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Uvodni slovo Séfredaktora

Vazeni ¢tenari,

Cislo ¢asopisu, které se k vam nyni dostava, je
ponékud chudsi, pouze 4 prispévky. Neni to tim, Ze by
byl tak maly zajem v ¢asopise WASTE FORUM
publikovat, ale tim, Zze jsem byl nucen dalsich Sest
¢lanku na zakladé doporuceni recenzentu bud’ pfimo
odmitnout, nebo pozadat autory o jejich prepracovani.
To se mi jesté nestalo, prisuzuji to tomu, Ze nékteri
autori, hlavné studenti, potrebuji do konce roku honem
jesté opublikovat vysledky sveé prace a fika se: Prace
kvapna... Druhym faktorem je to, Ze si nas ¢asopis

— : oblibila skupma vyzkumniku ze zemi Stfedniho
vychodu Melo by nas na jednu stranu tésit, Ze povédomi o ¢asopisu WASTE FORUM a
zajem publikovat v ném se Sifi po svété, jenZze komunikace s témito autory byva obvykle

komplikovana a vysledek v po¢tu nakonec opublikovanych ¢lanku neodpovida s tim
stravenému casu. Ale obratme list!

Volba vydavatele, aby patronem tohoto éisla byl mésiénik ODPADOVE FORUM, mne
potésila. To proto, Ze jsem v ném Fadu let pusobil jako odborny redaktor a v ramci této
prace vymyslel stejnojmenné symposium, jehoz 17. roénik uspésné probéhl v fijnu, a
také tento éasopis. Diivodem bylo to, Ze poté, co jsem prvnich 20 let po $kole (VSCHT
v Praze) ptsobil v zékladnim vyzkumu (UMCH CSAV) a védu opustil proto, Ze ma préce
tam mé prestala uspokojovat. Jenze po ¢ase se mi zacalo po védé trochu styskat. Vedle
toho jsme do redakce dostavali i védecké ¢lanky, které se svym rozsahem a mnohdy i
zamér’enim do toho éasopisu nehodily Pfi jejich odmitnuti jsme sIYchaIi na’Fky autord, z"e

vs wvawvzs

mél pochopeni a tak jsem vymysIeI a u zaméstnavatele a nynéjSiho vydavatele tohoto
CGasopisu prosadil jak poradani symposia, tak tohoto ¢asopisu. Po dalSich zhruba 20
letech jsem redigovani Odpadového fora prenechal mladsim (a ponechal si jen
symposium a WASTE FORUM), ale stale mam k nému silny citovy vztah. Tot vSe.

vrv

Uzijte si pékné Vanoce, radné privitejte novy rok a vézte Ze pristi redakcni uzavérka je
8. ledna 2024.

Ondfrej Prochazka

Editorial

Dear readers,

Do you know that your paper, i fit passes the peer-treview without a problem, will be
Publisher within 10 weeks after editoval deadline?

All papers submitted for publication must be the author's own work and may not have
been previously published elsewhere or sent to another publisher at the same time. For
more, see Publication Ethics on www.WasteForum.cz.

Regards
Ondrej Prochazka
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Pro autory

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

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

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

Vydavani C€asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim Casopisu, vybirame publikaéni poplatek ve vysi 500 K& za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato &astka
poloviéni.

Uzdvérka nejblizsiho ¢isla ¢asopisu WASTE FORUM je 8. ledna 2024, dalsi pak 8. dubna 2024.

For authors

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

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

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

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

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

Revenue to cover at least the costs associated with the issuance of the magazine, we select a
publication fee 500 CZK per each new page of the paper.

The deadline of the next issue is on January 8, 2024, more on April 8, 2024.
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Pavel ECKHARDT, Dagmar VOLOSINOVA, Lenka SMETANOVA: Priklad vyuZziti Iatek PPCPs jako stopovadt na
lokalité skladek komunalniho odpadu rizného stari

Priklad vyuziti latek PPCPs jako stopovacu na lokalité
skladek komunalniho odpadu rizného stari

Pavel ECKHARDT, Dagmar VOLOSINOVA, Lenka SMETANOVA
Vyzkumny ustav vodohospodarsky TGM, v.v.i., Podbabska 30, 160 00 Praha 6,
e-mail: pavel.eckhardt@vuv.cz, dagmar.volosinova@vuv.cz

Souhrn

V blizkosti sklédky komunalniho odpadu v Ceské republice doSlo k havarijnimu vyvéru
kontaminovanych podzemnich vod. Nebylo jasné, zda kontaminace pochazi z provozované
zabezpeclené skladky komunéalniho odpadu, nebo z kontaminovanych mist staré uzaviené skladky, kam
byl odpad ukladan drive. Vody staré i nové skladky komunalniho odpadu obsahovaly obdobné bézné
makropolutanty, jako kontaminované vody podzemni. Pro ovéfeni stari kontaminace byla vyzkouSena
metoda, zaloZzena na zakladé analyz koncentraci mikropolutantt typu PPCPs (Léciva a pfipravky osobni
péce) jako stopovacu. Metoda ovéfila pritomnost desitek téchto latek jak v podzemni vodé, tak i ve
skladkovych vodach jednotlivych razné starych casti skladky komunalniho odpadu. Vzhledem
k postupnému vnosu jednotlivych latek typu PPCPs do Zivotniho prostredi Ceské republiky bylo mozno
identifikovat stafi jednotlivych latek a tim prokazat i plvod kontaminace vod.

Klicova slova: Skladka komunalniho odpadu, ekologicka zatéz, kontaminovana mista, skladkové
vody, podzemni voda, mikropolutanty

1 Uvod

K nejbéznéjSim typdm kontaminovanych mist patfi skladky komunalniho odpadu, pfipadné obdobné
lokality, které skladkovanim komunalniho odpadu vznikly v minulosti. V blizkosti skladky komunalniho
odpadu ve StfedoCeském kraji doslo k havarijnimu vyvéru kontaminovanych podzemnich vod. Nebylo
jasné, zda kontaminace pochéazi z provozované', izolaci zabezpedené skladky komunalniho odpadu,
nebo z kontaminovanych mist staré skladky, kam byl odpad na stejné lokalité ukladan dfive. Vody staré
i nové skladky komunalniho odpadu obsahovaly obdobné béZné makropolutanty, jako kontaminované
vody podzemni.

Pro ovéfeni tésnosti stavajici provozované skladky bylo uvazovano pouziti geofyzikalnich metod nebo
aplikace specialnich latek jako stopovacld. Mimo jiné i vzhledem k nizkému rozpoctu na uvedené prace
a potfeb& mit vysledky relativné brzo k dispozici byla k uréeni puvodu kontaminace vyzkou$ena
experimentalni metoda, zalozena na zakladé analyz koncentraci mikropolutantd typu PPCPs
(Pharmaceutical and personal care products — léCiva a pfipravky osobni péce) jako stopovacu ve
skladkovych a podzemnich vodach. Vychazeli jsme z Uvahy, Ze jednotlivé latky PPCPs byly do prostiedi
zavadény postupné a ruzné staré skladky komunalniho odpadu ¢i jejich ¢asti by mohly obsahovat riizné
mikropolutanty.

Latky typu PPCPs se vyskytuji ve vodach v Zivotnim prostiedi, ovSem vétSinou pouze
v koncentracich fadu desitek az stovek nanogramu na litr. Az pokrok v citlivosti analytickych metod
v poslednich letech umoznil velmi nizké koncentrace téchto latek detekovat a kvantifikovat jejich
pfitomnost. BéZné jsou vyzkumy koncentraci latek PPCPs v odpadnich vodach, odkud se Sifi do
povrchovych vod. Srovnani koncentraci latek PPCPs ve vybranych evropskych fekach uvadi m.j. Hrkal
a Pastuszek®. Také pitné vody jsou latkami typu PPCPs v nékterych pfipadech zasaZeny, oviem
vétSinou ve vyrazné nizSi mife, nez vody povrchové®’. Nékteré prace se zabyvaji i chovanim
jednotlivych latek typu PPCPs v horninovém prostiedi, naptiklad v rdmci infiltrace odpadnich vod?. Latky
typu PPCPs (napfiklad néktera IéCiva, Bisfenol A ap.) jsou analyzovany a nalézany i v Ceské pozorovaci
siti podzemnich vod®.
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Odborné publikace, tykajici se latek PPCPs ve skladkach, jsou méné zastoupené. Napfiklad v ramci
reSerSe polského vyzkumu ohledné latek PPCPs bylo nalezeno pfes 50 praci, které se vétSinou
zamérovaly na odpadni a povrchové vody, pouze nékolik se tykalo vyluht ze skladek. V téchto vyluzich
byly nalezeny extrémné vysoké koncentrace Bisfenolu A (aZ 2,2 mg/l) a Diclofenaku (pfes 0,108 mg/l)°.
Latky typu PPCPs jsou vyhazovany do smésného komunalniho odpadu, chybi vS8ak jejich globalni
a komplexni hodnoceni ve vyluzich ze skladek. Poznatky o latkach PPCPs ve vyluzich skladek
a metodach jejich eliminace uvadi Laiju et al.”. Nebezpe&ny odpad z domacnosti tvofi obecné jen 1 az
4 % komunalniho odpadu, ale jeho potencialni rizika pro zdravi a Zivotni prostfedi jsou neumérna tomuto
zastoupeni, zejména jako uniky ze skladek. Je proto nezbytné zajiStovat separovany sbér tohoto
nebezpeéného odpadu®. Vyluhy vznikajici pfi zpracovani a likvidaci smésného komunalniho odpadu
mohou byt vyznamnym zdrojem latek PPCPs. Zkoumano bylo 49 téchto latek ve vyluzich smé&sného
komunalniho odpadu a vyluzich potravinafského odpadu v Ciné. Vyluhy smé&sného komunalniho odpadu
obsahovaly vyS$Si koncentrace PPCPs nez vyluhy potravinaiského odpadu, pfevladala v nich
makrolidova antibiotika®. Vyluhy ze skladek byly identifikovany jako vyznamny zdroj latek PPCPs. Bylo
zkoumano 18 latek typu PPCPs ve vodnim prostfedi pobliz nejvétsi skladky v Ciné. Slozeni PPCPs
v okolni podzemni vodé bylo podobné, jako ve vyluhu ze skladky, jejich koncentrace v podzemni vodé
se vzdalenosti od skladky klesaly™. Zdroje latek PPCPs ve vodnim prostiedi byly zkoumany pomoci
indikatorovych PPCPs v delté feky Jang-c’-tiang v Cing, analyzovano bylo 70 latek typu PPCPs. Ve
vyluzich ze skladek dosahovalo nejvy3si koncentrace antiparazitikum Albendazol (az 61 600 ng/l)*.

2 Experimentalni ¢cast

V blizkosti skladky komunalniho odpadu, umisté&né v Ceské republice ve Stfedodeském kraji, doslo
v roce 2018 k havarijnimu vyvéru kontaminovanych podzemnich vod. Bylo tfeba ovéfit, zda kontaminace
pochazi z provozované skladky komunalniho odpadu, nebo jen z nezabezpeéenych kontaminovanych
mist starych Casti skladky, kam byl odpad skladkovan dfive.

2.1 Prirodni poméry a historie lokality skladky

Zajmova lokalita lezi z morfologického hlediska na terénni elevaci, podzemni i povrchova voda odtud
generelné pouze odtéka. Z hydrogeologického hlediska je hlubSi podlozi lokality vétSinou malo
propustné — tvofi ho ordovické bfidlice a droby. Na nich se vyskytuje vyrazné propustnéjsi denudacni
relikt neogénnich lakustrijnich a fluviolakustrijnich Stérk(, piskd a jild. Povrch je kryt jen slabsi vrstvou
kvartérnich sedimentd. Na lokalité byly vy¢lenény dvé zvodné — meél&i ve viceméné vodorovné ulozeném
prulinovém kolektoru neogénnich Stérk( a piskd, a hlubsi v pfipovrchové rozpukané zéné skalnich
hornin ordoviku.

Lokalita byla puvodné vyuzivana jako téZebna Stérku. Do téZzbou vytvorené terénni deprese byly bez
jakychkoli izola€nich prvkd od sedmdesatych let minulého stoleti z blizkého mésta navazeny zejména
komunalni odpady. V devadesatych letech skladkovani odpadd pokracovalo, probéhly pokusy o izolaci
skladky od podlozi. Rozhodnym rokem byl rok 2003, kdy byly veskeré starSi faze skladky zakryty,
a pokraCovalo skladkovani komunalniho odpadu na zabezpelené skladce, od podlozZi jiz izolované.
Izolace ,nové“ skladky byla provedena té&snicim souvrstvim podle platné CSN. Skladkova voda
z jednotlivych tfi etap této ,nové“ od podlozZi izolované skladky byla zachycovana do nepropustnych
betonovych jimek a odvazena k likvidaci na &istirnu odpadnich vod.

Vody ,staré” i ,nove“ ¢asti skladky komunalniho odpadu obsahovaly obdobné makropolutanty, bézné
u skladdek komunalniho odpadu (vysoky obsah amonnych iontd, chloridd, rozpusténych latek, sodiku,
zvysSena byla chemicka spotfeba kysliku a daldi parametry), jako kontaminované vody podzemni.
Uroven kontaminace vybranych makropolutantt ve skladkové vodé ,nové* skladky (konkrétné ,3. etapa®)
a v podzemni vodé mélké zvodné ukazuje tabulka 1 (vysledky jednorazové analyzy).
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Tabulka 1: Obsahy vybranych makropolutantu ve skladkovych a podzemnich vodach zdjmové
lokality (Zdroj: CIZP - archivni analyza z dubna roku 2022)

Zakladni chemicka analyza Pomér

Skladkova voda | Mélka zvoderi|skladkova/

Stanoveni [mg/1] [mg/I] podzemni
Amonné ionty 650 800 0,81
Chloridy 1670 1990 0,84
Zelezo 3,1 25] 0,12
Dusi¢nany 198 455 0,44
Rozpusténé latky 5720 6930] 0,83
Sodik 1000 1200f 0,83
CHSK Mn 280 400 0,70
TOC 320 410f 0,78

Mélké podzemni vody lokality byly prokazatelné prvotné kontaminovany ,starSim“ komunalnim
odpadem ze sedmdesatych az devadesatych let minulého stoleti z ,plvodni“ staré skladky. Z mélké
zvodné pronikla kontaminace i do hlubs$i zvodné. Otazkou zlstavalo, zda se na kontaminaci podzemnich
vod podili i ,nova“ skladka komunalniho odpadu.

