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Abstrakt

vvvvvv

plasty, kterd ma najit uplatnéni v zemédé€lstvi nebo v obalovych materialech. Se vzrustajici produkei
téchto vyrobkl poroste i pravdépodobnost jejich priniku do Zivotniho prostfedi. U biodegradabilnich
materialii se pfedpoklada jejich rychlda biodegradace, ¢imz by mély sniZovat mnoZzstvi mikroplasti
Vv zivotnim prostfedi. Biodegradabilita je v soucasné¢ dobé& ur¢ovdna pomoci biodegradacnich testt,
jejichz parametry jsou definovany velmi obecné a ¢asto neodrazeji redlné podminky, ve kterych se bude
bioplast rozkladdat v zivotnim prostfedi. O osudu a vlivu téchto Castic v riznych ekosystémech
(ptedevsim v pidé, kde predpokladame nejvyssi kontaminaci) je toho v souc¢asné dobé znamo velmi
malo. Proto se tato disertacni praci zabyva kritickym zhodnocenim biodegradacniho testu v ptde dle
normy 1SO 17556:2012, ktery doplituje naslednym stanovenim rezidui bioplastu. K tomuto ucelu je zde
prezentovan Vyvoj analytické metody ke stanoveni mikrobioplasti polyhydroxybutyratu a polymlééné
kyseliny zalozend na metodach pouzivanych ke stanoveni konvencnich mikroplastt. Dale je zde také
diskutovan vliv mikrobioplastii na piidu se zaméfenim na efekty, které mohou predstavovat problémy
v zemé&délstvi. Je zde popsan vliv mikrobioplastli na abiotické (chovani ptidni vody, struktura pidy) a
biotické (zména pidni diverzity, cyklus nutrientt) vlastnosti pudy ihned po jejich vstupu do pudy.
TaktéZz je zde studovan vliv biodegradace a dlouhodobého ptisobeni mikrobioplastli na ptidni organickou
hmotu, obsah nutrient a piidni mikrobidlni diverzitu (popsanou pomoci aktivity 5 hlavnich enzymi
podilejicich se na cyklech uhliku, dusiku a fosforu). V posledni kapitole jsou pak demonstrované
vybrané problémy, se kterymi je mozné se setkat pti aplikaci bioplastovych produktll v zeméd¢lstvi, kdy
muze dojit k rychlej§imu rastt hub (plisni) pfirozené se vyskytujicich v pudé. Vysledkem této disertacni
prace je Sir$i pohled na problematiku bioplasti v zivotnim prostiedi, ktery mize slouzit posouzeni
vhodnosti aplikace bioplastovych produkti soucasné generace v zemédélstvi a mozného nakladani

S bioplastovym odpadem.
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Abstract

Biodegradable bioplastics are currently developed as a more environmentally friendly replacement for
conventional plastics to be used in agriculture or packaging materials. As the production of these
products increases, so will the likelihood of introducing them in the environment. Biodegradable
materials are expected to biodegrade rapidly, thereby they should reduce the number of microplastics in
the environment. Biodegradability is currently determined by biodegradation tests, the parameters of
which are defined in very general terms and often do not reflect the actual conditions under which the
bioplastic will degrade in the environment. There is a lack of knowledge about the fate and impact of
these particles in different ecosystems (especially in soil, where contamination is expected to be highest).
Therefore, in this dissertation, we critically evaluate the 1SO soil biodegradation test and extend it with
a subsequent determination of bioplastic residues in soil. For this reason, an analytical method for the
determination of polyhydroxybutyrate and polylactic acid microplastics based on methods used for the
determination of conventional microplastics. The effect of microbioplastics on soil is also discussed,
focusing on the effects that may pose problems in agriculture. The influence of microbioplastics on
abiotic (soil water properties, soil structure) and biotic (soil diversity, nutrient cycling) soil properties
immediately after their entry into the soil are described. The effect of biodegradation and long-term
presence of microbioplastics in soil on soil organic matter, nutrient content, and soil microbial diversity
(described by determining the activity of 5 key enzymes involved in carbon, nitrogen, and phosphorus
cycling) are also studied. The last chapter demonstrates the potential problems that can be encountered
when bioplastic products are applied in agriculture, where the growth of fungi and molds naturally
occurring in the soil can be accelerated. As a result of this dissertation, a comprehensive view of
bioplastics in the environment is presented, which can serve to assess the suitability of the application

of current generation bioplastic products in agriculture and the possible management of bioplastic waste.

Key words

Bioplastics, micro-bioplastics, microplastics, biodegradation, soil, soil organic matter, plastisphere,

polyhydroxybutyrate



FOJT, Jakub. Studium degradacnich procesi bioplasti. Brno, 2023. Dostupné také z:
https://www.vutbr.cz/studenti/zav-prace/detail/151848. Dizertaéni prace. Vysoké uéeni technické v
Brng, Fakulta chemicka, Ustav chemie a technologie ochrany Zivotniho prostiedi. Vedouci prace Jifi

Kugderik.

Prohlaseni

Prohlasuji, ze jsem disertacni praci vypracoval samostatné a ze vSechny pouzité literarni zdroje jsem
spravné a upln¢ citoval. Disertaéni prace je z hlediska obsahu majetkem Fakulty chemické VUT v Brn¢

a muze byt vyuzita ke komerénim ucelim jen se souhlasem vedouciho prace a dékana FCH VUT.

Ing. Jakub Fojt

Podékovani

Na tomto misté bych chtél nejvice podeékovat mému vedoucimu prof. Ing. Jifimu Kucerikovi, Ph.D. za
trpélivost, piinosné poznamky, inspiraci a pomoc pii psani té disertatni prace. Taktéz nesmim
zapomenout podékovat viem zaméstnanciim a doktorandim z Ustavu chemie a technologie ochrany
zivotniho prostedi, a to pfedevsim Ing. EliSce Kamenikové, Ing. Petfe Prochazkové a Ing. Pavle
Falatové, za psychickou podporu, rady a pomoc pii moji experimentalni ¢innosti. Moje diky patii i Mgr.
Radku Piikrylovi, Ph.D. a jeho tymu z End-of-life Laboratory, ktefi mi po celou dobu poskytovali
vzorky bioplastli a prototypy granuli inteligentniho hnojiva. V neposledni fadé bych chtél podékovat

moji manzelce a rodiné za podporu a vytvoreni prostiedi, ve kterém jsem mohl tuto praci dokongit.



OBSAH .. 6
Seznam POUZILYCI ZKIATEK .......ecuveiiiiiieie ittt bttt bt benre s 8
NTe74 0 b1 11 ') 1 () « D PR SSRURTRN 10
L2 OO 11
SOUCASNY StAV POZIANT. ....veiviiieiiiiieie ettt r e sre e see e see e s r e e en e e s r e e nreenreennne s 14
Plastove ZeMEEISTVI ......veiveieiiiiiieie e e r e 14
Biodegradabilni polymery Casto pouzivané v zeméd¢lstvi ¢i urené pro kompostovani.......... 15

Osud bioplastll v Zivotnim ProStredi..........cocvirieiiiiiiiiiii e 16

3.1  Biodegradace Dioplastll .........cocueiiiiiiiiiieiie st 16

3.2 Vliv mikroplastd na fyzikalni vIastnosti pldy.........ccccoveeriiiiiiiiiniieienc e 18

3.3 Vliv mikroplastd na chemické vIastnosti pldy..........ccccceeririiiiiiiiinnienie e 19

3.4 Vliv mikroplastd na biologické vIastnosti pady ........ccccceereerieiriiniiniiesie e 20
Stanoveni mikroplastll na bazi konvenc¢nich plastt ve slozkach Zivotniho prostiedi................ 21

41  EXIrakce @ PUMTIKACE ........coiiiiiieieee s 21

4.2  Semikvantitativni stanoveni konvencnich mikroplastQi.............ccoceiiriiiininieninicciee 22

4.3  Kvantitativni stanoveni konvencnich mikroplastll ..........ccooeeverinieieneeiinineeese e 23
Stanoveni biodegradabilnich mikroplasti P3HB a PLA ... 24

5.1  POIY(3-hydroXyDULYTAL) ..c.ccueivieieiieieieieieese sttt enes 25

5.2 Polyml€fna KYSEIINa........ceoiiiiiiiiiiiiite ettt 27

CHL dISETTACTIT PIACE ... vttt ettt r ettt e e e r e s r e n e r e nr e enrenne e nenre e 29
Diskuze vyzKumnych OtAZEK..........ccoiiiiiiiiiii e 31

Vyzkumna otazka 1: Jak relevantni je vyuziti norem pro biodegradaci pro pochopeni osudu

biodegradabilnich plastil v PUAE? .........cciiiiiiiiiie e 31

Vyzkumna otazka 2: Je mozné stanovit mikrobioplasty podobnymi metodami jako konvenéni

IMEKTOPIASTY? ...ttt b bt bbb e b e bbbt b et e 34

Vyzkumna otazka 3: Je vliv mikrobioplasti na zivotni prostfedi srovnatelny s doposud znamym

vlivem konvencnich mMiKroplastli?.......c.ciceiiueiiieieeieesiesieeeeseeseeseeseesaessreestaesseessnesssessseesseessesses 38

Vyzkumna otazka 4: Existuji néjaka rizika vyuziti biodegradabilnich plastd v zeméd¢lstvi?.. 41



BIDIOGIATIE. ... e

PIILONY ¢ R n R r e r e renre s



Seznam pouzitych zkratek

Zkratka Vyznam
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FID plamenova ioniza¢ni detekce

FTIR infracervend spektroskopie s Fourierovou transformaci
HPLC vysoceucinna kapalinova chromatografie

IDMS izotopické zied’ovani s hmotnostni spektrometrii

IMS spektrometrie iontové mobility

LC kapalinova chromatografie

LOD limit detekce

LOQ limit kvantifikace

MIR stfedni infraervena oblast

NIR blizka infracervena oblast

P3HB poly(3-hydroxymaselna kyselina)

PA polyamid

PAN polyakrylonitril

PBAT poly(butylen adipat tereftalat)

PE polyethylen

PES polyester
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Uvod

V roce 2016 bylo vyrobeno celosvétoveé 391 miliond tun plastového materialu [1]. Plasty jsou vyuzivany
predevsim kvili svym vybornym uzitnym vlastnostem, mezi které patfi naptiklad stabilita vici
chemikaliim, hydrolyze, mikroorganismiim, svétlu, teplu, nizka hustota a mechanické vlastnosti [2].
Néekteré tyto vlastnosti ale zplsobuji problémy pii zpracovani nebo likvidaci plastového odpadu.
V dtsledku toho pouze 9 % vSech plastt, které byly za poslednich 65 let vyrobeny, bylo zrecyklovano,
12 % bylo spaleno ve spalovnach a zbylych 79 % bylo ulozeno ve skladkach. Zbytek se tedy nachazi
v piirodé [3]. Soucasné vyzkumy odhaduji, ze v oceanech plave 5 biliond plastovych kouskl vazicich

dohromady 250 miliont tun a kazdy rok piibyva dalsich 8 miliont tun [4; 5].

V pade jsou odhady koncentrace mikroplasti slozitéjsi, a to pfedev§im kvili komplikovanéjsimu osudu
mikroplasti v pudach, interakci s jednotlivymi komponentami, silnému matricnimu efektu
a problematické extrakci mikroplast z pudy. Proto existuje v souc¢asnosti pouze limitované mnozstvi
studii zaméfenych na stanoveni koncentrace mikroplastti v ptidé [6]. Nicméné, nékteré odhady uvadéji,

ze koncentrace mikroplastu v terestrickych ekosystémech mize byt 4-23krat vyssi nez ve vodnich [7].

Piedpoklada se, Ze konvenéni (oil-based) plasty degraduji velmi pomalu ve vSech sloZkach zivotniho
prostiedi [8], jejich postupny rozklad vede k tvorbé mesoplasta (velikost nejdelsiho rozméru
1 az 10 mm), mikroplasta (1 az 1000 pm) a nanoplasta (1 az 1000 nm) [9]. Jakmile se mikroplast
dostane do piidy, stdva se soucasti komplexni ptidni organické hmoty a mineralnich substituentd, diky
¢emuz se jeho perzistence jesté zvysi [10]. K transportu mikroplasti do pady pak mize dojit naptiklad
atmosférickou depozici [11], v pidé pidnimi Zivocichy, jakymi jsou chvostoskoci [12] ¢i Zizaly [13],

nebo aplikaci Cistirenskych kalti a kompostti na zemédélské pudy apod. [14].

Obecné jsou mikroplasty rozdélovany na primarni a sekundarni. Primarni mikroplasty jsou vyrabény
zamérné a vyuzivaji se v kosmetice, ¢isticich piipravcich a obrabécich smésich. Sekundarni mikroplasty
vznikaji z plastti odérem nebo rozpadem vétSich plastovych pfedméti nebo ¢astic [15]. Kvali tomu se
v oceanech, ve sladkovodnich ekosystémech a v pudach tyto ¢astice akumuluji, coz vyvolava obavy
z negativnich vedlejsich efekta [16; 17]. Jiz bylo prokéazané, Ze nebezpe¢né jsou napiiklad svoji
schopnosti adsorbovat a koncentrovat nebezpeéné chemické latky z vody, jako jsou lé¢iva nebo
pesticidy, a tim slouzit jako nosice téchto sloucenin do t€l organismi [18]. Pti vysokych koncentracich
mikroplasti ve vodnich ekosystémech byla prokdzana i chronickd reprodukéni toxicita
U mikroorganismu, vys§i mortalita, potize s pfijmem potravy, endokrinni disrupce, oxidativni stres
a poruchy imunity a nervového systému [19; 20; 21; 22]. Dale rostou obavy o moznych efektech
mikroplasti na lidi, protoze tyto Castice byly detekovany v lidském téle [23; 24]. Obecné plati, ze
S klesajicim polomérem castic roste reaktivita a aktivni povrch, proto je mozné piedpokladat u

nanoplasti vyssi biologickou aktivitu a schopnost adsorpce. Nanocastice plasti se také vyznacuji
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schopnosti pronikat bunéénou sténou, ¢cimz dochazi k transportu nasorbovanych latek pfimo do bunck

[25].

Na problémy s recyklaci a likvidaci plastového odpadu Evropska komise zareagovala v lednu roku
2018, kdy zvetejnila svoji vizi, kde mimo podpory recyklace plasti uvedla mozné vyuziti a rizika pouZiti
biodegradovatelnych plasti [26; 27]. Evropska chemicka agentura se také pokousi omezit mnozstvi
mikroplasti v kosmetickych pfipravcich [28]. Mezi biodegradovatelné plasty patii obecné takové,
u kterych dochézi za stanovenych podminek (teplota, pH, vlhkost apod.) k rozpadu ptsobenim
mikroorganismti. Rozpad takového plastu je doprovazen vznikem vody, methanu a/nebo CO»
a biomasy. Mezi prvni obory vyuzivajici bioplasty se fadi medicina, ktera vyuziva biodegradabilni
plasty jiz od konce 80. let a kde slouZi jako specifické nosiée u¢inné latky, jako nahrada lidskych tkani
a chirurgické implantaty [29]. Velkou popularitu ziskaly bioplasty také v 3D tisku [30]. Jako materialy
jsou biodegradabilni plasty slibna alternativa ke konvenénim, vétSinou nebiodegradabilnim
plastim [26]. Proto se biodegradabilni bioplasty zaéinaji vyuzivat pro vyrobu obald na jidlo,
muléovacich folii, geotextilii, tasek na odpad, kosmetiky a obleceni [29]. V roce 2021 bylo celosvétove
vyprodukovano 2,22 miliéni MT biobased plastii, z ¢ehoz 51,5 % byly biodegradabilni bioplasty
(Obrazek 1) [31]. Piedpoklada se, Ze do roku 2027 se toto mnozstvi zvysi az na 6,30 miliond MT [32].

Nicméné, k uplné biodegradaci bioplasti dochdzi pouze za velmi specifickych podminek, mezi
a dostatek zivin [33]. Jednotliva prostiedi, ve kterych dochazi k biodegradaci, jsou od nejagresivnéjsiho
kompostu (teplota, bakterie, houby) > pida (houby, bakterie) > sladka voda (bakterie) > az po motskou
vodu (,,zfedéné bakterie*). Z potadi vyplyva, ze optimalni a kontrolovatelné podminky pro biodegradaci
spliiuje pouze primyslovy kompost. V redlnych ekosystémech nejsou podminky biodegradace casto
splnitelné, coz vede ke znatnému zpomaleni biodegradace. Jednim z prvnich nejdilezitéjSich krokt
degradace je biofragmentace, kterd je zavisld na mnozstvi enzymd. Enzymy jsou produkovany
intracelularng, a proto pro jejich exkreci jsou nutné pomérné specifické podminky. V ptipadé, Ze nejsou
splnény, tak vznikaji biodegradabilni mikroplasty (mikro-bioplasty) paradoxné¢ mnohem rychleji u
biodegradovatelnych plastii nez u béznych (oil-based) plastii [34]. Osud takto vzniklych mikroplasti [6]
ale je, na rozdil od mikroplastii z konvenénich plasti studovan velmi malo [10]. Prvni ¢lanky tykajici se
této problematiky naznacuji, Ze mikro-bioplasty mohou taktéz predstavovat nebezpeci pro Zivotni

prostiedi [35; 36; 37].
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Ostatni
biobased/nebiodegradabilni:

PTT:; 13.3% 1.1%
PET: 4.2%
PP; 3.9% " e
PA:11.1%
Celulozové filmy;
3.6% ’
Celkem
. 2.22 milionu t 14 R0
Skrobové blendy: onu tun PE; 14.8%
17.9%
: \H PBAT: 4.5%
PHA: 3.9% ‘
PBS: 0.9%

PLA; 20.7%

Obrdzek 1: Svétova produkce biobased plastit v roce 2021 [32], polyhydroxyalkanodty (PHA), poly(butylen
adipat tereftalat) (PBAT), kyselina polymlécna (PLA), polybutylensukcinadt (PBS), polyethylen (PE),
polyamid (PA), polyethylenterefialat (PET), polytrimethylén tereftaldt (PTT)

Proto, vzhledem k rostouci produkci a vyuziti bioplasti, je tfeba toto téma oteviit a prostudovat. Prvnim
krokem pro rozhodnuti o ptitomnosti mikroplasti jakéhokoliv typu V Zivotnim prostiedi a nasledné
0 jejich mozném vlivu na néj je jejich jednoznacna identifikace a kvantifikace. Nicméné, jak je
poukazovano V dalsich ¢astech této prace, v souc¢asné dob¢ neexistuji analytické metody pro stanoveni
biodegradabilnich mikroplastti, ani ve vodach, ani v padach ptipadn¢ v kompostu [38]. Jak je dale
diskutovano, Ize se inspirovat, alespoit metodicky, v pracich zabyvajicich se analyzou konvenc¢nich
mikroplastt. Jak uz bylo fe¢eno dfive, nejvetsi vyzvu predstavuji analyzy mikroplastt v ptidach, proto
je tato prace zamétena hlavné na tyto analyzy. Jako modelové predstavitele biodegradabilnich plasti
byly vybrany polyhydroxyalkanoaty a kyselina polymlééna, o které v poslednich 20 letech vzrista
zajem, coZ se projevuje i vzrustajicim poétem publikaci, které se jimi zabyvaji (Obrazek 2). Tato prace
se nezabyva bioplasty ze Skrobu a modifikovanych $krobti (byt’ predstavuji cca 18 % vSech bioplasti),
protoze zatim jsou poly(3-hydroxybutyrat) P3HB a PLA povazovany za polymery s vy$8im potencialem

ke tvorbé mikroplastu.
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Obrdzek 2: MnoZstvi publikaci zabyvajici se PLA a PHB v databdzi Scopus [39]
Soucasny stav poznani

1 Plastové zemédélstvi

Od té doby, kdy se zacaly globalné pouzivat v zemédé€lstvi mulovaci folie, vzrostlo riziko vzniku
plastovych rezidui v zeméd€lské ptde, které se s nejveétsi pravdépodobnosti rozpadaji na mikroplasty
[40]. Nejcasteji pouzivanymi plasty v zemédé€lstvi jsou plastové filmy, folie, netkané textilie pro
mulcovani, koliky a trubky pro tunelové struktury, stinici sit€ chranici proti kroupam, kli¢ici nadoby,
ptipinacky a svorky pro uchyceni rostlin anebo biodegradabilni kryty nebo disky pro semena. Pfiblizné
60 % plodin by v soucasné dob¢é nebylo mozné efektivné péstovat bez pouziti plasti v zemédélstvi. Na
druhou stranu 1 ha zemédélské pidy miize rocné ptispét k tvorbe 80 az 200 kg mikroplasth za jeden rok
[41]. Kvili obavam zrostouciho mnozstvi plastového odpadu na polich roste popularita
biodegradabilnich plasti v zeméd€lstvi. Jejich biodegradabilita zfidka dosahuje 100 % [42] (anebo neni
mozné zarucit jejich biodegradabilitu predevsim z diivodu kolisajici teploty a vlhkosti béhem roku)
a tim padem jsou podezielé ze zhorSovani kontaminace zemédélskych pud mikroplasty s tim, ze mikro-
bioplasty vykazuji podobné nebo stejné ekotoxikologické a sorpéni vlastnosti a jsou povaZovany za

perzistentni polutanty. Soufasnym trendem v zemédé&lstvi je nahrazovani konvencnich plasti
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biodegradabilnimi [43], coZz by mélo idealné vést kromé Zadaného bezodpadového nebo témér
bezodpadového zemédélstvi také ke snizeni pudni vihkosti a zadrZzovani vody pod muléovaci folii, ¢imz
je docileno sniZeni nebezpeéi napadeni houbovym onemocnénim a také k omezeni hypoxie kofent [41].

Pfi tom se piedpoklada mozny vznik mikroplastii z téchto bioplasti [34].

2 Biodegradabilni polymery ¢asto pouzivané Vzemédé¢lstvi ¢i  urené pro

kompostovani

V této praci byla provedena literarni reSerSe pomoci Clarivate Analytics Web of Science a Google
Scholar se zaméfenim na dva biopolymery s nejvétsim potencialem uplatnéni v zemédé€lstvi (P3HB a
PLA), na jejich vyuziti a jejich potencialni analytické metody vhodné k jejich stanoveni v riiznych
substratech se zamétenim na komplikované a komplexni matrice jako je napiiklad ptida. Pro porovnani

byly vyhledany analytické metody vhodné ke stanoveni konvencnich mikroplastu.

Mezinarodni unie pro ¢istou a uzitnou chemii definuje biodegradabilni polymery jako ,,Polymery, které
podléhaji biodegradaci zplisobené biologickou aktivitou, coz se projevuje snizovanim jejich hmotnosti‘
[44]. Tato definice by mohla oznacit jako biodegradabilni polymery i polymery, které jsou pouze
rozpustné ve vode. Proto pfi definici biodegradabilnich plasti vyzaduji nékteré dalsi organizace i uplnou
mineralizaci plastu na oxid uhli¢ity, vodu a biomasu (CEN/TR 15351:2006) [26]. Tuto definici potom
vyuzivaji pro normovani testil biodegradability ve sladké a slané vode¢, v piidé a kompostu riizné narodni
a mezinarodni organizace jako je naptiklad Mezindrodni organizace pro standardizaci u norem EN ISO
14851:1999, EN ISO 17556 [45] nebo ASTM D 5338 a ASTM D 6400. Kombinaci vice relevantnich
norem vznikaji certifikaty, které by mély zarucovat biodegradovatelnost certifikovaného materialu jako
je naptiklad belgicky Vincotte OK Biodegradable nebo némecky DIN CERTCO [46]. Cilem téchto
certifikati je eliminace slabin jednotlivych norem. Mimo informace o biodegradovatelnosti testovaného
materialu, ktera je ziskana kombinaci biodegradacnich testli v riznych relevantnich ekosystémech, je
testovana nebezpec¢nost produktd biodegradace pro zivotni prostfedi pomoci ekotoxickych testt. Také
udavaji formu a jednotlivé body, které ma mit protokol vysledkt testovani. Tyto certifikaty naopak
neberou v potaz rizné podminky, které jsou dany geografickou polohou mista, kde je produkt pouzivan,
a také zménou ro¢nich obdobi. Také mimo ekotoxikologické testy nefesi nijak charakteristiku produktt

biodegradace.

Mezi vysoce biodegradabilni a biokompatibilni polymery patii polyhydroxyalkanoaty, které jsou
syntetizovany bakteriemi jako zasobni energetické polymery [47; 48]. Nejrozsifenéjsim zastupcem PHA
je poly(3-hydroxybutyrat) (P3HB). Tento polymer je produkovan velkym mnozstvim gramnegativnich
I grampozitivnich bakterii (pseudomonas sp., bacillus sp., methylobacterium sp.) ve stresovych
podminkach vyvolanych nedostatkem zivin [49]. P3HB je slab¢ hydrofobni material, ktery vykazuje
velkou krystalinitu, vysokou teplotu tani a nizkou pruznost, coz komplikuje jeho zpracovani a omezuje

mozné vyuziti v primyslovém méfitku [47]. Mechanické vlastnosti P3HB mohou byt vylepSeny
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pridavkem dalSich polymerd (kyselina polymlécnd), vytvofenim kopolymerd (s kyselinou 3-
hydroxyvalerovou) nebo piidavkem plastifikatori [49; 47]. Piidavkem aditiv se mtze vyrazné zpomalit
biodegradace vysledného produktu [2]. Proto se do téchto smésnych plasti (blendl) piidavaji latky
usnadiiyjici biodegradaci jako je napiiklad Skrob. Dal§im faktorem znesnaditujicim uplatnéni PHB je
jeho vysoka ekonomickd naro¢nost pfi vyrob€. SniZeni ceny lze napiiklad dosdhnout vyrobou
Z odpadnich materidl. Velmi dobrym zdrojem uhliku pro bakterie syntetizujici P3HB je napiiklad
pouzity fepkovy fritovaci olej, ktery ma navic vysokou vytéznost, kdy lze teoreticky z jednoho gramu
oleje ziskat vice neZ jeden gram PHA [48]. Dale je mozné vyuzit pro vyrobu P3HB biomasu, odpadni
produkty cukrovarnického primyslu nebo hydrolyzat kavovych sedlin [47]. Problematicka je extrakce
P3HB z bakteridlni biomasy, na které se v soucasné dobé pouziva chloroform a dal$i neekologicka
rozpoustédla. Resenim by mohlo byt &ast fritovaciho oleje zmydelnit, pouZit k extrakci PHB a poté opét

rozlozit na mastné kyseliny, které je mozné vyuzit jako substrat pro bakterie a vyrobu dalsiho PHB [50].

Druhym velmi roz$ifenym biodegradabilnim polymerem je kyselina polymlééna (PLA). Jedna se
0 biobased alifaticky polyester. PLA je velmi dobfe absorbovatelna tély lidi a zvifat, proto se vyrazné
rozviji jeji vyuziti v medicinskych implantatech. Na rozdil od biodegradace v organismech dochazi
k neenzymatické degradaci tohoto biopolymeru [51]. Proto pro biodegradaci vyzaduje vyssi teplotu a
vlhkost a je tedy mozné ji biodegradovat pouze v primyslovém kompostu [52]. Velkou popularitu si
PLA drzi také u 3D tisku [30; 53]. Vzhledem k tomu, Ze je snadné ho zpracovat a jeho vlastnosti jsou
V porovnani s ostatnimi biodegradabilnimi polymery, a i nékterymi polymery vyrobenymi z ropy
(vysoka pevnost a nizka propustnost pro plyny), lepsi, je mu vénovana poslednich 20 let velka pozornost
[54]. I pies tyto vyhody je mozné téméf vzdy nalézt vhodnéjsi, a predevsim levnéjsi konvenéni plast.
Cenu PLA (cena za pelety zac¢ina v soucasné dobé na 500 $ za tunu) [55] lze snizit pfidavkem levnych
aditiv na zakladé biomasy nebo jinych zemédélskych produktd, napiiklad ditevni moucky nebo skroby.
Pfidavani nékterych z téchto materialtt do PLA neni vzdy v souladu s cili udrZitelného rozvoje, protoze
muze dochazet ke konkurenci o pidu jako systémovy zdroj se zemédélskymi produkty pro vyrobu
potravin [56]. Timto dojde nejen ke zlevnéni vyroby, ale také se zrychli biodegradace tohoto plastového

materialu, ktery jinak biodegraduje velmi pomalu [57].

3 Osud bioplasti v zivotnim prostiedi

3.1 Biodegradace bioplastii

K tomu, aby mohlo dojit k biodegradaci daného materialu, je nutné, aby mohly mikroorganismy
biodegradovany materil pouZit jako zdroj potravy nebo energie, tj. aby byla schopné ho metabolizovat
svym enzymatickym aparatem. Tuto podminku spliiuji jen velmi malé ve vodé rozpustné molekuly,
mezi které polymery obecné nepatii. Proto biodegradace probiha ve ¢tyfech krocich. Prvnim krokem je
biodeteriorace, pfi které je povrch materialu pokryty biofilmem, jehoZ ptisobenim dojde k fragmentaci

na mensi Castice. V dal$im kroku dojde k depolymerizaci pusobenim extracelularnich enzymi
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z mikroorganismi v biofilmu. Nasledné u vzniklych malych molekul mtize dojit k pfestupu do bunék
mikroorganismu, tomuto procesu se fika bioasimilace. V poslednim kroku muze dojit k mineralizaci,
pii které vznikaji voda, dusik a Vv pfipad¢ aerobni biodegradace vznik4 oxid uhli¢ity a u anaerobni
biodegradace vznika hlavné methan [2; 26]. PLA muze byt biodegradovan za aerobnich i anaerobnich
podminek bakteriemi i houbami (biodegradace uhliku polymeru od 55 % do 95 %). VétSinou neni
vhodné ke kompostovani v domacich kompostech. P3HB muze byt biodegradovano aerobné, anaerobné
a v kompostu, kdy v primyslovém kompostu bylo dosazeno biodegradace uhliku polymeru az 78 %
[58].

Velmi ¢astou metodou pro uréeni rychlosti aerobni biodegradace jsou respirometrické metody [59; 60;
61]. Tyto metody vyuzivaji skutenosti, ze pfi aerobni biodegradaci se spotiebovava kyslik a uvoliuje
oxid uhli¢ity. Pfi anaerobni biodegradaci je méfen objem vzniklého methanu [62]. Dale je mozné
sledovat fyzikalni zmény testovaného materialu, jako jsou napiiklad ubytek hmotnosti, vizualni zmeény

vzorku, zmény mechanickych vlastnosti atd. [46].

