodé jejich pfipravy a z toho plynouci pfitomnosti
dvojnych kationtd, ale je silné zavisla na sloZeni brucitové vrstvy?®,
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Obrazek 5: Zavislost zmény hmotnosti na teploté a ¢asu; vzorek HT 4 cyklus 3 a 4

Vyneseni kfivek karbonatace (obrazek 6), tedy kroku kdy dochazi k zachytu CO, Ize pozorovat, Ze
dochazi k rychlému narlistu hmotnosti oproti navazce. Nejvétsi ¢ast zachytu CO, se uskutecnuje zhruba
béhem 30 minut, dale dochazi k pomalejSi sorpci. Ztohoto prubéhu karbonatacni faze je mozné
konstatovat, Ze jejich kinetika sorpce CO, je velmi dobra. Tohoto trendu mize byt vyuzito ve fluidnim
rezimu, kde je nezbytna rychla vyména cirkulujiciho materialu.
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Obrazek 6: Porovnani krivek karbonatace, HT 4
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K vypocétim zmeén rychlosti sorpce nebyly pouzivany kfivky TGA, ale soubézné provadéna meérfeni
prinikovych kfivek CO, v laboratornim fluidnim kfemenném reaktoru. ProtoZe rychlost procesu je silné
ovliviiovana mimo jiné proudénim plynu vrstvou sorbentu, byl pro stanoveni tohoto parametru zvolen
fluidni reaktor. Podminky se tak vice pfiblizily uvazovanému realnému provozu. Vlastni vypocet spocival
ve vyjadreni latkového mnozstvi CO,, jenz je vzorkem sorbentu zachycen v pribéhu intervalu 5 s.
Na rozdil od kapacity vSechny vzorky vykazovaly podobny vyvoj rychlosti sorpce v ¢ase. Pro frakci
velikosti ¢astic 0,2 — 0,5 mm probihala sorpce v ase 25 sod zahdjeni rychlosti v priméru
1,5.10° mol.gt.s™. Po této kratké podateéni fazi rychlost sorpce zadala rychle klesat tak, ze
50 s od zahajeni méfeni dosahovala vpriméru 4.10°mol.gts™ a za dalSich 150 s poklesla
na 8,5.10" mol.gt.s™ . Pro fluidni reZim Ize konstatovat, Ze naplnéni efektivné vyuzitelné kapacity je
dosazeno do 500 s od zahajeni sorpCniho procesu.