Schéma skladky znazorfiuje obrazek 1. Z néj je patrné, ze na lokalité pdvodniho odpadu v tézebné
(,stara“ nezabezpecena skladka) byly postupné vytvofeny 3 etapy ,nové“ skladky, jejichz skladkova voda
je zausténa do jimek. Srazkova voda vsakem pronika do mélké zvodné monitorované studnou a dale do
hlubsi, ploSné rozSifené zvodné&, monitorované vrtem.

2.2 Vzorkovani a analyzy vod

Pro ur€eni plvodu kontaminace podzemnich vod byly v roce 2022 odebrany C&tyfi vzorky vod na
stanoveni latek typu PPCPs. Jednalo se o dva vzorky skladkové vody provozované skladky ze dvou
rizné starych oddélenych cCasti skladky komunalniho odpadu. Typ odbéru byl volen podle aktualni
situace na lokalité. VVzorek skladkové vody z mladSi ¢asti ,nové” skladky (,3. etapa“) byl odebran pfimo
z vytoku skladkové vody trubkou (ustici do zachytné jimky na vychodni strané skladky). Vzorek
skladkové vody ze starSi Casti ,nové” provozované skladky (,1. etapa“) byl pro nepfitomnost pfimého
vytoku skladkové vody odebran ze zachytné betonové jimky pod touto ¢asti skladky. Dale byly odebrany
dva vzorky vody podzemni z objektd pod mladSi ¢asti skladky, a to ze dvou rdznych zvodni. Vzorek
z mélké zvodné byl odebran z hadice Cerpadla po od¢erpani vétsiho objemu kontaminované podzemni
vody ze studny. Vzorek z hlubsi zvodné byl odebran hlubinnym odbérakem ze stfedni &asti vodniho
sloupce blizkého hydrogeologického vrtu.

Vzorky vod byly odebrany do originalnich vzorkovnic, dodanych laboratofi. V8echny Ctyfi odebrané
vzorky vod mély tmavé hnédy zakal a zapachaly. Senzoricky byl silnéjSi zakal zaznamenan u skladkové
vody mladSi faze skladky a podzemni vody mélké zvodné. Hladina podzemni vody mélké zvodné se
pohybovala v hloubce cca 2 metry pod terénem, u hlubSi zvodné okolo 5 metrl pod terénem. V ramci
odbéru byly méfeny zakladni parametry vod, vysledky terénniho méfeni konduktivity a teploty vody
shrnuje tabulka 2.

Vzorky vod byly bezprostfedné po odbéru transportovany v uzaviené chlazené pfirucni lednici do
laboratofe. Analyzovany byly v akreditované laboratofi Povodi Vitavy, s.p., na 116 latek typu PPCPs,
zejména na obsah rlznych léc&iv, jejich metabolitd, umélych sladidel, soucasti plastt, kofeinu,
repelentnich latek proti hmyzu a podobné. Metoda analyzy kombinuje fyzikalni separaci pomoci
kapalinové chromatografie s hmotnostni spektrometrii (LC-MS/MS). Cast mezi stanovitelnosti
jednotlivych analyzovanych latek je patrna z tabulky 3.
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Tabulka 2: Vysledky terénniho méreni odebiranych skladkovych a podzemnich vod

Vysledky terénnich méreni vzorkl vod
Konduktivita [Teplota vody
Nazev vzorku [uS/cm] [°C]
Skladkova voda 1.etapa 6540 16,1
Skladkova voda 3.etapa 12190 20,2
Mélka zvoden - studna 9630 13,4
Hlubsi zvoden - vrt 4807 12,9]

2.3 Vnos latek typu PPCPs do zivotniho prostfedi CR

Jednotlivé latky typu PPCPs byly do Zivotniho prostfedi Ceské republiky vnaseny postupné. Né&které
uvedené latky jsou pfirodniho plavodu (napfiklad kofein nebo nikotin), jejich vyznamnéjs$i vnos do
prostfedi bude tedy zavisly na rozSifeni jejich uzivani (v uvedeném pfipadé uzivani kavy nebo tabaku).

Aktualné Siroce vyuZivanymi latkami typu PPCPs jsou napfiklad uméla sladidla. Z nich sacharin byl
vynalezen jiz roku 1879, acesulfam byl objeven v roce 1967, cyklamat byl pro toto vyuZiti objeven v roce
1937, sukraléza byla vynalezena vroce 1976. OvSem od vynalezu dané latky do jejiho povoleni,
nasledného rozsifeni uzivani a z toho plynouciho pozdéjsiho ukladani na skladky, existuje vétSinou jesté
delSi Casovy usek. Napfiklad sladidlo acesulfam bylo schvaleno pro pouziti v EU az vroce 1983,
sukraléza byla povolena k pouziti v EU aZ v roce 2003 (cit *?).

Nejvice typl aktualné analyzovanych latek PPCPs predstavuji 1éCiva a jejich metabolity. Lécivé
pFipravky podléhaji pfed uvedenim na trh v CR registraci, tu vykonava Statni tstav pro kontrolu 1éiv
(SUKL). Prikladem postupné zavadénych légiv jsou antibiotika (vyuZivana k prevenci a zastaveni
bakterialnich infekci). Prvni antibiotikum objevil v roce 1928 Alexander Fleming. Moderni éra antibiotik
vSak byla zahajena az ve 40. letech dvacatého stoleti, kdy byl nalezen zplsob, jak vyrabét velka
mnozstvi Cistého penicilinu. Nasledné&, zejména v 60. letech dvacatého stoleti, se podafilo pfipravit celou
Fadu dal$ich antibiotik™.

Z hlediska zaméfeni vyzkumu nas zejména zajimaly latky, které byly zavedeny do vSeobecného
uzivani az po roce 2003. Takovymito latkami byla napfiklad néktera IéCiva na snizeni krevniho tlaku,
jmenovité Eprosartan, Valsartan a Irbesartan, ktera jesté v roce 2007 nebyla na &eském trhu dostupna™.

2.4 Uvazovana schémata sireni latek PPCPs na lokalité

Vzhledem k charakteru hydrogeologického prostiedi a charakteru skladek na lokalité bylo o¢ekavano,
Ze v pfipadé prokazani koncentraci latek typu PPCPs ve vodach muze dojit ke dvéma zakladnim
stavim:

V prvnim modelovém pfipadé bude vSe v pofadku — provozovana skladka bude tésna, skladkové
vody byly fadné likvidovany a nepronikly tedy do okolniho horninového prostfedi. V tomto pfipadé
mohou skladkové i podzemni vody obsahovat nékteré ,starSi“ mikropolutanty typu PPCPs, které byly

schvaleny k pouziti €i pouzivany pifed rokem 2003. Naopak ,mlad$i“ mikropolutanty, které byly schvaleny
Ci se zacCaly pouzivat az po uvedeném roce, budou pfitomny pouze ve skladkové vodé.

V druhém uvazovaném modelovém pfipadé budou prakticky veSkeré analyzované latky typu PPCPs
zastoupené ve skladkovych vodach, nalezeny i ve vodé podzemni. To by indikovalo prunik skladkovych
vod do vod podzemnich i po izolaci skladky od podloZi.
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Obrazek 1: Schéma skladky na zajmové lokalité

G i = . - S —— —> vrt
melka zavésena zvoden Solitanty Co
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3 Vysledky a diskuse

3.1 Vysledky chemickych analyz vod

Odebrané vzorky skladkové a podzemni vody lokality byly shodné analyzovany na 116 latek typu
PPCPs. V odebranych vzorcich vod bylo zastizeno 65 latek typu PPCPs nad mezi stanovitelnosti
analytickych stanoveni. Z toho celkem 43 mikropolutantd bylo zjiSténo nad urovni meze stanovitelnosti
ve vSech Ctyfech odebranych vzorcich vod. Vybér z vysledku analyz uvadi tabulka 3.

Co se ty€e jednotlivych skupin latek, tak na zajmové lokalité byla nalezena antibiotika, Iéky na
snizovani krevniho tlaku, antidepresiva, antiepileptika, betablokatory, diuretika, Iéky proti bolesti,
nesteroidni protizanétlivé Iéky, uméla sladidla, ostatni léCiva, latky pro vyrobu plastl, repelentni latky
a dals$i mikropolutanty. Naopak nad mezi analytické stanovitelnosti nebyly zaznamenany fibraty,
antimikrobialni latky, rentgenkontrastni latky a veterinarni lI€Civa.

Nejvys8i koncentrace byla zjisténa u Bisfenolu A — v mélkych podzemnich vodach pfesahla 2 mgl/l,
v odpadnich vodach ,3. etapy“ byla jeho koncentrace jen o néco niz8i, dosahla 1,46 mg/l. To odpovida
uvadéné extrémni hodnoté skladkového vyluhu z Polska®. Radové aZ v desitkach mikrogramd na litr se
pohybovaly koncentrace dalSich deseti latek: Ibuprofenu, Ibuprofenu-2-hydroxy, Ibuprofenu-carboxy,
Gabapentinu, Acesulfamu, Bisfenolu S, DEET, Cyclamatu, Sukralozy a Venlafaxin(e) O-desmethyl.

Ostatni zaznamenané koncentrace analyzovanych latek PPCPs se pohybovaly od jednotek
mikrogramu na litr az po deset nanogramu na litr. Napfiklad koncentrace Diclofenaku dosahovala ve
skladkoveé vodé i mélké podzemni vodé zajmové skladky maximalni koncentrace mirné pres 2400 ng/I,
coZ je 44x méné, nez uvadéna extrémni hodnota skladkového vyluhu z Polska®. Makrolidova antibiotika,
ktera4 prevazovala ve vyluzich komunéiniho odpadu v Cin&®, méla v nasich vysledcich koncentrace
fadové nizsi (napfiklad Clarithromycin do 100 ng/l), nebo dokonce pod mezi stanovitelnosti (napfiklad
Erythromycin, Roxithromycin a Azithromycin pod 10 ng/l).

Struéna charakteristika koncentracemi nejvice zastoupenych stanovenych PPCPs latek ve vodach
zajmové lokality skladky komunalniho odpadu je nasledujici: Bisfenol-A se pouziva pfi vyrobé plastd,
obdobné i Bisfenol-S se pouziva v plastech, napfiklad na povrch termopapiru. Ibuprofen patfi mezi
nesteroidni protizanétlivé latky, volné prodejny léCivy pfipravek, ktery se uziva na zmirnéni bolesti,
zmirnéni zanéta a tlumeni horecky. Ibuprofen-2-hydroxy a Ibuprofen-carboxy jsou metabolity Ibuprofenu.
Gabapentin je léCivy pfipravek puvodné vyvinuty pro léEbu epilepsie, v poslednich letech se ale pouziva
i pro zmirnéni bolesti, demence a roztrousené sklerézy. Acesulfam, Cyclamat a Sukraldéza predstavuiji
uméla sladidla. DEET neboli Diethyltoluamid je aktivni slozkou v repelentech proti hmyzu. Venlafaxin(e)
O-desmethyl je derivat Venlafaxinu, coz je antidepresivum.
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Tabulka 3: Vybrané vysledky analyz skladkovych a podzemnich vod lokality na latky typu PPCPs

Koncentrace [ng/l] Nazev vzorku
Latka 1. etapa | 3. etapa Vrt Studna
Bisfenol A 1400 1460000 312000 2040000
Karbamazepin 145 159 18,4 116
Ibuprofen 2900 71800 25200 83300
Diclofenac 1290 2460 990 2430
Atenolol 57,3 16,8 <10,0 54,1
Coffein 219 <100 <100 <100
Ketoprofen 1330 3780 1070 4990
Metoprolol 83,2 166 11,3 333
Sulfamethazin 196 814 246 2380
Sulfapyridin 161 243 33,2 211
Furosemid 1560 3310 1050 3280
Chloramphenicol <20,0 25,3 <20,0 24,0
Warfarin 157 94,1 38,7 72,7
Sacharin 2000 1720 <50,0 1720
Gabapentin 17700 4110 1620 1960
Tramadol 84,2 232 32,2 615
Paracetamol 258 658 113 821
Sulfanilamid 418 400 241 641
Clarithromycin 44,1 97,9 <10,0 98,9
Karbamazepin-DHH <10,0 20,7 <10,0 12,4
Ibuprofen-2-hydroxy 12400 44800 7950 29300
Ibuprofen-carboxy 2040 26400 3050 10200
Diclofenac-4-hydroxy 64,9 79,0 <20,0 43,4
Naproxene-O-desmeth. 860 1910 118 691
Venlafaxine 29,5 <10,0 <10,0 <10,0
Sertraline <10,0 10,1 <10,0 <10,0
Karbamazepin-2-hydr. <10,0 <10,0 <10,0 13,9
Cotinin 940 5220 2150 2850
Acesulfam 6180 17700 3560 10200
Bisfenol S 8810 34600 6120 35500
Oxypurinol 114 1150 391 551
Acebutolol 13,0 <10,0 <10,0 24,6
Bisoprolol <10,0 <10,0 <10,0 29,4
Clindamycin 168 58,6 30,2 284
Fluconazol 361 199 23,9 182
Lamotrigin 13,3 24,2 15,7 14,0
Memantin 24,8 <20,0 <20,0 21,4
Mirtazapin <10,0 <10,0 <10,0 11,3
Phenazon 513 612 69,0 754
Primidon 291 650 540 941
Propyphenazon 1380 2660 564 3550
Telmisartan 32,5 24,1 <20,0 31,5
Valsartan 613 1120 615 2210
Metformin 935 333 <20,0 140
DEET 127 12600 2120 9420
PFOS 30,3 40,1 25,4 44,8
PFOA 138 816 313 697
Benzotriazol 1070 2530 286 3160
Benzotriazol 5-methy 1490 1840 130 1540
Benzotriazol 1-methy 151 241 <50,0 199
4-formylaminoantipyr 418 344 80,6 484
Atorvastatin 13,5 <10,0 <10,0 <10,0
Cyclamat 499 5180 679 11200
Propylparaben <20,0 <20,0 <20,0 31,0
Salbutamol 18,4 22,4 <10,0 36,2
Sucralosa 15400 25600 <1000 8060
Valsartan acid 597 413 155 389
Eprosartan 22,8 436 22,3 142
Lincomycin 218 303 53,9 323
Losartan 46,6 287 17,8 277
Venlafaxine O-desmet 915 23600 1950 13600
4-acetamidoantipyrin 1550 2700 673 1410
Cetirizin 44,6 98,5 23,5 458
Sitagliptin 19,1 <10,0 <10,0 <10,0
Sulfadiazin 41,6 185 68,7 589
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3.2 Porovnani jednotlivych vzorkd vod a jejich interpretace

Co se tyka miry kontaminace ze &tyf analyzovanych vzorkd ma nejvy$Si koncentraci jednotlivych
mikropolutantd nej¢astéji podzemni voda mélké zvodné (28 pripadd), pak mladSi skladkova voda
3. etapy (24 pfipadll) a starsi skladkova voda 1. etapy (13 pfipadll). Podzemni voda hlubsi zvodné méla
u v8ech analyzovanych mikropolutanti stanovenych nad mez stanovitelnosti niz§i hodnotu koncentrace
nez alespon jeden z ostatnich vzorka.