Jednou ze slabin pouzitych norem je, Ze neberou v potaz zadné informace o prostedi, kde ma probihat
biodegradace, proménnost podminek zptusobenou geografickou polohou, kde bude produkt
biodegradovat a zménou ro¢nich obdobi. Nejlépe je mozné tento problém demonstrovat na teploté, pii
které maji testy probihat. Naptiklad 1SO 14851 udava teplotu pii testovani 20 az 25 °C, coz je teplota,
ktera je snadno dosazitelna v laboratornich podminkach, ale absolutné nekoresponduje s podminkami,
které se vyskytuji v realném Zivotnim prostiedim Ceské republiky. Dale se normy nedostatené vénuji
rozsahu biodegradace (naptiklad ASTM D 6400 vyzaduje pouze biodegradaci z 60 %) a pocitaji
biodegradaci z celkové hmotnosti vzorku a pfi tom neberou v potaz pFitomnost nebiodegradabilnich
aditiv (napfiklad plnidlo uhli¢itan vapenaty). Velmi Casto je také prostiedi pro testovani biodegradability
nadefinovano k urcitému ucéelu nebo podminkdm zajmu, proto se naptiklad testuji zvlast' aerobni
a anaerobni  biodegradace v odpadnich vodach, sladkovodnich ekosystémech a motskych
ekosystémech. K dalsimu zkresleni vysledki mutize dojit diky riznému pfistupu k inokulu, nedostate¢né
reprodukovatelnosti vysledka a nedostatku zptsobd, jak testovat v netizeném prostredi. Déle se zadné
normy nezabyvaji charakteristikou produkti biodegradace. Pro posouzeni bezpecnosti biodegradace
bioplasti je nutné provést testy ekotoxicity téchto produktil a také tyto produkty charakterizovat pomoci
technik analytické chemie (velikost a tvar ¢astic, jejich koncentrace a chemické slozeni, rezidua aditiv,
vedlejsi produkty biodegradace) [46]. Kvili tomu je rychlost biodegradace silné zavisla na mnoha
parametrech a je nutna znacna opatrnost pii oznaceni materialu jako ,,biodegradabilni* v otevieném
zivotnim prostiedi [46]. Pfi nepfiznivych podminkach muze trvat biodegradace bioplastu i nekolik

desetileti, diky ¢emuz dochazi k produkci mikroplastti podobné jako u konvenénich plasti [2; 46].
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3.2 Vliv mikroplastii na fyzikalni viastnosti pudy

Vse, co vstoupi do pidy, naruSuje ur€itym zplsobem jeji rovnovahu. Proto je mozné ocekavat, ze
kontaminace ptidniho ekosystému vede k ovlivnéni vlastnosti pady. Nekteré z nich jiz byly pozorovany,
patii mezi n€ degradace pudni struktury, omezeni vzniku pldnich agregati, zvySeni porozity a
zakoncentrovani polutanti v padé [6; 63]. Vliv mikroplastl na ptdu silné zavisi na jejich velikosti
(Obrazek 3). Napiiklad k degradaci pidni struktury dochazi pii kontaminaci makroplasty [64]. Pfi této
kontaminaci se efekt postupné zesiluje, protoze dochazi ke zhorSovani dalSich parametri jako je
napfiklad sniZeni rychlosti infiltrace pudy nasledné vedouci k negativnimu ovlivnéni ptdni vodni
kapacity, a zpusobujici toxické anoxické podminky [65; 66]. Mikroplasty interaguji s riznymi
komponenty pidy a tim se dostavaji do ptidnich agregatii. Volné agregaty jsou tvofeny vétsimi ulomky
plastl zatimco kompaktni agregaty vznikaji v pfitomnosti mikrovlaken [13; 67]. Toto se d&je nejcastéji
v zemé&délskych ptudach, kde pouzivani mul¢ovacich folii zpiisobuje ubytek pidnich agregatti a omezuje
pudni aeraci a prichodnost pro vodu, coz vede k negativnimu ovlivnéni rlstu kofend a tim snizovani

vynosu péstovanych plodin [68; 69].

< Makroplasty >
Mikroplasty
—>
Nanoplasty
>
) 9 . .
Tm 5000 pm 150 pm 0,1 ym 0,05 um

Fyzikalné chemické vlastnosti Potravni fetézec Omezeni ristu Letalni toxicita Cytotoxicita

Obrazek 3: Vliv velikosti mikroplastu na zménu pudnich vlastnosti [7].

Vliv mikroplastii na pidu taktéz silné zavisi na chemickém slozeni a tvaru mikroplastu. De souza
Machado a kol. publikovali ve své studii odlisny vliv ¢ty riznych mikroplast (PP vlakna, PET vlakna,
PE fragmenty a PA microbeads) na pudni vodni kapacitu, objemovou hmotnost a stabilitu pidnich
agregatl, kde naptiklad ptitomnost PET vldken zpusobila snizeni objemové hmotnosti pudy a tibytek
stabilnich ptidnich agregati, coz se li§ilo od efektti vyvolanych ostatnimi mikroplasty [7]. V dalsi studii
zjistil Boots a kol., ze kontaminace pidy vysokohustotnim PE zm¢énila stabilitu ptidnich agregatt stejné

jako PLA a textilnich vlaken [70].

Obecné Ize tedy fict, ze ptritomnost mikroplastd v pid¢ ovliviuje interakci pidy s vodou a atmosférou,

coz vede k omezeni ristu plodin rostoucich v této kontaminované pudé [71]. Z toho vyplyva, ze by
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akumulace plastli v zeméd¢lské ptidé mohla narusit cyklovani Zivin a vody v pid¢€ a tim pfimo ohrozit
potravinovou produkci. V soucasné dob¢ jsou tyto efekty a vlastnosti spojené s pritomnosti mikroplasti
V ptidé malo prostudovany, a je tedy t€zké odhadnout jaké vazné jsou rizika spojena s jejich pritomnosti

V pade¢.

3.3 Vliv mikroplastii na chemické vlastnosti piidy

Mikroplasty neovlivituji pouze fyzikalni vlastnosti piidy, mohou mit také negativni efekt na chemické
vlastnosti pudy. Nejéastéji mikroplasty ovliviiuji pH pudy, obsah pudni organické hmoty (SOM,
z anglického soil organic matter), transport ptidnich polutantt a zivin. Lozano a kol. pozorovali zvyseni
pH v pudé v ptitomnosti mikroplasti, kdy tento efekt byl vyraznéjsi v pidé s niz§im obsahem vody [72].
Vzrista tak obava, ze residua plastovych folii mohou v ptidé zvySovat pH. Také bylo pozorovano, ze
pfi degradaci mikroplastl v ptidé dochazi k uvolnéni aditiv a oligomera v nich obsazenych, coz také
vede K ovlivnéni pH [73]. Dal$im moZznym mechanismem, kterym mohou mikroplasty mit vliv na pudni
pH, je zména rychlosti a rozsahu kationtové vymény na velkém povrchu mikroplasti [70]. Bylo také
prokazano, ze mikroplasty maji efekt na nitrifikacni procesy v pud¢, které vedou k uvoliovani H* iontti
a tim snizeni pudniho pH [74]. Rizné vysledky z riznych experimentd jsou nejspise zpisobeny tim, ze
mikroplasty mizou mit na kazdou ptdu jiny vliv, ktery je jesté zavisly na dalSich parametrech jako je

vlhkost ptdy, velikost a typ mikroplasti a doba uplynula od kontaminace.

Mikroplasty v ptidé mohou také zpuisobit tbytek piidni organické hmoty SOM a depozici tézkych kovi
[75]. Velké mnozstvi studii ukazalo, Ze v pfitomnosti mikroplastii v pidé dochazi ke snizovani ale i
zvySovani obsahu SOM zpisobené ovlivnénim mikrobialni aktivity a obsahem nutrienta [76; 77].
Vétsina studii i zabyvajicich se timto tématem se zaméfuje nejcastéji na rozpusténou organickou hmotu
(DOM 1z anglického dissolved organic matter), ktera je soucasti SOM a ma vliv na cyklus pidniho
uhliku, transport polutantii a dynamiku N a P nutrientt [78]. Piestoze piidavek mikroplasti do pady
vede ke sniZzeni obsahu DOM, celkové zavisi dynamika DOM na mineralizaci a produkci SOM [76; 79].
Liu a kol. popsal, ze vysoké koncentrace PP mikroplastti (28 % w/w) vedou ke znacnému zvyseni
obsahu DOM a nutrienti N a P v porovnani s niz§im koncentraci téchto mikroplastd (14 % w/w) [76].
To je mozné vysvétlit zjisténim Fei a kol., Ze mikroplasty v pudé ovliviiuji aktivity enzymi zapojenych

do cyklu C, N a P [80].

Mikroplasty v ptid¢ maji také pfimy a nepiimy vliv na obsah a transport pidnich nutrientt, ktery zavisi
na jejich typu, tvaru a délce expozice pidy [74]. Pomineme-li ptirodni zasoby nutrientti z pidnich
mineralu, pochazi v zeméd¢€lstvi z externich zdrojii (napt. z hnojiv). Stejné€ jako u SOM jsou efekty
mikroplasti na pudni nutrienty pozitivni, negativni anebo neutralni [72; 74; 81]. Urceni vlivu
mikroplastii na obsah pldnich nutrientll je nezbytné pro posouzeni potenciondlnich vyhod a nevyhod
pouzivani folii v zem&dé&lstvi. Liu a kol. ve své studii ukazali, Ze vstup mikroplasti do pidy vede ke

stimulaci enzymt, diky ¢emuz vzrostla dostupnost pidnich nutrientd [76]. Na druhou stranu ve studii
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Yan et al. bylo zjisténo, Ze 1% kontaminace ptidy mikroplasty vedla ke snizeni obsahu dostupného N a

P 0 13 respektive 30 % [82].

3.4 Vliv mikroplastii na biologické viastnosti pudy

Pouzivani plastovych produktl v zemédélstvi mize byt pfinosné pro rostlinnou produkei (naptiklad
mulCovani), na druhou stranu je ale nutné brat v potaz, ze se nakonec mohou v piidé akumulovat
fragmenty plastii. Z dlouhodobé perspektivy tedy mohou plastové Castice v piid€ zapficinit ke snizeni
zemeédelské produkce interakci s rostlinami nebo semeny. To zplsobuje snizenou klicivost semen,
omezeny piijem vody rostlinou a mensi rust kotenu [70; 83; 84; 85]. Byla také popsana akumulace
mikroplasti v kofenech fetichy seté, které poté vedlo k omezeni jejich rastu, délky a biomase [20].
Podobné mély vliv primarni mikroplasty (microbeads) na kofenovy systém salatu setého nebo okurky
seté [86; 87]. Akumulace mikroplastti a nanoplasti v kofenech ma za dusledek distribuci téchto ¢astic
po celém téle rostlin a zpusobuje nizsi produkei listi a dalsi biomasy [88; 89]. Na druhou stranu Sun a
kol. popsal opacny jev, kdy byly mikroplasty zachycené z atmosféry na listech transportovany v rostliné
ke kofentim [90]. Mikroplasty v rostlinach vedou také k oxidativnimu a genotoxickému stresu, ktery

zpusobuje snizeni obsahu chlorofylu v rostlinach [91; 92].

Plasty, a predev§im mikroplasty, maji povrch kolonizovatelny mikroorganismy, protoze diky svym
fyzikalné chemickym vlastnostem usnadiuji mikrobialni adhezi [93]. Interakce mezi mikroplasty a
mikroorganismy muze zpusobit ptipadné zrychlit degradaci mikroplastl, anebo miuZe ovlivnit
snadného pfistupu nutrientd, ktery stimuluje jejich rast [96]. Mikroorganismy pak vytvati na povrchu
biofilm, do které¢ho jsou uvoliiovany extracelularni enzymy, které urychluji degradaci mikroplastu a
uvolnuji rychleji nutrienty z mikroplastu [97; 98; 99]. Takto vznikly biofilm pak vede k ovlivnéni
mikrobialni komunity a jeji funkce [100; 101]. Spravny cyklus nutrienti v ptidé vyzaduje vyvazenou
druhovou skladbu mikroorganismu, ktera je kvuli mikroplastu naruSena [102]. Mikroplasty v pudé také
mohou mit efekt na vlastnosti bakterii, kdy jejich kontaminace miiZe zptsobit rozSifeni geni antibiotické
rezistence a zmény v jejich metabolismu [103; 104]. Mikroplasty mizou také v pudé zpusobit rozsifeni

invaznich druhii mikroorganismi [105].

Pti studiu ekotoxikologického vlivu mikroplastti na ptidni organismy jsou popsany rtiznorodé vysledky,
které neumoznuji jednozna¢nou odpovéd’ na to, jaky vliv maji tyto ¢astice na zivoCichy zijici v padé
[13]. Z dostupnych studii ale plyne, ze pozifeni mensSich mikroplasti a nanoplasti miize negativné
pusobit na rust zivocichtll, a zplsobit histopatologické zmény v jejich télech, oxidativni stres, silnou

imunitni odpovéd’ nebo dokonce umrti [22; 63; 106].
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4 Stanoveni mikroplast na bazi konvencnich plastti ve slozkach zivotniho prostredi

Piisobenim lidské aktivity byly mikroplasty kontaminovany vSechny slozky zivotniho prostfedi véetné
t€l zivocicha [107; 108; 109; 110; 23]. Vzhledem ke zvySujicimu Se mnozstvi mikroplasti v Zivotnim
prostiedi a prokazané Skodlivosti uéinki pro zivé organismy [19] jsou vyvijeny kvantitativni a
kvalitativni metody pro jejich stanoveni [18; 20; 111; 112]. Diky tomu je mozné posoudit miru
kontaminace rtiznych lokalit primarnimi sekundarnimi mikroplasty a schopnost ¢istiren odpadnich vod

mikroplasty zadrzet [109].

4.1 Extrakce a purifikace

Matrice obsahujici mikroplasty je velmi ¢asto tvofena organickymi a anorganickymi pfimésemi [107].
Nejjednodussi a nejlevnéjsi zpisob, jak odstranit ze vzorku vétsi Castice, je sitovani [107; 109; 10].
Obsahuje-li vzorek nadbyte¢né mnozstvi vody je mozné ji odstranit filtraci nebo jejim odpafenim. Pro
separaci mikroplastti ze vzorku je také mozné vyuzit jejich rozdilné hustoty od zbytku matrice a pouzit
hustotni frakcionace. K tomuto G¢elu se pouZzivaji roztoky soli (NaCl, CaCl, ZnCl,, Nal) [107; 109;
113]. Pii extrakci nizkohustotnich plasti, jako jsou naptiklad PE a PP, je mozné pouZit pouze
destilovanou vodu v kombinaci se sonikaci ultrazvukem [69]. Pro extrakci mikroplastti s vyssi hustotou
jako je PES pouzil Liu a kol. nasyceny roztok NaCl s hustotou 1,19 g-cm™ [114]. Pro extrakci PVC a
PET pouzili Scheuer a Kol. nasyceny roztok CaCly, ktery ma diky vyssi hustoté i vyssi efektivitu.
Nevyhodou je ale interakce vapenatych iontl s organickou slozkou ptidy, kviili cemuz vznikaji agregaty
komplikujici dalsi analyzu [115]. Imhof a kol. a Liebezeit a kol. vyvinuli separaéni metodu pro extrakci
pomoci roztoku chloridu zine¢natého s hustotou 1,6 az 1,7 g-cm™ [116; 117]. Dekiff a kol. a Van
Cauwenberghe a kol. pouzili pro extrakci roztok Nal s hustotou az 1,8 g-cm= [118; 119]. Pouziti roztokil

Nal a ZnCl; je velmi efektivni diky vysoké hustoté roztoku, ale je drazsi a vznikaji odpady, které jsou

Vv

Organické slouceniny pfitomné ve vzorku, které by mohly negativné ovlivnit stanoveni, je mozné
odstranit jejich rozkladem [107]. Vzhledem k tomu, Ze jsou konvenéni plasty az na vyjimky odolné vuci
agresivnimu chemickému prostiedi, je mozné pouzit pro rozklad organické slozky vzorku silna oxidac¢ni
¢inidla, baze a kyseliny. Velmi ¢asta je metoda rozkladu pomoci katalytické mokré oxidace [107; 109;
113]. Pro tuto metodu jsou nejcastéji pouzity peroxid vodiku, chlornan sodny a Fentonovo ¢inidlo nebo
roztoky alkalickych hydroxidu a silnych kyselin [109; 120]. Tento typ rozkladu neni vhodny pro velké
objemy vzorku, protoze by cely proces trval pfili§ dlouho. Pouziti koncentrované kyseliny dusi¢né neni
vhodné pro plasty citlivé na velmi nizké pH, jako jsou polystyren (PS) nebo nylon [121]. Pfi rozkladu
peroxidem vodiku se pouziva 30% roztok, tato metoda je ale velmi pomala, rozklad trva 7 dnti. Pouzitim
Fentonova ¢inidla misto peroxidu vodiku je mozné dobu rozkladu snizit az na 10 minut bez znic¢eni
mikroplasti ve vzorku [122]. K rozkladu je mozné také pouzit smés technickych enzymu jako jsou

lipazy, amylazy, proteinazy, chitinazy a celulazy [109; 113]. Cole a kol. pouzil pro rozklad Proteinasu-
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K, se kterou dosahl rozkladu vyssiho nez 97 % (pro porovnani 2 M HCI 72,1+9,2 %; 10M NaOH 60 °C
91,3+0,4 %) [123]. Loder a kol. vyvinul vicekrokovou metodu pro rozklad kombinujici vice enzymu
(proteaza, chitinaza, celulaza), povrchové aktivni latky (dodecylsulfat sodny SDS) a peroxid vodiku
s t¢innosti 98,3+0,1 % [124].

4.2 Semikvantitativni Stanoveni konvencnich mikroplastii

Za kvalitativni metody stanoveni mikroplasti povazujeme takové, které jsou schopny rozlisit
mikroplasty od matrice a jinych c&astic (celulozy, pisku, skla...) a identifikovat typ polymeru
u nalezenych mikroplasti. Semikvalitativni metody pak dokazou urcit napt. pocet ¢astic mikroplasta
vztazenych na objem ¢&i hmotnost matrice, piipadné podil plochy zaujimané mikroplasty na
mikroskopickém substratu. Velmi ¢asto vyuzivanou metodou pro stanoveni mikroplasti je vizualni
identifikace pomoci mikroskopu. Jedna se o rychlou a jednoduchou metodu. Touto metodou je mozné
zjistit tvar, texturu a typ povrchu ¢astice. Na druhou stranu timto zptisobem neni mozné identifikovat
Castice mensi nez ~100 um [125; 126]. Dale pak pii této metodé muze dojit k falesné pozitivni
identifikaci mikroplastu nebo naopak mikroplast nemusi byt rozpoznatelny od jinych slozek matrice
[107; 113]. Také je mozné udé€lat chybu pfi poéitani ¢astic, kterou omezil Carr a kol. pouzitim Petriho
misky rozdélené na sektory [127]. Pro potvrzeni slozeni mikroplastu a viibec jeho odliseni od jinych
¢astic je nutno tuto metodu zkombinovat s infraervenou spektroskopii s Fourierovou transformaci
(FTIR) nebo s Ramanovou spektroskopii. Browne a kol. identifikoval pomoci FTIR v motskych
sedimentech, odtocich z Cistiren odpadnich vod a zpouzit¢ vody zpracek PA, PES, PE, PP
a polyvinylchlorid (PVC) [128]. Lares a kol. pouzila pro konfirmaci mikroplastovych ¢astic a vlaken
v Cistirenském kalu a vodé z jezera FTIR a Ramanovu mikroskopii, kterou identifikovala polyester, PE,
polyamid, PP [129]. Dalsi zpfesnéni analyzy matrice je mozné dosahnout pouzitim elektronového

mikroskopu.

Pro kvalitativni stanoveni mikroplasti o rozmérech vétSich nez 10 um je vhodné pouzit FTIR. Pro
charakterizaci Castic vétSich nez 1 pm lze pouzit Ramanovou spektroskopii. Touto metodou ale nelze
stanovit polymery citlivé na fotodegradaci, jako je napifiklad PVC. Obé metody jsou komplementarni
a je potieba je volit i s ohledem na strukturu mikroplastu oéekavaného ve vzorku. Metodou FTIR je
mozné stanovit mikroplasty se strukturou, kde se vibraci atomt v molekule méni jeji dipélovy moment,
zatimco Ramanovou spektroskopii je mozné stanovit mikroplasty se strukturou molekuly, kde se vibraci
atomt méni polarizovatelnost molekul [107]. Pro zrychleni analyzy Primpke a kol. pouzil pfi stanoveni
mikroplasti v sedimentech z Némecka automatizovanou FPA (focal plane array) FTIR mikroskopii, kde
kazdé pole slouzi jako infracerveny senzor umoziujici méfeni velkého mnozstvi poli jednodusSe
dohromady s vyvinutym automatickym zpracovanim dat [130] a Renner a kol. vyuzil pro analyzu
standardd mikroplasti v referencnich vzorcich software pro automatizované detekovani pikli pii pouziti
ATR/FTIR [131]. Serranti a kol. vyvinula pro charakterizaci moiskych mikroplastii hyperspektralni

zobrazeni sestavajiciho se ze spektrografu pracujiciho s kratkymi infracervenymi vlnami a z ¢ocek

22



a softwarem Kk automatizovanému vyhodnoceni dat a porovnavani s databazemi pomoci analyzy

hlavnich komponent [132].

Stale Castéji se pro kvalitativni analyzu mikroplastii v riiznych slozkach Zivotniho prostfedi vyuzivaji
destruktivni metody, mezi které patii Py—-GC/MS (pyrolyzni plynova chromatografie s hmotnostné-
spektrometrickou detekci), desorpéni-GC/MS a LC (kapalinova chromatografie). Diimichen a Kkol.
stanovil pomoci TED-GC/MS PP, PE a PS ve fermentaénich reziduich odebranych z bioplynové stanice
a PE, PS a PET ve vodé z fek. Tato metoda je vyhodna svoji rychlosti, malou spotiebou vzorku (20 mg)
a moznosti vynechat Casové naroCnou Upravu vzorku, mezi nevyhody patii vysoké naroky na
homogenizaci vzorku [133]. Fries a kol. identifikoval v sedimentu z ostrova Norderney, na kterém diky
silnym slapovym jevim dochazi k vysoké akumulaci sedimentti PE, PS a PVC a ur¢il i aditiva v nich
obsazena [134], touto metodou také stanovil Nuelle a kol. PP, PET a PVC v moiskych sedimentech
[135]. Piehl a kol. testoval zemé&délské pudy na ptitomnost mikroplastii (za pouZiti vzorkovani, sitovani,
filtrace a ATR-FTIR) a nasel 0,3 + 0,4 &astic-ha™?, ale musel vylougit ¢astice mensi nez 1 mm kvili
problematické piedupravé vzorku [136]. Pro zvySeni robustnosti vibra¢né spektrometrickych
mikroskopickych metod a jejich zrychleni pouzil Hufnagl a kol. chemometrickou metodu vyuZzivajici
kombinaci spektralnich deskriptorti s algoritmem Nahodného lesa (random decision forest, RDF)
dohromady s FPA FTIR mikroskopii jako detektorem. V této ptedbézné studii byli autofi schopni
identifikovat PE, PP, PMMA (polymethylmethakrylat), PS a PAN (polyakrylonitril) ¢astice v uméle
mikroplasty fortifikovaném vzorku sladkovodniho planktonu [137].

4.3 Kvantitativni stanoveni konvencnich mikroplastii

Kvantitativni stanoveni mikroplastli (zejména v pidé a jinych komplexnich pevnych ¢&i koloidnich
matricich) je vsoucasné dobé velka analyticka vyzva. Pravé komplexita odebraného vzorku
znesnadiuje analyzu diky moznym interferencim s analytem, vytvafenim falesného pozitivniho nebo
negativniho signalu [138]. Za kvantitativni stanoveni povazujeme takové, které je schopno odlisit plast
a matrici ¢i jiné materialy, dava informaci o druhu plastu (alespon piiblizn€) a zaroven uvadi koncentraci

mikroplast v chemickém smyslu (tedy zejména hmotnostni ¢i objemovou).

Jednou ze slibnych kvantitativnich metod je stale Py—GC/MS. Pii této metod¢ je vzorek pyrolyzovan
V inertni atmosféfe a vzniklé plynné produkty jsou zachyceny v rozpoustédle nebo vedeny (nejcastéji
kapilarou) ptimo do GC-MS. Vyhodou je mozné stanoveni smési vice plastii a je mozné analyzovat
vzorek bez jakékoliv upravy. Nevyhodou je, Ze neposkytuje informace o poctu, velikosti a tvaru

mikroplasti [107].

Scheurer a Bigalke vytvorili metodu pro kvantifikaci mikroplastovych ¢astic v ptidé pomoci hustotni
separace a oxidativniho rozkladu matrice nasledované FTIR analyzou. Autofi uvadéji vytézky separace
93-98 % a primérnou koncentraci nalezenych mikroplasti ve $védské zéaplavové oblasti 5 mg-kg™.

Limity detekce a kvantifikace nebyly uvedeny [115].
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Fischer a Scholz-Bottcher vyuzili Py—GC/MS techniky (Curie-point pyrolyza a microfurnace pyrolyza)
pro stanoveni mikroplastii v moiské vodé, soli a sedimentech (v poslednich dvou matricich za pouziti
hustotni separace a rozkladem pomoci H205) s piistrojovymi limity od 3 do 200 ng [139]. Diive stejni
autofi pouzili Curie-point Py—-GC/MS pro stanoveni mikroplasti (nejnize 0,4 pg pro PMMA nebo
0,6 ug pro PP (a nejvyse >290 pg pro PVC)) v rybich tkanich, ale po vyznamné upravé vzorku jako je
tieba nékolik raznych rozkladt [140]. Diimichen a kol. pouzil TED-GC/MS ke stanoveni PE
spikovanou blize nespecifikovanou méstskou vrchni vrstvu piidy z Berlina s pristrojovym limitem 0,2 %
(<0,04 mg) [141] a pozdg&ji stejnou techniku predélal Eisentraut a kol. k analyze PE (s limitem 0,07 %),
PP (0,15 mg-g!) a PS (0,25 mg-g!) ve splachu z Berlinskych ulic dohromady s mikrogumovymi

Casticemi z pneumatik (limit detekce 3,9 mg-g?) stanoven jako styren-butadienova guma [142].

Jako dalsi termoanalyticka technika vhodna ke kvantifikaci mikroplastti v ptdé je termogravimetrie
(TGA), kterou pouzil David a kol. ke stanoveni PE, PS, PVC a PET pomoci metody Univerzalniho
modelu ptady, nicméné vyuziti této metody pro realné vzorky se smésmi mikroplastd je, jak sami autofi
uvadéji, zatim ve vyvoji. LOD se pohyboval u riznych mikroplasti od 0,33 % u PET do 2,22 % u PVC,
LOQ byly stanoveny na 1,15 % pro PET a 3,08 % pro PS. Pro PVC bylo namétené LOQ pfilis vysoké
a bylo zjisténo, ze tato metoda nebyla prozatim vhodna ke stanoveni PE [138]. Yu a kol. vyvinul TGA-
FTIR metodu ke stanoveni PS a PVC v motskych sedimentech a vod¢, ovsem pouze pro vzorky, které
obsahuji vice nez 0,49 mg plastu s vytézkem od 98 do 108 % [143]. David a kol. také vyvinul metodu
pro stanoveni PET v pidé¢ pomoci TGA-MS zaloZenou na analyze pyrolyznich produktt a jejich
ptifazeni K teploté rozkladu polymeru odlisné od teploty rozkladu pidni matrice. LOD byly stanoveny
od 0,06 do 0,58 %, LOQ od 1,52 do 51,00 % u PET v piidé, R? od 0,870 do 0,987 a relativni standardni
chybou od 3,21 do 12,76 % [144]. Steinmetz a kol. vyvinul metodu Py-GC/MS ke stanoveni PE, PP a
PS extrahovanych 1,2,4-trichlorbenzenem z jilovitych pad s vytéznosti 70 az 128 % a s limity detekce
1 a7 86 pug-g* [145].

Hintersteiner a kol. vytvofil metodu pro stanoveni PE a PP mikroc¢astic (v koncentracich od 0,07 do
3,07 %; relativni standardni odchylka (RSD) od 2,3 do 13,4 % a vytéznost 92-96 %) v kosmetickych

produktech pomoci extrakce, rozpusténim a vysokoteplotni permeacni chromatografie [146].

5 Stanoveni biodegradabilnich mikroplastd P3HB a PLA

S ptichodem produktti z biodegradovatelnych plastd na trh je mozné piredpokladat, Ze bude nutné fesit
problematiku mikroplastl stejné jako u konvencnich plastii, které mohou byt kvili nedokonalé nebo
pfili§ pomalé biodegradaci zdrojem velkého mnozstvi mikroplasti v kratkém ¢asovém obdobi [34].
Ptestoze by mélo byt setrvani mikroplasti z biodegradabilnich materialti v zZivotnim prostiedi krats$i nez
u konven¢nich plasti, mikroplasty z biodegradabilnich plasti mohou mit podobné negativni vlastnosti
jako u konvenénich mikroplasta [26]. Metody pro kvalitativni a kvantitativni stanoveni téchto ¢astic

Vv soucasné dob¢ az na vyjimky neexistuji, piestoze by mohly byt uzite¢né pro zhodnoceni kontaminace
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zivotniho prostiedi, ale i pro verifikaci testd biodegradability, kdy v souCasnosti neni mozné uspokojive

analyzovat testovaci medium na rezidua téchto materiali.