Zavéry

Vzorkova zakladna slozena zpéti rGznych hydrotalcitovych slou¢enin byla otestovana
termogravimetrickou analyzou za ucelem zjisténi sorpéni kapacity a moznosti aplikace téchto sorbent
v procesu odstranovani emisi CO,. Experimentalni méfeni vSech sorbentl bylo provedeno shodné
v deseti cyklech za stejnych podminek. Testovany byly hydrotalcity, které byly za ucelem navySeni
sorpéni kapacity impregnovany uhliitanem draselnym, tak HT kterym nepfedchazela tato modifikace,
resp. byly ve vychozim stavu. Vysledky naméfenych sorp€nich kapacit nam poskytuji ovéfeni, Ze vysoko
supersaturacni metoda pfipravy hydrotalcitovych slou€enin je vhodnéjSi pro syntézu téchto sorbentd.
Dale, Ze pokud jsou HT slou€eniny podrobeny impregnaci, zajisti se tim navySeni jejich sorpénich
kapacit v priméru pfiblizné o jednu tfetinu az polovinu. Z vyhodnocenych dat Ize konstatovat, ze
nedochazi k degradaci sorp&nich kapacit v pribéhu testovani a tedy, Ze jejich dlouhodoba stabilita je
konstantni. Nicméné bylo zji§téno, ze hodnoty BET povrchu a objemu péri po testovani TG
analyzatorem se snizi. Tento jev nebyl v predeSlém vyzkumu, kdy byly HT testovany ve fluidni
aparature, pozorovan. Naopak dochazelo k navyseni porozity sorbentl. V této fazi vyzkumu neni zatim
Zjisténo, co stoji za snizenim kapacity testovanych material(, nicméné to bude pfedmétem dalSiho
zkoumani. OvSem zjisténi tohoto rozkolu vysledkd pfinasi nezbytnost provést dostateény vyzkum
pouze TG analyzatory. Nicméné neni mozné se spoléhat jen na vysledky ziskané z tohoto typu
analyzator nebot v pfipadé aplikace hydrotalcitd v primyslu se uvazuje zejména nad vyuzitim fluidniho
zafizeni. Z tohoto vyplyva, Ze musi byt provedeny testy téchto materialld rdznymi postupy, napf. pravé
TGA a soucasné ve fluidnim rezimu. Teploty, pfi kterych dochazi k zachytu i desorpci navazaného oxidu
uhli¢itého, jsou v porovnani s napf. vapenci vyrazné nizsi, pohybuji se vrozmezi 400 — 500 °C.
Nevyhoda téchto materiall muze byt spatfovana v jejich vySSi pofizovaci cenné oproti pfirodnim
materialim. OvSem jeden z hlavnich pFinosu je jejich dobra kinetika sorpce, diky které se da uvazovat
o jejich aplikaci v zafizeni s cirkulujicim fluidnim loZzem, kde dochazi k rychlé cirkulaci materialu.
Z provedenych experimentalnich méfeni se da uvazovat o pouziti hydrotalcitovych sloucenin v procesu
odstrafiovani emisi oxidu uhli¢itého a to i v primyslovém méfitku.

Hydrotalcitové slouceniny jsou synteticky vyrabéné sorbenty a jako takové dosahuji vySSich
pofizovacich nakladl nez je tomu u pfirodnich nebo odpadnich materiald vhodnych pro zachyt CO.,.
Hydrotalcitové slouc€eniny v porovnani s predevSim pfirodnimi materialy dosahuji nizSich hodnot
zachytu, ale mnohem delSi provozni Zivotnosti vztazené na pocet cykll kalcinace/karbonatace.
Konkrétni data tykajici se ekonomického aspektu pouzivani hydrotalcitl jsou pfedmétem feasibility
study, ktera se provadi pro posuzovani konkrétniho zafizeni. Ekonomicka rozvaha se silné odviji od
kapacitniho vykonu a dalSich parametr( individualniho bloku energetického zafizeni.
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Summary

This paper deals with the very current topic on decreasing carbon dioxide from the atmosphere. It is
mainly focused on the application of synthetic sorbents based on hydrotalcite compounds. These
compounds are economically less advantageous than i.e. natural sorbents; however, they provide quite
good sorption properties and stability in the long-term testing. For experimental verification of sorption
properties, representatives of hydrotalcite compounds were selected, some of them were modified to
increase their sorption capacity. The experiments were performed by thermogravimetric analysis on five
different hydrotalcites. During the experiments stability of the sorbents, their sorption capacity and
structural changes were studied. Obtained results show that there is no decrease of sorption capacity
during multi cyclic testing of calcination/carbonation, which is a great advantage for their use.

Keywords: CO, capture, thermogravimetric analysis, hydrotalcite compounds
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VAZENI PRIZNIVCI APLIKOVANEHO VYZKUMU,

dovolujeme si Vas pozvat na dalsi ro¢nik Tydne vyzkumu a inovaci pro praxi a Zivotni prostiedi -
TVIP 2018, ktery probéhne ve dnech 6. — 8. bfezna 2018 opét v Hustopecich u Brna. Letosni TVIP
zastreSuje opét tfi tematicky specializovana odborna setkani: konferenci APROCHEM, symposium
ODPADOVE FORUM a konferenci PRUMYSLOVA EKOLOGIE. Hlavni novinkou pro prednasejici je
zarazeni partnerského recenzovaného ¢asopisu WASTE FORUM do databaze SCOPUS.