Nejméné byla kontaminovana podzemni voda hlubSi zvodné. V deviti pfipadech neobsahovala
stanovené latky (resp. obsahovala je pod mezi stanovitelnosti analytické metody) tam, kde ostatni
3 vzorky tyto latky prokazatelné obsahovaly. Pfi srovnani hlubsi podzemni vody vrtu a mélké podzemni
vody studny vychazi, ze ve vSech pfipadech (kromé jediné drobné vyjimky - Lamotriginu) jsou
koncentrace ve studni vy$si (1,2 az 29krat, praimérné 6,75x), nez koncentrace v podzemni vodé vrtu.
Obecné tedy plati ivaha, ze mélka zavéSena zvoden bezprostfedné pod skladkou (charakterizovana mj.
vodou studny) je vyrazné kontaminovanéjsi, nez hlub$i zvoden, charakterizovana vrtem. Midzeme tedy
pfijmout logickou hypotézu, Ze kontaminace omezené pronika z mélké zavéSené zvodné do hlubsi
zvodné. Hloubégji umisténa zvoden je lépe chranéna. Dochazi zde bezpochyby k procesum pfirozené
atenuace, jako je sorpce, biodegradace a fedéni pozadovou podzemni vodou.

Vztah obou skladkovych vod, tedy vzorku vody ,1. etapy“ a ,3. etapy“ je jiny. Existuje 5 latek,
u kterych byla kontaminace nad mezi stanovitelnosti zjisténa pouze ve skladkové vodé, ovSem ani
v jednom pfipadé se nejednalo o oba vzorky soucCasné. Ve Ctyfech pfipadech byla dana sloucenina
nalezena pouze ve vodé 1. etapy, v jednom pfipadé pouze ve vodé 3. etapy. Tam, kde existuji hodnoty
pro obé skladkové vody, jejich pomér silné kolisa, a to ob&éma sméry (od 0,23nasobek u Gabapentinu po
1043nasobek u Bisfenolu A) pfi pfevazujici kontaminaci ve vodé 3. etapy. Skladkova voda jimky 1. etapy
je v priméru méné kontaminovana, pfi¢inou maze byt vysSSi stafi této ¢asti skladky. Urcitou roli mize
hrat i jiny typ odbéru — v oteviené jimce na skladkovou vodu muze dochazet k fedéni srazkovou vodou a
degradaci nékterych latek sluneénim zafenim. Celkové Ize konstatovat, Zze obé skladkové vody jsou
znacné rozdilné, podle analyzy obsahti PPCPs nedochazi k jejich vzajemnému miseni.

Také pomér obsahu mikrokontaminant( ve vzorcich starsi skladkové vody 1. etapy a mélké podzemni
vody studny silné kolisa (od 9tinasobku do 0,0007krat), obé vody jsou velmi rozdilné. Lze konstatovat,
ze nedochazi ani nedochazelo k vyraznéjSimu praniku skladkové vody z 1. etapy do podzemnich vod
studny. Totéz Ize konstatovat u teoretického pruniku vod 1. etapy do hlubSich podzemnich vod vrtu, obé
vody jsou také velmi rozdilné (pomér koncentraci polutant 0,0045krat az 11,5krat).

Vztah hlubsi podzemni vody vrtu a vzorku mladsi skladkové vody 3. etapy je takovy, Ze podzemni
voda vrtu ma vzdy niz8i koncentrace analyzovanych mikropolutantl (Casto velmi vyrazné), nez
skladkova voda 3. etapy, a to nad mezi stanovitelnosti danych latek v poméru od 1,2nasobku po
16,2nasobek (prumérné 5,98krat). Urcity vnos kontaminace ze skladkovych vod 3. etapy do podzemnich
vod vrtu nelze vylouéit, je silné pravdépodobny.

Zasadni je vztah mélké podzemni vody studny a mladych skladkovych vod 3. etapy, jde o dva nejsilngji
kontaminované vzorky. U Ctyf jednotlivych mikropolutantt se obsah nad mezi stanovitelnosti vyskytuje jen
v podzemni vodé studny. Naopak pouze ve skladkové vodé 3. etapy se vyskytuje nad mez stanovitelnosti
pouze jedna latka (Sertralin), a to jen ve velmi nizké koncentraci. Tento fakt nevylu€uje prasak skladkovych
vod 3. etapy do podzemnich vod studny. Pomér koncentraci mikropolutantll obou vod je primeérné
1,19nasobek ve prospéch vyssiho obsahu ve skladkovych vodach 3. etapy (0,21krat az 3,2krat). Vysledek je
tedy v priméru mirné odliSny, nez u archivni analyzy makropolutantd (viz tabulka 1).

Je velmi pravdépodobné, Ze minimalné v minulosti doSlo k priniku skladkové vody 3. etapy do
podzemnich vod lokality. To dokladuji i obsahy nékterych mikropolutantl, zavedenych do vSeobecného
vyuziti v CR pomérné pozdé, napfiklad Sukraldzy, Valsartanu a Eprosartanu (viz tabulka 3). Jejich
obsah v podzemnich vodach lokality indikuje vliv nové skladky na tyto vody.

Pokud bychom napfiklad porovnavali obsahy Sukralézy a Eprosartanu ve skladkové vodé 3. etapy
a podzemni vodé studny, dostaneme pfibliZzné pomér fedéni nové zatéze ve vysi 1 ku 3. Sukral6za do
hlub8i zvodné vrtu nad mez stanoveni zatim nepronikla, u Eprosartanu je teoreticky pomér fedéni
skladkové vody 3. etapy vzhledem k hlubsi podzemni vodé cca 1 : 20.
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3.3 Nejistoty

Urcité nejistoty pochazeji z rizného typu odbérl vod, které byly dany situaci na lokalité a moznosti
odebrani reprezentativnich vzork(. Napfiklad na odebranou skladkovou vodu z oteviené jimky (1. etapa
skladky) maze plsobit do jisté miry fedéni srazkami a slunecni zafeni, které mize zpUsobit rozklad ¢asti
latek. Nejistotu zvysuje také zatim maly pocet odebranych vzorkl a provedenych analyz.

Nejistoty analytickych metod byly pro jednotliva stanoveni uvedeny v protokolech o provedenych
zkouSkach, dodanych laboratofi. Nejistota stanoveni chemickych analyz byla &asto pomérné vysoka,
pohybovala se vétSinou mezi 30 az 40 %.

3.4 Struéna diskuse metod datovani staii vod a kontaminace vod

Metodu stopovani plvodu vod pomoci latek typu PPCPs by po ovéfeni bylo mozné pravdépodobné
vyuzit jako efektivni stopovaci a datovaci metodu kontaminace. Kontaminace vody, obsahujici danou
chemickou latku, by teoreticky neméla byt starsi, nez rok povoleni této latky v CR.

Stavajici datovaci metody vod maji urcité nevyhody. V podzemnich vodach dochazi ¢asto k miseni
vod rizného stari. Vysledkem datovani napfiklad radiometrickymi a dal§imi metodami (stanoveni ftritia,
radioaktivniho uhliku, SF6, freonu apod.) je jednak pomérné Siroky interval pravdépodobného stafi,
z druhé strany se Casto jedna o urCity vazeny prumér stari jednotlivych &asti podzemni vody. Od
ukonceni atmosférickych jadernych testll obsah tritia ve srazkach klesa a postupné se blizi pfirozenym
koncentracim, je tfeba pouzivat citlivé metody stanoveni®.

Pro kvalitu a zdravotni nezavadnost vod byva problematicky zejména rychly vnos ,mladych® vod do
zvodné. Latky typu PPCPs lze vyuzit jako indikator podzemnich vod ohrozenych povrchovou
kontaminaci®.

Mikropolutanty typu PPCPs predstavuji organické latky, které se mohou sorbovat na horninové
prostfedi, jejich pohyb muze byt oproti proudéni podzemni vody rlznymi procesy zpomalen.
Mikropolutanty vSak mohou datovat pohyb a pavod organického znecisténi.

3.5 Vyhodnoceni vysledki

Z analyzovanych 116 mikropolutantt (latek typu PPCPs) bylo v odebranych vzorcich skladkovych
a podzemnich vod zastizeno 65 jednotlivych mikropolutantll (tedy vice nez polovina) nad mezi
analytického stanoveni, ztoho 43 mikropolutanty ve vSech &tyfech odebranych vzorcich (vice nez
tfetina). Z hlediska poctu i koncentraci zastizenych latek jde o pomérné prekvapuijici zjisténi, nebot jako
hlavni zdroj mikropolutantti ve vodnim prostfedi Ceské republiky byly dosud uvazovany zejména
komunalni odpadni vody.

Byl posouzen vliv uzaviené a provozované skladky na vody. NejvysSi kontaminace byla zjiSténa
u mélké zavédené zvodné, v kontaminaci podzemnich vod ma dominantni postaveni znecisténi ze staré
ekologické zatéZze, tedy byvalé uzaviené skladky nezabezpelené izolaci. Na zakladé analyz
mikropolutantd byl s velmi vysokou pravdépodobnosti potvrzen prinik skladkové vody z provozované
skladky do podzemnich vod, a to konkrétné z mladsi ,3. etapy” provozované skladky. Na toto propojeni
ukazuje nejen zastoupeni specifickych mikropolutanti typu PPCPs a obdobné vySe jejich koncentraci,
ale i prunik velmi mladych latek do podzemnich vod.

Ze ziskanych vysledkd neni mozné urcit, zda ke kontaminaci podzemnich vod z nové skladky doslo
pfimo — napfiklad netésnosti podlozi provozované skladky, nebo nepfimo — napfiklad technologickou
nekazni. Archivni materialy, kde je zmifiovano pfeteCeni jimky skladkové vody, nebo dokonce cilené
vypousténi skladkové vody z jimky na okolni terén, podporuji spiSe druhou moznost. Rovnéz stabilni
vyrazny pritok skladkové vody do zachytné jimky 3. etapy skladky ukazuje spiSe na unik skladkovych
vod v minulosti a ne na porusené tésnéni skladky.

Vlivem pfirodnich podminek, zejména nizké propustnosti a nevyuzivani podzemnich vod v okoli
skladky, je kontaminace podzemnich vod spiSe lokalniho charakteru bez vyznamnéjSiho dopadu do
SirSiho okoli skladky.
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4 Zaveéry

Na lokalité srizné starymi Castmi skladky komunalnich odpadd bylo tfeba vyfeSit otazku, zda
kontaminace podzemnich vod pochazi i z dosud provozované skladky. Za timto ucelem byly odebrany,
analyzovany a zhodnoceny vzorky skladkové a podzemni vody z lokality na obsah 116 mikropolutantd
(latek typu PPCPs). Ukazalo se, Ze Ceské skladky komunalniho odpadu mohou byt vyznamnym zdrojem
kontaminace mikropolutanty, protoze v odebranych vzorcich skladkovych a podzemnich vod bylo
detekovano 65 jednotlivych mikropolutantl nad mezi stanovitelnosti analytické metody. Z toho
43 mikropolutantl bylo zastizeno ve v8ech &tyfech odebranych vzorcich.

Byl posouzen vliv staré a nové skladky na vody. Nejvy3si kontaminace byla zjist€éna u mélké
zavéSené zvodné, v kontaminaci podzemnich vod ma ziejmé dominantni postaveni znecisténi ze staré
ekologické zatéze, tedy byvalé staré nezabezpeclené skladky. Na zakladé analyz mikropolutantd byl
s vysokou pravdépodobnosti potvrzen pranik skladkové vody z dosud provozované skladky do
podzemnich vod.

Pouzitou experimentalni metodu stopovani a datovani kontaminace na zakladé obsahu latek typu
PPCPs by bylo tfeba dale ovéfit a upfesnit na dalSich lokalitach. Metoda ma po dalSim ovéfeni podle
nadeho nazoru potencial stat se rozsifenou stopovaci metodou a metodou urovani stafi kontaminace
vod, pochazejicich z komunalnich skladek a dalSich ekologickych zatézi.
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An example of the use of PPCPs as tracers at the site of municipal waste
landfills of various ages

Pavel ECKHARDT, Dagmar VOLOSINOVA, Lenka SMETANOVA
T. G. Masaryk Water Research Institute, p.r.i.