Pro extrakci zminénych bioplasti z pidy nebo dalSich tuhych matric je mozné pouZit jen nékteré metody
pouzivané u konvenénich mikroplasti. Jde predevsim o fyzikalni procesy jako filtrace, Sitovani nebo
sedimentacni frakcionace [109]. Kvuli Spatné odolnosti vii¢i agresivnim chemickym podminkam neni
mozné pouzit pro rozklad organickych slozek matrice zadné agresivni chemikalie. Jako jedna
z alternativ se jevi rozpusténi bioplasti v chloroformu [147]. Pi tomto kroku se vSak vyextrahuji i dalsi
organické latky, pfedev§im frakce huminovych latek, proto by musel byt extrakt narocné precistén.
Slibnou alternativou by mohla byt extrakce pomoci iontovych kapalin, které jsou pro rozpousténi vice
specifické. V tomto pfipadé je mozné pouzit dvé rizné strategie. Prvni z nich je rozpusténi biomasy
a uvolnéni mikroplastd do roztoku, odkud mohou byt snadno filtrovatelné [148; 149; 150], kde
Kobyashi a kol. udava vytéznost az 98 % [148]. Takto mohou byt analyzovany pouze vzorky se
specifickou matrici (naptiklad matrice tvotené tély mikroorganismtl, jako je naptiklad aktivovany kal —
neni jasné, zdali tyto metody budou fungovat i pro matrice typu ptida atd.), dalsi nevyhodou je velka
spotieba iontové kapaliny s pomérné malymi vytézky a malou moznosti recyklace rozpoustédla. Dalsi
moznosti je rozpustit vhodnou iontovou kapalinou PHA bioplast a po odfiltrovani zbylé biomasy ho

opét vysrazet, coz je popsano v patentu USOO7763715B2 [151].

5.1 Poly(3-hydroxybutyrat)

Aby mohl byt P3HB stanoven pomoci separac¢nich metod, je nutné ho depolymerizovat a stanovit jako
monomer, tj. hydroxymaselnou kyselinu. Jedna z moznosti je pouzit methanolyzu za piitomnosti
ziedéné kyseliny sirové. Tato metoda ale neni kvantitativni, mize dochazet ke vzniku vedlejSich
produktt jako je naptiklad kyselina krotonova nebo derivatd propenu. Vytézky této metody se pohybuji
mezi 30 az 40 % [152; 153]. Dalsi moznosti je St€peni pomoci tetracthoxytitanatu a ethylesteru kyseliny
trifluoroctové (TFA). Tato metoda je vhodna pii dalsi analyze pomoci GC, pfic¢emz mize dojit ke ztraté
TFA fetézce a je nutna derivatizace [152]. Nejvhodnéjsim postupem pro depolymeraci P3HB je pouziti
tetrahydridohlinitanu lithného. Vysledny monomer je pak mozné stanovit pomoci vysocetéinné
kapalinové chromatografie s hmotnostné-spektrometrickou detekcei s ionizaci elektrosprejem (HPLC—

ESI/MS; limity detekce se pohybuji od 4,2 % z 10 uL alikvotu z 2 mg polymeru) [152].

V piipadé P3HB existuji metody pro stanoveni interceluldrniho P3HB v bunikach aktivovaného kalu,
které by mohly byt taktéz pouzity ke stanoveni mikroplastii obsahujicich tento polymer. Tato metoda je
zalozena na propanolytické nebo hydrolytické depolymerizaci plastu a stanoveni vzniklych produktt
iontovou chromatografii (semikvantitavni, limity detekce neuvedeny) [154]. Stanoveni mikroplastl
v aktivovaném kalu pfi téchto metodach komplikuje pravé ptirozeny vyskyt P3HB v buiikdch

mikroorganismu v kalu, ktery miize tvofit az desitky procent hmotnosti bun¢k mikroorganismut [155].
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P3HB v bakterialni biomase Ize kvantifikovat pomoci FTIR spektrometrie a nasledného statistického
zpracovani dat [156], naptiklad regresni analyzou metodou nejmensich ¢tverct a dal§iho matematického
modelovani. Arcos-Hernandez a kol. vyvinuli FTIR metodu pro stanoveni PHB v riznych bunkach
v koncentracich od hmotnostniho zlomku 0,011, pfic¢emz R? se pohybovalo od 0,911 do 0,985 [157],
a Samek a kol. vyuzili Ramanovu spektrometrii ke kvantifikaci obsahu P3HB v Cupriavidus necator
H16 mediu, nejnizsi kalibraéni bod byl 1,395 umol-It. Tuto metodu Ize pouzit pouze pro amorfni P3HB
[158]. Autofi poslednich dvou ¢lankt neudavaji limity detekce. Tyto metody jsou vsak optimalizovany

pro stanoveni P3HB v burikach a neni jasné, zdali by fungovaly i pro stanoveni P3HB v pude.

Vyextrahovany P3HB je také mozné rozpustit v chloroformu, po ptidavku kyseliny sirové dojde ke
vzniku kyseliny krotonové a zbarveni roztoku dohnéda, obsah P3HB je pak mozné stanovit
spektrofotometricky [147]. Limity detekce nebyly uvedeny, mnozstvi P3HB by mélo byt od 5 do 50 pg
[159]. Pro stanoveni P3HB v bakterii Synechocystis sp. je mozné vyuzit komeréni set, ktery vyuziva
enzymatickou depolymeraci a vznikly roztok se analyzuje spektrofotometricky [160]. Tato metoda
vyzaduje pro pouziti k analyze mikrobioplastii v piid€ velmi ti€¢innou extrakci, protoze ptidni organicka
hmota mize vytvorit v roztoku zékal nebo latky s podobnym absorpénim spektrem, které mohou

interferovat se signalem analytu.

Karr a kol. pouzil HPLC/UV-VIS pro stanoveni P3HB Rhizobium japonicum po komplikovaném
rozkladu pomoci chlornanu sodného a nasledné extrakci, rozkladu a depolymeraci na krotonovou
kyselinu. Nejnizsi zméfena koncentrace byla 140 nmol-I"%. Dalsi limity detekce nebyly stanoveny [161].
Elhottova a kol. vyuzili GC/MS-MS ke stanoveni derivatizovanych produkti methanolyzy
glykolipidového extraktu u stanoveni obsahu P3HB v pudé¢, Cistirenskych kalech a bakterii Bacillus
megaterium CC M 1464. Nejniz§i naméfena koncentrace byla 1,16 nmol-I%, dalsi detekéni limity nebyly
publikovany [162]. Monteil-Rivera a kol. vyuzili methanolyzy i kyselé hydrolyzy P3HB k dosazeni
produktti depolymerizace — hydroxyalkenovych kyselin — a jejich nasledné analyze pomoci SPME-
GC/FID, dosazené LOD se pohybovaly od 1,6 do 53 mg-It, LOQ se pohybovaly od 5,5 do 175 mg-I 2,
vytéznost 98-100 % a RSD 2-8 [163], podobné Werker a kol. pouzili GC/FID po kyselé alkoholyze
a hexanové extrakci ke stanoveni obsahu PHB v ¢istirenskych kalech pochazejicich z laboratornich
hydroxymaselné kyseliny odpovidajici 1,2 mg P3HB [164]. Torri a kol. vyvinul offline Py—GC/FID ke
stanoveni 2-alkenovych kyselin v bakterialni biomase s LOD od 100 pg (1 % P3HB v biomase)
aRSD <15 %, ¢imz je tato metoda porovnatelna s metodami zalozenymi na methanolyze [165].
Abbondanzi a kol. dale predélal a vylepsil tuto metodu na termolyzu uvnitf vialky vhodnou pro
stanoveni v rozsahu 0,5-2,5 mg P3HB (10-50 % P3HB v mikrobialnim vzorku) detekovanou pomoci
GC/MS [166]. Velasco Alvarez a kol. vyvinul metodu vyuzivajici plynovou chromatografii—izotopické

zied’ovani s hmotnostni spektrometrii (GC/IDMS) ke stanoveni P3HB vV bakterialni biomase
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Escherichia coli (po propanolyze a derivatizaci) s *C-P3HB jako vnitinim standardem a LOD od
0,01 pug-g* (nebo 0,11 nmol-I%) [167].

Dalsi moznosti jsou metody zalozené na rozkladu vzorku s naslednou analyzou plynnych produktd,
umozhujici ptimé stanoveni P3HB v matrici, podobné jako u konvenénich mikroplastt [135] [143]
[144]. V ptipadé P3HB, které ma nizkou odolnost viici tepelné degradaci, dochazi k fetézovému $tépeni,
coz vede k poklesu molekularni hmotnosti (Obrdzek 4). P3HB se rozklada pii teplotach tésné nad
teplotou tani okolo 180 °C, v ptipad¢ pridavku stabilizatoru pak pii teplotach vyssich. Produktem
termické degradace je krotonova kyselina s molekulovou hmotnostni 86,09 g-mol™ a jeji oligomery.
Okoffo a kol. vyuzil kanalyze vzorkd s bioplasty PLA, PHA, PBAT, polybutylensukcinat a
polykaprolakton, které nejdfive extrahoval pomoci extrakce podporované tlakem s methanolem, a
nasledné je analyzoval pomoci Pyr-GC/MS. Touto metodou dosahl LOQ pro PLA 0,05 mg-g™* (m/z 118);
pro polykaprolakton 0,03 mg-g* (m/z 160); pro PBAT 0,03 mg-g* (m/z 194); pro polybutylensukcinat
0,04 mg-g* (m/z 146); pro PHA 0,02 mg-g* (m/z 100) [168].
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Obrdzek 4: Mechanismus tepelné degradace PHB [169]

5.2 Polymlécna kyselina

U PLA je mechanismus termické degradace komplikovangj$i a je pfipisovan nahodnému Sté€peni
hlavniho tetézce [170], depolymerizaci [171] a transesterifika¢nim reakcim [172]. Jako primarni
pyrolyzni produkty jsou CO, CO2, methylketen, acetaldehyd, H,O a cyklické oligomery. Sekundarni
produkty jsou methan a butadion, které jsou pravdépodobné produkty degradace acetaldehydu. Navic,
degradace je také ovlivnéna reaktivnimi koncovymi skupinami, zbytky katalyzatort, nezreagovanymi
monomery a dal$imi neCistotami. V tomto piipad¢ je vyuZiti pyrolyzy problematictéjsi. Nicméné,

Vv obou pripadech je pouziti podminéno tim, Ze degradacni produkty bioplastu nejsou prekryty
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degradacnimi produkty matrice. Pak by musel byt vzorek piedupraven, coZz by mohlo vést k dal§im

problémtim.

Pro stanoveni PLA ve form¢ folie, bez matrice, vyvinula Arrieta a kol. metodu sekven¢ni pyrolyzy
(pomoci Py-GC/MS) s limity detekce od 0,1 pg dle analytu, R? od 0,841 do 0,985, RSD od 4,68 do 2,65
[173]. Spise nez kvantitativné-analyticky zde bylo postupovano s cilem popsat pyrolyzni produkty PLA
pro moznou pyrolyzu a mozné energetické vyuziti PLA odpadu. Spojenim vice sofistikovanych metod
pouzivanych pii analyzach potravin, jako je ultrat¢inna kapalinova chromatografie — hmotnostni
spektrometrie s analyzatorem doby letu a kvadrupolem (UPLC-QTOF-MS) nebo ultraacinna
kapalinova chromatografie — hmotnostni spektrometrie iontové mobility s analyzatorem kvadrupdlem a
doby letu (UPLC-IMS-QTOF-MS) je mozné analyzovat cyklické a linearni oligomery
PLA (molekulové hmotnosti od 257 do 1175) v potravinaiskych nahrazkach v koncentracich v tisicich
ng-g* [174]. Atmosféricka sonda k analyze pevnych &astic vyuzivajici hmotnostni spektrometrii iontové
mobility (ASAP-IM-MS) umoznuje kvalitativné odlisit PLA, PBS a PE v PLA-PBS a PLA-PE

smésnych plastech po termickém rozpusténi vzorku a desorpci analytt [175].
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Cil disertacni prace

Jak vyplyva z predchazejicich ¢asti, v soucasnosti je nejvétsi zdjem o bioplasty typu PLA a PHA. Pii
jejich aplikaci je velmi pravdépodobny vznik sekundarnich mikrobioplastt, ackoliv Zivotni prostiedi
muze byt samoziejmé kontaminovano i jejich primarnimi mikrobioplasty. Vzhledem k tomu, ze
problematika kontaminace zivotniho prostfedi mikrobioplasty je nova (o ¢emz svéd¢i minimalni
mnozstvi publikovanych praci), je tieba se zamyslet nad jednotlivymi fdzemi vyzkumu v této oblasti.
Proto bylo pravé PHB zvoleno jako modelovy bioplast pro vSechny experimenty uvedené v této
diserta¢ni praci a pro porovnani vysledkd byl pouzit v nékterych experimentech dalsi bioplast PLA a
konvenéni plast PET. ZkuSenosti s mikroplasty z konvenénich plasti v ptidé napovidaji, Ze vyzkum
bude sméfovan nékolika provazanymi smeéry: 1) nalezeni metod pro analyzu mikroplastd v pidé
ptipadné v jejich ¢astech (nebo analogickych substratech), 2) studiem osudu mikrobioplasti v pudé (tzn.
transport, biodegradace, biofragmentace...), 3) objasnénim, jak mikrobioplasty ovliviiuji ekosystémové
funkce pudy (naptiklad zadrz vody, sekvestraci uhliku, primarni produkci atd.). Je zfejmé, ze smér ,,1%

determinuje uspéch sméru ,,2, smér ,,3 lze pak uspésné resit jen pokud jsme vytesili smér ,,2°.

V této disertaéni praci se téchto témat dotykame piimo i nepfimo, pro pochopeni osudu
biodegradabilnich plastli jsou ¢asto vyuzivany normy pro biodegradaci v riiznych prostfedich (nejcastéji
OECD, ISO, ASTM). Proto jsou tyto normy Vv této praci brany jako vychozi bod, jsou diskutovany
podminky a vysledky a je poukazano na jejich nedostatky, protoze zdaleka neodrazeji realné problémy
biodegradabilnich plasti (které napfiklad mohou vést k nevhodnému nakladani s bioplastovym
odpadem nebo nespravnému vyuziti bioplastl v zemédélstvi a nasledné tvorbé mikrobioplastt). Dalsi
kapitolou jsou analytické metody vyuzivané pro extrakci, purifikaci a kvalitativni a kvantitativni
stanoveni konvencnich mikroplastii v komplexnich pevnych matricich, jako je ptida nebo aktivovany
kal. Nicméng¢, jak vyplyva z literarni reSerSe, v soucasné dobé téméf neexistuji analogické robustni,
rychlé a citlivé analytické metody ke stanoveni mikrobioplasti v pudé, které¢ by pomohly verifikovat
testy biodegradability analyzou produkti biodegradace, objasnit osud potencionalné¢ vzniklych
mikrobioplastl a jejich vliv na zivotni prostfedi. Jestlize by pouziti bioplasti nevedlo k redukci vzniku
mikroplastu jak se v§eobecné predpoklada, ale naopak pfi jejich biodegradaci by mikroplasty vznikaly
rychleji, je dilezité zjistit jaky vliv maji na Zivotni prostfedi (tj. zda se 1i§i nebo je stejny ve srovnani
s konvenénimi plasty). Tyto efekty jsou v této praci sledovany se zaméfenim na vlastnosti dilezité
v zemé&délstvi, protoze zemedélska pida je jednim z hlavnich receptorti mikrobioplastd, kde poskozeni
jejich vlastnosti muze vést ke snizeni efektivity zemédélské produkce. Na konci této prace jsou proto
také prezentovany vysledky z testovani prototypu ,.inteligentniho® potahovaného hnojiva, na kterém
jsou demonstrovany mozné vlivy takovéhoto vyrobku na ptdu. Tim se tedy vSechny zminéné sméry

prolinaji a z nich pak vyplyvaji nékteré dil¢i vyzkumné otazky:
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e O1: Jak relevantni je vyuziti norem pro biodegradaci pro pochopeni osudu biodegradabilnich
plastti v ptid¢?

e 0O2: Je mozné stanovit mikrobioplasty Vv pidé podobnymi metodami jako konvencni
mikroplasty?

e 0O3: Je vliv mikrobioplasti na Zzivotni prostfedi srovnatelny s doposud znamym vlivem
konvenc¢nich mikroplasta?

e O4: Existuji n¢jaka rizika vyuziti biodegradabilnich plastii v zemédélstvi?

V nasledujicich kapitolach jsou diskutovany vysledky dosazené béhem doktorského studia. Cast
z vysledk jiz byla publikovana (viz ptilohy na konci této prace), ¢ast se ,,nevesla“ do publikaci a ¢ast
tvotila vysledky projektii, na nichz jsem poslednich nékolik let pracoval. Cilem nasledujiciho textu je
tedy seznamit Ctenate s podstatnymi vysledky disertacni préace, ale také se zkuSenostmi, které byly

ziskany a cestami, které byly v prubehu prace testovany.
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Diskuze vyzkumnych otazek

1 Vyzkumna otazka 1: Jak relevantni je vyuZiti norem pro biodegradaci pro pochopeni

osudu biodegradabilnich plasti v ptdé?

Prvni téma, se kterym jsme se zacali zabyvat pii préci s biodegradabilnimi bioplasty bylo testovani jejich
biodegradability. Ve spolupraci s Firmou NAFIGATE a kolegy z Ustavu chemie materiali jsme zadali
vyvijet nové materidly a vyrobky na bazi PHB v ramci projektu MPO TRIO ,,Smart fertilizers”. Pfi
téchto experimentech jsme prostudovali vétSinu dostupnych norem a provedli prvni biodegrada¢ni
experimenty. Jejich vysledkem bylo prekvapujici zjisténi, ze biodegradabilni polymer kompletné
zdegradoval jen ziidka béhem definované doby, a proto jsme se dukladné zaméfili na rizné typy
biodegrada¢nich experimenttli, a jak jsou experimentalni podminky relevantni pro zivotni prostiedi
(napiiklad koncentrace mikroorganismi ve vodg, kterd v ISO normé& miZe byt mezi 30 az 1000 mg-I™,

nebo teplota experimentu s pudou mezi 20 az 28 °C).

Rychlost biodegradace a biodegradabilita bioplastovych materidli je obvykle méfena pomoci
biodegradac¢nich testd, které byly diskutovany vyse a v PFiloze A. V téchto testech je testovany material
vystaven vlivu mikroorganismil za kontrolovanych podminek (vétSinou nastavenych tak, aby byly
idealni pro biodegradaci). Rychlost biodegradace pak siln€ zavisi pravé na mnozstvi mikroorganismil,
na teploté, vlhkosti, pH, velikosti ¢astic testovaného materialu a dal$ich parametrech [26]. Biodegradaci
taktéz ovliviluje typ bioplastu a aditiva v ném obsazeného. Napiiklad ve smési dvou rizné
biodegradovatelnych bioplastii dojde prednostné k biodegradaci 1épe biodegradovatelného bioplastu,
¢imz se vyrazné zhor$i mechanické vlastnosti materialu, ktery se poté rychleji rozpadne na
mikrobioplasty [37]. Ty jsou ale tvofeny hiife biodegradovatelnym bioplastem, a proto se biodegradace

vyrazné zpomali, anebo i zastavi.

Toto chovani bioplastového ,,blendu® jsme pozorovali pravé v prvnim kompletnim biodegrada¢nim
experimentu, ktery byl proveden s folii obsahujici majoritni podil PHB (snadno degradovatelného
bioplastu) a folii obsahujici majoritni podil PLA (htie biodegradovatelného bioplastu). Ob¢ folie byly
nastithany na ctverecky s velikosti strany 0,5cm a pro porovnani byl experiment proveden i
s praSkovym PHB, kde velikost ¢astic byla mezi 64 a 125 um, a s praskovou celulézou. Experiment
probéhl v artificialni vode inokulované Cistirenskym aktivovanym kalem dle normy 1SO 14851:1999 a
biodegradabilita byla métena metodou stanoveni spotieby kysliku. Z vysledku na Obrazku 4 vyplyva,
ze nejrychleji zdegradovala celuldza; praskové PHB a folie s majoritnim podilem PHB zdegradovaly
témet ze 100 % priblizné za 115 dnd. Folie s majoritnim podilem PLA zdegradovala ptiblizné ze 30 %
za stejnou dobu, kde vétSinu zdegradované casti nejspiSe tvoifi PHB a dalsi plniva. Zpomaleni
biodegradace je mozné pozorovat zhruba po 100 dnech experimentu, kdy do konce experimentu (54
dnit) zdegradovalo pouze 2,7 % folie. Z tohoto diivodu je mozné predpokladat (nebo i extrapolovat), ze

kompletni biodegradace, tj. mineralizace této folie by trvala i za téchto idealnich podminek nékolik let
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a Vv realném prostiedi Zivotniho prostedi pak tedy jesté déle. Na dné reakéni nadoby byl po ukonceni
experimentu odebran sediment, na kterém byly pod mikroskopem detekovany mikrobioplasty vzniklé
z folie (Obrazek 5). Jejich povrch byl zvrasnény dulky vzniklymi biodegradaci snadno
biodegradabilniho materidlu, kvtli kterym do$lo béhem experimentu k rozpadu folie (k rozpadu také
piispélo neustalé michani na tiepaéce, které branilo sedimentaci aktivovaného kalu) na mikrobioplasty

S ostrymi hranami.
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Obrazek 5: Vysledky biodegradacniho experimentu bioplastovych folii ve vodé
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Nejcastéjsim zplisobem méteni biodegradace jsou biodegradaéni testy zaloZzené na respirometrii (méfeni
spotieby kysliku nebo uvolnéného oxidu uhlicitého), které jsou zatizeny velkou experimentalni chybou
zplsobenou manipulaci s respirometrem (dopliiovani kysliku, vyménou KOH nasyceného oxidem
uhli¢itym), nevydychanim veskerého CO; (mikroorganismy ¢ast uhliku pouzivaji pro stavbu svych tél)
a 1 zménou chovani mikroorganismi v pfitomnosti mikrobioplastu zpusobujiciho stres, ktery vede

k odlisné biodegradaci uhliku v matrici vzorku a blanku.

V této praci proto navrhuji neurcovat biodegradovatelnost pouze z biodegradacnich experimentd, ale
také analyzou biodegrada¢niho media po ukonceni experimentu (bude diskutovano v dalsi ¢asti). Tuto
problematiku demonstruji vysledky experimentti z ¢lanku v Priloze E, kde je vidét, Ze naptiklad u pid
S nejnizsi pocateéni koncentraci PHB neni ani v jednom piipadé dosazeno 100 % biodegradace métené
respirometricky, i kdyz z biodegrada¢nich kiivek vyplyva, Ze u vSech pud s pocateéni koncentraci 0,5

doslo k ukoncéeni biodegradace témét v poloviné experimentu a u pid s pocatecni koncentraci PHB 1 %
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byla ukoncena chvili pfed ukoncenim experimentu. V pidach obsahujici 3 % PHB stale probihala
biodegradace a mikrobioplasty PHB zde byly viditelné i bez pouziti mikroskopu (Obrazek 6). Pti
analyze PHB v ptidach pomoci termogravimetrie byla zjisténa ve vSech puidach biodegradace vyssi nez
pfi respirometrickém stanoveni, coz naznacuje, Ze ¢ast uhliku z bioplastu nebylo mineralizovano, ale ze

bylo imobilizovano v SOM (patrné ve formé& mikrobialni biomasy).

Obrazek 6: Piida s pitvodni koncentraci PHB 3 % po 300 dnech biodegradacniho experimentu. Bilé
castice jsou mikrobioplasty PHB
Odpovédi na vyzkumnou otazku 1 tedy je, ze normy vyuzivané pro testovani biodegradability bioplasti
nereflektuji dostatecné environmentalné relevantni podminky vyskytujici se v Zivotnim prostfedi. Navic
i zatéchto idealnich podminek nebylo vzdy dosazeno 100 % biodegradace a nebylo jasné, zdali
Z bioplastu vznikly stabiln€jsi mikrobioplasty, anebo byla ¢ast uhliku imobilizovana v SOM (a tim doslo
k ovlivnéni pidy). Proto se ukazalo, jako nezbytné analyzovat rezidua bioplasti. Nicméné¢, jak ukazala

literarni resSerSe, v souCasné dob¢ témer neexistuji vhodné metody pro tyto analyzy.
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2 Vyzkumna otazka 2: Je mozné stanovit mikrobioplasty podobnymi metodami jako

konven¢ni mikroplasty?

Pfi vyvoji vhodné metody pro stanoveni mikrobioplastti v pudé jsme provedli literarni reersi zamétenou
na stanoveni konven¢nich mikroplastd a pokouseli se zjistit, zda by nékteré z nich Sly vyuzit ke

stanoveni mikrobioplast. Vysledkem této prace bylo critical review (PFiloha A).

Publikované review ukazalo, Ze pti vzorkovani je mozné pouzit stejné postupy jako u konvencnich
plasti, protoze zde bude dochézet ke stejnym problémiim. Analyzy miize nejvice ovlivnit homogenita
vzorku, které je komplikovanéjsi dosahnout v piidach s vétSimi fragmenty mikrobioplasti. Tyto velké
castice dale mohou zptisobovat problémy pii redukci mnozstvi vzorku kvartaci, anebo pti davkovani
vzorku pfi analyze (naptiklad do termogravimetrickych panvicek). Proto je vyhodné pidu pied analyzou
piesitovat (alesponi na trovefi tzv. jemnozemé, tj, podsitny podil pii sitovani se sity s oky 2 mm) a vétsi
mikroplasty analyzovat separatn¢. Timto krokem se ze vzorku odstrani i vétsi ¢asti organickych rezidui
rostlin, které by mohly interferovat se signalem mikroplastt pfi analyzach. Vzhledem k tomu, Ze se
mohou mikrobioplasty rozlozit v pfitomnosti silnych kyselin, hydroxidu a dalSich agresivnich
chemikaliich, neni vhodné odstraiiovat SOM, kterd mize byt zdrojem interferenci se signalem analytu.
Pro upravu vzorki pud pti analyze mikrobioplastl je tedy mozné pouzit pouze sitovani, hustotni
frakcionaci a extrakci do organickych rozpoustédel (zde je ovSem problém s piedi§ténim extraktu).
Metoda FTIR hojné vyuzivana pii analyzach konvencnich mikroplastl je proto zna¢né limitovana
Vv pfipad¢ stanoveni mikrobioplastl a je pouzitelna pouze v piipade, ze organickd slozka vzorku
neinterferuje se signalem analytu nebo nelze signal interferenci odecist od signalu vzorku (nejcastéji
ode¢tem signalu blanku) [112]. Pii analyzach je vyhodné méfit co nejvetsi mnozstvi vzorki najednou,
¢imz se snizi prispévek nehomogenity vzorku k experimentalni chyb€. Proto Ize dosahnout lepSich

vysledkt pii méfeni v médu FTIR DRIFT (Diffuse reflectance infrared Fourier transform).

Preduprava vzorki je velmi Casto ¢asové naro¢na, a proto je vyhodnéjsi zvolit metody stanoveni
mikrobioplastll, kde je mozné analyzovat vzorek pfimo bez néjaké dalsi manipulace. Mezi takovéto
metody patii metody zaloZené na termickém rozkladu vzorku a nasledné analyze uvolnénych plyni. U
téchto metod je mozné stanovit pouze mnozstvi mikrobioplastu ve vzorku. Timto postupem tedy neni
mozné zjistit velikost Castic, jejich tvar a pocet (jako napiiklad u FTIR mikroskopie) [112].
Nejjednodussi je analyzovat vzorky, kdyz je k dispozici nekontaminovana matrice (blank). Toto je pravé
ptipad vzorki z biodegradacnich experimenti. Pro detekci i stanoveni mikrobioplast v t€chto pidach
je pak mozné vyuzit pouze samotné termogravimetrie, kdy je mnozstvi mikrobioplastu urceno piimo
z ubytku hmotnosti v teplotnim intervalu typickém pro dany mikrobioplast odecteného od ubytku
hmotnosti v blanku ve stejném teplotnim intervalu (Obrazek 2 v Priloze E). V Ptiloze E jsou takto
analyzovany vzorky piid po biodegrada¢nim experimentu PHB v rGznych typech ptdy. Pfi této metodé

je limitujicim faktorem maly objem méficich panvicek (200 pl), a také odlisné slozeni SOM v pudach
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se vzorky a v padach se slepym pokusem z divodu odlisného chovani mikroorganismu v pfitomnosti

cizich ¢astic.

U realnych environmentalnich vzorkii neni casto nekontaminovand matrice k dispozici, proto je potieba
vyuzit sofistikovangjSich metod. V Priloze B je vyuZzita metoda TG-MS pro stanoveni mikrobioplastl
PLA a PHB v pudg, pfi které byly nejdiive uréeny charakteristické m/z zméfenym cistych bioplastt
(PHB = 68 a 86; PLA =29 a 43). Poté byly vytvoreny kalibra¢ni smési. Pro odstranéni experimentalni
chyby z divodu nehomogenity vzorki byly pidy spikovany pfimo v panvickach. Pti experimentech
nebyly pozorovany plynné produkty termického rozkladu s vy$§imi m/z, coZ bylo vysvétleno nizkou
teplotou transfer kapilary (maximalni teplota vyhfivani u pouZitého pfistroje byla 300 °C), kvuli které
doslo ke kondenzaci téchto plynnych produkti pied tim, nez se dostaly do hmotnostniho spektrometru.
V této praci byl ovéfeny minimalni vliv signdlu matrice stanovenim zavislosti poméru obou
charakteristickych m/z na koncentraci analytu (Obrazek 6 a 7 v PFiloze B). V ptipadé vys$siho obsahu
interferujici SOM by nebylo mozné tuto metodu pouzit. Kritické to je v pfipadé PLA, u které jsou
zvolené m/z tak nizké, ze by mohla byt matrice snadno jejich zdrojem. V tomto ptipadé by pak bylo
nutné pouzit pfistroj s kapilarou vyhfivanou na vyssi teplotu, anebo pfistroj s pfimym vstupem
Z termogravimetru do hmotnostniho spektrometru. LOQ u tohoto experimentu se pohybovalo v rozmezi
1,82 az 4,72 %, takze je tato metoda vhodné pouze pro siln€¢ kontaminované ptady. Tento pfistup mize
byt, ale pouzit pro vyvoj metody, kde je misto termogravimetrie pouzita pyrolyza, pii které se analyzuji
vyrazné vys§i mnozstvi vzorku (TG-MS vyuziva typicky desitky mg vzorku u analytické pyrolyzy to

muzou byt az gramy vzorku).