APROCHEM 2018

Konference tematicky pokryva oblast fizeni rizik a bezpecnosti. Zaméfuje se zejména Fizeni
primyslovych rizik a rovnéz na rizika pfi spravé regionti, mést a obci. Konference odrazi vyznam
vyzev vyplyvajicich ze zmén ovliviiujicich naSi spolecnost v oblasti Sirokého spektra rizikového
managementu (mezindrodni bezpecnostni situace, bezpecnost kritické infrastruktury v souvislosti s
uplatiiovanim novych technologii, rozSifovanim energetického mixu o alternativni zdroje energie,
zménami klimatu atd.).

RIZIKOVY MANAGEMENT A PREVENCE A ODSTRANOVANI HAVARI|

O Posuzovani a fizeni rizik O Rizika souvisejici s nanomaterialy (napf.ve vztahu
O Prevence zdvaznych pramyslovych havarii k potravinam)

O Zkusenosti z odstrariovani nasledkd havarii O Rizika vyplyvajici z novych vyzev (zména klimatu,
O Rizika pti nakladani s chemickymi latkami a pfipravky nastup chytrych technologii, vyuZiti alternativnich

zdroju energie a dopady geopolitickych zmén)
O Bezpecnost a hygiena prace

ODPADOVE FORUM 2018

13. ro¢nik symposia, jehoz plny nazev je ,Vysledky vyzkumu a vyvoje pro primyslovou
a komunalni ekologii", pokracuje ve svém rozSiteném zdbéru na celou oblast pramyslové
a komundlni ekologie. Znamena to, Ze vedle pfispévki z oblasti odpadového hospodarstvi
a sanaci ekologickych zatézi maji zde prostor i témata souvisejici s vodnim hospodafstvim
aemisemi Skodlivych latek do ovzdusi. Letos navic v souvislosti s pfipravami na prechod
k obéhovému hospodarstvi pribyla oblast Nové materidly a inovacni technologie pro Zivotni
prostiedi.

VODA OVvzDUSI

O Cisténi pramyslovych odpadnich vod O Cisténi odpadnich plynd a spalin

O  Ziskavani cennych latek z odpadnich vod O Snizovani a méreni emisi

O Recyklace vody O Doprava a lokalni zdroje

O Naklddani s kaly, kapalné odpady O Kvalita ovzdusi a zdravotni dopady znecisténi ovzdusi
ODPADY NOVE MATERIALY A INOVACNI TECHNOLOGIE
O Systémové otazky odpadového hospodafstvi O Inovativni technologické postupy a inovativni

O Materidlové, biologické a energetické vyuzZiti technologie

O Nebezpecné odpady, odstrafiovani odpadu O Nové materidly a jejich aplikace (bio- a nanomaterialy)
O Sanace ekologickych zatézi a nasledk( havarii

PRUMYSLOVA EKOLOGIE 2018

Konference Priimyslova ekologie jiZz po Sesté otevira prostor pro vyménu zkusenosti a ndzoru
v oblasti problematiky interakci lidské spolecnosti a Zivotniho prostredi. Primyslova ekologie
neni zamérena na Uzky segment problematiky, ale snaZi se chapat jednotlivd opatieni v
SirSich souvislostech a navaznostech. Z tohoto divodu je jednim ze zdkladnich cild
pramyslové ekologie uvadét v Zivot principy obéhového hospodarstvi, aplikovat posuzovani
zZivotnich cyklh produktl a sluzeb, ekodesign a dalsi technologické, ekonomické ¢&i procesni
nastroje snizovani nezadoucich dopadu lidskych ¢innosti na Zivotni prostredi.