Summary:

An emergency release of contaminated groundwater occurred near a municipal waste dump in the
Czech Republic. It was not clear whether the contamination came from an operating secured municipal
waste landfill or from contaminated sites of an old closed landfill where waste was previously stored. The
waters of old and new municipal waste landfills contained similar common macropollutants as
contaminated groundwater. To verify the age of the contamination, a method based on analyzes of
concentrations of PPCPs (Pharmaceuticals and Personal Care Products) as tracers was tested. The
method verified the presence of dozens of these substances both in the groundwater and in the landfill
waters of individual parts of the municipal waste dump of various ages. Due to the gradual introduction of
individual substances of the PPCPs type into the environment of the Czech Republic, it was possible to
identify the age of the individual substances and thereby prove the origin of water contamination.

Keywords: Municipal landfill, dump, contaminated site, wastewater, groundwater, micropollutants,
contamination
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Souhrn

Clanek se zabyva vyuzitim sulfato-vapenatého pojiva Sorfix, jez obsahuje fluidni popilek, pro névrh
smési pro 3D tisk vytladovanim malty. V avodu shrnuje zakladni pozadavky na malty pro 3D tisk
a predstavuje rizné sméry vyvoje material(i. V experimentalni ¢asti jsou definovany chemické a fyzikalni
viastnosti pouZitého sulfato-vapenatého pojiva Sorfix zahrnujici oxidické sloZeni, mérnou hmotnost,
mérny povrch, stfedni velikost ¢astic a fazové slozeni. Dale jsou pfedstaveny dvé smési pro 3D tisk SFX
450 a SFX 550, kde je pojivem Sorfix. Na Cerstvych maltach, vyrobenych z SFX 450 a SFX 550, byl
ovéren vyvoj zpracovatelnosti zkouskou rozlivu na stfasacim stolku v ¢ase 15, 30, 45 a 60 minut od
smiseni sloZzek. Dale byla ve stejnych ¢asovych usecich ovéfena strukturace smési zkouSkou penetrace
na Vicatové pfistroji v provedeni s jehlou a valeCkem. Zména fazového slozZeni Cerstvé malty byla
sledovana na praskovém difraktometru. Bylo experimentalné prokazano, Ze ekologické bezcementové
sulfato-vapenaté pojivo Sorfix obsahujici fluidni popilek Ize s uspésnosti pouZit pro vyrobu smési pro 3D
tisk vytlatovanim malty se zpracovatelnosti po dobu 55 minut, umoZzriujicich tisknout objekty vysky az
850 mm z vrstev o vySce 8mm a Sifce 25 — 32 mm. Dale bylo ovéreno, Ze 3D tiskové malty s obsahem
Sorfixu jsou z hlediska chovani pfi tisku srovnatelné s komercéné dostupnymi materialy na cementové
bazi. Experimentalné byla ovéfena také vhodnost zkouSky rozlivem pro ovéreni zpracovatelnosti malty
v daném ¢asovém useku. ZkouSka penetraci valeCku pro stanoveni normalni konzistence cementové
kase na Vicatové pfistroji prokazala schopnost ovéreni strukturace a tim i vystavitelnosti materialu.

Kli¢ova slova: 3D tisk, malty, SCM, fluidni popilek, SORFIX

Uvod

3D tisk je druh digitalni fabrikace, zajistujici pfevod digitalnich 3D modelu do fyzické podoby skrze
aditivni vyrobni proces. Je zaloZen na vrstveni materialu dle skriptu pomoci robotického vyrobniho
zafizeni, tj. 3D tiskarny. Prvni koncept aplikace technologie ve stavebnictvi navrhl Pegna®, prvni funkéni
technologii, zalozenou na vytlaCovani cementové malty, pfedstavil pod nazvem Contour Crafting
Khoshnevis®. Po roce 2015 nastava v této oblasti prudky nardst poétu vyzkumnych projektd, kde vétsina
se zaméfuje na technologii vytlaCovanim malt a betonl, kdy se ustalil nazev technologie 3D tisk
z betonu (3DCP)3. ProtoZe vyrobni proces probiha v na sebe vertikalng kladenych vrstvach, material
musi v Cerstvém stavu splnit fadu pozadavka.

Musi vykazovat dostateCnou tekutost, aby mohl byt snadno Cerpan hadici do vytlacné trysky, aby
nasledn& mohl byt vytladen z trysky ve formé filamentu, musi vykazovat dostateénou vytlagitelnost®.
Béhem faze Cerpani a vytlaCovani vykazuje visko-plastické chovani. Kliové veli€iny ovliviujici tyto
vlastnosti jsou mez kluzu 1. a viskozita y. V nejkrat§im mozném okamziku po vytlaeni musi material
vykazovat vystavitelnost®, aby mohl vytvaret tvarové i staticky stabilni struktury z na sebe uloZenych
vrstev, aniz by se zhroutily nebo vykazovaly nadmérné deformace °. Jak popsal Roussel’, vlivem v &ase
postupujici hydratace a flokulace po vytlaceni materialu dochazi vlivem odeznéni smykového namahani
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k relaxaci a tvorbé& pevné vnitfni struktury materialu, vyjadfitelné stupném strukturace Agi. Bé&hem
strukturace nartstda modul pruznosti ve smyku G spolu s mezi kluzu 1., naopak klesa viskozita p,
material se stava pevnéjsSim a tuzsim.

Pfi navrhu materialu spliujiciho takto protichidné pozadavky je vyuzivano tixotropie, které je
dosazeno optimalizaci zrnitostni kfivky s vyuzitim jemnych pfimési, pfidavkem vlaken a pfisadami ve
formé superplastifikatord (SP) a modifikatortl viskozity (VMA)® °. V literatufe je popsana fada metod pro
méFeni reologie 3D tiskovych malt v Serstvém stavu'®.

Novatorska technologie 3D tisku z betonu pfinasi znaény vyzkumny potencial a pfileZitost z hlediska
trvalé udrzitelnosti. V porovnani s konvenénimi stavebnimi technologiemi umozhuje 3DCP snizit
mnozstvi materialu diky synergii digitalni vyroby a pokrocilych konstrukénich pfistupl, jako je
topologicka optimalizace'’. S cilem minimalizovat uhlikovou stopu materialt jsou vyvijeny receptury,
snizujici obsah uhlikové velmi nepfiznivé pulsobiciho cementu ve smésich jeho nahradou rGznymi
pfimésemi (SCM). Bylo prokazano, ze pfimési jako popilek, vapenec, mikrosilika nebo struska zlepSuiji
reologii 3D tiskovych smési'?>. S cilem najit plnou alternativu k cementovym smésim byly vedle toho
vyvinuty materidly a technologie pro 3D tisku z geopolymeri'®. Byly také zkoumany zpusoby, jak pro
vyrobu 3D tiskovych materialt vyuzit odpadG ve formé primési stavebniho recyklatu®, recyklovaného
skla™ nebo hluginy™®. Dal$im takovym odpadem, ktery by mohl byt vyuZit pro 3D tisk je fluidni popilek
produkovany uhelnymi elektrarnami. Ten, na rozdil od klasického vysokoteplotniho popilku pouzZivaného
ve stavebnictvi vznika ve fluidnich kotlich za sou&asného odsifovani spalin'’. Fluidni popilek tak
obsahuje produkty z odsifovani, a to vapno a anhydrit’®. Tento popilek tak nelze vyuzit stejnym
zpUsobem jako klasicky vysokoteplotni, a proto se hledaji nové cesty pro jeho vyuziti*®.

Cilem této prace bylo pfipravit Cerstvé malty pro 3D tisk technologii vytlaCovani malty ze sulfato-
vapenatého pojiva Sorfix* a nasledné studovat jejich chovani z pohledu fyzikalnich vlastnosti téchto malt
v zavislosti na chemickych vlastnostech vstupnich sloZzek. Soucasti prace bylo srovnani téchto vlastnosti
s komeréné dostupnym materialem.

Experimentalni ¢ast

Chemické a fyzikalni vlastnosti pouzitého sulfato-vapenatého pojiva Sorfix zahrnujici oxidické slozeni,
mérnou hmotnost, mérny povrch, stfedni velikost ¢astic a fazové sloZeni jsou uvedeny v tabulce 1.
Pojivo Sorfix je uvadéno na trh spoleénosti CEZ Energetické produkty, s.r.0. Toto pojivo obsahuje fluidni
popilek a ma podle informaci vyrobce unikatni sloZeni chranéné &tyfmi patenty??°. Vlastnosti pojiva
specifikuje vyrobce v technickém listu?. Prvkové sloZeni vstupnich surovin bylo stanoveno pomoci piné
automatického sekvenéniho XRF spektrometru Performix (Thermo ARL, Svycarsko), vyhodnoceni
probéhlo pomoci softwaru UNIQUANT s chybou méfeni pod 1 hm. %. Pro kvantitativni stanoveni
fazového slozeni sulfato-vapenatého pojiva byl pouzit pFistroj X'Pert PRO. Pro kvantifikaci jednotlivych
fazi byl k pojivu Sorfix pfidan vnitfni standard (10 hm. % ZnO). Pro stanoveni distribuce velikosti ¢astic
byl pouZit laserovy analyzator Bettersizer ST (Dandong Bettersize Instruments Ltd., Cina). Mé&rna
hmotnost byla stanovena pomoci heliového pyknometru BELPYCNO (Microtracs MRB, Japonsko)
a mérny povrch pomoci Blainova pfistroje JIP-TECH (MATEST S.p.A,, Italie), oboji podle normy EN 196-6.
Ztrata zihanim (LOI) byla provedena pfi teploté 950 + 5 °C do konstantni hmotnosti vzorku.

Ze sulfato-vapenatého pojiva (SFX) byly na zéakladé predchoziho vyzkumu?®’ pfipraveny dvé smési
s oznaCenim SFX 450 a SFX 550. Tyto smési obsahovaly spolu se sulfato-vapenatym pojivem i pisek
(v8e vyrobce Sklopisek Strele, Ceska republika), mlety vapenec (KRVAP, Ceska republika),
superplastifikator na bazi polykarboxylatd (SP), pfisadu pro udrZeni viskozity (VMA) a polypropylénova
vldkna délky 6 mm (PP). Smés SFX450 obsahovala navic mlety kfemen. Smési byly pfipravovany na
laboratorni michacce ToniMIX (Toni Technik, DE). Slozeni smési SFX450 a SFX550 spolu s mnozstvim
pfidané zamésové vody obsahuje tabulka 2. Suché smési SFX450 a SFX550 byly pfipraveny smichanim
danych poméru sloZek pojiva Sorfix, vapence a kameniva. Cerstvé maltové smési byly pFipraveny tak, Ze
do misici nadoby byla umisténa zamésova voda spolu s SP a nasledné byla k vodé pfidavana predem
pfipravena dana sucha smés SFX 450 nebo SFX 550 za plynulého otaCeni metly michacky po dobu
max. 4 minut. Poté byla pfidana davka VMA. Nasledovalo michani dalsi 2 minuty. Pfipravena kase se po
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smiseni nechala 5 minut relaxovat v nadobé a nasledné byla podrobena jednotlivym fyzikalné-
chemickym zkouskam. Jako referencni smés byl pouzit vicesloZzkovy jemnozrnny kompozit na bazi
cementu, dodavany pod nazvem Premix UHPC na trh spolednosti PREMIX servis, spol. s r.o., Ceska
republika, jehoZ vlastnosti jsou specifikovany na webu vyrobce®. Malta z této smési byla pfipravena
zamichanim suché smési do vody se SP, v poméru 130 ml vody na 1 kg suché smési a mnozstvim SP
0,5 % po dobu 4 minut na laboratorni micha¢ce ToniMIX (Toni Technik, DE). Nasledné byla do smési
pfidana slozka VMA v mnozstvi 0,2 % a zamichana po dobu 2 minut. Pfipravena ka3e se po smiseni
nechala 5 minut relaxovat v nadobé a nasledné byla podrobena jednotlivym zkouskam.

Tabulka 1: Chemické a fyzikalni vlastnosti sulfato-vapenatého pojiva Sorfix, Sarze 02/2022;
oxidické slozeni (hm. %) s chybou < 1 hm. %, ztrata Zihanim LOI (hm. %), mérna hmotnost, mérny
povrch (m?/kg), stfedni velikost ééstic (um) a fazové sloZeni (hm. %).

XRF SFX XRD SFX

SiO, 32,06 amorfni faze 60

AlL,O3 24,67 anhydrit 15

Fe,Os 4,94 vapno 14

CaO 21,38 kfemen 9

TiO, 1,83 magnetit 1

SO; 7,84 hematit 1

Others 1,97

LOI 5,30

Mé&rna hmotnost [kg/m°] 2675

Mé&rny povrch [m?/kg] 882

Stredni velikost ¢astic d50 [um] | 20,15
Tabulka 2: Slozeni smési (hm. %)

Smés SFX pisek k?::-,tgn vapenec SP VMA PP Voda

SFX 450 37,1 33,0 8,2 4,1 0,7 0,2 0,2 16,5
SFX 550 42,8 31,1 0 3,9 0,5 0,2 0,2 21,4

Vlastnosti Cerstvé smési nutné pro fungovani na dané tiskové technologii s délkou tisku 60 minut
z jedné davky materialu byly ovéfeny reologickych zkouSkami. Za u€elem stanoveni a porovnani vyvoje
konzistence malt a tim i jejich zpracovatelnosti po dobu 60 minut byly po 15, 30, 45 a 60 minutach
provedeny zkousky rozlivu ve smyslu normy CSN EN 1015-3 (cit.?®).

Na Cerstvych maltach byly dale provedeny zkousky penetrace na Vicatové pfistroji ve smyslu normy
CSN EN 480-2 (cit.*°), upravené pro potfeby dané technologie 3D tisku, kdy byla mé&fena penetrace po
15, 30, 45 a 60 minutach. ZkouSka byla provadéna kromé penetrace normové jehly také ovérovaci
penetraci valeCkem @ 10 mm pro stanoveni normaini konzistence cementové kase ve smyslu normy
CSN EN 196-3 (cit.*).