Nejkomplexné&jsi matrici, se kterou jsme se setkali, byl aktivovany kal, na kterém jsme také testovali
moznosti metody vyvinuté pro pudy. Vysledky této prace jiz nebyly publikovany v Piiloze B, budou
publikovany separatné pozdéji. Tyto vzorky mohou pochézet pfimo z Cistiren odpadnich vod, anebo
z vysusenych vzorkt biodegradacnich experimentl ve vod¢, kde se aktivovany kal pouziva jako zdroj
mikroorganismi. Problematické je, Zze se v buinikach aktivovaného kalu PHB vyskytuje jako zasobni
zdroj energie mikroorganismu a je proto nutné pii analyze odlisit pfirodni PHB od PHB antropogenniho
puvodu. V tomto pfipad¢ je mozné vyuzit toho, ze ptirodni PHB je vazané na proteiny piimo v buiikach
a termaln¢ degraduje pfi vyssich teplotach nez PHB antropogenniho ptivodu, které se nachazi volné ve
vzorku. Pfi téchto experimentech je nezbytné postupovat pii vysusovani vzorku a homogenizaci velmi
opatrné aby doslo k co nejmensimu poruseni bun¢k bakterii aktivovaného kalu, a tim padem uvolnéni
ptirodniho PHB. Experiment se spikovanym cistirenskym kalem byl proveden za stejnych podminek
jako u experimentu v Pfiloze B. Na Obrazku 7 jsou vysledky tohoto experimentu, kde v ¢asti A je
vysledek analyzy aktivovaného kalu spikovaného 0,7 % PHB. Cernou &arou je zde oznaen signal
ziskany z pfistroje pro m/z 68. Vzhledem k tomu, ze se piky pfirodniho a antropogenniho PHB
prekryvaji, je nutné je oddélit matematickou dekonvoluci. Lze tim ziskat ostry pik antropogenniho PHB

(zelena Cara) a prirodniho PHB (modra ¢ara). Cervena ¢ara poté znazoriiuje slouceni obou piki, u
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kterého je vidét neptesnost pfi fitovani piku pfirodniho PHB, a proto je zde potfeba zvolit pokrocilejsi
zpusob oddeleni téchto pikll. Na Obrazku 7B je zaznam z analyzy blanku, kde je mozné také vidét pik
antropogenniho PHB. PHB se uvolnilo z bunék kvuli nesetrné manipulaci s aktivovanym kalem, ktera
vedla k naruseni nékterych bunék bakterii aktivovaného kalu. Bude proto nutné vyvinout lepsi zpisob

suSeni a homogenizace téchto vzorkt, které povede k menSimu narusovani bunék mikroorganismi.

450 A . B
1 180 -
400 -
350 ” 160
300 - ]
| % 140 -
[0 0)
B 250 N i
N 1 &
™ -
& 200 L
150 100 -
100 |
- { 80
50 - l
04 60 -

b T L T LE T ) 1 T L T L T Y T L T Y T 3
0 200 400 600 800 0 100 200 300 400 500
Teplota (°C) Teplota (°C)

Obrazek 7: A) zdaznam z experimentu s vysusenym aktivovanym kalem spikovanym 0,7 % PHB (Cernd
¢ara), zelena cara je fitovany pik antropogenniho PHB, modra cara je fitovany pik prirodniho PHB a
Cervenou carou je oznaceny soucet obou pikii. B) zaznam nespikovaného aktivovaného kalu.

Nakonec jsme tedy vyvinuli metodu zaloZzenou na TG ptipadné TG-MS, ktera mize otevfit cestu pro
relativné snadné a rutinni analyzy mikrobioplasta v pidé. Jeji nejvétsi slabinou jsou vysoké limity
detekce a kvantifikace, které je ale mozné snizit analyzovanim vét§iho mnozstvi vzorku najednou a
pouziti pristroje s kapilarou vyhiivanou na vyssi teplotu nebo, jak pfedpokladame, pfistroje s pfimym
vstupem z TG do MS. Pro analyzu mikrobioplasti PHB v aktivovaném kalu je potieba vyfesit problém
s uvolnénim ptirodniho PHB mimo bunky aktivovaného kalu pouzitim méné agresivni susSici metody a
problém se slouc¢enymi piky. Je nutné tedy najit bud’ vhodné podminky analyzy (napiiklad optimalizovat
rychlost ohievu), pfi kterych budou odd€leny, anebo vyuzit lep§i matematicky model pro jejich
dekonvoluci.

Odpovéd’ na vyzkumnou otazku 2 tedy je, ze nékteré metody pouzivané pro stanoveni konvenénich
mikroplastii je mozné pouzit pro stanoveni mikrobioplast. Je nutné se vyhnout piedupravé vzorku
agresivnimi chemikéliemi, a proto jsou vhodné metody pro tyto analyzy ty, které umoziuji analyzu

vzorkl bez potieby Cisténi, extrakce a zakoncentrovani analytl. TaktéZ nesmi analytické signaly matrice

36



vzorkll interferovat se signalem analytl. Obé tyto podminky spliiuje vyvinuta TG, respektive TG-MS

metoda, u které je potfeba snizit limity detekce.
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3 Vyzkumna otazka 3: Je vliv mikrobioplasti na zivotni prostfedi srovnatelny s

doposud zndmym vlivem konven¢nich mikroplast?

Vzhledem ktomu, Ze se produkce bioplasti neustdle zvySuje a predpoklada se jejich vyuziti
v zeméde¢lstvi, je pravdépodobné, Ze se tento typ materialu brzy stane jednim z ptidnich kontaminantd.
vzniku mikroplastt. V pfedchozich kapitolach bylo ale diskutovano, ze naopak mohou Vv nékterych
pfipadech vést k rychlej§imu vzniku mikrobioplasti a proto je potieba zjistit jaky vliv budou mit
mikrobioplasty na pudu v porovnani s mikroplasty. Diky tomu bude mozné posoudit, které aplikace
bioplastt davaji smysl, a které by mohly byt problematické. Vliv mikrobioplasti na pidu mize byt
sledovan z riznych pohledii, naptiklad by tyto ¢astice mohly ovlivnit fyzikaln€ chemické vlastnosti
pudy, pidni zivocichy, rostliny a mikroorganismy. Chovani mikrobioplastt v ptidé se kviili jejich
biodegradabilité bude ménit s ¢asem, proto je potiecba popsat jejich efekty v dob¢, kdy vstoupi do pudy,
v dobé, kdy bude probihat jejich biodegradace, a také jak ovlivni ptidu po tom, co kompletn¢ zdegraduyji.

V experimentech v Priloze C jsme zjistili, Ze ihned po vstupu do ptudy bude vliv mikrobioplastd a
mikroplastii na SOM podobny, protoZe se pii jejich interakci s pidou uplatituje pouze jejich velikost a
hydrofobicita (ktera je u zkoumaného PET a PHB podobna) a nikoliv jejich biodegradabilita. Tyto
efekty jsou popsany v Pr¥iloze C, kde jsou experimenty s PET mikroplasty a PHB mikrobioplasty
v raseliné vystavené riznym relativnim vlhkostem. Raselina byla zvolena z diivodu vysokého podilu
SOM, diky kterému je mozné 1épe pozorovat efekty mikrocastic na ptidu a eliminovat vliv interakci
mezi mikrobioplasty a mineralni ¢asti (mineralni) pudy. Jejimu vystaveni riznym vlhkostem bylo
dosazeno rtzné rigidity struktury SOM a tim padem i riiznych forem piidni vody, na kterych byly
nasledn€ pozorovany efekty mikrocCastic. VIiv na obsah ptidni vody nebyl u obou mikroc¢astic v ramci
experimentalni chyby pozorovan, takze neni mozné fict, zdali mikroplasty, anebo mikrobioplasty maji
na tento parametr né€jaky efekt. Na druhou stranu, bylo zjisténo, ze pfitomnost mikro(bio)plast v ptdé
snizuje desorpcni entalpii vody a ovliviiuje vodni molekulové miistky. Z tohoto divodu muze dojit
k naruseni struktury pidy a vysychani pidy, které se v makroskopickém meéfitku projevuje vznikem
prasklin v pidé. Podobné efekty v experimentech s PE folii v pidé pozoroval i Wan a kol., ktery
nasledné publikoval Obrazek 8 zobrazujici tyto pidni praskliny [176]. Vliv PHB na Zivé organismy byl
studovan v ramci interniho projektu KInG na zizalach Eisenia fetida, u kterych bylo pozorovano
nepatrné snizeni hmotnosti v akutnim testu a snizeni porodnosti novych jedinct v reprodukénim testu

v testech dle metodiky OECD.
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Obrdzek 8:Puida vystavena viivu 1% kontaminaci PE folie o riizné velikosti po dobu 10 a
20 hodin [176]

Bioplasty jsou vétSinou tvofeny pouze atomy C, H a O, vazby mezi nimi jsou snadno metabolizovatelné,
a proto bioplasty ptedstavuji snadno dostupny zdroj uhliku pro ptidni organismy. Vysledkem pak je, Zze
jejich vstup do ptidy a nasledna biodegradace vede k poruSeni rovnovahy zivin z davodu prudkého
nartstu obsahu pudniho uhliku. V P¥iloze D jsou publikovany vysledky kvétina¢ovych experimentt se
salatem, ktery rostl v pudé kontaminované riiznymi koncentracemi PHB a s riznym obsahem pisku po
dobu 8 tydnu. Nasledné bylo analyzovano mnozstvi sklizené biomasy, mikrobialni aktivita a druhové
sloZzeni mikrobidlniho biomu. Bylo zjisténo, ze v ptid€ s nizkym obsahem pisku (a tedy i vysSim
obsahem zivin) vedlo pfidani PHB do pidy k prednostni spotiebé PHB uhliku a tim padem k ochuzeni
pudy o dusik, coz se negativn€ projevilo na mnozstvi vyprodukované biomasy. Piidavek PHB také
zpusobil nardst mnozstvi mikroorganismi schopnych degradovat PHB na tkor ostatnich
mikroorganismi. Na druhou stranu u pid s vét§im mnozstvim pisku (60 az 80 %) byl pozorovany nartst
enzymatické aktivity, ktery mohl byt zpisobeny tim, Ze PHB uhlik ¢astecné nahradil funkci SOM, které
bylo v této pude¢ nedostatek. Tudiz nelze fict, ze by méla pfitomnost PHB v pude vzdy pouze negativni

efekty a vzdy bude zéleZet na typu plidy a na mnozstvi zivin v ni obsazenych a na ¢asovém meftitku.

V Priloze E jsou uvedeny vysledky experimentu s tfemi rdznymi pidami spikovanymi tfemi
koncentracemi PHB (0,5, 1 a 3% PHB) inkubovanymi po dobu 300 dnt v respirometru.
Z termogravimetrického stanoveni zbytkového obsahu PHB vyplynulo, ze v pid¢ s nejniz§im obsahem
PHB veskeré PHB zdegradovalo po méné nez 200 dnech a je tedy mozné pozorovat ovlivnéni SOM
biodegradaci z dlouhodobého hlediska. V pudach s obsahem 1% PHB dle termogravimetrie prave
v dobé ukonceni experimentu doslo ke kompletni biodegradaci a je tedy mozné posoudit ptimy vliv

biodegradace na pidy a v puidach s nejvyssi koncentraci neni PHB zcela zdegradovano a je tedy mozné
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pozorovat vliv dlouhodobé biodegradace na pidu. Analyza pidni vlhkosti v testovanych ptdach
potvrdila vysychani pud s vyssim obsahem SOM zjisténé v Priloze C. U pidy s niz§im obsahem SOM
doslo pti experimentu k mirnému zvyseni ptidni vodni kapacity. Termogravimetrické stanoveni celkové
SOM a jejich frakci zase ukazuje jaky mé vliv na pidu dlouhodobd zvySenid mikrobidlni aktivita
zpusobena mikrobioplasty, doslo zde totiz ke snizeni celkové a stabilizované SOM oproti blanku, coz
naznacuje, Zze by mikrobioplasty mohly v ptidé zptsobovat priming effect, kvili kterému pfichazi ptida

o ¢ast pudniho uhliku, ktery je do atmosféry vydychan mikroorganismy ve formé COs..

Podobné jevy byly také popsany v nékterych studiich s experimenty s konvenénimi mikroplasty [96;
102]. To znamena, Ze pti¢inou téchto jevii nemusi souviset pouze s biodegradaci bioplastd. Pfi vstupu
téchto ¢astic do piidy muize dojit k oxidativnimu stresu mikroorganismu, ktery nasledné vede ke zvySeni
jejich aktivity a tim padem k degradaci SOM a naruseni cykld nutrientt [102]. TaktéZ na povrchu
konvencnich mikroplastl dochazi k selekci mikroorganismt, ¢imz vznika na mikroplastech biofilm
(nika) oznacovany jako plastisféra [17; 101]. Tyto organismy pak intenzivné produkuji extracelularni
enzymy, které taktéz ovliviiuji vlastnosti pudy [102]. Tyto negativni efekty jsou v téchto ¢lancich
popsané Casto v pripadech vysokych koncentracich mikroplastii (na rozdil od nasich experimentti, kde
je mozné pozorovat vliv mikrobioplastl uz pfi koncentraci 0,1 %) a jsou pozorovany jen v nékterych
pudach [76]. Pro uréeni toho, které zptisobuji pouze biodegradabilni mikroplasty, a které jsou naopak
spolecné pro mikroplasty a mikrobioplasty je potieba experimenty zopakovat se zastupci konvencnich

mikroplastt.

Odpovedi na vyzkumnou otazku 3 je, ze mikrobioplasty mohou mit podobné efekty na plidni abiotické
vlastnosti, pfedev§im na pudni vodu a strukturu. Stejné tak na obou typech téchto Castic se dafi jen
nékterym druhim mikroorganismd, a tim ovliviiuji mikrobidlni diverzitu v pudé v okoli ¢astice. Na
rozdil od konvenénich mikroplast se u mikrobioplasti prosazuji taktéz efekty zpuisobené jejich

biodegradaci, tzn. naruseni rovnovahy nutrient v piid€ a rychlejsi degradace SOM (priming effect).
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4 Vyzkumna otazka 4. Existuji néjakd rizika vyuziti biodegradabilnich plasti

V zemédélstvi?

Jak je patrné z odpovédi na vyzkumnou otazku 3, otdzka 4 jiz byla ¢aste¢né zodpovezena. Je ziejmé, ze

pouzivani bioplastovych vyrobkti miize mit za urcitych podminek negativni vliv na zemédélskou ptdu.

Dalsimi aspekty, které je nutné brat v uvahu je fakt, ze jiz samotné biodegradabilni produkty mohou
obsahovat zarodky cizorodych mikroorganismu piimo z vyroby. Lze také uvazovat, zda biodegradabilni
vyrobky nemohou zpusobit naruseni diverzity ptudnich mikroorganismi, tim Ze se na jejich povrchu
bude dafit jen nékterym z nich, anebo muze dojit biodegradaci ke vzniku mikrobioplastu, ktery ovlivni
fyzikalné chemické vlastnosti piidy a tim i pudni organismy. Tim padem muze jejich aplikace do
zemédélské pudy teoreticky vést K niz§im vynosum zemédélskych plodin, a pfipadné také ke zvyseni

objemi pouzitych pesticidi, coz je proti logice ekologického zeméd¢lstvi.

Jako ptiklad testovani zeméd¢€lskych vyrobka uvadime v této praci vyvoji inteligentniho hnojiva, které
bylo vyvinuto ve formé granuli obsahujicich pfiblizné 50 % mocoviny a 50 % PHB pokrytych riznym
poc¢tem vrstev PHB (vyvinuto v ramci projektu MPO TRIO Smart Fertilizers) Tyto granule se vyznacuji
postupnym uvolilovanim mocoviny a maji omezit odplavovani ¢asti hnojiva destovou vodou a tim snizit
potfebné mnozstvi hnojiva pouzité na polich a prinik nutrientd do povrchovych vod, kde zplsobuji
eutrofizaci. Nejdiive bylo sledovano uvolfiovani mo¢oviny z granuli v pidnim vyluhu pomoci stanoveni
amoniovych iont vzniklych hydrolyzou moc¢oviny. Byly pouZity granule bez coatingu, s jednou vrstvou
PHB a dvéma vrstvami PHB. Experiment trval po dobu 16 dnti. V pravidelnych intervalech byl odebiran
1 ml suspenze, ktery byl piefiltrovan a analyzovan pomoci analytické sady Merck 114752 Ammonium
test (LOQ uvedené vyrobcem 0,05 mg-dm-=3). Na Obréazku 9 jsou vysledky tohoto experimentu. Jsou zde
uvedeny vSechny granule bez primérovani vysledkd, protoze u kazdé granule doslo k uvolnéni a
spotiebé mocoviny v jinou dobu. U granuli bez coatingu je vidét okamzity narst koncentrace
amoniovych iontd, protoze zde méla voda piimy piistup k mocoviné. U ostatnich granuli je mozné vidét
nejdrive bytek amoniovych iontt, které byly spotiebovany pii biodegradaci coatingu a nasledny narist
koncentrace téchto iontti uvolnénych z granule. U vétSiny granuli pak byl pozorovan dramaticky ubytek
amoniovych iontd pod uroven blanku, coZ naznacuje, Ze veSkeré hnojivo bylo spotfebovano na

biodegradaci granule.
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Obrazek 9: Vysledky experimentu s granulemi inteligentniho hnojiva. Legenda tohoto grafu obsahuje
datum, kdy bylo provedeno stanoveni koncentrace amoniovych iontii. Experiment zacal dne 29.4.

Pro posouzeni realného chovani granuli v pidé byly granule inkubovany v pudé v respirometru za
stejnych podminek jako pii biodegradacnich experimentech. Piida byla nejdiive inkubovana po dobu
7 dnti, a potom byla pfidana granule do kazdé nadobky s vyjimkou nadobek s ¢istym PHB a blankem.
Uvolnéni moc€oviny indikoval prudky nartst uvolnéného CO. z dlivodu vyssi aktivity mikroorganismu
v nadbytku ptidniho dusiku. Na Obrazku 100brazek 10 je zobrazeno uvoliiovani CO; Vv Case, kazda
granule, blank a cist¢ PHB bylo inkubovéno ve dvou riznych nadobkach a vysledky byly pro
ptrehlednost zprimérovany. U granuli bez coatingu je pozorovan okamzity narist uvolnéného COzihned
po vlozeni granule do pudy. U granuli s jednou vrstvou coatingu je pozorovan podobny narist se
14dennim zpozdénim zpusobenym degradaci coatingu. U granuli se dvéma vrstvami coatingu je jasné
vidét, Ze jedna z granuli méla defektni vrstvu a uvolnila moc¢ovinu jiz po 12 dnech (prvni prudky nartst
v produkci CO;), coz je srovnatelné s granulemi s jednou vrstvou coatingu a u druhé granule doslo
k uvolnéni mocoviny az po 28 dnech od vloZeni granule. Je tedy mozné Fict Ze jedna vrstva coatingu
zpomalila uvolnéni moc¢oviny o 14 dnti. Tento experiment probihal dale po dobu 468 dnti, béhem néhoz

nedoslo k Gplnému rozlozeni granuli.

Povazujeme za velice dulezité, ze pfi vyjmuti pud z pristroje byla ve vétsiné nadobek pozorovana plisen
v okoli zbytkl granuli (Obrazek 11). Z toho je mozné usuzovat, ze PHB v pud¢ uptednostiiuje rist hub
(plisni), které se v pudé bézn¢ vyskytuji a vede kjejich pfemnozeni. To je v souladu s vysledky
z experimentl v Pfiloze D, kde byl zjiStén nartst plisni oproti ostatnim mikroorganismtim ve vét$in¢

vzorkd.
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Prvni naznaky moznosti snadné kontaminace PHB vyrobkt jsme také pozorovali v laboratofi pfi suSeni
PHB po mokrém sitovani, kdy byly nékteré vzorky napadeny plisni. Vzhledem k tomu, ze vyskyt této
plisné v laboratofi zptisobil masivni thyn v chovu okiehku mensiho, bylo nutné susit PHB v jiné
laboratofi. Vizualni analyza naznacila, ze se mohlo jednat o Fusarium oxysporum, ktera je ptirozenou
soucasti pudniho edafonu a ma na né€které rostliny silné fytotoxické u€inky [177]. V kombinaci s efekty
bioplastd na fyzikalni a chemické vlastnosti ptdy, které byly popsany v predchozi kapitole se ukazuje
jako dulezité, veskeré bioplastové produkty urcené pro zemédeélstvi pred pouzitim dikladné otestovat a
aktivné branit napadeni patogennimi mikroorganismy. Podobn¢ je tomu samoziejmé i s obalovymi a

dal$imi materidly. Nicméné, toto jsou témata, kterd presahuji ramec této disertacni prace.

100
90
80
70
60
50
40
30
20

Uvolnény oxid uhli¢ity [mg]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Den experimentu

——Bez coatingu ——1 vrstva PHB ——2 vrstvy PHB Cisté PHB ——Blank

Obrazek 10.: Uvoliiovany CO: pri inkubaci granuli chytrého hnojiva v respirometru

Obrazek 11: Granule chytrého hnojiva po ukonceni experimentu. A) granule bez coatingu, B) granule
s jednou vrstvou coatingu, C) granule s dvéma vrstvami coatingu
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Odpoveéd na vyzkumnou otazku 4 tedy je, Ze vyuzivanim bioplastovych produktd by mohlo dochazet
ke vstupu invaznich mikroorganismi zijicich na téchto vyrobcich, a také ovlivnéni mikrobialni diverzity
a vznik mikrobioplastt, jejiz vliv na puadu je popsian v Odpovedi na vyzkumnou otazku 3.
Nejzasadnéjsim problémem se zda piipad, kdy bioplasty v pudé mohou podporovat rist plisni, které

nasledné povede k vétsi aplikaci fungicidli na zemédélské ptdy.
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Zavér

Produkty vyrobené z biodegradabilnich bioplastli za¢inaji nahrazovat produkty vyrobené z konvencnich
plastt kvuli tlaku ze strany organizaci a zdkaznikl. Spotiebitelé se potom mohou mylné¢ domnivat, ze
tyto materialy neptedstavuji pro zivotni prostiedi zadnou hrozbu, ¢imz se muze zvysit odhazovani
odpadkl v Zivotnim prostiedi (littering), bioplastové produkty mtzou pouzivat Spatnym zptisobem,
a tim mohou neumyslné zatizit zivotni prostiedi [178]. Kvili Jevonsovu paradoxu (jev, pii kterém
usporné opatieni vyvola vétsi spotiebu) mize také dojit k vyssi spotiebé biobased-plastu a tim i vyssi
produkei (bio)plastového odpadu [179], pro jehoZ recyklaci v soucasné chvili neexistuje infrastruktura.
Velmi ¢astym zptisobem jeho likvidace je kompostovani. Takto vznikly kompost mize obsahovat velké
mnozstvi mikrobioplasti vzniklych nekompletni biodegradaci, kterymi se mize kontaminovat ptda.
Proto nékteré kompostarny separuji bioplasty z bioodpadu, které poté konci ve spalovnach nebo na
skladkach [180]. TaktéZ nespravné vyuzivani bioplasti v zemédélstvi mize byt vyznamnym (byt

relativné kratkodobym) zdrojem mikrobioplasti v padé [37].

Neni zcela objasnéno, zdali bude tento odpad stat za masivni tvorbou mikrocastic s velkou sorpcni
schopnosti, chronickou toxicitou pro Zivé organismy nebo negativnim vlivem na pudu. Sou¢asné normy,
na zaklad¢, kterych jsou nové materidly testovany a certifikovany, neodrazi realné podminky, kterym
budou bioplasty vystaveny v Zivotnim prostiedi a neni v nich kladen diiraz na detekci rezidui vzniklych
pti biodegradaci. Proto je potfeba vyvinout spolehlivou a rychlou metodu pro stanoveni téchto ¢astic ve
vSech slozkach Zivotniho prostiedi, a pfedevsim v pudg. Jak vyplyva z této prace, metody pro stanoveni
mikrobioplastii mohou byt inspirovany jiz vyvinutymi piistupy, nicmén¢ bioplasty maji sva specifika,
ktera je nutné pii volbé metody brat na zietel. Jde pfedevs§im o jejich chemickou nestabilitu, diky které
neni mozné pouzit pii rozkladu matrice agresivni chemikalie, ¢imz se vyznamné komplikuje cela
analyza a je nutné pouzit metody, které nevyzaduji zadnou predipravu vzorku. A také ptirozeny vyskyt
analyzovaného polymeru nebo jeho monomer miize interferovat s analytickym signalem, ktery dava
mikrobioplastova kontaminace. Zde ptedstavené metody (PFiloha B a E) maji potencial byt zakladem
pro takovouto metodu a je zde predstavena cesta, kterou by mohly byt vylepSeny, aby byly dostateéné

citlivé k analyzam realnych vzorka.

Pfi vyvoji novych bioplastovych materialti, anebo vyrobkii je potfeba dukladné ovéfit jejich
biodegradabilitu v podminkach, kde se pfedpoklada jejich end-of-life a idealné po biodegrada¢nim
experimentu vysledky verifikovat analyzou rezidui bioplasti. Nedilnou soucasti certifikace novych
produktti by méla byt analyza jejich vlivu na zivotni prostiedi, a to pfi jejich vstupu do testovaného
ekosystému, béhem jejich biodegradace a po jejich biodegradaci. Bez téchto experimentti neni mozné

zarucit bezpecnost jejich pouzivani.

Prestoze jsou v této praci prezentovany mozné problémy plynouci z pouZzivani bioplastid, musime

zminit, Ze jsou praveé bioplasty moznou nadéjnou cestou k omezeni vzniku mikroplastt, které sami o
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sob¢é predstavuji riziko pro zivotni prostiedi. Tato prace mad poukéazat na slabiny pfi testovani
biodegradability a mozny vliv bioplastii na Zivotni prostfedi, které je nutné brat v avahu pii vyvoji
novych materiald. Pfi tom je tedy nutné nejen zabezpecit jejich konec zivota (biodegradace, recyklace),
ale 1 definovat limity jejich vyuzivani a podminky, za kterych je jejich vliv na Zivotni prostiedi
minimalni nebo nejlépe pozitivni, jak je Casto deklarovano. Proto by mély byt biodegradabilni plasty
zatazeny do zvlastni kategorie plastového odpadu. Nasledné je nutné vypracovat strategie na snadné a
ekonomicky vyhodné metody jejich fyzikalni recyklace, ktera je v soucasné dobé komplikovana
(naptiklad pii recyklaci PHB dochazi k jeho degradaci) [43]. Neni mozné spoléhat pouze na jejich
kompostovani, které v soucasné dobé neni ekonomické, miize vést ke kontaminaci piidy mikrobioplasty
a tudiz nedava pfili§ smysl [181]. A neméla by se ani opomijet osvéta laické vefejnosti, jak tyto produkty

vyuZzivat, a hlavn¢ jak spravné zachazet s bioplastovym odpadem.
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1. Introduction

In 2016, 335 million tons of plastic materials were produced world-
wide (PlasticsEurope, 2017). This was mainly due to their resistance to
corrosive chemicals, hydrolysis, microorganisms, heat and light; their
low density; and their useful mechanical properties (Bagheri et al.,
2017). Some of these advantages can turn into disadvantages in terms
of processing waste and environmental pollution, however. For exam-
ple, only 9% of all plastics produced in the last 65 years was recycled,
while 12% was incinerated in waste incinerators and the remaining
79% was landfilled, i.e. stored in the environment (Geyer et al., 2017).
Current studies estimate that five trillion pieces of plastics with a total
mass of 250 million tons are floating in oceans across the world and
that an additional eight million tons are added each year (Andrady,
2011; Guo and Wang, 2019).

Concentrations of microplastics in soil are more difficult to estimate
because of complications caused by a multitude of soil biotic and abiotic
processes, the interaction of particles with various components of soil,
strong matrix effects and challenging extraction methods. A limited
number of studies have focused on the determination of soil
microplastic concentrations (Rillig, 2012), however, some estimates
suggest that microplastic concentrations in terrestrial ecosystems
could be 4-23 times higher than in aquatic ecosystems (de Souza
Machado et al.,, 2018). Several authors have estimated that the
microplastic content in soils can reach from 5.5 - 107> wt% in protected
Swiss floodplain soils (Scheurer and Bigalke, 2018) to 6.7 wt% in
Australian urban/industrial area soils (Fuller and Gautam, 2016).

Conventional (oil-based) plastics are supposed to degrade very
slowly in environmental conditions (Ward et al., 2019), and their grad-
ual decomposition leads to the formation of mesoplastics (longest di-
mension 1 to 10 mm), microplastics (1 to 1000 pm) and nanoplastics
(1 to 1000 nm) (Hartmann et al., 2018). In general, microplastics are
categorised as either primary or secondary (Wong et al., 2020). Primary
microplastics are made intentionally and used in cosmetics, cleaning
products and abrasive mixtures, whereas secondary microplastics are
formed by abrasion or disintegration of larger plastic objects or particles
(Laskar and Kumar, 2019).

Once microplastics enter the soil, they become part of complex soil
organic matter and mineral substituents, which further increases its
persistence (Bldsing and Amelung, 2018). As a result, the particles accu-
mulate in all ecosystems, raising concerns about their negative side ef-
fects (Thompson, 2004). The particles are dangerous because of their
ability to adsorb and concentrate hazardous chemicals from water,
such as pharmaceuticals or pesticides, and thereby serve as carriers of

these compounds to organisms (Guo et al., 2019). When reaching cer-
tain concentrations, microplastics in aquatic ecosystems can cause
chronic reproductive toxicity in microorganisms, higher mortality,
food intake problems, endocrine disruption and oxidative stress; im-
mune and nervous system disorders have also been observed
(Jaikumar et al., 2019; Bosker et al., 2019; Lu et al., 2016). In general,
as the radius of the particles decreases, their active surface increases,
which can be assumed to cause greater biological activity and adsorp-
tion capacity of nanoplastics. Plastic nanoparticles can also penetrate
the cell wall, thereby transporting the adsorbed substances directly to
the cells (Ferreira et al., 2019). Information regarding the difference be-
tween conventional and biodegradable microplastics is very limited,
however, some studies have shown that biodegradable microplastics
are better sorbents (Gong et al., 2019; Zuo et al., 2019) and affect natural
environments (Green et al., 2016; Chen et al., 2020).

In January 2018, the European Commission responded to the prob-
lems of recycling and disposing of plastics by confirming its continued
promotion of recycling and identifying the possible benefits and risks
of using biodegradable plastics (Haider et al., 2018). Bioplastics are de-
fined according to the source of their material or how long they take
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Fig. 1. Types of bioplastics and some examples (Ashter, 2016).
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to biodegrade, for example, bioplastics made from plants or animals are
called biobased bioplastics. However, not all biobased bioplastics are
biodegradable and not all biodegradable plastics are biobased (Ashter,
2016) (see Fig. 1). The biodegradable bioplastics are supposed to un-
dergo significant microbial biodegradation in a short period of time (ac-
cording to biodegradation standards this should be 180 days) under
favourable conditions (temperature, pH, humidity, etc.). The decompo-
sition of these plastics is accompanied by the formation of water, meth-
ane and/or CO, and biomass. In this review, we focus on problems with
the determination of biodegradable bioplastics.