OBEHOVE HOSPODARSTVi — OCHRANA ZDROJU A VYUZITi ODPADU

O Indikatory recyklovatelnosti a vefejné zadavani O Vyuziti recyklovatelnych material na stavbach

O Materidlové a energetické vyuziti odpadnich materiali | O  Co by méla obsahovat politika druhotnych surovin?
O Obéhové hospodafstvi a LCA v praxi
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KLICOVE TERMINY CENY VLOZNEHO

Prihlasky prispévku 15. 1. 2018 PIné vloiné 3 950 K¢
Zaslanll plnych textd do 15. 2. 2018 Dvoudenni vlozné 3 450 K¢
sborniku

Prihlasky ucasti 15. 2. 2018 Jednodenni vlozné 2 950 K¢
Termin konani 6.-8.3.2018

OHLEDNUTI ZA POSLEDNiM ROCNIKEM

Pocet ucastniku 180
Pocet prednasek 75
Pocet vyvések 16

PRIHLASKY PRISPEVKU A PREZENTACE PREDNASEK

Ptispévky na TVIP mohou mit povahu predndasky v odborné sekci (15 min. pfednaska a 5 min. diskuse)
nebo vyvésky. Vyvésky mohou byt az do formdatu AO na vysku, vétSi rozméry je tfeba konzultovat
s poradateli.

Termin pfihlasek prispévkd je 15. 1. 2018. Pfihlasky je moziné zasilat vyhradné prostfednictvim
elektronického formuldfe na www.tvip.cz. Poradatel potvrzuje pfijeti pfihlasky a vyhrazujesi pravo
konecného rozhodnuti o prijeti prispévku, formé jeho prezentace a zafazeni do konkrétni sekce
a programu.

Po uvedeném datu je mozno pfihlasit pfispévek bud po vyzvé pripravného vyboru, nebo do naplnéni
kapacity (sestaveni konecného programu). Jednaci jazyk je ceStina a slovenstina. Zahranicni
prednasejici (i posluchacdi) jsou vitani, ale tlumoceni nezajistujeme. Komeréni prezentace na
konferenci je mozna, vice na www.tvip.cz.

PLNE TEXTY PREDNASEK

Autory vsech pfrispévkd, predndsek i vyvések zadame o vcéasné predani konecného, graficky
upraveného plného textu prispévku v elektronické podobé v MS Word nejpozdéji do 15. 2. 2018.
Pozadavky na grafickou Upravu textd do sborniku jsou uvedeny na internetovych strankach TVIP, kde
je rovnéz i vzorova Sablona pro psani textl. Sbornik TVIP je vydavan v elektronické formé na CD-ROM
s oznacenim ISBN.

PUBLIKACE VE WASTE FORUM

Casopis byl vroce 2017 Uspésné zafazen do databiaze SCOPUS. V cené vloiného je zahrnut
publikacni poplatek v pfipadé zajmu o publikaci pfispévku v ¢asopisu WASTE FORUM. Tento zajem
mlZe autor projevit vpoznamce Prihlasky prispévku nebo pozdéji e-mailem na adresu
prochazka@cemc.cz. PIné texty téchto pfispévkd budou podrobeny fadnému recenznimu fizeni.
Podrobné poZadavky na grafickou Upravu textd jsou na strankdach www.wasteforum.cz v sekci
Pro autory.

TVIP@CEMC.CZ ~2v WWW.TVIP.CZ



1. CIRKULAR — TVIP 2018, 6.— 8. biezna 2018, Hustopece

PRIHLASKY UCASTI
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evvs

Termin pro prihlaseni je 15. 2. 2018. K ucasti se pfrihlasuji i autofi prispévk( (a plati vlozné),
predndasky nejsou honorované. Za neodprednasenou prednasku ¢i za nevystaveny poster fakturujeme
poplatek 1000 K¢ za zarazeni pfispévku do programu a uverejnéni textu ve sborniku.

DRUHY CIRKULAR A DALSi INFORMACE
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aktualizované informace k TVIP naleznete na internetovych strankdch www.tvip.cz. Konkrétni dotazy
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