Zmeéna fazového slozeni Cerstvé malty SFX 450 a SFX 550 byla sledovana na praskovém
difraktometru X'Pert PRO v Bragg-Brentanové parafokusujici geometrii s pouzitim vinové délky
CoK, zaFeni (A=1,7903 A, U=35kV, | =40 mA). Data byla naskenovana pomoci ultrarychlého 1D
detektoru X'Celerator v uhlovém rozsahu 5 — 60° (20) s krokem méfeni 0,017° (20) a Casem Citani
20,32 s krok™. Vyhodnoceni dat bylo provedeno programem HighScore Plus 4.0. Cas méfeni od
zamichani byl 20 min a 24 hodin pro ob& maltové smési.
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Realné ovéfeni nastavenych parametrd smési probihalo na tiskové aparatufe, umoznujici tisk
technologii vytlaCovani malty. Vazeni slozek materialu pro tisk bylo provadéno na vaze CAS DB2.
Michani probihalo s pomoci dvoumetlového michadla Festool MX 1600/2 EQ DUO DOUBLE. Cerpani
zajisStovalo ruc¢né plnéné peristaltické Cerpadlo Sanax S8 s pomoci hadice DN25. Tisk probihal na
kartezianské 3D tiskarné (Experimentalni prototyp) s tiskovym prostorem 1000x1000x1000 mm, fizené
systémem Arduino za pomoci rozhrani Pronterface. Rychlost pohybu vytlatné trysky o kruhovém
prufezu priméru d=18mm byla 60 mm/s, vytlaCovani probihalo rychlosti 0,35 — 0,45 I/min. Tiskové
skripty ve formatu gcode byly generovany v prostfedi Rhinoceros 7, s pluginem pro parametrické
modelovani Grasshopper a pluginem pro 3D tisk Silkworm. Byla tisténa rlzna zkuSebni télesa s vrstvami
vySky 8 mm a Sifky 25 — 32mm.

Vysledky a diskuse

Fazové slozeni bylo sledovano ve dvou &asech, a to po zamichani (20 min) a po vytvrzeni ve
vihkostni skfini (24 h). Obrazek 1 zobrazuje difraktogramy naméfené pro smés SFX 450, pfi¢emz pro
smés SFX 550 bylo dosazeno srovnatelnych vysledk( stim rozdilem, ze ve smési SFX 550 byl
detekovan z pohledu krystalickych fazi vyssi obsah SiO,, coZz koresponduje se vstupnim sloZzenim
smési. V souladu s praci Skvara a kol.? bylo zji§téno, Ze v zatvrdlém vzorku (24h) do$lo ke vzniku nové
krystalické faze ettringitu. Sou€asné doslo ke spotfebovani vapna a ¢aste¢né anhydritu pfi hydrataénich
reakcich. Naopak kifemen a vapenec (kalcit) se hydrata¢nich reakci neucastni.

Counts

80000 — T450-24h .
T450-20min KF
60000 —|
40000 | Kal
Ki A
20000 | Ett
L
0 REREE REREEE RRERREE REREE REREE RRERREE RERE
10 20 30 40 50 60 70 80

Position [°20] (Copper (Cu))

Obrazek 1: Difraktogram smési SFX 450 po 20 min a 24 h hydratace;
Ett — ettringite, KF — kfemen, A — anhydrite, Kal — kalcit, L - vapno

Hodnoty rozlivu jsou shrnuty v tabulce 3. NejnizSi hodnoty rozlivu byly ve sledovaném intervalu
zaznamenany pro komeréni smés PREMIX (120 — 105 mm). Nejvy3Si hodnoty byly naopak
zaznamenany pro smés SFX 550 (170 — 165 mm), jez méla ve srovnani se smési SFX 450 vysSi vodni
soucinitel. U smési SFX 450 a PREMIX hodnoty rozlivu s rostoucim ¢asem klesaly, naopak u smési SFX
550 byl pokles hodnot rozlivu minimalni, v intervalu 30 — 60 min od zamichani pak byl nulovy, coz Ize
vysvétlit nizkou tixotropii této smési.
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Tabulka 3: Rozliv smési ve smyslu normy CSN EN 1015-3

Smés t+15 min | t+30 min ‘ t+45 min ‘ t+60 min | pokles t+15 az t+60
Rozliv (mm)
SFX 450 155 145 135 130 16%
SFX 550 170 165 165 165 3%
PREMIX 120 110 110 105 13%

V ramci zkousek bylo nutno ovéfit, Ze smés dosahuje dostateéného stupné strukturace, zajistujiciho
vystavitelnost, nutnou pro stabilitu tiSténych vrstev, zatizenych nadlehlymi vrstvami béhem 60 minut
tisku. Strukturace byla ovéfovana zkouskou penetrace do smési na Vicatové pfistroji.

Tabulka 4: Penetrace jehlou ve smyslu normy CSN EN 480-2

i t+15 min | t+30 min \ t+45 min \ t+60 min
Smeés
Penetrace (mm)
SFX 450 40 40 40 40
SFX 550 40 40 40 40
PREMIX 40 40 40 40

Zkouska v Case 15, 30, 45 a 60 minut po smiseni sloZzek nezachytila u Zzadného zkouSeného
materialu odpor proti pronikani jehly, a tedy ani tuhnuti ve smyslu normy CSN EN 480-2 (cit.*°). D& se
predpokladat, ze divodem je nizka hodnota odporu zkouSenych smési v prvnich 60 minutach proti
pronikani stihlé jehly. Smési pfitom opticky i pohmatem vykazovaly zna¢nou tuhost, coz se da v souladu
se’ pfisoudit nardstu meze kluzu, snizeni viskozity, a tedy nardstu strukturace materialu vlivem relaxace
silné tixotropni smési. V delSim €asovém horizontu nebylo dalSi méfeni relevantni z divodu délky
tiskového procesu 60 minut. Pro ovéfeni strukturace byla proto provedena ovéfovaci penetrace
valeckem @ 10 mm pro stanoveni normalni konzistence cementové kase ve smyslu normy CSN EN 196-
3 (cit.*Y), tabulka 5. Vysledky i nasledny tisk ukazaly, Ze tato modifikace dané metody mnohem lépe
ovéfuje strukturaci nutnou pro vystavitelnost smési pro danou technologii 3D tisku. Lze konstatovat, ze
smeés SFX 550 méla horsi nabéh strukturace ve srovnani se smésmi SFX 450 a PREMIX. Srovnatelnych
vysledku bylo dosazeno pro vzorky PREMIX a SFX 450, jez dosahly jiz po 30 minutach nulové, resp.
2 mm penetrace valecku.

Tabulka 5: Penetrace vdleékem @ 10 mm ve smyslu CSN EN 196-3

o t+15 min | t+30 min | t+45 min | t+60 min
Smeés
Penetrace (mm)
SFX 450 10 2 1 0
SFX 550 40 19 3 0
PREMIX 2 0 0 0

Srovnanim vysledkl stanoveni stupné strukturace (penetrace valeCkem/modifikovanou zkou$kou
s valeCkem) s vysledky zkouSek rozlivu Ize konstatovat, Ze u obou zkousek bylo dosazeno srovnatelnych
vysledki. Smés PREMIX vykazovala nejrychlejSi nabéh strukturace, souasné ale vykazovala horSi
zpracovatelnost. PomalejSi nabéh pevnosti smési s obsahem Sorfixu oproti cementové smési Premix Ize
vysvétlit odliSnym zpusobem hydratace pojiva, kdy u Sorfixu dochazi k postupné reakci portlanditu se
siranem vapenatym a s jilovitymi ¢astmi popilku za vzniku ettringitu, pficemz CSH gel se zacina tvofit az
v pozdéjSich fazich® 3% 3334,
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Na zakladé vysSe uvedenych zkou$ek byly pfipraveny smési pro 3D tisk v mnozstvi 12 kg. V prabéhu
zkou$ky Cerpatelnosti a vytlaCitelnosti z trysky vykazovaly posuzované smési SFX450 a SFX550 skvélou
Cerpatelnost i vytladitelnost. Po vyladéni parametrd tiskového procesu, tj. rychlosti ¢erpani, rychlosti
trysky a rychlosti vytlaCovani na dany material bylo ze smési SFX450 vytisténo dle tiskového skriptu
téleso o rozmérech 200x200x450 mm vrstvou 8x22 mm, obrazek 2a. Tisténé vrstvy dosahovaly vysoké
kvality bez trhlin a deformaci. Ze smési SFX550 dle identického skriptu bylo vytisténo srovnatelné téleso,
kde bylo z davodu tekutéjsi konzistence a horSi vystavitelnosti nutno tisknout Sirsi vrstvou 8x30mm,
obrazek 2b. Kvalita tisku byla oproti SFX450 vice ovlivnéna deformaci vrstev pfi vytlaGovani Snekem.
Rozdily ve vystavitelnosti i konzistenci Ize pficist vy$8imu obsahu Sorfixu u smési SFX550, kde musel
byt navic zvySen vodni soucinitel a z receptury byla vyjmuta inertni kfemenna moucka. Nasledné byla
ovéfena zpracovatelnost a vystavitelnost smési SFX450 tiskem zakfiveného télesa vySky 850 mm
0 délce tiskového procesu 55 minut. Smés vykazovala stabilni Cerpatelnost i vytlaCitelnost, doba
zpracovatelnosti tedy dosahla 55 minut, zaroven umoznila tisk do vysky 850 mm bez deformace nebo
kolapsu, tedy vykazala vysokou vystavitelnost, obrazek 3. Smés SFX450 lze tedy z hlediska tisku
povazovat za vice pouzitelnou nez SFX550.

Srovnavacim testem tisku komeréné dostupné cementové smési PREMIX bylo vytisténo dle stejného
skriptu identické téleso, které bylo kvalitou tisku srovnatelné se smési SFX450, obrazek 2c.

2a) SFX450 2b)SFX550 2c) PREMIX

L =

Obrazek 2: Vytisky z posuzovanych smési: a) SFX450, b) SFX550, c) PREMIX
Obrazek 3: Vytisk ze smési SFX450 vysky 850mm

Zavéry
Bylo prokazano, Ze ekologické bezcementové sulfato-vapenaté pojivo Sorfix obsahujici fluidni popilek
Ize s uspésnosti pouzit jako pojivo ve smésich pro 3D tisk vytlaovanim malty.

Zkouska na Vicatoveé pristroji ukazala, Ze pro ovéieni stupné strukturace u tixotropnich smési pro 3D
tisk se jevi jako vhodny penetraéni nastroj valeCek @ 10 mm pro stanoveni normové konzistence
cementové kase namisto jehly pro zkousku tuhnuti malty.

Vysledky ze zkouSky rozlivem jsou pouzitelné pro posouzeni zpracovatelnosti malty pro 3D tisk
a koreluji s vysledky upraveného penetracniho testu.

Smési se Sorfixem vykazuji pomalejSi narust poCateni pevnosti oproti referenéni cementové smeési
z dlvodu rozdilného chemismu Sorfixu a cementu.
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Summary

This paper deals with the use of Sorfix, a sulphate-calcium binder containing fluidized bed combustion
ash, for the design of a mortar mix for extrusion-based 3D printing. In the introduction, it summarizes the
basic requirements of mortars for 3D printing and introduces different directions of material development.
In the experimental section, the chemical and physical properties of the Sorfix sulphate-calcium binder
used are defined, including oxide composition, specific gravity, specific surface area, average patrticle
size and phase composition. In addition, two Sorfix-based 3D printing mixtures, SFX 450 and SFX 550
are presented. The development of workability was verified on fresh mortars SFX 450 and SFX 550 by
a flow test at 15, 30, 45 and 60 minutes after mixing the ingredients. Furthermore, the mix structuration
was verified at the same time intervals by a penetration test using a needle and a consistency plunger
@ 10 mm on a Vicat apparatus. A change in phase composition of the fresh mortar was monitored on
a powder diffractometer. It was experimentally demonstrated that Sorfix, an eco-friendly cement-free
sulphate-lime binder containing fluidized bed combustion ash, can be successfully used to produce
3D printing mortar with a workability time of 55 minutes, allowing objects up to 850mm in height to be
printed using layers 8mm high and 25-32mm wide. It was further verified that 3D printing mortars
containing Sorfix are comparable to commercially available cement-based materials in terms of printing
behaviour. The suitability of the flow test to define the workability of the mortar in a given time period was
experimentally verified. The penetration test on a Vicat apparatus using a consistency plunger @ 10 mm
demonstrated the ability to verify the structuration and buildability of the material.

Keywords: 3D printing, concrete, mortars, SCM, CFBC fly ash, SORFIX
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Summary

The article deals with the analysis of the current production and management of medical waste
(European Waste Catalogue Sub-Chapter 18 01) and reveals trends that reflect the setting of the waste
market in the Czech Republic. New legislative changes in the field of waste and health care safety will
influence these trends. Furthermore, the article outlines other external environmental factors that will
have an impact on healthcare waste management, especially in relation to the requirements for
environmentally sound operation of healthcare facilities.

Keywords: medical waste, national waste legislation, environmental responsibility

Introduction

The current field of waste management is changing and this also applies to medical waste and its
material flows. The specificity of medical waste lies in the health risks associated with the hazardous
properties of the waste, in particular its infectivity, toxicity, carcinogenicity, mutagenicity, ecotoxicity,
which are associated with the following types of medical waste: infectious waste, sharps, chemicals,
unusable pharmaceuticals, radioactive substances, etc., and therefore the area needs to be addressed
not only from an environmental but also from a public health point of view. The above-mentioned types
of waste are generated in various types of health and social care facilities, such as hospitals, clinics,
outpatient facilities (individual physicians), small facilities (ambulance services), long-care facilities,
nursing homes, etc., and other facilities as pharmacies. However, such waste may also be generated by
health care provided in the patient's own social environment. The aim of this article is to answer the
guestion of what is the current situation in the Czech Republic with regard to the production of medical
waste and how has the production of medical waste been affected by covid-19 pandemic. The second
part presents the newly introduced external factors influencing the trends in waste production, i.e. the
regulatory legal framework and the waste disposal and recovery infrastructure The paper concludes this
analysis by translating the above external impacts into challenges for the current requirements for
environmentally sustainable operation of healthcare facilities.