One of the first disciplines to use bioplastics was medicine, which
has used biodegradable plastics since the late 1980s as a specific active
substance carrier, a replacement for human tissues and as surgical im-
plants (Van de Velde and Kiekens, 2002). More recently, bioplastics
have also gained great popularity in 3D printing (Ferreira et al., 2017).
As materials, biodegradable plastics are promising alternatives to con-
ventional, mostly non-biodegradable, plastics (Haider et al., 2018).
This has led to them being used for food packaging, mulch films,
geotextiles, waste bags, cosmetics and clothing (Van de Velde and
Kiekens, 2002). In 2017, 2.05 million tons of biobased plastics were pro-
duced worldwide, of which 43.2% were biodegradable namely
bioplastics (polybutylene adipate terephthalate (PBAT), polybutylene
succinate (PBS), polylactic acid (PLA), polyhydroxybutyrates (PHA),
starch-, pectin-, chitosan-based blends/composites (Bertolino et al.,
2020; Cavallaro et al., 2019) and other biodegradable bioplastics)
(Fig. 2). By 2022, this is expected to increase to 2.44 million tons
(Agnihotri et al.,, 2019).

The complete biodegradation of bioplastics occurs only under very
specific conditions, the most important being suitable temperature
and pH, optimum humidity, a rich environment for microorganisms
and sufficient nutrients (Bastioli, 2005). The most suitable environ-
ments for biodegradation are therefore compost (temperature, fungi,
bacteria) > soil (fungi, bacteria) > freshwater (bacteria) > marine
water (dilute bacteria). In fact, only industrial compost meets the opti-
mal and controllable conditions for biodegradation, and in natural eco-
systems, biodegradation conditions are often not feasible, leading to a
significant slowdown in biodegradation. One of the first and most im-
portant steps of degradation is biofragmentation, which is dependent
on the type and number of enzymes. Enzymes are produced intracellu-
larly, and relatively specific conditions are required for their excretion.

Paradoxically, if the conditions are not met, microplastics are pro-
duced much faster in the case of biodegradable plastics than in conven-
tional oil-based plastics (Sintim et al., 2019). Multiple biodegradation
studies have been conducted and only a few achieved complete biodeg-
radation (Emadian et al.,, 2017). Therefore, it is very likely that most of
the unbiodegraded material is fragmented into microplastics or

bioPA 11.9%

Z bioPE 9.7%

PBAT 5%

bioPET 26.3%

~~ — PBS 4.9%

~PLA 10.3%

— PHA 2.4%

\
Starch blends 18.8%

Other biodegradable 1.5%

Other biobased /
non biodegradable 9.2%

Fig. 2. Worldwide production of biobased plastics in 2017.
Modified from Agnihotri et al. (2019).

nanoplastics. As there are no analytical techniques for their determina-
tion, the presence of PHB biomicroplastics can only be proven by
microscopy (Shruti and Kutralam-Muniasamy, 2019), and unlike con-
ventional plastics (Rillig, 2012), the fate of these microplastics (Bldsing
and Amelung, 2018) is not studied or discussed in any way.

With growing production and use of bioplastics, this topic clearly
needs to be studied further. The first step in deciding the presence and
impact of microplastics in the environment is their unambiguous iden-
tification and quantification. Although there are currently no analytical
methods for the determination of biodegradable microplastics in
water, soil or compost (Crawford and Quinn, 2017), it is possible to be
inspired, at least methodically, by the research dealing with the analysis
of conventional microplastics.

In this review, we focus on three types of biodegradable bioplastics:
PBAT, PLA and PHB. PLA and PBAT were selected due their wide use and
the controversy regarding their biodegradability and compostability
(Tsuji and Suzuyoshi, 2002; Karamanlioglu et al., 2017; Tabasi and
Ajji, 2015), while PHB was chosen due its promising potential as food-
waste material (Obruca et al., 2010). The number of papers related to se-
lected bioplastics is steadily increasing (Fig. 3). This review does not
deal with bioplastics from starch and modified starches (even though
they represent about 20% of all bioplastics) because PHB, PBAT and
PLA represent bioplastics with a higher potential for microplastics for-
mation according to their life-cycle assessment results as they can be
made from waste and their production does not compete with food.

1.1. Biodegradation and biodegradation tests

The International Union for Pure and Applied Chemistry defines bio-
degradable polymers as polymers ‘that are susceptible to degradation
by biological activity, with the degradation accompanied by a lowering
of its mass’ (Vert et al., 2012). As this definition can refer to both water-
soluble and biodegradable polymers, however, some other organisa-
tions also require the complete mineralisation of the plastics to carbon
dioxide, water and biomass when defining biodegradable plastics
(CEN/TR 15351:2006) (Haider et al., 2018; Horie et al., 2004). This
extra definition has also been adopted by various national and interna-
tional organisations, such as the International Organisation for
Standardisation, to standardise biodegradability tests in fresh water,
seawater, soil and compost, such as EN ISO 14851:1999, EN ISO 17556,
ASTM D 5338 or ASTM D 6400.

Biodegradation has four stages. The first stage is biodeterioration,
where the surface of the material is covered with a biofilm that causes
fragmentation into smaller particles. During the second stage, the debris
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Fig. 3. The number of works related to P3BH, PLA and PBAT from 2000 to 2019.
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is depolymerised by extracellular enzymes from microorganisms in the
biofilm. In the third stage, the resulting small molecules are transported
into the cells of the microorganism, which is called bio-assimilation.
Then, in the final stage, mineralisation occurs, producing water, nitro-
gen and carbon dioxide for aerobic biodegradation and methane for
anaerobic biodegradation (Bagheri et al., 2017; Haider et al,, 2018).

The simplest way to measure biodegradation is by observing the sam-
ple mass loss during the biodegradation test (Chinaglia et al., 2018). This
experiment is only suitable for larger pieces of plastics or foils, which
means that as these pieces break down into smaller particles, inaccurate
results are obtained (Emadian et al., 2017). For this reason, more ad-
vanced methods have been developed. For example, tests for aerobic
biodegradation are based on the measurement of microbial oxygen con-
sumption (biological oxygen demand), released carbon dioxide or total
organic carbon (Emadian et al., 2017; Harrison et al., 2018). In contrast,
tests for anaerobic degradation are based on the measurement of meth-
ane production (Ryan et al., 2017; Batori et al., 2018). As a rule, these
experiments are conducted under controlled conditions in artificial or
well-defined natural test media.

The biodegradability of polymer products should be guaranteed,
when a polymer obtains a certificate, e.g. “Vincotte OK biodegradable”.
The certification is based on a series of tests of biodegradation, disinte-
gration and ecotoxicological safety (Harrison et al., 2018). Nonetheless,
these tests do not include seasonal variations or extent of polymer deg-
radation. In addition, the testing environments tend to be defined for a
specific purpose. For this reason, aerobic and anaerobic biodegradation
in wastewater, freshwater ecosystems and marine ecosystems are
tested separately. Distortion of results may also occur due to different
approaches to inoculum, insufficient reproducibility of results and a
lack of ways to test in uncontrolled environments (Harrison et al.,
2018). As a result, the rate of biodegradation is highly dependent on
various parameters and also certified materials may not be biodegrad-
able an open environment (Harrison et al., 2018). Indeed, under
unfavourable conditions, the biodegradation of bioplastics can take
several decades to produce microplastics similar to conventional
plastics (Bagheri et al.,, 2017; Harrison et al., 2018).

1.2. Biodegradable polymers used in agriculture

Plastic mulching has become a global agricultural practice, therefore,
the risk of plastic residue remaining in the soil and likely breaking down
into microplastics is enhanced in agricultural soils (Steinmetz et al.,
2016). ‘Plasticulture’, as it is known, includes films, foils, nonwoven fab-
rics for mulching, rods and tubes for tunnel structures, anti-hail and
shading nets, seedling pots, stings and clips for tying plants and biode-
gradable seed covers and discs. About 60% of crops would not thrive
without the use of plasticulture and because of this, 1 ha of agricultural
soil may leave 80-200 kg of plastics after one season (Siwek et al.,
2019). The benefits of mulch use include soil humidity reduction and
water retention, which reduces the potential development of fungal dis-
eases as well as lowering the potential of hypoxia in plant roots (Siwek
etal, 2019).

Concerns about plastic waste in agriculture have broadened the
focus of plasticulture to include biodegradable plastic mulching, which
is now gaining popularity. As a result, the current trend is to replace
conventional plastics with biodegradable plastics in agriculture (Shruti
and Kutralam-Muniasamy, 2019). The latter's biodegradability is rarely
100%, however (Kasirajan and Ngouajio, 2012) (or such biodegradabil-
ity success is simply uncertain, often due to seasonal changes in temper-
ature and humidity), and they are suspected of contributing to the
microplastic issue, especially as they can exhibit the same or similar is-
sues as conventional microplastics (ecotoxicological effects, sorption of
persistent contaminants, etc.). Therefore, the possibility of biodegrad-
able plastics forming microplastics in agricultural fields and the envi-
ronment is presumed (Sintim et al., 2019).

PLA, PHB and PBAT are among the biodegradable materials used in
plasticulture. PHB consists of biodegradable and biocompatible poly-
mers that are synthesised by bacteria as energy storage polymers
(Obruca et al., 2014; Obruca et al., 2010). PHB can be completely
biodegraded in all ecosystems, however, through industrial composting
may be biodegraded only up to 78% (Hermann et al., 2011). The most
common representative of PHB is poly-3-hydroxybutyrate (P3HB),
which is produced by gram-negative and gram-positive bacteria
(Pseudomonas sp., Bacillus sp., Methylobacterium sp.) under nutrient-
deficient stress conditions (Ansari et al., 2016). P3HB is a hydrophobic
material that exhibits increased crystallinity, a high melting point and
high fragility, which complicates its processing and limits its potential
use on an industrial scale (Obruca et al., 2014).

The mechanical properties of P3HB can be improved by adding
other polymers (e.g. polylactic acid) to form copolymers (with 3-
hydroxyvaleric acid) or by adding plasticisers (Ansari et al., 2016;
Obruca et al., 2014). As these additives can significantly slow down
the biodegradation of the final product (Bagheri et al., 2017), biodeg-
radation enhancers such as starch are added to these blends. Another
factor that makes it difficult to use PHB is its economic demands on
production, but cost reduction can be achieved by producing P3HB
from waste materials. A very good source of carbon for P3HB synthe-
sising bacteria is rapeseed oil, which also has a high yield. Therefore,
in theory, more than 1 g of PHA can be obtained per gram of oil
(Obruca et al., 2010). Other promising waste materials include prod-
ucts from the sugar industry and hydrolysate coffee grounds (Obruca
et al, 2014).

The second biodegradable polymer of interest is PBAT. PBAT is
susceptible to biodegradation via aerobic bacteria and fungi and is
suitable for industrial and home composting. According to various
studies, the extent of its biodegradation can reach values between
65 and 90 wt% of C degradation depending on the industrial
composting conditions. Its largest producer is the Germany-based
company BASF (about 75 kt p.a.), which trades under the names
Ecoflex® and Ecovio® and produces it as a blend with polylactic
acid (PLA). PBAT is a synthetic polyester copolymer produced by
melting polycondensation from 1,4-butanediol and adipic acid,
employing tetrabutoxytitanium as the transesterification catalyst
(Zhao et al., 2010; Koltzenburg et al., 2014).

PBAT is claimed to be non-toxic and non-ecotoxic and is industrially
compostable in several weeks (n.d.) according to EN 13432 or ASTM
6400 (Siegenthaler et al., 2012). It can also be blended with starches
(Shi et al., 2011) and PHAs (Hutnikova and Fricova, 2016). It is used
for the production of shopping bags, mulching foils for tillage into the
soil and various horticulture products such as seed/fertilizer tapes,
plant pots and erosion control nets (Siegenthaler et al., 2012) Therefore,
there is potential for PBAT particles to be present in soil. Foils can also be
blended with PBAT and nitrile rubber for increased toughness
(Fernandes et al., 2017), which may put micro rubber particles into
the soil. In terms of the medical field, the use of PBAT is very rare and
is not predicted to increase.

Another widely used biodegradable polymer is polylactic acid (PLA),
which is a biobased aliphatic polyester. It can be biodegraded under
aerobic as well as anaerobic conditions by both bacteria and fungi
(C degradation between 55 and 95%), but not generally through home
composting. In contrast to biodegradation in organisms, non-
enzymatic degradation of this biopolymer occurs in the environment
(Shimao, 2001). As PLA can be absorbed by human and animal bodies,
its use in medical implants is significantly increasing, and it is also
very popular in 3D printing (Ferreira et al., 2017; Ezeh and Susmel,
2018). Due to the ease of processing it and its general yield strength
and low gas permeability compared to other polymers (biodegradable
as well as oil-based), much attention has been paid to this material in
the past 20 years (Hamad et al., 2018).

Despite the advantages of PLA, however, it is almost always pos-
sible to find better and cheaper oil-based plastics. The price for PLA
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pellets currently starts at $500 per tonne (Fahim et al., 2019), but
costs can be reduced by adding cheaper biomass-based additives or
other agricultural products, such as sawdust or starches. This not
only reduces production costs but also speeds up the biodegradation
of this plastic material, which otherwise biodegrades very slowly
(Wan et al,, 2019). Adding some of these materials to PLA is not al-
ways in line with sustainable development goals, however, as there
may be competition for land as a systemic resource for agricultural
food production (Karan et al., 2019).

2. Methods

We performed a literature search on Clarivate Analytics, Web of Sci-
ence and Google Scholar that focused on the three biodegradable poly-
mers most likely to be used for agriculture (P3HB, PLA, PBAT and their
blends), as well as their utilisation, biodegradability and the possible an-
alytical methods leading to their determination in various substrates,
possibly in a soil matrix. We did not filter by publication date, and
both the abbreviations and complete names of the polymers were
searched together with the terms ‘microplastics’, ‘analysis’, ‘determina-
tion’, ‘assay’ and ‘characterization’. To obtain an overview of any existing
analytical techniques for these polymers, we also included some charac-
terisation methods that are connected to the biopolymers' technology,
production and material analysis. The material characterisation and bio-
technological analysis were highly specified, however. For comparison,
we reviewed analytical methods that have been used in the determina-
tion of microplastics from conventional polymers.

3. Determination of conventional microplastics

Man-made microplastics have been introduced into all parts of the
environment, including animals (He et al, 2018; Rainieri and
Barranco, 2019; Sun et al., 2019; Prata et al., 2019), and due to their
harmful effects on living organisms (Jaikumar et al., 2019), quantitative
and qualitative methods for their determination are being developed
(Guo et al., 2019; Bosker et al., 2019; Elert et al., 2017). This makes it
possible to assess the degree of primary and secondary microplastic
contamination in different sites and the ability of sewage treatment
plants to retain microplastics (Sun et al., 2019).

3.1. Extraction and purification

The matrix containing microplastics often consists of organic and in-
organic mixtures (He et al., 2018). The easiest and cheapest way to re-
move larger particles from the sample is by sieving (He et al., 2018;
Sun et al., 2019; Bldsing and Amelung, 2018). If the sample contains ex-
cess water, it can be removed by drying, filtration or evaporation. It is
also possible to utilise different densities from the rest of the matrix
and use density fractionation to separate the microplastics from the
sample. Salt solutions are used for this purpose (NaCl, CaCl,, ZnCl,,
Nal) (He et al., 2018; Sun et al., 2019; Silva et al., 2018). For the extrac-
tion of low-density plastics such as polyethylene (PE) and polypropyl-
ene (PP), only distilled water may be used in combination with
sonication (Zhang et al., 2018).

Liu et al. (2018) used a saturated solution of NaCl with a density of
1.19 g-cm > to extract higher density plastics (such as polyethersulfone
[PES]), whereas for the extraction of polyvinyl chloride (PVC) and poly-
ethylene terephthalate (PET), Scheurer and Bigalke (2018) used a satu-
rated solution of CaCl,. Due to its higher density, this latter method also
has greater efficiency. The disadvantage of this method is the interaction
of calcium ions with the organic soil component, resulting in aggregates
that complicate further analysis. Imhof et al. (2012) and Liebezeit and
Dubaish (2012) developed a separation method for extraction using a
zinc chloride solution with a density of 1.6 to 1.7 g-cm™>, while Dekiff
et al. (2014) and Van Cauwenberghe et al. (2013) used a solution of
Nal with a density of up to 1.8 g-cm™> for extraction. The use of Nal

and ZnCl, solutions are very effective due to their high densities, but
they are more expensive, generate waste and are more dangerous
than using NaCl or CaCls.

Organic compounds in the sample that could adversely affect the
assay can be removed by decomposition (He et al., 2018). As conven-
tional plastics are mostly resistant to an aggressive chemical environ-
ment, strong oxidising agents, bases and acids can be used to
decompose the organic component of the sample. Indeed, decomposi-
tion by catalytic wet oxidation is very common (He et al., 2018; Sun
etal, 2019; Silva et al., 2018). Hydrogen peroxide, sodium hypochlorite
and Fenton's reagent or solutions of alkaline hydroxides and strong
acids are mostly used for this method (Sun et al., 2019; Hurley et al.,
2018). This type of degradation is not suitable for a bulk sample, how-
ever, as the entire process would take too long. The use of concentrated
nitric acid is also not suitable for pH-sensitive plastics such as polysty-
rene (PS) or nylon (Erni-Cassola et al.,, 2017).

Hydrogen peroxide decomposition uses a 30% solution of peroxide,
but the method is very slow and takes up to seven days to complete.
By using Fenton's reagent instead of hydrogen peroxide, the degrada-
tion time can be shortened significantly (to 10 min or less) without
destroying the microplastics in the sample (Tagg et al., 2017). A mixture
of technical enzymes, such as lipases, amylases, proteinases, chitinases
and cellulases, can also be used for decomposition (Sun et al., 2019;
Silva et al., 2018). Cole et al. (2015) used the enzyme Proteinase-K for
this purpose, achieving decomposition higher than 97% (for compari-
son, 72.1 4 9.2% decomposition was achieved with the 2 M HCl and
91.3 + 0.4% was achieved with 10 M NaOH at 60 °C). Meanwhile,
Loder et al. (2017) developed a multistep decomposition method com-
bining multiple enzymes (protease, chitinase, cellulase), a surfactant
(sodium dodecyl sulfate) and hydrogen peroxide with an efficiency of
98.3 4 0.1%.

3.2. Qualitative and semi-quantitative determination of conventional
microplastics

Qualitative methods for the determination of microplastics can dis-
tinguish them from the matrix and other particles (e.g. cellulose,
sand and glass) and identify the type of polymer, whereas semi-
quantitative methods can determine, for example, the number of
microplastics particles per volume or matrix weight or the proportion
of microplastic areas occupied by a microscopic substrate. The most
commonly used method is visual identification by microscope, which
is a quick and simple process that makes it possible to determine the
shape, texture and surface type of a particle. Particles smaller than
100 pm cannot be identified in this way, however (Song et al., 2015;
Shim et al., 2017). Furthermore, this method may result in the false-
positive identification of microplastics or vice versa as they may not
be distinguishable from other matrix components (He et al., 2018;
Silva et al., 2018).

It is also possible to make a mistake in particle counting when using
a Petri dish divided into sectors (Carr et al., 2016). To confirm the com-
position of the microplastics and its differentiation from other particles,
this method must be combined with Fourier transform infrared (FTIR)
or Raman spectroscopy. For example, using FTIR Browne et al. (2011)
identified polyamides, PES, PE, PP and PVC microplastics in effluent
from sewage treatment plants, marine sediments and water from wash-
ing machines. Lares et al. (2018) used FTIR and Raman microscopy and
identified PES, PE, PA and PP microplastic particles and fibres in sewage
sludge and lake water. Further refinement of matrix analyses can be
achieved using an electron microscope.

FTIR should be used for the qualitative determination of
microplastics larger than 10 pm and Raman spectroscopy can be used
to characterise particles larger than 1 um. Polymers sensitive to
photodegradation, such as PVC, are harder to determine using this
method, however. Instead, PVC particles can be identified by means of
attenuated total reflectance (ATR)-FTIR (Kappler et al., 2018). FTIR
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and Raman spectroscopy are complementary and should be selected ac-
cording to the structure of the microplastics expected in the sample. The
FTIR method is used to determine microplastics with a structure where
the vibrations of atoms in a molecule change its dipole moment, while
Raman spectroscopy can determine microplastics with a structure of
molecules where the vibrations of atoms change their polarizability
(Heetal,, 2018).

For quicker determination of microplastics in German sediments,
Primpke et al. (2017) used automatised focal-plane-array FTIR micros-
copy, where each array element works as an independent IR sensor.
This allows the measurement of wide fields together with in-house au-
tomated data processing and a spectral database comparison. Renner
etal. (2017) used ATR-FTIR automated peak detection software to ana-
lyse microplastic standards in reference samples, while Serranti et al.
(2018) characterised marine microplastics using hyperspectral imaging
that consists of a short-wavelength infrared spectrograph and lens with
automated data evaluation from various software, a database compari-
son and principal component analysis statistical evaluation. Piehl et al.
(2018) tested agricultural soil for plastic debris using sampling, sieving,
filtration and ATR-FTIR and found 0.3 =+ 0.4 particles-ha—. They had to
omit all particles smaller than 1 mm, however, due to challenges with
the sample pre-treatment.

Destructive methods are increasingly being used for the qualitative
analysis of microplastics in various environments, including pyrolysis
gas chromatography with mass spectrometry detection (Py-GC/MS),
desorption-GC/MS and liquid chromatography (LC). For example,
Diimichen et al. (2015 and 2017) used GC/MS for the thermo-
desorption of PP, PE and PS in fermentation residues taken from a biogas
plant and PE, PS and PET in river water. This method is advantageous
due to the speed of analysis and low sample consumption (20 mg) but
involves high demands on sample homogenisation (Diimichen et al.,
2017). To make vibrational-spectrometric microscopy methods quicker
and more robust, Hufnagl et al. (2019) used a chemometric approach
with a combination of spectral descriptors, such as random decision for-
est (RDF) classifiers, together with FTIR microscopy with a focal plane
array (FPA) detector. In this preliminary study, the authors were able
to identify PE, PP, PMMA (polymethyl methacrylate), PS and PAN (poly-
acrylonitrile) particles in the artificially microplastic-fortified samples
of freshwater plankton (Hufnagl et al., 2019).

3.3. Quantitative determination of conventional microplastics

Quantitative determination of microplastics (especially in soil and
other complex solid or colloidal matrices) is currently a major analytical
challenge. The complexity of the samples makes analysis difficult
because of possible interferences with the analyte creating a false-
positive or negative signal (David et al., 2019). A quantitative determi-
nation is one that can distinguish between plastics and matrices or
other materials, gives information about the type of plastics (at least ap-
proximately) and indicates the concentration of the microplastics in the
chemical sense (i.e. by weight or volume).

A promising quantitative method for the determination of
microplastics is Py-GC/MS, where the sample is pyrolyzed in an inert at-
mosphere and the resulting gaseous products are captured in a solvent
or passed (most commonly by capillary) directly to the GC-MS. The ad-
vantage is that multiple plastics can be determined in a mixture and the
sample can be analysed without any pre-treatment. The disadvantage is
that it does not provide information on the number, size and shape of
the microplastics (He et al., 2018). Fries et al. (2013) used a Py-GC/MS
method to identify sediment from the island of Norderney, where due
to strong tidal phenomena, a high accumulation of PE, PS and PVC sed-
iments occur. They also identified additives contained therein (Fries
et al.,, 2013). Nuelle et al. (2014) also used this method to determine
PP, PET and PVC in sea sediments. The known methods of quantitative
determination of microplastics in solid matrices are summarised
in Table 1.

4. Determination of P3HB, PLA and PBAT in various matrices

Introducing biodegradable plastics products into the market could
be connected with the formation of microplastics in a short time due
to their imperfect or slow biodegradation (Sintim et al., 2019). Although
the environmental persistence of biodegradable microplastics should be
shorter than that of conventional plastics, they may have similar nega-
tive properties (Haider et al., 2018). Methods for the qualitative and
quantitative determination of such microplastic particles are not avail-
able, which is in stark contrast to the number of methods available for
bulk bioplastic materials. These tests would be useful for assessing envi-
ronmental contamination and for verifying biodegradability tests as it is
currently not possible to satisfactorily analyse the test medium for any
residues of these materials once the test is over.

Only some of the methods used in conventional microplastics can be
used to extract bioplastics from soil or other solid matrices. These are
mainly physical processes such as filtration, sieving or sedimentation
fractionation (Sun et al., 2019). Aggressive chemicals cannot be used
to decompose the organic constituents of the matrix due to the poor re-
sistance of microplastics. One of the alternatives seems to be the disso-
lution of bioplastics in chloroform (Krishnan et al., 2017). As other
organic substances can be co-extracted (mainly humic fractions), how-
ever, the extract must be thoroughly purified.

Extraction using ionic liquids, which are more specific for dissolu-
tion, could be a promising alternative. Two different strategies can be
used. The first is the dissolution of the biomass and the release of
microplastics into a solution where they can be easily filtered out
(Kobayashi et al., 2015; Lee and Yang, 2016; Dubey et al., 2017), with
Kobayashi et al. (2015) indicating recovery of up to 98%. Only samples
with a specific matrix can be analysed, e.g. matrices formed by bodies
of microorganisms, and it is not yet clear if these methods will work
for soil-type matrices. Additionally, the large consumption of ionic liq-
uid has relatively low yields and little solvent recycling. The second
strategy involves dissolving a suitable PHA bioplastics in ionic liquid
and precipitating it again after filtering out the remaining biomass, as
described in the US007763715B2 patent (Hecht et al., 2010).

4.1. P3HB

To determine P3HB (density 1.18-1.26 g-cm™>) using the separation
method, it must be depolymerised and determined as a monomer, i.e.
hydroxybutyric acid. One possibility is the use of hydrosulfuric
methanolysis. This method is not quantitative, however, as by-
products such as crotonic acid and propene derivatives may be formed.
The yields of this method are between 30 and 40% (Grubelnik et al.,
2008; Comeau et al., 1988). Another possibility is cleavage with
tetraethoxytitanate and trifluoroacetic acid ethyl ester (TFA). This
method is suitable for further GC analysis, whereby the TFA chain may
be lost and derivatisation is required (Grubelnik et al., 2008). The
most suitable method for P3HB depolymerisation is to use reduction
lithium aluminium hydride depolymerisation. The resulting monomer
can then be determined using high-performance liquid chromatogra-
phy with mass spectrometric detection and electrospray ionisation
(HPLC-ESI/MS; detection limits range from 4.2 wt% in 10 pL aliquot
from 2 mg of polymer) (Grubelnik et al., 2008).

Methods for determining intercellular P3HB in activated sludge cells
can also be used to determine P3HB microplastics. These methods are
based on the propanolytic or hydrolytic depolymerisation of plastics
and the determination of the resulting products by ion chromatography
(semi-quantitative, detection limits not stated) (Hesselmann et al.,
1999). The determination of extraneous P3HB microplastics in acti-
vated sludge complicates the occurrence of natural P3HB that is a
part of the cells of the microorganisms in the sludge. In fact, P3HB
can form up to 10 times the percentage of the cell weight of microor-
ganisms (Li et al., 2019).
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Table 1
Summarised quantitative methods for detection of microplastics in solid matrices.
Microplastic type Matrix Pre-separation Method Detection results Reference
Thermoanalytical methods
PE Sandy topsoil None TED-GC/MS 10,000 ppm (evaluable) (Diimichen et al., 2015)
2500 ppm (detectable)
PS, PP, tire wear as ~ Highway street ~ None TED-GC/MS 0.2; 0.44 and 0.23 ug LOD (Dtimichen et al., 2017)
SBR runoff sludge respectively
PET Model loamy None TGA-MS 600-2500 ppm LOD (David et al., 2018)
sand 17,200-184,000 ppm LOQ
PE, PP, PET, PS, PA6,  Fish tissue Enzymatic & chemical CP Py-GC/MS 0.4 to 290 pg (found evaluable) (Fischer and
PVC, PC, PMMA digestion + density separation Scholz-Béttcher, 2017)
PS Tidal sediment Chemical digestion + density ~ MF Py-GC/MS LOD = 3 ng; LOQ = 16 ng (Fischer and
separation Scholz-Béttcher, 2019)
PE, PP, PS Model loamy Dissolution in TCB Filament Py-GC/MS 1-86 ppm method LODs (Steinmetz et al., 2020)
sand
PET, PS, PVC Model loamy None TGA + modeling Preliminary modeled: (David et al., 2019)
sand PET: 3300 ppm LOD, 11500 ppm

Non-thermoanalytical methods

PE, PP Cosmetic
products

PC, PET Landfill sludge

PS, PET Model loamy
sand

PS, PVC Sea sediments

Several types Floodplain soil

Extraction, dissolution

Alkali hydrolysis heating
depolymerization
Extraction by solvents

Not mentioned

Density separation, oxidative

digestion

HTGPC (high-temperature
gel-permeation chromatography)

LC/MS/MS of depolymerization
products

RP-LC

TGA-FTIR

FTIR

LOQ;
PS: 9100 ppm LOD, 30800 ppm
LOD; PVC: 22200 ppm LOD.

For conc. 700-3700 ppm
RSD 2.3-13.4% and recovery
92-96%

LOD 0.00832 ppm PC

LOD 0.053 ppm PET
Recovery >99% PS, >80% PET

LOQ 0.050 mg (PVC), 0.025 mg
(PS)

As low as 5 ppm conc., LOD not
specified

(Hintersteiner et al.,
2015)

(Wang et al., 2017)
(Elert et al., 2017)
Yu et al,, 2019

Scheurer and Bigalke,
2018

P3HB in bacterial biomass can be quantified using FTIR spectrometry
and subsequent statistical data processing using partial least squares re-
gression and further modeling (Kansiz et al., 2000). Arcos-Hernandez
et al. (2010) developed an FTIR method to determine PHB in mixed
cell cultures in concentrations from 0.011 w/w, and the R*> was between
0.911 and 0.985 (see Isak et al., 2016 for further information), while
Samek et al. (2016) employed Raman spectrometry to quantify the
P3HB content in Cupriavidus necator H16 media with the lowest calibra-
tion point being 1.395 pmol-L™". It should be noted that the latter
method only worked for amorphous P3HB. These two publications did
not state any limits of detection in their methods, however, the methods
were optimised for the determination of P3HB in cells and it is not clear
if they would work for the determination of P3HB in soil.