Methods

The analysis of waste production is based on the data obtained from the Information system of waste
management (ISOH) and its public part (VISOH), which is managed by the Czech Environmental
Information Agency (CENIA) under the Ministry of Environment. The healthcare facility segmentation is
based on data and registries from the Institute of Health Information and Statistics of the Czech Republic
(IHIS CR). The information on incinerators performance is based on data from the Czech
Hydrometeorological Institute (CHMI). The chosen period is in some part of the analysis fluctuating
between 2012 and 2013 given by the availability of reliable data from the public registries.
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The medical waste description corresponds to the European Waste Catalogue (EWC) chapter 18
(Healthcare waste), respectively sub-chapter 18 01 (wastes from natal care, diagnosis, treatment or
prevention of disease in humans). In Table 1 is a list of analysed codes for the given period. The authors
are aware that other types of wastes are produced within the healthcare facilities (municipal type of
waste, packaging etc.) The situation on the medical waste market during the period under consideration
(i.e. acceptable costs of hazardous waste disposal) has favoured the observation of trends in the
production of medical waste within chapter 18 01 alone.

Table 1: Wastes from natal care, diagnosis, treatment or prevention of disease in humans

EWC code | Description

180101 sharps (except 18 01 03)
18 01 02 body parts and organs including blood bags and blood preserves (except 18 01 03)
18 01 03* wastes whose collection and disposal is subject to special requirements in order to
prevent infection
18 01 04 wastes whose collection and disposal is not subject to special requirements in order to
prevent infection (for example dressings, plaster casts, linen, disposable clothing, diapers)
18 01 06* chemicals consisting of or containing dangerous substances
18 01 07 chemicals other than those mentioned in 18 01 06
18 01 08* cytotoxic and cytostatic medicines
18 01 09* medicines other than those mentioned in 18 01 08
18 01 10* amalgam waste from dental care
Source: European Waste Catalogue, * Hazardous (special) wastes

Even though only the waste originators who exceed the statutory limits (100 tonnes of non-hazardous
waste, 100 kg or 600 kg of hazardous waste) report their production to the system, the system also
detects the production of waste by those who do not report, from the reports of authorised entities.
Waste production was presented in the form of graphs due to the conditions of data provider. This data
source was also used to monitor the different ways of medical waste treatments. In this case, the data
reported in the annual reports on waste production and management in each year by authorised entities,
i.e. operators of waste collection, treatment, recovery or disposal facilities, were used. The individual
treatment methods are recorded in the reports by means of so-called “treatment codes”. Treatment
codes for medical waste are described in Table 2. The codes are based on Eurostat’s Manual on waste
statistics - a handbook for data collection on waste generation and treatment.

Table 2: Treatment codes for medical waste and their brief description (Eurostat).

Disposal and recovery codes for medical waste (18 01)

D1 Deposit into or onto land, e.g. landfill

Biological treatment resulting in final compounds or mixtures which are discarded by any of

D8 the operations numbered D1 to D12

Physic-chemical treatment resulting in final compounds or mixtures which are discarded by

D9 any of the operations numbered D1 to D12, e.g. evaporation, drying

D10 | Incineration on land

D13 | Blending or mixing prior to submission to any of the operations numbered D1 to D12

D14 | Repackaging prior to submission to any of the operations numbered D1 to D13

N3 | Transfer to another authorised person (notifier) — excl. transporter

N5 | Stock balance as at 31 December of the reporting year

N7 | Cross-border transport of waste to an EU Member State from the Czech Republic

R1 | Use principally as a fuel or other means to generate energy

R2 | Solvent reclamation/regeneration

R4 Recycling/reclamation of metals and metal compounds

R12 | Exchange of wastes for submission to any of the operations numbered R1 to R11
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Results

The quantity of medical waste generated in the Czech Republic between 2013 and 2021, based on data
from the electronic waste register collected at ISOH, which is partly accessible to the public as VISOH, is
shown in Figure 1. The ISOH data in combination with the 1ZIS CR registers allow a segmentation of waste
generation by type of facility. For 2020-2021, VISOH data were used to extrapolate the share of each type of
facility. The details of the analysis® (in Czech only) are available to the public.

The total production increased by 35% from 2013 to 2021 and the growth of this production is
practically linear. The impact of the covid-19 pandemic and the shift between the "other non-hazardous"
(O) and "hazardous" (N) categories can be observed, despite reductions in some types of health care.

Waste production according to its category
(O — non-hazardous, H — hazardous)
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Figure 1: Total waste production of medical waste in the Czech Republic according to its
hazard category

Figure 2 shows in more detail the contribution of each type of healthcare facility to the total production
of healthcare waste. Hospitals are the largest producers of healthcare waste. They produce more than
55% of all healthcare waste. Other major contributors are long-term care facilities and homes for the
elderly (more than 22%). Other healthcare and non-healthcare facilities produce more than 20% of
healthcare waste each year. Home care accounts for 1 — 2% of reported generation. In the legend, the
item "Other medical waste producers" includes e.g. pharmacies, physiotherapists etc., and the item
"Non-healthcare producers of similar waste" refers to tattoo parlours, cosmetic services, pedicure, etc.

For the years 2020 — 2021, the contributions of each type of facility have only been estimated on the
basis of historical trends established using data from ISOH up to 2019. The data source for 2020 — 2021
is the public part of the Czech Waste Management Information System - VISOH.

In terms of the share of individual types of medical waste in total production, waste with the catalogue
number 18 01 03, i.e. waste whose collection and disposal is subject to special requirements with regard
to the prevention of infection, is in the first place. This type of waste represents more than 70% of the
total yearly medical waste production.

Waste with the catalogue number 18 01 04, the collection and disposal of which is not subject to special
requirements with regard to the prevention of infection, comes second in the ranking. An upward trend can
be observed for this type, which was interrupted by the covid-19 pandemic period. The increasing production
of waste 18 01 04 can be observed in particular in long-term care facilities and homes for the elderly. This
waste is usually disposable health material and absorbent hygienic products which, after the
decontamination, is classified under the above catalogue number. An overview of the production of individual
waste types in tonnes in the Czech Republic between 2013 and 2021 is shown in Figure 3.
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Figure 2: Share of different types of healthcare facilities on the total production of medical
waste between 2013 - 2021.
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Figure 3: The proportion of each type of waste in the total production of medical waste
between 2013 and 2021, according to the number of EWC codes.

Another perspective is to look at the generation of different types of medical waste by the type of
health care facility, that was segmented in Figure 2. The hospitals and the long-care centres and homes
for elderly were chosen for further visualisation in Figure 4 and Figure 5.

Figure 4 focuses on the share of each type of waste in hospitals, where 18 01 03 waste is clearly
dominant. Figure 5 analyses the production of healthcare waste in long-term care facilities and homes
for the elderly, where the production of 18 01 04 waste is increasing faster than that of infectious waste
with catalogue number 18 01 03.
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Figure 4: Share of individual waste types by EWC codes in the total production of medical waste
in the Czech Republic in hospitals 2013 — 2021.
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Figure 5: Share of individual waste types by EWC codes in the total production of medical
waste in the Czech Republic in long-term care centers and nursing homes between 2013 - 2021.

The waste registered as medical in the national system could be tracked by the national digital waste
information system ISOH. All disposal and recovery paths are listed in Table 3 and Table 3a, based on data
from ISOH and its public part VISOH respectively, according to Eurostat codes. A description of the selected
codes for each of the management operations from Table 3 is given in Table 2. The public part of the VISOH
information system does not cover all codes, so not all codes can be observed continuously.

Table 3 shows an analysis of the total quantity of medical waste that was recovered or disposed of in
the Czech Republic in the period 2012 — 2019. Most of the waste was incinerated (D10), which accounts
for 60 — 70% of the total final treatment of medical waste each year. Waste treatment prior to recovery or
disposal accounts for about 7 — 19%. 5 — 11% was used for energy recovery, but the trend is declining.
On the other hand, landfilling increased by 9 — 16% each year. The ISOH data in Table 3 show that the
total generation of medical waste is increasing at an average annual rate of 3.8%. For these waste
transfers, N3, i.e. the handling of waste in connection with transport, storage, etc. by other authorised
persons who are obliged to declare the waste (in addition to the generators and the operators of disposal
or recovery facilities), is growing at an average rate of about 6.2%. This is practically double the rate. In
practice, this means that on average each batch of medical waste is handed over to an authorised
person twice before it reaches a facility for final disposal.
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Table 3: Management of medical waste in the Czech Republic in tonnes per year, 2013 — 2019

Trec"’g:j"ee”t 2013 2014 2015 2016 2017 2018 2019
D1 3503.33| 3924.66| 4979.81| 5346.80| 6118.56| 6553.82| 60921.31
D10 260 é‘; 2514834 | 26540.14 | 27528.50 | 28383.51 | 28990.64 | 26923.28
D13 13.24 20.25 19.97 17.38 15.60 22.62
D14 3026.63| 2372.94| 243582| 3079.04| 2981.85| 350626|  611.36
D15 1.34

D8 60.18 50.71 56.74 52.35

D9 120.25 88.00 |  626.98| 64034 | 734.39| 1227.63| 647056
N3 04 gg 67942.26 | 71154.23 | 80513.40 | 84333.16 | 90397.88 | 94 561.86
N5 423.35| 60072| 87154| 715.07| 726.30| 776.39| 539.32
N53 182.71 74.56 104.10 | 262.49|  211.76 138.88 | 28631
N7 1.84 1.45 0.50 167 14.97 2.03 0.01
R1 4283.23| 4654.10| 290025| 2718.80| 2330.89| 2639.21| 2298.07
R10 235

R11 0.28

R12 68.47 227.76 |  57551| 559.61| 1181.07| 579.61| 142655
R13 0.04

R2 1.58 10.25 7.07 1.24 0.08 0.05

R3 0.00 33.04

Data source: ISOH

Table 3a adds information on the changes in the management of medical waste according to the
information collected in the national VISOH system during the covid-19 pandemic period. It can be seen
that the proportion of waste generated from the "other" category decreased and that the generation of
"hazardous" waste increased, thus necessitating an increase in the use of disposal methods other than
landfilling (D1), in particular incineration (D10) and energy recovery (R1).

Table 3a: Management of medical waste in the Czech Republic in tonnes per year, 2020-2021

Tr‘sca;?ee”t 2020 2021

D1 6 592.97 4120.04
D10 28 136.70 33314.53
D13 14.63 21.02
D14 463.15 295.66
D9 6 406.52 5 529.55
R1 2 441.14 3301.15
R12 1593.70 1858.99
N7 167 0.83

Data source: VISOH
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Legislative and regulatory framework for medical waste management

The most important legislative change regulating the framework of waste management in the Czech
Republic is Act No. 541/2020 Coll. on Waste, as amended, which entered into force on 1 January 2021
(hereinafter also referred to as the Act or the Waste Act).

An entirely new Volume 10 entitled "Waste from Health and Veterinary Care" has been added to this
basic act. This includes the obligation to draw up waste management guidelines as part of the operating
regulations under the Public Health Act; it deals with waste from home care, the monitoring of waste in
pharmacies in the form of waste records, and there is also an emphasis on training in healthcare
facilities.

The details are set in implementing decrees. Decree No. 8/2021 on the Waste Catalogue and the
Evaluation of Waste Properties (Waste Catalogue) and Decree No. 273/2021 on the Details of Waste
Management.

Section 72 of Decree No. 273/2021 Coll. on medical waste deals with the scope of waste sorting,
waste sorting equipment, the obligation to remove waste from the workplace on a daily basis, as
required by Decree No. 306/2012 Coll. on the conditions for the prevention and spread of infectious
diseases and on hygiene requirements for the operation of health care facilities and social care facilities,
as amended.

Highly infectious waste must be treated immediately after generation by decontamination using
certified technological equipment.

The annexes to the Decrees address the elements of the guidelines for the management of
healthcare waste, the categories of personnel for the purpose of training for the management of
healthcare waste and the requirements for the content of the training.

The treatment of healthcare waste is covered in more detail in Section 74, which requires that the
operating rules of a facility designated for waste management that carries out decontamination of
hazardous properties HP9 infectivity must specify the method and frequency of control of the
effectiveness of decontamination, including the establishment of physical, chemical and biological
indicators. The procedures shall also include the establishment of a method for recording the progress of
each decontamination cycle. In addition, this paragraph provides that the operator must continuously
check the setting of the technical parameters that affect the effectiveness of the decontamination
process and have the facility inspected at least once a year by an authorised service company, recording
the checks carried out in the facility logbook and archiving the documents. Finally, effective
decontamination is defined by reference to the decontamination efficiency classes in the Annex to this
Decree.

Section 75 deals with the management of household medical waste, but is limited to pharmaceutical
waste. It specifies the method of collection, the reimbursement of costs to pharmacies by the regional
government and the method of reporting this waste.

The expected development of health care in the patient's own social environment due to the
demographic situation is so far only reflected in a few principles in Section 89 of the Act.

Thus, in addition to the legislation, the issue of healthcare waste management is covered by the
partially updated and expanded "Methodology for the management of waste from medical, veterinary
and similar facilities", published in January 2023, which was prepared by the National Institute of Public
Health in Prague (NIPH) in 2022% and addresses in more detail the various aspects of the entire process
of managing this waste based on the WHO recommended procedures. The extension, entitled
"Guidelines for the management of waste from selected health care activities in outpatient health care
facilities, activities of epidemiological significance and in the patient's own social environment”, defines in
more detail the fulfilment of the obligations of the Act in environments where waste falling under
cat. no. 18 01 is also generated and managed. The methodology is based on the original methodology
certified by the Ministry of Environment in 2016.
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Challenges for the environmentally sound operation of healthcare facilities

On the side of the regulation of healthcare supplies and technologies for healthcare providers in the
Czech Republic, new challenges are emerging in this respect, which are related not only to the new
legislation on responsible procurement (amendment to Act No. 134/2016 Coll.), but also to the legislation
on safe and quality medical devices (MDR Regulation, 2017) and cost-effective medical technologies
(HTA Regulation, 2021). In this regard, procedural management approaches, robust quality
management systems and regular accreditations are always a definite advantage for healthcare
providers.

As part of the transition to a circular economy, further legislative measures to regulate the waste
market can be expected in the medium term. An analysis by the Ministry of Environment® shows that
prices in the healthcare waste market and waste policies aimed at reducing landfill will significantly
change the input economic parameters for assessing the economic viability of selected waste
management options.