Extracted P3HB can also be dissolved in chloroform when sulfuric
acid is added. Crotonic acid is formed, the solution turns brown and
the P3HB content can be determined spectrophotometrically
(Krishnan et al., 2017). Detection limits were not stated, but the
amount of P3HB in the sample should have been between 5 and
50 pg (Law and Slepecky, 1961). For the determination of P3HB in
Synechocystis sp., it is possible to use a commercial set that uses enzy-
matic depolymerisation, with the resulting solution analysed spec-
trophotometrically (Zilliges and Damrow, 2017). Very efficient
extraction is needed to analyse micro-bioplastics in soil as the or-
ganic matter can form turbidity or substances with a similar absorp-
tion spectrum in the solution.

Karr et al. (1983) used HPLC/UV-VIS to determine P3HB in a Rhizo-
bium japonicum culture after complicated digestion with sodium hypo-
chlorite and digestion and depolymerisation to crotonic acid following
extraction. The lowest concentration observed was 140 nmol-L™", and
further detection limits were not stated. In contrast, Elhottova et al.
(2000) employed GC/MS-MS to determine derivatised products of
methanolysis of glycolipid extracts/isolates to determine the P3HB con-
tent in sandy loam soil, wastewater treatment sludge and Bacillus
megaterium CC M 1464 culture. The lowest observed concentration
was 1.16 nmol-L™!, and further detection parameters were not

published. Monteil-Rivera et al. (2007) used both methanolysis and
acid hydrolysis of P3HB to obtain depolymerisation products and
hydroxyalkeonic acids and then analysed them via SPME-GC/FID, with
LODs from 1.6 to 53 mg-L™!, LOQs of 5.5-175 mg-L™!, recovery of
98-100% and RSDs of 2-8 (Monteil-Rivera et al., 2007). Similarly,
Werker et al. (2008) used GC/FID after acid alcoholysis and hexane ex-
traction to determine the P3HB content in activated sludge from various
laboratory-scale bioreactors treating wastewater, with the lowest de-
tectable concentration of 14 pmol of 3-hydroxybutyric acid/butyl ester
corresponding to 1.2 mg of P3HB.

Torri et al. (2014) utilised offline Py—GC/FID to determine 2-alkenoic
acids in bacterial biomass with a LOD of 100 pg (1 wt% of P3HB in bio-
mass) and RSD < 15%, stating that such a method was comparable to
methods using methanolysis. Abbondanzi et al. (2017) further devel-
oped and reworked this method to enable even quicker and easier in-
vial-thermolysis suitable for P3HB amounts of 0.5-2.5 mg (10-50% of
P3HB in mixed microbial culture samples) detected by GC/MS. Similarly,
Velasco Alvarez et al. (2017) performed a gas chromatography isotope
dilution mass spectrometry (GC/IDMS) analysis of P3HB in Escherichia
coli microbial biomass (after propanolysis and derivatisation)
with 3C-P3HB internal standard, with a LOD of 0.01 pg.g~!
(or 0.11 nmol-L™1).

Another possibility is the method based on sample thermal decom-
position followed by an analysis of gaseous products, which allows di-
rect determination of P3HB in the matrix, similar to conventional
microplastics (Nuelle et al., 2014; Yu et al., 2019; David et al., 2018).
In the case of P3HB, which has low resistance to thermal degradation,
chain cleavage occurs leading to a decrease in molecular weight
(Fig. 4). The product of thermal degradation is crotonic acid with a mo-
lecular weight of 86.09 g/mol and its oligomers.

4.2. PIA

The mechanism of PLA (density 1.24 g.cm™>) thermal degradation is
more complicated and is attributed to random cleavage of the backbone
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Fig. 4. Mechanism of P3HB thermal degradation (Bugnicourt et al., 2015).

(Hyon et al., 1998), depolymerisation (Gupta and Deshmukh, 1982) and
transesterification reactions (Signori et al., 2009). Primary pyrolysis
products are carbon monoxide, carbon dioxide, methyl ketene, acetal-
dehyde, water and cyclic oligomers. The secondary products are meth-
ane and butanedione, which are probably products of acetaldehyde
degradation. Degradation is also affected by reactive end groups, cata-
lyst residues, unreacted monomers and other impurities. In this case,
the use of pyrolysis is more problematic. Pyrolysis can be used only if
degradation products are not the same as matrix degradation products.
The sample would then have to be pre-treated, which could lead to fur-
ther problems.

For the determination of PLA as a film without a matrix,
Arrieta et al. (2013) developed a sequential pyrolysis method
(using Py-GC/MS) with detection limits starting at 0.1 pg accord-
ing to an analyte, an R? from 0.841 to 0.985 and an RSD from 4.68
to 2.65. Moreover, by using the sophisticated hyphenated tech-
niques used in food nanoanalysis, such as ultraperformance liquid
chromatography-quadrupole/time-of-flight mass spectrometry
(UPLC-QTOF-MS) or ultraperformance liquid chromatography-
ion mobility spectroscopy-quadrupole time-of-flight mass spec-
trometry (UPLC-IMS-QTOF-MS), they were able to analyse vari-
ous cyclic and linear oligomers of PLA (masses from 257 to
1175) in food simulants (solutions of ethanol and acetic acid) in
concentrations around thousands ng/g (Ubeda et al., 2019). More-
over, atmospheric solid analysis probe-ion mobility mass spec-
trometry (ASAP-IM-MS) enables qualitative differentiation
between PLA, PBS and PE in PLA-PBS and PLA-PE blends after
the melting of the sample and thermal desorption of the analyte
(Barreére et al., 2014).

4.3. PBAT

There have been many material characterisation works published
regarding PBAT, but no analytical ones (e.g. how to quantify PBAT
within a matrix). Some authors have tried to distinguish PBAT (density
1.25 g-cm™>) in blends from other polymers (mainly PLA) qualitatively,
which can be achieved by differential scanning calorimetry (DSC),
thermogravimetry (TG), Fourier transform infrared spectroscopy

(FTIR) and elemental analysis (EA) (Zhao et al., 2010; Weng et al.,
2013). Similar results obtained by Sikorska et al. (2017) confirmed
these results. PBAT can be distinguished from P3HB in blends by
utilising 'TH MAS NMR and '3C CP/MAS NMR (Hutnikova and Fricova,
2016) and Rizzarelli et al. (2016) were able to identify PE qualitatively
from PBAT and PLA in PE/PBAT/PLA blends utilising TGA and Py-GC/
MS (as well as quantifying PE in terms of 1-10 wt% in the blends).
Chen et al. (2016) determined PBAT in blends with PLA and polypropyl-
ene carbonate (PPC) qualitatively via MIR (mid-infrared) and Raman
spectrometry. They also quantitatively employed NIR (near-infrared)
and Raman spectrometry following chemometrical data evaluation in
tenths of wt%. R was determined to be between 0.399 and 0.999 and
the root mean square error of prediction (RMSEP) values were between
2.54% and 3.58% (Chen et al., 2016).

Recently, Duemichen et al. (2014) performed pyrolysis of
polybutylene terephthalate (PBT) via TGA-FTIR, TGA-MS and TED-
GC/MS. The question is whether the pyrolysis products characteristic
for PBT, i.e. benzoic acid (m/z = 105/122), but-3-enyl benzoate
(m/z = 105/77), biphenyl (m/z = 154/76), propyl 4-methyl benzoate
(m/z = 119/136) and terephthalic acid di(but-3-enyl)ester (m/z =
203/149) are useful also for determination of PBTA.

5. Directions for future studies

The following research questions regarding the formation of
microplastics from biodegradable plastics need to be investigated.
This can be achieved by looking at the possibility of applying the
existing analytical methods for conventional microplastics to
microplastics from biodegradable plastics and developing tailored
analytical methods to track the concentrations of microplastics
from biodegradable plastics in soil. Then, it can be decided if biode-
gradable plastics that are left to biodegrade via industrial or house-
hold composting and those used in agriculture or littered present a
future environmental issue.

Research question 1: Is it possible that rapidly formed micro-
bioplastics also decompose more rapidly than conventional
microplastics?
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Research question 2: Is the use of mulch foils and composting
bioplastic products and packaging another source of microplastics in
the environment, especially in soil?

Research question 3: Is the impact of micro-bioplastics on the environ-
ment comparable to the known effect of conventional microplastics?

Research question 4: In what ways is it possible to identify micro-
bioplastics in the soil and to differentiate them from conventional
microplastics or even from each other? Are the analytical methods for
determining the content of bioplastics or conventional plastics suitable
for this?

6. Conclusions

Products made from biodegradable bioplastics are beginning to re-
place products made from conventional plastics due to pressure from
legislation, organisations and customers. Consumers may also mistak-
enly believe that these materials are not a threat to the environment,
which can lead to increased littering. For example, studies have shown
that many people do not know how to handle bioplastic waste and
can unintentionally harm the environment with it (Taufik et al.,
2020). According to Jevons' paradox (a phenomenon where precaution-
ary savings will generate more consumption), biobased plastics may
also be consumed more and thus the production of (bio)plastic waste
will rise (Alcott, 2005). This is a material for which there is currently
no recycling infrastructure.

Composting is a very common method of bioplastic disposal, but
the compost formed may contain many micro-bioplastic particles
resulting from incomplete biodegradation, through which the soil
may be contaminated. This has led to some composting plants sepa-
rating bioplastics from biowaste, meaning they end up in incinera-
tors or landfills together with conventional plastics (Barrett, 2019).
It is not entirely clear if this waste will be responsible for a massive
microparticle formation with high sorption capacity or chronic tox-
icity to living organisms. Therefore, a reliable and rapid method for
the determination of these particles in all environmental situations,
especially in soil, must be developed.

As is evident from this review, methods for determining micro-
bioplastics could be inspired by the approaches already developed for
conventional plastics, however, bioplastics have specificities that need
to be considered when choosing the appropriate method. This is mainly
due to their chemical instability, which makes it impossible to use ag-
gressive chemicals when decomposing the matrix. This significantly
complicates the analysis and requires methods that do not involve any
pre-treatment of the sample. Also, the natural occurrence of the
analysed polymer or its monomers may interfere with the analytical sig-
nal that the micro-bioplastic contamination gives.

Until now, it has been unknown which extraction methods and ana-
lytical methods should be developed or re-adopted for the determination
of bio-microplastics in solid environmental matrices, particularly in soil.

Based on the reviewed techniques, it can be concluded that the best
methods for the analysis of conventional microplastics are the methods
based on pyrolysis and thermal analysis (TGA-MS, TGA and
chemometrics, Py-GC/MS and TED-GC/MS). For extraction, only mild
techniques can be used so as not to deteriorate and exclude the analyte.
As for a Py—GC/MS with the injection of a liquid sample to the pyrolyzer,
suitable solvents have to be found to dissolve the maximal amount of
the biopolymer but a minimal amount of the matrix.

From the known characterisation methods for the biopolymers, for
P3HB, the selective depolymerisation and determination using HPLC-
ESI/MS according to Grubelnik et al. (2008) is promising. Another op-
tion is methanolysis and acid hydrolysis of P3HB to hydroxyalkeonic
acids and subsequent analysis via SPME-GC/FID (Monteil-Rivera et al.,
2007). For PLA, so far, only UPLC-IMS-QTOF-MS seems to be conve-
nient (Ubeda et al,, 2019), but this is not accessible to most labs.

As for analysis of PBAT, no analytical techniques are yet known,
except for the material-characterisation ones. Here, the results of

analysis of identification of PBAT and PLA in PE/PBAT/PLA blends
utilising TGA and Py-GC/MS as published by Rizzarelli et al. (2016)
might be a good starting point. Also, applicable seem to be use of py-
rolysis products of polybutylene terephthalate (PBT) published by
Duemichen et al. (2014).
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Abstract: Conventional plastics are being slowly replaced by biodegradable ones to prevent plastic
pollution. However, in the natural environment, the biodegradation of plastics is usually slow or
incomplete due to unfavorable conditions and leads to faster micro-bioplastic formation. Many ana-
lytical methods were developed to determine microplastics, but micro-bioplastics are still overlooked.
This work presents a simple method for determining poly-3-hydroxybutyrate and polylactic acid
micro-bioplastics in soil based on the thermogravimetry-mass spectrometry analysis of low molecular
gases evolved during pyrolysis. For the method development, model soils containing different soil
organic carbon contents were spiked with micro-bioplastics. Specific gaseous pyrolysis products of
the analytes were identified, while the ratio of their amounts appeared to be constant above the level
of detection of the suggested method. The constant ratio was explained as a lower soil influence on
the evolution of the gaseous product, and it was suggested as an additional identification parameter.
The advantages of the presented method are no sample pretreatment, presumably no need for an
internal standard, low temperature needed for the transfer of gaseous products and the possibility of
using its principles with other, cheaper detectors. The method can find application in the verification
of biodegradation tests and in the monitoring of soils after the application of biodegradable products.

Keywords: microplastics; biodegradable plastics; micro-bioplastics; soil; evolved gas analysis

1. Introduction

Due to the steadily increasing usage of plastic materials, microplastic particles (mi-
croplastics, MPs) of 1-1000 pm in dimension are entering all environmental compart-
ments [1-5]. The most affected environmental compartment is soil, where the microplastic
concentrations were estimated to be up to 23 times higher than in aquatic ecosystems [6].
A major source of microplastics in soil is agriculture, where they are formed due to the
deterioration of mulch foils, tunnels, holders and other plastic structures [7]. Microplastics
can also enter soil via the application of compost or wastewater sludge [8-11]. Another
source of MPs in soil is the abrasion of particles from tires (rubber particles) and subsequent
atmospheric deposition [12,13].

For this reason, there is growing concern about the environmental impact of microplas-
tics on the soil biota. For example, it was found that poly(ethylene) (PE) microplastics
in soil negatively affect spermatogenesis in earthworms [14], and that springtail mobility
in soils is reduced by microbead and microfiber contamination [15]. Moreover, negative
effects of MPs were also observed on plant root growth [16,17]. Soil microbiota is also
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negatively affected by MPs [18], either by the inactivation of soil enzymes [19] or by the
enrichment of certain strains on the surface of microplastics, which shifts soil functional
properties [20]. These effects are complex and not yet fully understood.

The effects on the abiotic components of soil are not understood either [21]. MPs,
when present in soil, may reduce the water stability of soil aggregates and change the
bulk density [22] or soil density in the rhizosphere [20]; they may also reduce >30 um soil
pore volume [23] or cause soil drying and cracking [24]. Furthermore, all microplastics
discursively increase total soil organic carbon, thus biasing soil analysis results [25].

Bioplastics were introduced to prevent overall plastic contamination. Bioplastics
can be degraded in the environment by micro-organisms to water and carbon dioxide in
aerobic degradation or to methane, carbon dioxide and water in anaerobic degradation [26].
For quick and complete degradation, suitable conditions are required (count of micro-
organisms, appropriate pH, temperature, humidity, soil particle size, etc.), which are rarely
met in natural environments. Thus, frequently, only the accelerated breakdown into smaller
particles of bio-microplastic particles (BMPs) occurs [27,28]. The source of BMPs in soil
may then be agriculture through the imperfect biodegradation of slow-release bio-based
or -coated fertilizers, mulching foils and the application of contaminated compost [29-31].
Soil contamination can also occur through consumers’ improper management of bioplastic
waste, such as littering or home composting [32].

Currently, most of the world’s scientists focus on the effects of conventional microplas-
tics on the environment. However, BMP effects on different ecosystems are overlooked, and
there is no information on whether replacing conventional plastics with biodegradable ones
has more benefits than drawbacks [33]. Ecotoxicological tests on Daphnia magna, lettuce
and tomato plants showed that BMPs have similar or even worse negative environmental
effects than conventional microplastics [34-36]. However, on the adsorption of pollutants
onto the surface of BMPs and conventional microplastics, i.e., on whether BMPs have
comparable or even worse properties than conventional microplastics, very few studies
have been published so far [37].

Not all the available assays developed to determine conventional microplastics can
be used to determine BMPs in soil. Aggressive reagents that could irreversibly alter the
properties and BMP content of the sample should be avoided. Grubelni et al. developed
a method to analyze poly(hydroxybutyrate) (PHB) MPs in soil, using depolymerization
followed by the determination of the crotonic acid and propene products using liquid chro-
matography coupled with mass spectrometry (LC/MS) [38]. Low recovery (30—40%) and
the requirement of a pure sample make this method unsuitable for environmental analyses.
Arcos-Hernandez et al. used Fourier transform infrared spectrometry (FTIR) to determine
the PHB content in bacterial cells [39], and Krishnan et al. extracted PHB into chloroform,
with PHB being decomposed upon the addition of sulfuric acid, yielding brown crotonic
acid, which was subsequently determined spectrophotometrically [40]. Both methods
require sample pretreatment, complicating the case of bioplastics in soil. Pyrolysis-based
techniques are a promising way to avoid any manipulation of the samples. The pyrolysis
products of both PHB and PLA bioplastics are well defined [41-43]. Pyrolysis coupled with
gas chromatography and mass spectrometry (Py-GC/MS) was used to characterize the
composition of polyhydroxyalkanoates produced by bacteria, but it was never applied to
determine bioplastics in soil [44].

Analytical approaches for the determination of conventional microplastics are inspira-
tions for the determination of BMPs [27]. For microplastic determination, the studied soil is
usually dried [45]; high drying temperatures are not recommended, because they cause
changes in the structural properties of the polymers [46]. Since the soil matrix contains
large amounts of interfering organic matter, sample purification and analyte extraction are
necessary for most of the methods [47]. The simplest and cheapest sample pretreatment
method is sieving, which can remove larger particles from the analyzed soil [48]. Suitable
density fractionations with water/saturated salt solutions are used to separate microplas-
tics from the solid matrix [47,49,50]. The organic component that these processes cannot
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remove must then be decomposed, but such decomposition may be performed only if the
analytes are resistant to the digestion agent [51]. Catalytic wet oxidations with various
reagents are generally used for this purpose [52].

A suitable analytical method for determining microplastics in soil must apply to
MP sizes and to microplastics with different compositions, properties, shapes, ages and
additive contents [53]. Destructive and non-destructive methods can be used to quantify
microplastics in soil. Thermal analysis combined with mass spectrometry (MS) is a typical
representative of the former. In this technique, the sample is thermally decomposed
without air, and the gaseous products of this reaction are analyzed by MS (pyrolysis directly
coupled with gas chromatography with mass spectrometric detection (Py-GC/MS)) [54].
E. Képpler et al. used Py-GC/MS to determine PE, PS, poly(ethylene terephtalate) (PET)
and PP microplastics and microfibers in river sediments [55]. Thermogravimetry (TG)
can also be used for pyrolysis purposes, as shown by David et al., to determine PET
microplastics in soil [56]. The second approach is thermoextractive desorption followed by
GC/MS. Here, thermal degradation is carried out in an inert atmosphere; then, its products
pass through a solid-phase adsorption bar and are followingly thermally desorbed into the
GC/MS detector. This method is suitable for larger sample volumes and can separate the
degradation products evolved from labile soil organic matter molecules. Diimichen et al.
determined PP, PE and PS microplastics in residues from fermentation tanks and PE, PS
and PET microplastics in river sediments by thermal desorption gas chromatography with
mass detection (GC/MS) [57,58], while Goffimann et al. used this technique to determine
microplastics resulting from tire abrasion [59].

Microplastics in soil can also be extracted with a suitable solvent and then determined
in solution by means of high-performance liquid chromatography (HPLC) or quantitative
proton nuclear magnetic resonance (q-'H-NMR). To quantify PET and polycarbonates,
Wang et al. used alkaline depolymerization followed by liquid chromatography with mass
spectrometric detection LC/MS [60]. The disadvantage of this technique is incomplete
depolymerization, which leads to high uncertainty in the analyses. Nelson et al. extracted
the micro-bioplastics formed from poly(butylene adipate-co-terephthalate) (PBAT) mulch
foil into deuterated chloroform using various methods and then determined them by q-'H-
NMR [61]. According to the authors, this analysis is simple, does not require any sample
pretreatment and is suitable for the fast and precise determination of microplastics in soil.

The most used non-destructive methods for the determination of microplastics in soil
are vibrational spectroscopy techniques. Their advantage is the possibility of determining
the number and shape of the particles, though they are limited by the needs of a blank
and of drying the sample [53]. Fourier transform infrared with attenuated total reflection
(FTIR-ATR) is the most used method to determine microplastics in soil, since it allows
one to analyze larger particles and does not require any special sample pretreatment [54].
Raman spectrometry can be used as a complementary method to FTIR. The advantage of
this technique is that it can analyze samples containing water, which is a strong interferent
in FTIR. Nevertheless, interference occurs due to the inorganic and organic components
contained in soil. Therefore, it is necessary to remove the interfering components of the
sample using the pretreatment methods mentioned above, which means that neither of the
two methods is suitable for the determination of micro-bioplastics in soil [53].

This work aims to develop a simple, rapid, robust, solvent-free, scalable and cheap
method that would be suitable for detecting and quantifying PHB and PLA micro-bioplastics
in soil, which would be suitable for the assessment of the contamination of agricultural
soils and the verification of biodegradation experiments. The method of choice is thermo-
gravimetry coupled with mass spectrometry (TG-MS), which was already demonstrated to
determine conventional microplastics with no special sample pretreatment [56].
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2. Materials and Methods
2.1. Materials Used for Experiments

Two plastics with the greatest future potential, PHB and poly(lactic acid) (PLA),
were used to develop this method. PHB was in powder form (most particles between 64
and 125 pm) from Y1000P (TianAn Biologic Materials, Ningbo City, China). Ingeo 4060D
PLA from NatureWorks (Minnetonka, MN, USA) was obtained in granules. To obtain
microplastics, the granules were cooled with liquid nitrogen and ground with a shear mill
to particles smaller than 1 mm [62].

2.2. Soils Used for Experiments

In total, five soils were used. The first soil was LUFA 2.2 soil (LUFA, Speyer, Germany)
(see Table 1 for properties). Next, two soils collected in Siberia in 2010 were used for analyses
with PHB (Table 1). Last, soils from the vicinity of the villages of Saratice and Postoupky
in South Moravian Region (Czech Republic) were used for PLA analyses (Table 1). After
being received, all soils were air-dried and sieved through a 2 mm sieve.

Table 1. Properties of soils used for experiments.

Soil Soil Type Corg (%) Sampling Location
49°31'81.36” N

P84 Luvic cambisol 0.59 + 0.24 17°35/'88.31” E
49°11'74.64" N
P185 Phaeozem 1.47 4+ 0.69 16°80'35.13” E
LUFA 2.2 Loamy sand (1S) 1.77 + 0.56 n.a.

Protocalcic 55°33/12.96"” N
HS5 chernozem 4.88 +0.05 84°08'06.60” E

o 1/ 4 /!
HS45 Albic Luvisol 6.70 £ 0.25 56°5133.43 N

83°04'26.71" E

2.3. Preparation of Calibration Mixtures

Calibration mixtures of soil and MBPs were prepared directly in 85 pL alumina TGA
crucibles (NETZSCH, Selb, Germany) for better homogenization, using Mettler AE240
analytical balances. A total of 40 mg of soil was always mixed with MBPs to achieve the
desired wt% concentration. For PHB, a concentration series of calibration mixtures was
prepared in LUFA with PHB content from 0.19 to 3.04%; in HS5 soil, from 0.9 to 2.95%; and
in soil HS45, from 0.41 to 3.08%. For PLA, a concentration series of calibration mixtures
was prepared in LUFA with PLA content from 0.09 to 5.00%; in P84 soil, from 0.21 to 5.30%;
and in P185 soil from 0.05 to 5.09%.

2.4. Evolved Gas Analysis System

The analysis was performed using a Netzsch Jupiter STA 449 F1 thermal analyzer
(NETZSCH, Selb, Germany) connected by a 3 m long heated capillary with an internal
diameter of 60 um to an Agilent 5977B MS MSD (Agilent Technologies, Santa Clara, CA,
USA). The ionization source used for the experiments was electron impact ionization,
and the data were recorded in selected ion monitoring mode. The gaseous products
went directly into the MS. Each calibration mixture was measured only once due to the
impossibility of preparing an identical mixture in the pan. Instead, multiple calibration
mixtures were created to generate calibration curves. The measurements were carried out
in an inert argon atmosphere with a 50 mL/min flow rate. The capillary connecting the TG
and MS systems was heated to 120 °C to avoid the frequent problem of high molecular-
degradation-product sorption and desorption on the capillary (no need to use an internal
standard), to achieve the most economical and transferable conditions and to use older and
less heated capillaries for the measurements. The PHB measurements were carried out at a
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10 K/min heating rate from 36 °C to 500 °C. The PLA measurements were also performed
at a 10 K/min heating rate from 36 °C to 560 °C.

2.5. Evolved Gas Analysis System

First, pure bioplastics were measured to determine specific pyrolysis products that
enabled them to be detected. To determine the m/z of PHB degradation products (for
degradation products and MS fragments, see Figure S1, Supplementary Materials), 2.90 mg
of pure PHB was measured first, then 45.51 mg of pure soil was measured as a blank;
finally, soil containing 2.95% PHB (containing 1.31 mg of PHB) was measured. To select the
suitable m/z for PHB detection, the blank signal had to be negligible, and the peak maxima
for pure PHB, PHB-contaminated soil and PHB mass loss from thermogravimetry (in which
case there was a small lag because of the delay in the transfer capillary) had to correspond
with each other. These conditions were met for m/z 68 (Figure 1a), which corresponds to
the crotonic acid fragment, and m/z 86, which corresponds to crotonic acid (Figure 1b).

2 ' T ' | ' | ' | ' | 110
100 - 100
N . - 90
o 80 - N
= )l Blank - 80
00 60 - —— Pure PHB 70~
© - ——2.95% PHB -60 S
N 40 —— Mass loss of pure PHB :_ 50 m
g ' L40 T
20 a0 O
] i )
0 —_— e 20 ¢
100 200 300 400 500 o
Y
b) Temperature (°C) UO)
L T : T g T T T J T 110 o
100 [ 100 2
— ] Blank 90 &
= B0 —— Pure PHB [ g0 ©
o 604 ——2.95% PHB L7 =
% ] ——Massloss of pure PHB [
40 [ 50
SN
= o - 40
- [ 30
0 —_———————— 20
100 200 300 400 500

Temperature (°C)

Figure 1. Plots of the peaks at 71/z 68 (a) and 86 (b) of blank, pure PHB and HS5 soil containing 2.95%
PHB suitable for PHB detection.

To determine the m/z of PLA degradation products (for degradation products and
MS fragments, see Figure S2, Supplementary Materials), 35.14 mg of pure PLA was first
measured, then 39.32 mg of pure soil was measured as a blank; finally, soil containing 5.30%
PLA (containing 2.21 mg of PLA) was measured. In addition, to select the appropriate m/z
for PLA detection, the blank signal had to be negligible and the peak maxima for pure PLA,
PLA-contaminated soil and PLA mass loss from thermogravimetry had to correspond with
each other (in this case, there was a small lag because of the delay in the transfer capillary).
These conditions were met by m/z 29 (Figure 2) and m/z 43, which are acetaldehyde
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fragments. m/z 44 was not used for detection, even though it is an abundant ion for
acetaldehyde because it is commonly evolved during pyrolysis of other microplastics and
organic compounds. The monomer (m/z 56) and oligomers (m/z 100 and 128) of PLA
observed by Arrieta et al. were not detected, probably due to condensation or sorption of
these pyrolysis products in the capillary, as described previously by Diimichen et al. and
Schindler et al. [63-65].

T ' T E T : T g T J T v T J T J 110
140,000 - [ 100
1201000 ol Blank B 90 St
——PLA 5.30% L ~©
§ Mass loss of pure PLA 80 i
100,000 _ Pure PLA i 5
| -70 o
i o
80,000 -60 >
i o
e u—
-50 O
60,000 - A 7))
w
! -40 O
B w
40,000 [ 30 @
! - -
20,000 - =
| e - 10
0 - 2 -
T i T i T ] T d T g T : T y T ! 0
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 2. The plot of the peaks at m/z 29 of blank, pure PLA and P185 soil containing 5.30% PLA
suitable for PLA detection.

To avoid the condensation and sorption of the degradation gaseous products in the
capillary, the measurements were repeated with 21.24 mg of pure PLA with a capillary trans-
fer temperature of 280 °C. In this experiment, all #/z missing in the previous experiment
were detected.

2.6. Evolved Gas Analysis System

The limit of detection (LOD) and limit of quantification (LOQ) were calculated accord-
ing to German standard DIN 32645 using the R package envalysis v0.3.3 (code publicly
available from https://doi.org/cn74, accessed on the 20 November 2021), which was used
by [56,66].

3. Results and Discussion
3.1. Results Obtained at a Low Capillary Temperature

Figure 3 reports exemplary peaks of the soil and PLA calibration mixtures for P185
soil and m/z 29 and the peaks of the PHB-spiked soils for HS5 soil and m/z 86. This figure
shows that the PLA-spiked-soil peaks were symmetrical, while the PHB-spiked-soil peaks
tailed off to higher temperatures. This phenomenon was observed for all PHB-containing


https://doi.org/cn74

Molecules 2022, 27,1898

7 of 16

(@}
o
1

PLA m/z 29 (%)
3
|

soils; probably, this can also be related to the sorption of gaseous degradation products
in the capillary. Thus, as shown by the results of the analyses, the soils investigated in
this work (and it can be assumed that this is true for mineral soils in general) produced
negligible amounts of gases interfering with the signal at lower m/z, which was stronger
and easier to process.
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Figure 3. Example PLA (a) calibration mixture peaks for soil P185 and m/z 29 and PHB (b) calibration
mixture peaks for soil HS5 and m1/z 86.

The peaks obtained for PHB-spiked soils were integrated with the temperature interval
from 265 to 380 °C, which was from 295 to 410 °C for PLA. Then, the intensities of all signals
were normalized to the signal of the calibration mixture with the highest concentration.
The resulting parameters of the calibration lines for PHB determination are given in Table 2,
and a sample calibration line for HS5 soil and m/z 68 is shown in Figure 4 (other calibration
lines are shown in Supporting Information Figures S3-57). Similarly, the parameters of the
calibration lines for PLA determination in soil are given in Table 3, and a sample calibration
line for P185 soil and m/z 29 is shown in Figure 5 (other calibration lines are shown in
Supporting Information Figures 58-512).