For example, the conditions that have led to the massive expansion of decontamination and energy
recovery facilities in other countries* have been economically, environmentally and health-wise beneficial
in the market environment of a given country. In the current situation, such investments need to be
carefully reassessed in the context of the transformation of the waste and energy market in the shift
towards a low-emission circular economy, avoiding the creation of barriers to new, complex
technological solutions at the producer or treatment level, while respecting the waste management
hierarchy. However, even here a certain caution in capacity planning is needed, as repeatedly
mentioned in the new OECD report® on the transformation of waste management in the Czech Republic.

Discussion

The analysis for the years 2012 — 2019 shows a relatively stable regulatory and market environment.
However, future projections, especially the “Business as Usual” (BAU) scenario based on observed
trends, could be dominated by several later events. These events are largely beyond the control of
health care providers. The resulting combined pressure does not favour a smooth transition towards
environmentally sound and sustainable operation of health care facilities. The recent important factors
that would shape the medical waste production trends are: the covid-19 pandemic situation between
2020 — 2022, the major change in waste legislation that came into force on 1 January 2021, the phasing
out of landfill, including for non-hazardous and decontaminated healthcare waste. The other factors that
could have a certain impact on the medical waste is a limited capacity of the infrastructure for the
recovery and final disposal of medical waste, as already addressed by previous analysis in 2016 by team
from Brno University of technology®. In addition, the general conflict between the need for safe solutions
for patients in acute care and environmentally sound solutions for public health continues. For example,
the new stringent requirements of the Medical Device Regulation (EU) 2017/745 has a mixed impact on
waste market. Due to the complex regulatory requirements for entry and operating at the EU market the
medical device producers could even more favour single-use devices and disposable materials over
reusable and reprocessed ones as could be seen from MedTech Europe survey from 2022".

Looking specifically at the high percentage of 18 01 03 hazardous waste generation, this high
percentage may be due to the practice of health care facilities obtaining consent for non-sorting of waste
and therefore there was a tendency for facilities to include other waste under this catalogue number.
This is no longer allowed under the new legislation. During the covid-19 pandemic period, when we
evaluate the outputs, we also see the production during the emergency and therefore the hypothetical
maximum production of hazardous waste. We can now expect a decrease in the proportion of hazardous
waste, not only because of the above-mentioned legislation, but also because of the increase in prices in
the healthcare waste disposal market.

An interesting fact is the increasing trend of waste with catalogue number 18 01 04, non-hazardous
waste, whose collection and disposal is not subject to special requirements regarding infection
prevention. This change could be explained by the fact that hazardous healthcare waste is prevented
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and the waste is treated with various decontamination technologies; another reason for the increase in
the production of this type of waste is the legislative awareness that such waste is not segregated as
normal mixed municipal waste.

With regard to the future monitoring of production trends in different health care facilities, it is
important to be aware of another factor with an impact on data interpretation. Since the 1st of January
2021, healthcare facilities are obligated to report their production if their waste generation exceeds
600 kg of hazardous waste per year. As a result, doctors who operate outpatient facilities that generate
less than this threshold limit are no longer required to report the disposal of medical waste. As
a consequence, their output will only be addressed indirectly, as mentioned above, through reports
submitted by authorised persons.

If we consider the subsequent management of the resulting healthcare waste, apart from the covid-19
pandemic, the new legislation had a significant impact on this management, especially the first version of
the Implementing Decree to the new Waste Act No. 273/2021 Coll. on the details of waste management.
On 7 August 2021, 16 days after this version came into force, a large number of health care facilities
were faced with a major change in the management of waste from waste group 18 01, with a complete
ban on landfilling of waste from the “other non-hazardous category. Compliance with this requirement
proved to be very problematic in practice.

The transfer of generated waste to authorised persons, where the waste is not directly treated or
recovered, by so-called "mobile facilities" (mainly for waste collection and for some larger healthcare
facilities, mandatory digital registration of waste generation and transport) appears to be necessary. With
the exception of a few hospitals, the majority of medical waste producers usually do not have their own
final waste treatment facilities. However, repeated transport without any treatment suggests some
inefficiency in waste logistics, with economic implications for health care facilities and an undesirable
increase in the environmental impact of waste transport. The results of the reported treatment method
show a twofold increase in the quantity of waste handled, especially for mobile equipment. In absolute
terms, the total quantity of medical waste handled each year is more than double the total quantity
produced. This trend has only been observed since 2016. This means that there are always one or two
more stages, mainly mobile waste collection facilities, between the final medical waste treatment
facilities and the waste producer. For some segments i.e. types of health care providers this is hecessary
and quite understandable, e.g. collection from outpatient facilities, pharmacies, surgeries and small
facilities. The trend suggests that this is happening for virtually all medical waste generated, which is
inefficient both from an economic point of view and in terms of minimising the impact of medical waste
management. It should be noted that this trend is reinforced by the fact that mobile facilities typically
provide not only physical transport, but also other administrative and reporting tasks associated with the
transport of healthcare waste, which is a popular ancillary service for generators. However, this situation
is being addressed by regulating the operation of mobile facilities through the new Waste Act and
therefore the effects of this change should be observed in the forthcoming ISOH data. Another approach
to analysis is the Stock-Flow Model published by CENIA®, which includes the transfer of waste volumes
in terms of the home region of the waste generator and the region of the final treatment facility. However,
during the course of the project, the data for such an analysis was not available to the public and
analysts outside the MoE CR, even for research purposes.

The external dependency of healthcare facilities on the services of off-site facilities for final disposal,
decontamination or recovery of waste was at least 87.5% in 2020 and 2021. This is based on data from
the Czech Hydrometeorological Institute (CHMI), in cooperation with the Czech Environmental
Inspectorate (CEIl), which is compiling and continuously updating a database of waste thermal treatment
plants®. The database covers the on-site hospital incinerators, too and thus can track the quantity of
waste disposed of on-site at healthcare facilities. The other waste treatment facilities are mainly operated
and owned by large waste management companies, which adds to the fragility of the medical waste
market.

An increase in waste generation can be expected due to new legislation on the safety of medical
devices and the resulting pressure on the use of single-use medical devices. At the same time, there is
a noticeable fluctuation in the use of thermal disposal of medical waste during the 2020 — 2021 covid-19
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pandemic period and, conversely, a decrease in other industrial activities that use hazardous waste
incinerators in combination with medical facilities. A significant impact can also be expected as a direct
result of changes in waste legislation. In particular, the waste hierarchy will have to be followed since, as
mentioned above, landfilling will not be possible in the future and waste will have to be treated in other
ways. In this context, it is necessary to point out the current development of suitable thermal disposal
capacities, which, due to their ownership structure and technical condition, will not be obliged to accept
infectious or, more importantly, other non-hazardous (e.g. decontaminated) healthcare waste in the face
of growing demand from a large number of producers of a wide range of other types of waste for which
the possibility of landfilling will also end.

In terms of other options for a sustainable approach to the operation of a particular healthcare facility,
efforts are limited by the above-mentioned external conditions of the energy, waste and medical device
and materials markets, to which need to be the healthcare providers adapted to or made more resilient.
These external influences include the ongoing shortage of staff currently responsible for a range of
operational tasks related to waste management.

Conclusions

The article presents the long-term trend in medical waste production, including the two years of the
covid-19 pandemic. The new legislative framework and the limited capacity of disposal and recovery
facilities are sector-specific external factors that would influence the future behaviour of medical waste
producers. At the same time, the possibility of segregation of certain material flows from the 18 01 sub-
chapter provides scope for hazardous waste reduction within the healthcare facilities. At the same time,
the demographic situation calls for structural changes of the health care for the aging population and
more of the care might take place in the social environment of the patient or with the assistance of the
home care services. Such services would partly decline the non-hazardous medical waste to municipal
waste chapter and thus reduce the quantity of medical waste generated by healthcare facilities.
However, there will be countervailing pressures on healthcare providers to increase healthcare waste as
a result of the new requirements of the Medical Devices Regulation regarding the safety of the
healthcare provided.

Due to the factors described above, future research must take into account the fluctuation of medical
waste registration to more than one chapter of the EWC within the healthcare facilities when analysing
the production trends from the ISOH and similar information systems. A part of the non-hazardous
production of medical waste may be out of reach of the current mandatory registration and control, as it
becomes regular household waste from home care in the social environment of the patient. The analysis
showed the complexity of external factors affecting the management of medical waste at the facility level.
The minimisation of healthcare waste is linked to medical material flows that are extensively regulated. In
order to provide safe and environmentally sound healthcare, these challenges need to be further
discussed and systematically addressed in a sectoral context.
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Souhrn

Clanek se zabyvéa analyzou aktuéini produkce a nakladanim se zdravotnickymi odpady (odpady
s katalogovym &islem 18 01) a odhaluje trendy, které poukazuji na nastaveni trhu s odpady v Ceské
republice. Nové legislativni zmény z oblasti odpadu, ale i bezpeénosti zdravotni péée budou tyto trendy
oviiviiovat. Dale jsou v &lanku nastinény dalsi faktory vnéjsiho prostfedi, jeZ budou mit vliv na oblast
nakladani s odpady ze zdravotni péce, pfedevs§im v navaznosti na poZadavky na environmentalné
odpovédny provoz zdravotnickych zafizeni.

Kli¢ova slova: zdravotnicky odpad, odpadova legislativa, environmentalni odpovédnost
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Summary

This article analyses mixed municipal waste in 31 municipalities in the Slovak Republic, focusing on
the differences between apartment buildings, single-family houses, large cities and small towns. The unit
of analysis used is 5% of the total number of mixed waste collection bins in use in the area of interest.
Based on the results, it was possible to determine the amount of each type of waste in the mixed
municipal waste. By analysing the waste in 31 cities and municipalities in Slovakia, we obtained
a cumulative 15135.69 kg of mixed municipal waste, which contained 12 waste components in the
municipalities of interest. We sought to demonstrate the difference in the amount of recyclable
components of municipal waste obtained from town and village, as well as the difference in the
representation of recyclable components of municipal waste originating from individual housing
developments and complex housing developments. Statistical processing did not show a difference in
the percentage composition of mixed municipal waste between the village and the town. The proportion
of plastic and kitchen bio-waste was statistically significantly higher in complex housing and the
proportion of garden bio-waste was statistically significantly higher in individual housing. In the mixed
municipal waste of the selected municipalities, we found the following shares of individual waste types in
Slovakia in 2020: paper 6.28%; plastic 10.49%; glass 5.10%; metal 2.55%; multi-layer combined material
0.92%; kitchen bio-waste 13.69%; garden bio-waste 25.37 %, textiles and footwear 4.34%; nappies
6.09%; hazardous waste 0.98%; construction waste 1.95 %; mixed municipal waste 22.23%. In the
current climate of climate change, unsorted mixed waste is a significant problem and is traditionally
landfilled or incinerated. Recycling is one of the solutions to reduce mixed municipal waste, but before
that, it is necessary to understand what the composition of mixed municipal waste is and why different
types of waste are treated in this way. Our work can help to introduce new waste sorting practices and
thus contribute significantly to efficient waste management.

Keywords: waste, analysis, municipal waste, municipalities, cities

Introduction

Waste management practices are changing and adapting rapidly in many countries as legislative and
economic factors encourage more sustainable options such as reducing landfilling and recovering
valuable resources. Accurate knowledge of the composition and generation of waste is needed to set
realistic and achievable waste strategy targets, including recycling rates’. Municipal waste management
schemes, recycling charges, waste separation and subsequent recycling are effective tools for reducing
the amount of mixed municipal waste. The effectiveness of different municipal waste management tools
has been demonstrated in many works*®*. The literature agrees that several measures need to be used
in parallel to reduce landfilling. The search for mechanisms aimed at achieving long-term sustainable
development plays an increasingly important role in the implementation of various strategies. Therefore,
along with climate change, waste has become one of the biggest global challenges®.The composition of
municipal solid waste provides a description of the components of waste and varies widely from place to
place®. The most striking difference is the difference in organic matter content, which is much higher in
low-income areas than in high-income areas, while paper and plastic content is much higher in high-
income areas than in low-income areas. In higher income areas, disposables and packaged food are
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used in greater quantities. For lower income areas, the use of fresh vegetables is much higher compared
to packaged food. This results in a waste composition that has high moisture content, high specific
gravity and low calorific value”®. Many works use waste analysis in introducing appropriate internetions
to reduce mixed municipal waste®'*'*. The authors suggest that there is an increasing trend in municipal
waste generation in Slovakia, especially since 2016. In the long term, the largest volume of municipal
waste is produced in Bratislava and Nitra municipal regions. The lowest values were recorded in
Trencin, PreSov and KoSice regions. The authors further note that the largest value of municipal waste
production increases towards the west of Slovakia. Specifically, European directives state that only 10%
of waste can be landfilled from 2035 onwards™®. Approximately two thirds of municipal waste in Slovakia
ends up in landfills. Recycling rates in Slovakia are below average compared to other EU countries™.
The main objective of the Slovak Republic's waste management by 2025 is to move away from landfill
disposal, especially for municipal waste®™. Identifying the composition of waste is therefore critical to
achieving this goal. It is necessary to know the composition of mixed municipal waste, to identify the
shortcomings and causes that lead to its generation and to implement measures to reduce its quantity. In
this article, we attempt to increase the knowledge on the composition of municipal waste.

The main objective of this paper was to conduct an analysis of mixed municipal waste in 31 Slovak
cities and municipalities in 2020 and to confirm or refute the hypothesis that the representation of
recyclable waste components in municipal waste is higher in cities than in villages.We also wanted to
verify the hypothesis that in individual housing construction there will be a higher representation of the
monitored recyclable components of municipal waste compared to complex housing construction. The
exact socioeconomic status of the residents of the study sites was not available, so we did not assess it
in the analyses.

The analysed data can be used to develop local waste measures and also as baseline data for
comparing the effectiveness of individual measures to reduce the amount of mixed municipal waste.