In contrast to ref. [56], where LOQs of 18.40 and 51.00% were achieved without the
use of an internal standard and with an internal standard of 1.72 and 6.53% for the soil PET
analyses, significantly better results were achieved for PHB even without standardization
to an internal standard, with HS45 soil and m/z 86 performing the worst, with an LOQ of
4.00%. However, for this soil, it was possible to use n/z 68, thus reducing the LOQ to 1.61%.
The results for HS5 soil were comparable for both m/z 68 (1.56%) and m/z 86 (1.60%). For
the determination of PHB in LUFA soil, the LOQs for both m/z were also found to be
comparable, at 2.82% and 3.00%, respectively. In the case of determination of PLA in soil,
the LOQs were higher, which may be because the selected m/z were not specific to PLA
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alone but were also released to a lesser extent by the soils themselves. The best result was
obtained for P84 soil and m/z 29, with an LOQ of 1.82%. In addition, a higher LOQ was
found in LUFA soil for this MBP, ranging from 2.88 to 3.88%.

Table 2. Parameters of calibration lines for the determination of PHB micro-bioplastics in standard
LUFA soil and two real soils by detection of degradation gas products with m/z 68 and 86.

Soil mlz Slope Intercept Adj. R? RSE (%) LOD (%) LOQ (%)
HSS 68 8166 —1439 0.9822 3.249 0.48 1.56
86 9491 —2068 0.9811 3.372 0.49 1.60
68 5126 159 0.9897 0.224 0.52 1.61
HS45
86 5773 250 0.9662 0.425 0.95 4.00
68 9630 394 0.9775 0.888 0.75 2.82
LUFA
86 11,529 303 0.9761 0.921 0.77 3.00
S e
g -
=
8
1 < |
~ o
&£
=)
[45]
N (=
© =
=
o
=
o |
o™~
o
| T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
PHB [wt%)]
Figure 4. Calibration line for determination of PHB in HS5 soil by detection of degradation products
with m/z 68; dashed line indicates 95% confidence interval.
Table 3. Parameters of calibration lines for the determination of PLA micro-bioplastics in standard
LUFA soil and two real soils by detection of degradation gas products with m/z 29 and 43.
Soil mlz Slope Intercept Adj. R? RSE (%) LOD (%) LOQ (%)
- 29 176,237 58,873 0.9808 1.977 0.80 2.55
43 72,464 30,106 0.9913 1.104 0.57 1.82
P185 29 180,984 65,753 0.9809 5.457 0.91 2.88
43 69,949 50,891 0.958 9.513 1.37 4.72
29 188,508 —3302 0.9839 0.388 0.96 2.88
LUFA

43 71,715 35,492 0.975 0.428 1.20 3.76
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Figure 5. Calibration line for determination of PLA in P185 soil by detection of degradation products
with m/z 29; dashed line indicates 95% confidence interval.

3.2. Influence of Soil on the Analysis of Micro-Bioplastics

As shown in the previous section, both PLA and PHB provide some typical fragments
that can be used qualitatively and quantitatively to analyze these MBPs in soil. Thus,
their presence can indicate the presence of MBPs in soil. However, it cannot be ruled
out that these gaseous degradation products released during the thermal degradation of
PLA (acetaldehyde) may also be released from the soil, and interference between soil and
MBP signals may occur. The source of these gases is soil organic matter, from which ions
with the same m/z as those of pure bioplastics may be released. Therefore, soils with
a higher proportion of soil organic matter, which may overlay lower concentrations of
micro-bioplastics, could become a problem. The solution to this potential problem is the
observation, as the results of the previous chapter suggest, that the gaseous products from
pure MBPs always leave in a constant stoichiometric ratio, unlike in soils where this ratio
is different.

To demonstrate this phenomenon, the organic matter or organic carbon content of
the tested soils had to be considered. The organic carbon in the studied soils ranged from
0.59 + 0.24% for P84 soil to 6.70 + 0.25% for HS45 soil (Table 1). To assess the effect of soil
on PLA analyses, the ratio of the areas of all ion peaks at m/z 43 and m/z 29 was calculated
and plotted versus concentration in a graph (Figure 6). This figure shows that, at low
MBP/soil organic matter ratios, the signal was significantly affected by gases released from
the soil. As the concentration (i.e., MBP/soil organic matter ratio) increased, the peak-area
ratio was constant at concentrations from approximately 0.5 to 1%, which was correlated
with the detection limit. In contrast, no relationships were observed between soil organic
matter content and the blank peak-area ratio deviation from the peak-area ratio at high soil
PLA concentrations.
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Figure 6. Ratios of PLA peaks of ions with m/z 43 and 29 in different soils as a function of
MBP concentration.

A similar effect was observed for the PHB ion peak ratio at 7/z 68 and 86 (Figure 7).
This suggests that the composition of soil organic matter was more important than its
concentration for the studied soils. We can also infer that the thermal decomposition of
these soils results in a negligible release of detection gases for both bioplastics, which only
affects the analyses below the detection limits; thus, all the selected ions can be used for the
detection of these bioplastics.

Our results show that microplastics can be analyzed even by using lower molecular
weights of pyrolysis gases using TG-MS. Furthermore, there was an attempt to keep the
capillary at the lowest possible temperature, which minimized the possibility of adsorption
of small molecules on the column. The analysis based on lower molecular weights increases
the possibility to scale the analysis up. In other words, this approach can be used in analyses
with other techniques equipped with cheaper detectors, such as the flame ionization detec-
tor (GC-FID). A major weakness of microplastic analyses of natural soils is the sampling
of the soil, especially if it is contaminated with smaller plastic particles. Most methods
are based on soil sampling, homogenization and subsequent quartering, thus reducing
the sample volume. In the case of soil and similar substrates, such as sludge, this can lead
to under- or overestimating the results. Therefore, a batch method is needed for some
applications. The results reported here suggest the possibility of conducting the analyses in
a large-scale pyrolizer (i.e., pyrolyzing large amounts of samples) connected to a simple
detector, thus enabling the analysis of small molecules evolved from the contaminated soil
to be conducted. In addition, the use of a constant ratio between typical gases avoids the
use of internal standards, which can be problematic when using batch methods.
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Figure 7. Ratios of PHB peaks of ions with m/z 68 and 86 in different soils as a function of
MBP concentration.

3.3. Results Obtained at a High Capillary Temperature

To demonstrate the suitability and advantage of the proposed approach, i.e., low
capillary temperature and low molecular weight, we also present the data obtained in the
experiment with high capillary temperature. A higher capillary transfer temperature could
indeed result in a lower LOQ for the determination of MBPs in soil. This could be due to a
better detection of higher specific 7/z, as the direct condensation and sorption of gaseous
products in the capillary would not occur. Increasing the capillary temperature could also
reduce peak tailing, as observed for PHB (Figure 3).

The results show that, although these m/z are specific to PLA and would be useful for
samples containing higher amounts of organic matter, the signal at 7/z 100 and 128 was
not intense enough for the analysis of real samples (Figure 8). Although the signal at m/z
56 (Figure 9) from the PLA dimer was more intense, there was signal splitting, and the
main peak was not separated from the other two peaks [67]. The last peak ended at a
temperature higher than 550 °C, which increased the analysis time and was instrumentally
more demanding. In addition, it extended the peaks over a larger temperature range,
which is generally problematic for quantitative analyses. Moreover, even in this case,
sorption onto the column cannot be excluded and further temperature increases could lead
to secondary reactions. In addition, the upscaling of this analysis discussed in the previous
chapter would be technologically problematic due to the need to maintain the equipment
at the desired temperature.
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Figure 8. Comparison of peaks at /2 100 and 128 obtained with the capillary heated at 280 °C.
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Figure 9. Peaks at m/z 56 obtained with the capillary heated to 280 °C. The peak of the signal at
m/z 43 from the same experiment is also shown for comparison (n.b., the two peaks have different
y-axes).

3.4. Other TG-MS Measurement Alternatives

Another alternative that could improve the LOD and LOQ determination of MBPs in
soil would be using a system where the TG detector is coupled directly to the MS detector
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without using a capillary [65]. Although this method requires minimal pretreatment of the
sample prior to measurement, which is necessary for analyzing MBPs, its major drawback
is the small amount of sample used for the analyses. Thus, this method needs to ensure
thorough homogenization of real samples and higher replication of measurements to
obtain representative results. It would also be problematic to analyze soils with larger
bioplastic particles. This problem could be solved by using a system that can measure
larger sample volumes.

The determination of both bioplastics in soils and other matrices (e.g., activated sludge
and compost) rich in organic matter remains an analytical challenge, because the detection
m/z for PLA can be strongly released from the matrix itself during analysis. For PHB, it
would be necessary to distinguish anthropogenic PHB from natural PHB, which is primarily
produced by bacteria in activated sludge as a carbon and energy storage polymer [68].

4. Conclusions

In this work, we present, for the first time, a method for the determination of PHB and
PLA in soil using TG-MS. The method is inspired by the work of [56], where TG-MS were
used for the quantitative analysis of PET microplastics in standard LUFA soil. This method
uses a capillary heated to a lower temperature, and lower m/z are used for detection;
therefore, it can be adapted to cheaper and simpler TG-MS or Py-MS. In this work, we
show that similar or better results can be achieved in LUFA soil, and that the method can
be used for analyses of real soils.

This work aims to develop a simple and, possibly, scalable method to analyze residual
MBPs after biodegradation experiments. Since the recommended concentration of bioplas-
tics in biodegradation experiments according to ISO 17556 is 0.1%, the LOD and the LOQ
are not sufficient to detect residual bioplastics. The possible inclusion of this technique
in the verification of biodegradation tests would need to be refined by using an internal
standard, by analyzing a larger volume of the sample, or by using a larger number of
samples in the biodegradation experiments. As bioplastics currently account for only a
fraction of the world’s plastic production, and thus have not yet entered the environment in
large quantities, it is not possible to estimate the environmentally relevant concentrations;
thus, it is not possible to assess the suitability of the method for analyzing real samples. On
the other hand, the development of bioplastic fertilizers and bioplastic mulch films may
lead to the accumulation of bioplastics in agricultural soils; thus, the number of bioplastics
in soil could be detectable by this method [29,69].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27061898/s1, Figure S1: Degradation products and MS
fragments of PHB. Figure S2: Degradation product and MS fragments of PLA. Figure S3: Calibration
line for determination of PHB in HS5 soil by detection of degradation product with m/z 86, dashed
line indicates 95% confidence interval. Figure S4: Calibration line for determination of PHB in
HS45 soil by detection of degradation product with m/z 68, dashed line indicates 95% confidence
interval. Figure S5: Calibration line for determination of PHB in HS45 soil by detection of degradation
product with m/z 86, dashed line indicates 95% confidence interval. Figure S6: Calibration line
for determination of PHB in LUFA soil by detection of degradation product with m/z 68, dashed
line indicates 95% confidence interval. Figure S7: Calibration line for determination of PHB in
LUFA soil by detection of degradation product with m/z 86, dashed line indicates 95% confidence
interval. Figure S8: Calibration line for determination of PLA in P185 soil by detection of degradation
product with m/z 43, dashed line indicates 95% confidence interval. Figure S9: Calibration line
for determination of PLA in P84 soil by detection of degradation product with m/z 29, dashed line
indicates 95% confidence interval. Figure S10: Calibration line for determination of PLA in P84 soil
by detection of degradation product with m/z 43, dashed line indicates 95% confidence interval.
Figure S11: Calibration line for determination of PLA in LUFA soil by detection of degradation
product with m/z 29, dashed line indicates 95% confidence interval. Figure S12: Calibration line for
determination of PLA in LUFA soil by detection of degradation product with m/z 43, dashed line
indicates 95% confidence interval.
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ABSTRACT: Adverse effects of microplastics on soil abiotic properties
have been attributed to changes in the soil structure. Notably, however,
the effects on the supramolecular structure of soil organic matter (SOM)
have been overlooked, despite their key role in most soil properties. This
work accordingly investigated the influence of plastic residues at various
concentrations on the SOM supramolecular structure and soil water
properties. To model plastic residues of micro-bioplastics, spherical or
spherical-like poly-3-hydroxybutyrate (PHB) was used, while poly-
ethylene terephthalate (PET) was used as a model of conventional
microplastics. The results suggest that both types of plastic residues affect
SOM properties, including physical stability (represented by water
molecule bridges), water binding (represented by decreased desorption
enthalpy or faster desorption), and the stability of SOM aliphatic
crystallites. The results further showed that the polyester-based microplastics and micro-bioplastics affected the SOM abiotic
characteristics and that therefore the observed effects cannot be attributed solely to changes in the whole soil structure. Notably,
similar adverse effects on SOM were observed for both tested plastic residues, although the effect of PHB was less pronounced
compared to that of PET.

KEYWORDS: PET microplastics, PHB micro-bioplastics, DSC, water, soil

Microplastic

1. INTRODUCTION about the interactions themselves.'® Recently, it was speculated
that microplastics could interact with amphiphilic and
hydrophobic compounds in soils and influence the stability
of soil aggregates.” Similarly, Souza Machado et al.'" found
changes in soil aggregation, bulk density, water-holding
capacity, and hydraulic conductivity caused by the presence
of microplastics in concentrations between 0.05 and 2.00%.
Zhang et al.'> observed that polyester fibers at concentrations
ranging from 0.1 to 3.0% affect the pore size distribution and
aggregation of a soil, while the polyethylene film significantly
increases the rate of soil water desorption and desiccation
cracking behavior.'” Additionally, other authors'® found that
plastic film residues caused significant changes in the physical
properties of soil, such as the initial gravimetric water content,
bulk density, total porosity, and soil water distribution. Wan et

Soil contamination by microplastics—plastic particles between
1 pym and 5000 pm in size—is one of the most widely
discussed environmental issues today."” The main source of
primary microplastics in agricultural soils is sewage sludge
fertilization” and fertilizer coating,” while secondary micro-
plastics originate from eroded plastic mulching.> Other main
sources include irrigation, flooding, littering, and atmospheric
deposition.”” Microplastics from nonbiodegradable polymers
have been found in most soils, including critical arable and
urban soils.® Although the decomposition rate of microplastics
in soil is unknown, they are thought to be persistent.”
Nevertheless, this persistence depends on the type of
microplastics, the environmental conditions, and microbial
adaptation, as suggested by the discovery of polyethylene
terephthalate (PET)-degrading bacteria in the vicinity of a

Japanese recycling facility.* Received: March 20, 2022
Soil is a particle-rich environment with a massive internal Revised:  June 6, 2022
surface area, and microplastics can be viewed as a soil physical Accepted: June 27, 2022

contaminant.” Therefore, many interactions with mineral and Published: July 11, 2022

non-living organic particles can be expected. However, studies
that focus on such interactions are scarce,” and little is known

© 2022 American Chemical Society https://doi.org/10.1021/acs.est.2c01970
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al.' observed that fragments of plastic films created channels
for water movement, enhancing the desorption of water from
soil, and speculated about the destruction of the soil’s
structural integrity. Other studies have shown the limiting
effect of microplastics on seed germination as they block seed
pores, which reduces water penetration'* and inhibits plant
growth.'> These observations suggest that microplastics are
relevant long-term anthropogenic stressors.

One strategy to avoid secondary microplastics is to replace
nonbiodegradable plastics (usually petroleum-based) with
biodegradable ones (preferably those manufactured from the
waste of renewable feedstock) whose fragments may be
completely biodegraded.'® The biodegradation comprises
several phases, such as biodeterioration and biofragmenta-
tion,'” ™" during which the plastic is fragmented into small
pieces. The following stage is bioassimilation,”” in which the
low-molecular-weight products that are formed during the
previous stage are transported to cells. The final phase is
mineralization,”® which results in low-molecular-weight prod-
ucts. Needless to say, this biodegradation is accompanied by an
increase in the count of biodegrading microorganisms and
therefore also in the production of biomass. The biodegrada-
tion processes depend on the environmental conditions, such
as the temperature, moisture, nutrient supply, aeration, and
number of biodegrading microorganisms.”'~

However, the potential risks linked to the use of
biodegradable plastics are rarely considered, although several
related issues have already been reported including similar
toxicity of additives from conventional plastics and biodegrad-
able bioplastics (hereinafter referred to as bioplastics),'®
negative effects on wheat growth,26 and enhanced C and
nutrient turnover, which may potentially alter the soil’s
ecological functioning and biogeochemical cycling”” Another
risk associated with biodegradable plastics is the increased rate
and ease of microplastic production compared to that of
nonbiodegradable plastics. For example, the use of biodegrad-
able plastic mulch films would lead to the formation of micro-
bioplastics in larger quantities.”® The optimal biodegradation
conditions are rarely met, and biodegradable plastics can
biodeteriorate and quickly form micro-bioplastics.”*** In the
related literature, biodegradation tests were not always
conclusive in clearly distinguishing between fragmentation
and biodegradation,”” and incomplete degradation at the end
of the experiment was sometimes suggested. One example of
slow biodegradation under controlled laboratory conditions
involved the over 6 weeks biodegradation of aliphatic—
aromatic polyester polybutylene adipate terephthalate
(PBAT) in agricultural soils, which brought only small changes
in the material.>® Other authors observed about 50% of mass
loss among monofilaments composed of PBAT in standardized
sandy soil, with a minor change in molecular weight after 22
months.”® Importantly, the formation of residues is not
reflected in the respective norms for testing of biodegradation
(e.g, ISO 17556 and ASTM D5988), which require only
partial degradation from 6 months to 2 years. Therefore, the
replacement of nonbiodegradable plastics by biodegradable
bioplastics can represent a solution for the persistence of
microplastics in soil, but from a short- and medium-term
perspective, the influence of micro-bioplastics on soil should be
investigated. An issue can also arise when using composts as
soil amendments, as even under degradation favorable
conditions for full-scale composting taking 18 weeks,”" an

incomplete degradation of polylactic acid/polyhydroxyalka-
noate (PLA/PHA) and PBAT films was observed.

Polyhydroxybutyrates (PHBs) are among the most currently
investigated biodegradable polymers. PHB is formed as an
intracellular bacterial reserve of carbon and energy and serves
as an ion sink in various Gram-positive and Gram-negative
bacteria in response to reduced nutrients.”> The biodegrada-
tion of PHB occurs in aerobic and anaerobic microbially active
environments, and its rate strongly depends on the moisture
level, nutrient supply, temperature, and pH.>> Although it is
considered a fully biodegradable and environmentally bio-
compatible plastic, aquatic environment tests revealed the
negative effects of PHB nanoplastics (75-200 nm at
concentrations ranging from 25 to 100 mg/L) on the cellular
growth and physiological parameters of organisms of different
trophic levels.” To the best of our knowledge, PHB’s toxicity
to soil biota has not yet been reported. PHB content in the soil
is expected to increase in the future as it is a polymer that is
applicable, among others, to delivery systems for pesticides to
soils, ¢ coating of fertilizers,*® and biodegradable mulching.37

In light of the above review, there is a lack of literature
studies on the effect of microplastics and micro-bioplastics on
abiotic soil components. Several effects of microplastics on soil
properties and water in soil have been observed,”'® which the
authors explained as related to the changes to the physical
properties of investigated soils. We hypothesize that this only
partially explains the effects as it overlooks the possible effect
of microplastics on the supramolecular structure of soil organic
matter (SOM). The structure of SOM contains moieties with
various polarities that interact with extraneous materials in a
way that changes their conformation, inducing changes in
SOM properties as a result. In mineral soils, the SOM content
is low, as is the subsequent effect. In organic soils, however,
these changes in the structure may influence the soil abiotic
processes more significantly.

This study aims to clarify the effect of microplastics and
micro-bioplastics on the properties of SOM by analyzing the
effects on organic soil, which is a model for SOM. This
approach can amplify both possible changes and their
detectability, which would be difficult in mineral soils with
low SOM content. As model bioplastics was used poly-3-
hydroxybutyrate (PHB), which is a poorly wettable polymer,*®
and its effect on SOM under arid conditions with a limited
water supply is hard to predict. Therefore, its influence was
studied in soil that had been dried under different conditions
to obtain soils with various types of water configurations (i.e.,
structures that were formed by water molecules) that were
typical for arid conditions. As a microplastics counterpart, PET
of similar wettability was used, which also belongs to the group
of polyesters and represents one of the most widely distributed
microplastics in soils.*

2. EXPERIMENTAL SECTION

2.1. Experiment Preparation. A sapric histosol from
Totes Moor (Fuhrberg, Germany) was used as a model of
SOM due to its high organic matter content. The properties of
this sapric histosol (hereinafter referred to as SOM) have been
described in prior studies.*”*' Briefly, it consists of 93.2 +
0.2% of organic matter, 52% organic carbon content, 123
mmol, kg™ cation exchange capacity, and a pH of 2.7
(determined in 0.01 M CaCl,). Air-dried SOM was ground in
an agate mortar and sieved through a 125 pm sieve. Later in
the text, we only use the term “SOM”.

https://doi.org/10.1021/acs.est.2c01970
Environ. Sci. Technol. 2022, 56, 10732—10742


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Two grams of sieved SOM was mixed with 11 mL of
suspension containing PET or PHB particles (<63 pm, the size
distributions of the obtained fractions are reported in the
Supporting Information as Figures S1 and S2) and carefully
homogenized by vortex stirring for 10 min. PHB (Y1000P)
was obtained from TianAn Biologic Materials Co., Ltd.
(Ningbo City, China).*” The particles had spherical or
spherical-like shapes (Figure S3). The contact angle of PHB
is reported between 70* and ~81°,** which makes it slightly
hydrophobic. The PET particles were obtained as a residual
material from mechanical recycling from PETKA CZ as.
(Brno, Czech Republic), purified, and then sieved. The contact
angle of PET varies between 66 and 81°," that is, it is also
poorly wettable compared to PHB. The final concentrations of
PHB and PET in the SOM were 0% (uncontaminated SOM,
i.e, blank), 0.1, 0.5, 1, S, and 10% (w/w). These
concentrations were chosen for the following reasons. First,
we wanted to observe possible effects in a wide range of SOM-
to-plastic ratios to reveal possible trends. Second, the ratio
between, for example, SOM and PHB in 10% (w/w)
contamination is roughly 10 to 1 (w/w) in organic soil, but
in mineral soil, where the SOM content is lower (e.g., 1%), the
same ratio is decreased to roughly 0.1 to 1; in other words, the
10% contamination in organic soil represents the effect of 0.1%
in mineral soil. For these reasons, we selected higher ratios,
which may be rare for organic soils (locally possible when
using mulching from PHB) but are less rare in mineral soils,
where comparable ratios can be reached through the use of
coated fertilizers and delivery systems. The homogenized
samples (SOM with PET or PHB) were dried in a desiccator at
a controlled temperature (20 = 1 °C) at three different relative
humidity (RH) levels (43 + 3, 76 + 3, and 92 + 3%) for 3
weeks to obtain SOM samples with three different water
structure types. The RHs were maintained using saturated salt
solutions: 43% RH using K,CO3, 76% using NaCl, and 92%
using KNO; (PENTA s.r.0., Czech Republic).

2.2. Preparation of the Samples for Measurement.
Approximately 5 mg of all microplastics-spiked sapric histosol
samples were weighed in a Tzero aluminum pan and
hermetically sealed using a Tzero press (both TA Instruments,
New Castle, USA). Each sample was measured three times
using a DSC Discovery 2500 equipped with an RCS90 cooling
system (TA Instrument, New Castle, USA) to determine the
parameters described in Sections 2.3, 2.4, and 2.5. In all cases,
the purging gas was pure nitrogen (50 mL per min).

The experiments conducted as described in following
sections were designed to observe the effect of contamination
on various thermophysical properties, which are reflecting the
SOM properties.

2.3. Stability of Water Molecule Bridges. The hermeti-
cally sealed pans containing samples were subjected to the
following temperature regime: cooling from 20 to —50 °C at
10 °C per min, followed by an increase to 110 °C at 10 °C per
min. These cycles were then repeated.

The representative differential scanning calorimetry (DSC)
record of the samples containing 10% of PHB microplastics is
reported in the Supporting Information (Figure S4). The
analyses of records were performed using Trios software (TA
Instruments, New Castle, USA). The record shows the
development of heat flow with temperature with a step
transition, which is typical for water molecule bridge (WaMB)
breaks.*® The temperature of the WaMB break in SOM was
determined as an onset (T,,.,) (Figure S4). This temperature

disrupts the weakest WaMB, while a further temperature
increase disrupts WaMBs of higher stability."”

2.4. Determination of Desorption Enthalpy and
Water Content. Prior to the measurement, the hermetically
sealed pans with samples were perforated, after which they
were immediately placed into the DSC oven to be measured.
The following temperature program was applied: cooling from
20 to —30 °C at 10 °C per min and heating to 185 °C at 7 °C
per min. After the experiments were completed, the pan was
weighed to determine the amount of evaporated water
compared to the total water content.

An exemplary water desorption record from SOM
containing 10% microplastics that was dried at 43% is reported
in the Supporting Information (Figure SS), where a blue line
indicates a cooling step, while a green line represents a heating
step. The record shows an endothermal event between ~0 and
~120 °C, which corresponds to the desorption of water from
SOM (hereinafter, we will use the term “desorption” to refer to
this process). The desorption enthalpy of water was
determined by integrating the peak using the Trios software.
The record shows a peak temperature of 64 °C and an
enthalpy of 1.144 J. The enthalpy was normalized with the
weight of the water. As a result, the enthalpy was determined as
joules per gram of evaporated water. The second endothermal
peak in Figure SS corresponds to the melting of PHB (the
melting point of PHB is between 173.6 and 176 °C).**~°

2.5. Determination of Aliphatic Crystallite Content.
The content of aliphatic crystallites was assessed from their
melting enthalpy, which was retrieved from the melting phase
during the second DSC heating run. During the second run,
the overlapping WaMB transition was not present.*® There-
fore, the melting enthalpy was proportional to the aliphatic
crystallite content. The exemplary record and melting enthalpy
determination are presented in Figure S6.

3. RESULTS

3.1. Water Content in SOM after Contamination. The
comparison of the water contents in SOM before and after
contamination is reported in Figure 1. To express the
deviations, the results are plotted as the difference between
the water content in noncontaminated and contaminated
SOMs. The noncontaminated sample represents a control
measurement and is expressed as solid red reference line; the
interval of the highest experimental error of all three blanks is
marked with a dashed red line. In Figure 1, the difference
between the water content in SOM in noncontaminated and
contaminated SOMs is expressed as Am/m.

The results showed that for 43, 76, and 92% RHs, the water
contents in the SOM mass fraction for uncontaminated SOM
in the PET experiments were 0.150 + 0.002, 0.196 + 0.004,
and 0.265 + 0.007 w/w, respectively. In the PHB experiments,
the values were 0.152 + 0.002, 0.185 + 0.007, and 0.272 +
0.006 w/w, respectively (Table S1).

At 43% RH, the samples with up to 5% microplastic
contamination resulted in an insignificant change in the water
content in the SOM except for the sample containing 0.1% of
PET. At higher concentrations of microplastics, the water
content decreased.

At 76% RH, the amount of water in the SOM slightly
increased up to 5% and then decreased. However, except for
the highest concentrations, this increase was predominantly
minor and within the margin of experimental error.
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Figure 1. Water content in SOM dried at different RHs contaminated
by different concentrations of PET (a) and PHB (b). The water
content was normalized by SOM and microplastics or micro-
bioplastics (n.b. differences in Y axes).

At 92% RH, the water content in the PET-contaminated
SOM was unchanged, except for the highest concentration.
However, the PHB contamination led to a decrease in the
water content of the 0.1 and 0.5% samples and an increase at
higher PHB concentrations.

In addition, the amount of water in the SOM was
normalized with the SOM mass content without PHB or
PET to determine the effect of microplastics on the SOM
alone (Table S2). The results suggest that the microplastics did
not predominantly affect the water content (Figure S7).

3.2. Desorption Enthalpy—Water Binding Strength.
The comparison of desorption enthalpy of water from SOM
before and after contamination is reported in Figure 2. To
express the deviations, the results are plotted as the difference
between the desorption enthalpy of the water from non-
contaminated and contaminated SOMs. The noncontaminated
SOM is expressed as a solid red reference line; the interval of
the highest experimental error of all three blanks is marked
with a dashed red line. In Figure 2, the difference between the
desorption enthalpy from noncontaminated and contaminated
SOMs is expressed as A evaporation enthalpy.

For 43, 76, and 92% RHs, the desorption enthalpy values for
uncontaminated SOM in the PET experiment were 2.26 =+
0.01, 2.03 £ 0.01, and 2.12 + 2 J per mgy o, respectively. In
the PHB experiment, the values were 2.02 + 0.02, 1.854 +
0.007, and 1.827 + 0.008 J per mgy o, respectively (Table S3).

The general trend for all RH values was that an increasing
concentration of microplastics and micro-bioplastics decreased
the desorption enthalpy, which reflects the water binding
strength (Figure 2). Exceptions could be observed for lower
concentrations of microplastics and micro-bioplastics (up to
1%). The effect of decreasing the enthalpy was more
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Figure 2. Desorption enthalpy of bound water related to pure water
in SOM dried at different RHs contaminated by different
concentrations of PET (a) and PHB (b). The measured heat was
normalized by the mass of evaporated water.

pronounced for PET than for PHB; for example, the enthalpy
with a contamination of 1% led to a decrease in the enthalpy of
43,76, and 92% RH of —0.2 & 0.004, —0.03 + 0.01, and —0.07
+ 0.02 J per mgy o for PET and —0.06 + 0.04, —0.03 + 0.03,

and 0.009 + 0.009 ] per mgy o for PHB, respectively.

3.3. Stability of WaMBs—Structural Stability of SOM.
Figure 3 compares the T, temperatures of WaMB disruption
in SOM before and after contamination. To express the
deviations, the results are plotted as the difference between the
Toneet temperatures of WaMB for noncontaminated and
contaminated SOM. The noncontaminated SOM values are
expressed as a solid red reference line; the interval of the
highest experimental error of all three blanks is marked with a
dashed red line. In Figure 3, the difference between the WaMB
temperatures of noncontaminated and contaminated SOMs is
expressed as AT ..