Material and Methods

Our analysis was based on the legislative guidance of the Ministry of the Environment of the Slovak
Republic, which according to § 105 (3) (a) of Act No. 79/2015 Coll. on Waste and on Amendments and
Supplements to Certain Acts provides in § 1 Methodology for the analysis of mixed waste. This measure
entered into force on 1 July 2020. The analysis of municipal mixed waste (MMW) is its detailed
examination in terms of its composition. The aim of the analysis is to determine the representation of the
different waste components still present in the mixed waste after the separation of the waste
components. The sample size of the mixed waste shall be set at between 5% and 10% of the total
number of mixed waste collection bins in use in the area of interest.

The bins shall not come from a single location in the area of interest, for example from a single street,
street block, housing estate or urban area, the sample shall be from as large an area of interest as
possible, unless the analysis is aimed at analysing the composition of mixed waste from only one
location.

In selecting the collection receptacles to be sampled, receptacles containing sub-standard waste or
any of the waste components in sub-standard quantities shall be excluded. Data on the weight of the
waste components sorted shall be entered in a table by individual waste component sorted in kilograms
and the weight of each waste component shall be indicated as a percentage of the total sample.

Our analyses were determined from 5% of the total number of collection bins for mixed waste in 31
towns and municipalities in the Slovak Republic.

The waste bins were randomly selected from the residents of the village and all those involved in
carrying out the waste analysis were thoroughly trained on how to sort the waste. The waste sampling
took place early in the morning on the day of the waste collection, which is provided for the municipalities
by a contracted waste collection company. The survey was carried out between March and October
2020.
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The presented research work was focused on the quantitative assessment of the content of the
composition of mixed municipal waste. We focused on monitoring the content and quantity of 12
components of mixed waste.

In Figure 1 we present the 31 municipalities in which we carried out analyses of mixed municipal
waste, where in some municipalities (11), we distinguished the analysis of waste from individual housing
construction (IHC) and complex housing construction (IHC and CHC). We divide individual municipalities
into villages (24) and towns (7), with towns (cities) having at least 5000 inhabitants and villages (villages)
having less than 5000 inhabitants (Law No. 369/1990 Coll.).

After waste analysis, the sorted waste was handed over to the collection yard and placed in the
appropriate sorted waste container. Some specific waste components (rubber, ash, wood) were included
under mixed waste. Electrical appliances and small electrical waste were included under hazardous
waste.

The dataset obtained from the waste analyses was subjected to statistical evaluation. The parametric
T-test, we used only when there was a normal distribution of data in both groups. Nonparametric test
(Mann-Whitney U-test), we used only when there was no normal distribution of data in both groups. We
set the significance level of statistical tests at 0.05 for a statistically significant difference and 0.001 for
a highly significant difference between the data being compared.
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Figure 1: Study area
(Note: Modified map using the map base August, 2023, from https://www.google.com/maps)

Results

Table 1 shows the amount of mixed municipal waste in kilograms collected from the 31 monitored
municipalities. In some municipalities, we distinguished between analyses of waste from individual
housing construction (IHC) and complex housing construction (CHC), the guantities of which we also
report in the table.
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Table 1: Study areas and amount of waste

Village/ MMW [kg] IHC [kg] CHC [kg]
Town

Marianka village 588.45
Pezinok town 361.70 223.20 138.50
Rakovice village 364.50 221.50 143
Moravsky Svaty Jan village 474.78
Pruské village 287.20
Nitrianske Pravno village 382.90
Hontianska Vrbica village 147.80
Velky Dur village 562.50 523.50 39
Vrable town 1068.92 648.80 420.12
Maly Cetin village 232.98 158.18 74.80
Kolta village 211.24
Mocéenok village 391.90 235.50 156.40
Topol'€any town 1341.18 174.31 1166.87
Krasno nad Kysucou town 374
Bystricka village 179.39
Turany village 164.02
Poniky village 182.33
Slovenska Lupéa village 447.38 263.68 183.70
Prenéov village 162.50
Valaska village 242.57 40.80 201.77
Petrovce village 87.17
Orovnica village 248.09 167.86 80.23
Horna Ves village 242.30
Lubica village 218.86
Spissky Stvrtok village 104.30
DIhé nad Cirochou village 579.67 324.79 254.88
Snina village 1247.90 682.30 565.60
Vranov nad Toplou town 1448.48 984.78 463.70
Prakovce village 682
TrebiSov town 909.30 279.50 629.80
Secovce town 1199.38 372.38 827
Total - 15135.69 5301.08 5345.37

In a detailed evaluation of the observed waste components using a non-parametric U-test, we did not
find a statistically significant difference in the percentage of any of the observed components between
urban and rural areas (p = 0.05). In the case of paper (Graph 1), the significance level was closest to the
statistical significance level (p = 0.098).
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Graph 1: Evaluation of the difference in the percentage of paper share in municipal waste from
the city and the municipality

From the analyzed data, we created a cumulative graph comparing the composition of waste in the
city and the municipality (Graph 2).
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Graph 2: Comparison of waste composition in the city and the municipality

Using the same procedure, we analysed the difference in the shares of the observed waste
components in individual housing developments and complex housing developments in 11
municipalities. By parametric T-test we did not show a statistically significant difference in the proportion
of glass (p= 0.795) and combined packaging (p= 0.312). For the proportion of paper, textiles and
footwear, nappies, metal packaging, hazardous and construction waste and mixed municipal waste,
a U-test was used for the analyses. However, the latter showed no statistically significant difference
between IHC and CHC when comparing any of these components (p = 0.05).

There was a statistically significant difference in the percentage of plastic (p= 0.048), kitchen waste
(p= 0.032) and garden waste (p= 0.032). The percentage of plastic kitchen bio-waste is statistically
significantly higher in CHC and the percentage of garden bio-waste is statistically significantly higher in
IHC. From the analyzed data, we created a cumulative plot comparing the composition of waste in for
IHC and CHC (Graph 3).
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Graph 3: Comparison of waste compaosition between IHC and CHC

Discussion

By analysing waste in 31 towns and municipalities in Slovakia, which contained 12 waste
components, we showed no difference in the percentage composition of mixed municipal waste between
municipalities and towns. The proportion of plastics and kitchen bio-waste was statistically significantly
higher in complex housing developments and the proportion of garden bio-waste was statistically
significantly higher in individual housing developments. A high proportion of separable components in
waste in the municipalities of Sady nad Torysou, Jasenie and Klenovec was also demonstrated by
authors'®.The authors further demonstrated that a high proportion of mixed municipal waste is
biodegradable waste, which confirms our findings. The comparative analysis showed that bio-waste
accounted for approximately 36% of the total amount of mixed waste that ends up in landfill without
further use. This trend is not unique. Similar conclusions were reached by authors in Poland"’. In Polish
cities, the annual production of household waste ranges from 238 to 309 kg per capita. Biodegradable
waste is a significantly predominant component of household waste in Polish cities, followed by
paper/cardboard and plastics. In the Czech Republic, the results of study showed that the average
Czech consumer throws away 0.566 kg of food waste per week, which amounts to 29.4 kg per year™.
People most often throw away bread and pastries, ready meals and fresh fruit. The results of further
analysis in Denmark showed that household residual waste mainly contains food waste™. The amount of
biodegradable waste is expected to increase in the next 25 years due to economic and population
growth. It is reported that the annual amount of urban biodegradable waste in Asian countries could
increase from 278 to 416 million tonnes from 2005 to 2025. A similar trend is expected in Europe and
other 2|olarts of the world®. For example, waste in Abu Dhabi City contains approximately 50% of food
waste.

Efficient waste management is the basis for improving services to citizens as well as environmental
impact®®. Approximately 1,4 billion hectares of productive land (28% of the world's agricultural area) is
used for food production annually and is being lost or wasted. In addition to wasting food and soll
resources, it is estimated that the carbon footprint of food waste contributes to greenhouse gas
emissions, releasing approximately 3.3 billion tonnes of CO, into the atmosphere annually. Commonly,
this food waste, which is part of municipal solid waste, is incinerated?*?*?. Meanwhile, the high rate of
landfilling can be reduced through concerted action by the state, municipalities and the citizens
themselves. Ljubljana is the so-called first "zero waste" city in Europe. 15 years ago it was one of the
biggest polluters, with residents producing high amounts of unrecycled waste that went to landfill. Today,
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less than 5% of the waste produced goes there and 68% of the waste is recycled?®. A similar trend was
observed in the study where authors found that in the municipality of Jasenie, waste production
decreased and residents' interest in waste sorting increased after identifying deficiencies in the waste
sorting system®®. By properly setting up a waste collection and sorting system, it is possible to reduce the
costs incurred by the municipality for the disposal of mixed waste®®.

One of the options to reduce the amount of waste as well as to increase the separation of individual
components is the introduction of quantitative collection for municipalities and the implementation of
waste sorting analyses. In addition, other factors, such as the frequency of waste collection, also
influence waste reduction and have an impact on sorting rates and waste production. The waste
generation rate may increase with increasing income?’. Other research for example, has shown
differences in municipal waste production and separation between different age groups®®. Technical
conditions in the household, such as sufficient space for sorting in the kitchen, is an important factor®.
Furthermore, it is important to inform and reassure citizens that their efforts are meaningful and that the
waste they sort is actually used for its declared purpose and does not end up in a landfill or incinerator.
Door-to-door collection system increases the level of waste separation by up to 40% compared to the
nest collection system*®'. Municipal waste generation is lower in municipalities that have some form of fee
in place than in municipalities that have a flat fee®. If the infrastructure is available and there is sufficient
frequency of collection container exports to allow for easy separation, people are willing to invest more
effort and time in these activities®*. After food waste sorting system is in place, it is important for policy
makers to ensure the availability of containers for sorting and to motivate households to sort food waste
by raising environmental awareness, providing financial incentives, and minimizing the barriers
associated with sorting food waste®.

Conclusion

By analysing waste in 31 cities and municipalities in Slovakia, we obtained a cumulative 15135.69 kg
of mixed municipal waste, which contained 12 waste components in the monitored municipalities.

We were unable to confirm the hypothesis that cities produce higher proportions of recyclable
components in municipal mixed waste than municipalities. Neither did we confirm the hypothesis that the
proportion of the observed components in mixed waste from individual housing developments would be
lower than that from conplex housing developments. The statistical differences found are isolated. The
proportion of plastic kitchen bio-waste was statistically significantly higher in complex housing
developments and the proportion of garden bio-waste was statistically significantly higher in individual
housing developments.

Overall, we found high proportions of recyclable components in all the samples we monitored, the
average values were as follows: paper 6.28%; plastic 10.49%; glass 5.10%; metal 2.55%; multilayer
combined material 0.92%; kitchen bio-waste 13.69%; garden bio-waste 25.37%; textiles and footwear
4.34%; nappies 6.09%; hazardous waste 0.98%; construction waste 1.95%; mixed municipal waste
22.23%. From the above results it follows that the waste sorting system in the Slovak Republic is
inadequate and requires an increase in the sorting rate.

For example, biological waste consists of cumulatively amounted to about 36% of the total mixed
waste. The amount of biodegradable waste is expected to increase in the next 25 years due to economic
and population growth. So its consistent sorting is necessary, as well as the separation of recyclable
waste components.

Our analysis can provide the necessary information for future evaluation of the effectiveness and
implementation of different practices to minimise the production of mixed waste.
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Souhrn

Tento ¢lanok sa zaobera analyzou zmesového komunalneho odpadu v 31 samospravach
v Slovenskej republike, pricom sa zameriavame na rozdiely medzi bytovymi domami, rodinnymi domami,
velkymi mestami a malymi mestami. Ako jednotka analyzy sa pouZiva 5 % z celkového poctu zbernych
nadob urenych na zmesovy odpad, ktoré sa pouZivaju v zaujmovom tzemi. Na zaklade vysledkov bolo
mozné uréit mnozstvo jednotlivych druhov odpadu v zmesovom komunalnom odpade. Analyzou odpadu
v 31 mestach a obciach na Slovensku sme ziskali kumulativne 15135,69 kg zmesového komunalneho
odpadu, ktoré obsahovali 12 zloZiek odpadu v sledovanych samospravach. SnaZili sme sa preukazat
rozdiel v mnozstve recyklovatelnych zloziek komunalneho odpadu ziskaného z mesta a dediny, ako aj
rozdiel v zastupeni recyklovatelnych komponentov komunalneho odpadu pochadzajuceho z individualnej
bytovej vystavby a komplexnej bytovej vystavby. Statistickym spracovanim sme nepreukézali rozdiel
v percentualnom zloZzeni zmesového komunalneho odpadu medzi obcou a mestom. Podiel plastov
a kuchynského bioodpadu bol Statisticky vyznamne vy$Si v komplexnej bytovej vystavbe a podiel
zahradného bioodpadu bol Statisticky vyznamne vySSi v individualnej bytovej vystavbe. V. zmesovom
komunalnom odpade vybranych samosprav sme zistili tieto podiely jednotlivych druhov odpadu na
Slovensku v roku 2020: papier 6,28 %; plast 10,49 %; sklo 5,10 %; kov 2,55 %; viacvrstvovy
kombinovany material 0,92 %; kuchynsky bioodpad 13,69 %; zahradny bioodpad 25,37 %; textil a obuv
4,34 %; plienky 6,09 %; nebezpeény odpad 0,98 %; stavebny odpad 1,95 %; zmesovy komunalny odpad
22,23 %. V aktualnej dobre klimatickych zmien predstavuje netriedeny zmesovy odpad vyznamny
probléem, ktory sa tradi¢ne skladkuje alebo spaluje. Recyklacia predstavuje jedno z rieSeni zniZenia
zmesového komunalneho odpadu, no predtym je potrebné pochopit, aké zloZenie predstavuje zmesovy
komunalny odpad a prec¢o sa s jednotlivymi druhmi odpadu zaobchéadza prave takymto spésobom. Nami
realizovana praca mdéze pomoéct pri zavadzani novych postupov triedenia odpadu a tym vyznamne
napomodct k efektivnemu nakladaniu s odpadom.

Kli¢ova slova: odpad, analyza, komunalny odpad, samospravy, mesta
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