In the PET experiments, for 43, 76, and 92% RHs, the T, .
temperatures of WaMB were 47.2 + 0.2, 47.4 + 0.02, and 45.9
+ 04 °C, respectively. In the PHB experiments, the T .
temperatures were 49.8 + 0.05, 48.7 & 0.07, and 46.3 & 0.04
°C, respectively (Table S4).

No general trend was observed for WaMB temperatures. At
43% RH, for the 0.1-5% PHB, T, decreased and increased
at 10% PHB. This is in contrast to the trend of PET-
contaminated SOM, which showed a decrease.

At 76% RH, for PHB at 0.1—1% was observed an increase
and a decrease between S and 10%. On the contrary, for PET,
at a 0.5% contamination, T, increased.

At 92% RH, the 0.1-0.5% PHB contamination caused a
decrease in T, and an increase was observed at higher
concentrations. The contamination by PET caused a decrease
in Tonset'
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Figure 3. Stability of WaMBs (expressed as ATonset required for
breaking the weakest WaMB from the uncontaminated SOM) related
to uncontaminated SOM in SOM dried at different RHs
contaminated by different concentrations of PET (a) and PHB (b).

3.4. Stability of Aliphatic Crystallites. Figure 4
compares the differences in the enthalpies before and after
contamination, that is, between the noncontaminated and
contaminated samples. The noncontaminated samples are
expressed as a solid red reference line; the interval of the
highest experimental error of all three blanks is marked with a
dashed red line. In Figure 4 are the reported values obtained
after normalization of the enthalpy using the whole mass of the
SOM.

For 43, 76, and 92% RHs, the melting enthalpies of the
crystallites for blank SOM in the PET experiment were 2.30 +
0.08, 2.06 + 0.03, and 2.44 + 0.04 ] per mg, respectively. In the
PHB experiment, they were 2.60 + 0.03, 2.66 + 0.06, and 2.7
+ 0.2 ] per mg, respectively (Table SS).

The results show that increasing the concentration of PET in
SOM nonlinearly decreases the melting enthalpies of
crystallites at all RHs. For PHB, the decrease was observed
mainly at 92% RH; for 76% RH, the decrease was observed for
S and 10% PHB concentrations; and at 43%, the decrease was
observed only for the concentration of 10%.

The melting enthalpies of the crystallites in the SOM were
also normalized using the SOM content without PHB or PET
to determine the effect of microplastics solely on the SOM
(Table S6). The results (Figure S8) clearly indicate that
increasing the plastics content caused a decrease in melting
enthalpy, indicating a decrease in the content of SOM aliphatic
crystallites.
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Figure 4. Melting enthalpy corresponding to the aliphatic crystallite
content related to uncontaminated SOM in SOM dried at different
RHs contaminated by different concentrations of PET (a) and PHB
(b). The measured heat was normalized by SOM with microplastics.

4. DISCUSSION

Comparing the effect of PHB micro-bioplastics and PET
microplastics on SOM reveals similar effects on the water
content (Figure 1), water binding strength (desorption
enthalpy) (Figure 2), and aliphatic crystallite content (Figure
4). Differences caused by plastic spiking were observed for the
structural stability (Figure 3).

4.1. Effects of Microplastics and Micro-Bioplastics on
Properties of Water in SOM. Prior to any discussion about
the effect of plastics on SOM, it is important to describe the
changes in the water structure in SOM caused by changes in
RH. According to previous studies,"”' when the vacuum-
dried sapric histosol is exposed to an RH of below 46%, water
is mainly adsorbed on the so-called primary sorption sites.
These sites consist of polar functional groups and strongly bind
water. An increase in the RH (from 35 to 43% in the
commented case) results in further water sorption and a
progressive increase in sorption site size. As a result, two or
more adjacent sites can connect to form a WaMB. These
WaMBs are thermally stable because they are formed between
groups that are very close to each other. By further increasing
the RH (~76%), weaker bridges are formed between the
functional groups, which are more distant from each other.
Simultaneously, within the WaMB, five-membered water
clusters are formed. Such structured water clusters can enter
the hydrophobic pores and interact with hydrophobic walls via
van der Waals forces. As a result, water molecules accumulate
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Figure S. Explanation of the water state in SOM. The blue pentagram is the water pentamer, and in brown is the water in hydrophobic cavities (a)
without (bio)microplastic and (b) deformation of the molecular structure caused by the (bio) microplastics (red line).

in the pore and form the water phase.”” This situation is
illustrated in Figure Sa of this work.

It should be noted that in contrast to the work®” in which
the SOM was dried in vacuum and then exposed to constant
humidity, in this work, the samples were prepared by
evaporating water from the sample after contamination. This
is expected to result in effects that are associated with the re-
conformation of SOM molecules during drying.

The PHB and PET microplastics had a conclusive effect on
WaMB temperature (Figure 3) and desorption enthalpy
(Figure 2) and no effect on the water content in SOM
(Figure 1). These findings lead to the following hypotheses:

a Microplastics affect SOM pores by clogging and affecting
the formation and stability of WaMBs and desorption
enthalpy;

b Microplastics directly affect the hot spots where the
WaMBs are formed;

¢ Microplastics affect the structure of SOM, which
subsequently affects the hot spots where WaMBs are
formed.

Hypothesis (a): This hypothesis is based on the notion that
SOM is mostly a microporous system®” and that moisture
desorption from soil involves coupled heat and mass transfer.
This whole process is influenced by the transport properties of
liquid water, vapor, and heat, atmospheric evaporative demand,
and vapor and heat exchanges between the soil and the
environment.”> Any disruption of this system influences the
processes of desorption. The results reported in this work
showed that the PHB and PET microplastics affected the SOM
structure, which did not affect the water content (Figure 1 and

Table S2 in the Supporting Information). However, they
significantly decreased the desorption enthalpy (Figure 2). The
decrease can be interpreted as a change in water—SOM
interaction and faster water desorption (see Section 4.3). It is
noteworthy that faster desorption (i.e.,, desiccation) was also
possible to be observed visually when manipulating the SOM.
The micropores form approximately 95—99% of the SOM
surface area, with maximum restrictions of approximately 0.5
nm.>* In this scenario, the particles would be adsorbed on the
surface, which would influence the water desorption from
SOM. However, the water content that was counted per SOM
did not change (Figure S7). This scenario would accordingly
not explain the decrease in desorption enthalpy.

Hypothesis (b): The WaMB is a cluster of water molecules
formed between adjacent functional groups and can therefore
be affected by RH or mechanically.”> The size is estimated to
be between 1.0 and 1.3 nm. It comprises 14 water molecules
and can reduce the system’s energy by 42—84 kJ/mol.*’
Therefore, a specific number of water molecules are required
to form a WaMB.”” More specifically, both an excess and a
deficiency of water molecules can destabilize WaMBs.”® In
addition, the penetration of poorly wettable PHB and PET
would not disrupt the hydrophilic WaMB hot spot as it would
be energetically unfavorable. Therefore, the direct effect on the
WaMB hotspot can also be excluded.

Hypothesis (c): The effect on the structure’s rigidity
depends on the drying atmosphere and, therefore, on the
prevailing type of water in the SOM. In the sample that
contained mainly adsorbed water, the rigidity of SOM
increased alongside the PHB and PET concentration. By
contrast, in the sample with more water molecules in the

https://doi.org/10.1021/acs.est.2c01970
Environ. Sci. Technol. 2022, 56, 10732—10742


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01970/suppl_file/es2c01970_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01970/suppl_file/es2c01970_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01970?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

WaMBs in the form of clusters, the SOM’s rigidity decreased
as PHB and PET concentrations increased (Figure 3). As
discussed above, PHB and PET are poorly wettable polymers.
The SOM is a supramolecular mixture of various molecules,”
which form domains of various polarities.60 Additionally, the
mixture includes amphiphilic and hydrophobic molecules and
moieties, which can adsorb on the PHB surface. The high
affinity of liposoluble compounds such as chlorobenzene (CB)
and o-nitrochlorobenzene (0-NCB) to PHB were demon-
strated in an earlier report.”’ Such a preferential sorption of
certain SOM molecules caused the re-conformation of the
SOM supramolecular structure, in which presumably hydro-
phobic moieties are directed toward the PHB surface, similarly
to processes occurring in soil®>®® or at the air/dissolved
organic matter interphase.®' Depending on the PHB
concentration, the interaction between hydrophobic moieties
and the PHB surface impacts the original organization of the
‘WaMB hot spot and disrupts the configuration and porosity of
the SOMs’ polar domains. The stability of the bridges is related
to the distance between the polar groups and the polarity of
the surrounding molecules and possible contaminants.”* Small
amounts of either PHB or PET can affect the bridge by
disrupting the WaMB’s surroundings. The increasing concen-
trations gradually strengthen the bridge by pressing the bridges
together, either mechanically or by inducing chemical changes
in the vicinity of the WaMB, which is similar to the behavior of
various chemicals.”* The pushing effect is supported by
Mikutta et al.,”> who observed a shift in WaMB temperature
in mineral soils due to the pushing effect of minerals on SOM.
The situation with microplastics is illustrated in Figure Sb.
Hypothesis (c) can explain the behavior of water in
contaminated SOM that has been dried under various RHs.
It was observed that once lower concentrations of PHB micro-
bioplastics were added, WaMBs were destabilized in SOM that
was exposed to 43% RH; however, they were stabilized when
the micro-bioplastic concentration was increased (Figure 3).
Moreover, the desorption enthalpy gradually decreased (Figure
2), indicating that the presence of PHB influenced the
structure in the way that water in the SOM is bound weaker.
As the obtained desorption enthalpy represents the sum of all
water interactions in the SOM, it is proportional to the
interaction energy between SOM and water molecules plus the
energy cost of water transport in the microporous SOM
structure. Therefore, the reduction in desorption enthalpy is
due to the disruption of the SOM structure. We speculate that
the PHB size and interaction with SOM molecules may lead to
the opening of the SOM pores, thus facilitating water
desorption. This also explains the effect of PET microplastics,
which decreased the WaMB strength at all concentrations.
The results contain some inconsistencies for SOM exposed
to 76% RH, where the addition of a lower concentration of
microplastics did not significantly affect the amount of water
(Figure 3). We attribute this observation to the differences in
the contact angles between both polymers, which affects both
their affinity to SOM and their ability to disrupt the
supramolecular structure of SOM. Also, the situation with
WaMB at 43 and 92% RHs for PHB is peculiar (Figure 3). We
conclude that the desorption enthalpy decreased (Figure 2),
which is due to both the re-conformation of the structure and
the effect on water retention. A similar explanation can be
drawn for PET. the physical structure of SOM is corrupted,
which decreases the WaMB stability. As the surface of PET is
slightly less wettable (i.e., hydrophobic) than PHB, PET affects

the WaMB hot spots more and the surrounding hydrophobic
cavities less. As a result, the WaMB becomes less stable as the
PET concentrations increase.

4.2, Influence on Aliphatic Crystallites. The extent to
which crystalline aliphatic fractions interact with extraneous
compounds or particles has not been well-described in the
literature.”> In the SOM under study, the aliphatic crystallites
consist of the following two types of moieties: a fraction that
comprises biopolymer residues that may originate from higher
plants and a fraction that comprises microbiological frag-
ments.”> Their content in the studied sapric histosol, including
both plant and microbial fractions, was estimated to be 2.8—
7.6% of the total mass. The crystallites structure was altered by
an interaction with monoaromatic®> and some polycyclic
aromatic hydrocarbons.’® Despite the hydrophobic character-
istic of the crystallites, their structure responds both to polar
solvents, such as water and methanol, and less polar solvents,
such as acetone and hexane.®”

These results indicate that the addition of both PHB and
PET to SOM led to a decrease in the melting enthalpy (Figure
4), which can be attributed to the decrease in aliphatic
crystallite content. A partial weakening of the crystals, which
would also decrease enthalpy, would be reflected in a decrease
in the melting temperature of the crystallites, which was not
observed. According to Hu et al,%” the diameter of a
poly(methylene) region is estimated to be more than 3 times
the crystallite thickness, that is, it exceeds 12 nm. Therefore,
although its size is significantly lower than that of PHB or PET,
it has comparable wettability (see the contact angles reported
in the Experimental Section) and therefore hydrophobicity.
The decrease in the crystallite content suggests that their
interaction results in the decomposition of their crystalline
structure. More specifically, the nanometer-sized crystallites,
composed of a wide range of chemical structures,”® have lower
thermodynamic stability than fully developed and chemically
pure crystallites. This is caused by their small size,** as well as
the fact that interaction with the PHB or PET partially or fully
spreads the molecules (adsorption) on their surface, which is
similar to a melting process.

Due to their arrangement,”’ the aliphatic crystallites
represent a biologically stable pool of SOM,*” and their
concentration in SOM increases over time due to selective
enrichment.”” On the contrary, the amorphous domains of
aliphatic moieties are less refractory and biodegrade faster.’”
As suggested by our data, the PET microplastics and PHB
micro-bioplastics destabilize a refractory pool of SOM, thereby
contributing to faster SOM mineralization. We speculate that
this may be a more serious problem for biodegradable PHB as
its biodegradation relates to increased microorganisms, which
can cause faster biodegradation of adsorbed aliphatic moieties.
On the contrary, the refractory PET may protect the “melted”
aliphatic moieties from mineralization by their mutual
interaction, which in some cases increases the persistence of
molecules against the degrading enzymes.

The aliphatic crystallites represent up to 10 percent of the
total SOM,*® and their environmental relevance is still not
understood. As aforementioned, they are presumably bio-
logically recalcitrant. However, the data obtained up to now
indicate that they are relatively unstable upon interaction with
various chemicals or particles; they can both “melt”® and
“grow”.”"*> Their existence reflects one of the main SOM
stabilization mechanisms,”’ but the current awareness on
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aliphatic crystallites does not allow for any prediction of their
fate.

4.3. Environmental Relevance and Upscaling of the
Results. The most affected parameters in SOM that has been
contaminated by microplastics are desorption enthalpy (Figure
2) and WaMB transition (Figure 3). The data indicate that the
intrusion of PHB microplastics into the SOM structure
influences the original pore system and introduces less
wettable—that is, relatively hydrophobic—surfaces on which
water molecules self-organize to minimize contact. This is
entropically unfavorable because it disrupts the existing water
structure and imposes a new, more ordered structure on the
surrounding water molecules.”> As a result, the water
configuration changes, which has an influence on its dynamics.

A mechanistic account of desorption enthalpy and its
decrease as caused by microplastics should accordingly be
discussed due to its environmental relevance. In almost all
cases, except for 76% RH, a constant decrease in desorption
enthalpy was observed when the PHB concentration was
increased (Table S3). At 10% PHB, this decrease was
approximately 10%. In other words, both PHB micro-
bioplastics and PET microplastics support and accelerate the
desorption of water from SOM in proportion to their
increasing concentrations. This faster desorption is more
pronounced in SOM that is dried at a lower RH, that is, both
PHB micro-bioplastics and PET microplastics, and influences
the amount of water adsorbed on polar sites. This finding
points to a greater risk of soil water loss due to microplastic
contamination in arid and semiarid areas or during dry periods.

Notably, the observed effects would be the strongest during
the primary phase when introducing the microplastics and
micro-bioplastics into the soil as the fate of plastics is later
dictated by the activity of the microorganisms. During the later
phases, the fate and effect of both microplastics would differ
because depending on the conditions, PHB will fragment and
biodegrade, while PET will become a more or less persistent
part of the soil. However, these effects (including the influence
of the particle’s shape) are beyond the scope of this work and
will be addressed in future studies.

As aforementioned, the effects of microplastics and micro-
bioplastics on abiotic soil components are still not well-
understood. Until now, the effects were explained mostly as the
effect of small particles on soil aggregation,”'””* while some
authors concluded that this effect is putatively mediated by soil
biota.”* Here, we focused on short-term effects and excluded
the possible biotic effects by using sapric histosol with low
microbial activity. After the introduction in SOM, in the short
term, we observed interactions of selected microplastics and
micro-bioplastics with SOM. This caused changes in the
supramolecular conformation of SOM moieties and shifted its
properties on the nano-level scale. Taking into account
previous results,”* we conclude that the short-term effects
are mainly abiotic, while the long-term mechanism may include
biotic processes influencing soil aggregation.

Notably, it is assumed that PHB will be used extensively in
the future, meaning that its increasing input into the soil
(mulch, delivery systems, coatings, or littering) can also be
expected. Therefore, it is important to be aware of possible
problems that may arise as a result of its use in agriculture or in
other industries.”” The aim of this work was not to frame PHB
as a new contaminant but rather to underscore the observation
that the potential problems that bioplastics may cause in soil
should be comprehensively investigated rather than over-
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looked. Future studies should thus aim to develop recom-
mendations as to how such problems with bioplastics in
agriculture might be avoided as bioplastics currently seem to
be the only way to address the soil microplastics problem.
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Figure S1: The repeated measurements of size distribution of PET particles suspended in deionized water after
sonification. The suspension was measured with the dynamic light scattering system HELOS Particles Size Analysis

System from Sympatec GmbH.
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Figure S2: The repeated measurements of size distribution of PHB particles suspended in deionized water after
sonification. The suspension was measured with the dynamic light scattering system HELOS Particles Size Analysis

System from Sympatec GmbH.
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Figure S3: Scanning electron microscope image of polyhydroxybutyrate particle used for the experiments
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Figure S4: DSC record and determination of WaMB transition.
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Figure S5: An exemplary record and determination of desorption enthalpy of water from SOM contaminated with 10 %
of P3HB microplastics. Blue line stands for cooling from laboratory temperature to -30 °C and green line stands for
heating to 185 °C.
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Figure S6: An exemplary record and determination of melting enthalpy of soil aliphatic crystallites from SOM

contaminated with 10 % of P3HB microplastics.
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Figure S7: Water content in SOM dried at different relative humidities contaminated by different concentrations of
PET (a) and PHB (b). The water content was normalized only by SOM.
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Figure S8: Melting enthalpy corresponding to the aliphatic crystallites content related to uncontaminated SOM in
SOM dried at different relative humidities contaminated by different concentrations of PET (a) and PHB (b). The
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Table S1: Average of the water content in SOM normalized with SOM and microplastics (m/m norm) and the

deviations from blank sample (Am/m norm)

PET

RH 43 % RH 76 % RH 92 %
m/m Am/m m/m Am/m m/m Am/m
Concentration % | norm norm norm norm norm norm
Blank | 0.150 0.000 0.196 0.000 0.265 0.000
0.1 | 0.166 0.016 0.194 -0.002 0.270 0.005
0.5| 0.159 0.009 0.194 -0.002 0.269 0.004
10| 0.154 0.004 0.196 0.000 0.266 0.001
50| 0.148 -0.002 0.197 0.001 0.272 0.007
10.0 | 0.149 -0.001 0.188 -0.008 0.264 -0.001

PHB

RH 43 % RH 76 % RH 92 %
m/m Am/m m/m Am/m m/m Am/m
Concentration % | norm norm norm norm norm norm
Blank | 0.152 0.000 0.185 0.000 0.272 0.000
0.1| 0.151 -0.001 0.178 -0.007 0.262 -0.010
0.5| 0.150 -0.002 0.176 -0.009 0.264 -0.008
1.0 | 0.147 -0.005 0.180 -0.005 0.279 0.007
50| 0.153 0.002 0.189 0.005 0.274 0.002
10.0 | 0.157 0.005 0.180 -0.005 0.277 0.005

Table S2: Average of the water content in SOM normalized only with SOM (m/m norm) and the deviations from

blank sample (Am/m norm)

PET

RH 43 % RH 76 % RH 92 %
m/m Am/m m/m Am/m m/m Am/m
Concentration % | norm norm norm norm norm norm
Blank | 0.150 0.000 0.196 0.000 0.274 0.000
0.1 | 0.166 0.016 0.194 -0.002 0.269 0.004
0.5| 0.158 0.008 0.194 -0.003 0.268 0.003
1.0 | 0.152 0.002 0.194 -0.002 0.263 -0.002
5.0 0.141 -0.009 0.188 -0.008 0.259 -0.007
10.0 | 0.134 -0.016 0.169 -0.027 0.238 -0.028

PHB

RH 43 % RH 76 % RH 92 %
m/m Am/m m/m Am/m m/m Am/m
Concentration % | norm norm norm norm norm norm
Blank | 0.152 0.000 0.185 0.000 0.272 0.000
0.1 | 0.150 -0.001 0.178 -0.007 0.262 -0.011
0.5| 0.149 -0.003 0.175 -0.010 0.263 -0.009
1.0 | 0.146 -0.006 0.178 -0.006 0.276 0.004
5.0 | 0.146 -0.006 0.180 -0.005 0.260 -0.012
10.0 | 0.141 -0.011 0.162 -0.023 0.250 -0.023




Table S3: Average desorption enthalpy of SOM water and the deviations from blank sample (A desorption enthalpy)

PET
RH 43 % RH 76 % RH 92 %
A A A
Desorption | desorption | Desorption | desorption | Desorption | desorption
enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [J/mg] [J/mg] [3/mg] [J/mg] [J/mg]
Blank 2.261 0.000 2.027 0.000 2.120 0.000
0.1 2.123 -0.138 2.025 -0.002 2.081 -0.040
0.5 2.117 -0.143 2.004 -0.023 2.112 -0.009
1.0 2.060 -0.200 1.997 -0.030 2.048 -0.072
5.0 2.040 -0.221 1.982 -0.045 2.008 -0.112
10.0 1.982 -0.279 1.951 -0.076 1.913 -0.207
PHB
RH 43 % RH 76 % RH 92 %
A A
Desorption | desorption | Desorption | desorption | Desorption | A desorption
enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [1/mg] [J/mg] [1/mg] [J/mg] [J/mg]
Blank 2.017 0.000 1.854 0.000 1.827 0.000
0.1 2.008 -0.009 1.800 -0.053 1.847 0.020
0.5 2.024 0.007 1.850 -0.003 1.789 -0.038
1.0 1.955 -0.062 1.821 -0.032 1.836 0.009
5.0 1.952 -0.065 1.766 -0.088 1.772 -0.055
10.0 1.877 -0.140 1.872 0.019 1.764 -0.063

Table S4: Average Tonset temperatures of WaMB and the deviations from blank sample (At)

PET
RH 43 % RH 76 % RH 92 %
Concentration % | t[°C] | At[°C] | t[°C] | At[°C] | t[°C] | At[°C]
Blank | 47.2 0.0 47.4 0.0 45.9 0.0
0.1] 465 -0.7 47.1 -0.3 44.6 -1.3
0.5] 46.3 -1.0 48.8 14 42.8 -3.1
1.0 46.1 -1.1 49.9 24 43.7 -2.1
50| 459 -1.3 49.7 2.3 44.1 -1.8
10.0 | 45.8 -1.4 53.0 5.6 43.6 -2.3
PHB
RH 43 % RH 76 % RH 92 %
Concentration % | t[°C] | At[°C] | t[°C] | At[°C] | t[°C] | At[°C]
Blank | 49.8 0.0 48.7 0.0 46.3 0.0
0.1] 485 -1.3 49.4 0.7 44.6 -1.6
05| 49.6 -0.2 50.0 1.3 45.9 -0.4
1.0] 495 -0.3 49.3 0.6 46.3 0.0
5.0 49.6 -0.2 48.2 -0.5 46.4 0.1
10.0 | 50.9 1.1 48.4 -0.3 46.8 0.5




Table S5: Average soil aliphatic crystallites melting enthalpy normalized with SOM and Microplastics and the
deviations from blank sample (A Melting enthalpy)

PET
RH 43 % RH 76 % RH 92 %

Melting A Melting Melting A Melting Melting A Melting

enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [J/mg] [J/mg] [J/mg] [J/mg] [J/mg]
Blank 2.301 0.000 2.066 0.000 2.440 0.000
0.1 2.226 -0.075 2.016 -0.050 2.230 -0.209
0.5 2.221 -0.080 1.906 -0.160 2.113 -0.327
1.0 2.017 -0.284 1.778 -0.288 2.125 -0.315
5.0 1.474 -0.827 1.653 -0.413 1.931 -0.509
10.0 1.395 -0.906 1.528 -0.538 1.710 -0.730

PHB
RH 43 % RH 76 % RH 92 %

Melting A Melting Melting A Melting Melting A Melting

enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [J/mg] [J/mg] [J/mg] [J/mg] [J/mg]
Blank 2.598 0.000 2.657 0.000 2.688 0.000
0.1 2.348 -0.250 2.541 -0.116 2.229 -0.459
0.5 2.444 -0.154 2.417 -0.240 2.165 -0.523
1.0 2.418 -0.180 2.529 -0.128 2.095 -0.593
5.0 2.331 -0.267 2.159 -0.498 1.955 -0.733
10.0 2.029 -0.569 1.745 -0.911 1.916 -0.772

Table S6: Average soil aliphatic crystallites melting enthalpy normalized with SOM and the deviations from blank
sample (A Melting enthalpy)

PET
RH 43 % RH 76 % RH 92 %

Melting A Melting Melting A Melting Melting A Melting

enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [J/mg] [J/mg] [3/mg] [J/mg] [J/mg]
Blank 2.301 0.000 2.066 0.000 2.440 0.000
0.1 2.229 -0.073 2.018 -0.048 2.233 -0.207
0.5 2.232 -0.069 1.915 -0.151 2.124 -0.316
1.0 2.037 -0.264 1.796 -0.270 2.146 -0.294
5.0 1.552 -0.749 1.740 -0.326 2.033 -0.407
10.0 1.550 -0.751 1.698 -0.368 1.900 -0.540

PHB
RH 43 % RH 76 % RH 92 %

Melting A Melting Melting A Melting Melting A Melting

enthalpy enthalpy enthalpy enthalpy enthalpy enthalpy
Concentration % [J/mg] [J/mg] [J/mg] [1/mg] [J/mg] [J/mg]
Blank 2.598 0.000 2.657 0.000 2.688 0.000
0.1 2.350 -0.248 2.543 -0.113 2.231 -0.457
0.5 2.457 -0.142 2.429 -0.228 2.176 -0.512
1.0 2.442 -0.156 2.554 -0.103 2.116 -0.572
5.0 2.454 -0.145 2.273 -0.384 2.058 -0.630
10.0 2.255 -0.344 1.939 -0.718 2.129 -0.559
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Abstract

Background: Poly-3-hydroxybutyrate (P3HB) is a bacterial intracellular carbon and energy storage polymer, used as a
thermoplastic polyester in a wide array of industrial and agricultural applications. However, how the soil microbiome
and fertility are altered by exogenously applied P3HB has been relatively unexplored. This study aimed to assess the
effects of P3HB addition to nutrient restricted soil: its biological properties and lettuce (Lactuca sativa L. var. capitata
L.) biomass production. The experiment was designed to evaluate impacts of spatial arrangement of the relatively
organic-rich (soil organic matter, P3HB particles) versus poor fractions of the matrix with confounding factors such as
variable microbial biomass, inherent nutrient/energy status, different water relations (due to variable hydrophysical
properties of soil augmented by sand at different ratios).

Results: The results revealed that P3HB in soils induced inconsistent to contradictory changes in the microbial
abundance as well as in most enzymatic activities. The differences were conditioned by the sand content both under
P3HB presence or absence. On the other hand, dehydrogenase, urease activities, basal and substrate-induced soil
respirations were mostly enhanced by P3HB addition, directly with increasing sand content (several respiration types).
Nevertheless, P3HB significantly inhibited lettuce biomass production.

Conclusions: P3HB introduction to soil boosts the microbial activity owing to the preferential utilization of P3HB as
C source, which depletes soil N and strongly inhibits the plant growth. Enhanced microbial activity in P3HB-amended
soils with high sand content (60-80%) suggested that in nutrient-impoverished soil P3HB can temporarily replace
SOM as a C source for microbial communities due to the shift of their structure to preferentially P3HB-degrading
microbiome.
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Background

The non-degradable polymers derived from fossil fuels
are in routine use worldwide. In face of the climate
change and its environmental implications, the use of
biodegradable polymers has been advocated recently
[1, 2]. This has resulted in the increased production of
various biodegradable polymers, such as polyhydroxyal-
kanoates (PHAs) and the most common type, poly-3-hy-
droxybutyrate (P3HB, for purpose of this publication),
with presumably little or no negative effects on the envi-
ronment. P3HB is a bacterial intracellular C and energy
storage polymer, belonging to a family of biopolyesters
polyhydroxyalkanoates (PHAs) [3]. PHAs are character-
ized by technologically promising properties such as bio-
degradability, biocompatibility, thermoprocessibility and
flexible strengths [4]. PHB depolymerase enzymes are
responsible for the biopolymer degradation [5] to mono-
mer 3-hydroxybutyric acid which is completely microbi-
ally utilized [6, 7]. PHB has been further characterized as
biodegradable under both aerobic and anaerobic condi-
tions [8, 9], which adds a further plus to its utilization in
a wide range of applications.

Given their advantages, biodegradable polymers are
commonly used in agriculture [2, 10] as cover films
(mulching), bands of sowing, in pots and containers and
other horticulture materials and tools, for the controlled
release of agricultural chemicals [11] and fertilizers [12,
13]. Owing to the wider use in daily products, other
sources are similar in case of conventional plastics (i.e.,
compost, sewage sludge, irrigation, street runoff, litter-
ing and atmospheric deposition) [12—14]. By their degra-
dation, the bioplastic particles are released into the soil,
where their non-toxic character is assumed. However, up
to now, the information on the influence of the PHB on
soil quality and plant growth is scarce which demands
further studies.

Zhou et al. [15] studied soil microbial community struc-
ture, growth, and exoenzyme kinetics in hotspots formed

around microplastics of poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV). They observed that the addition
of PHVB increased microbial activity and enriched spe-
cific bacterial taxa. Similar results have been observed by
Deroiné et al. [16] in marine aquatic and sand environ-
ments. On the contrary, Sang et al. [17] observed reduced
microbial activity in both environments.

So far, only few studies have focused on the effect of
PHB amendment to soil on plant growth. The studies
reported harmlessness of PHBV to maize (Zea mays L.)
[18]. However, Mierziak et al. [19] found that an increase
in the content of degradation product of PHB such
3-hydroxybutyrate (3-HB), in transgenic flax (Linum usi-
tatissimum L. cv. NIKE) or after control plants treatment
with 3-HB resulted in upregulation of genes involved
in chromatin remodeling and activation of DNA de-/
methylation. These changes were targeted to structural
genes such as the phenylpropanoid pathway. Phenylpro-
panoid biosynthetic pathway is activated under abiotic
stress conditions as the phenolic compounds attenu-
ate the harmful impact of reactive oxygen species [20].
For example, drought stress in maize is accompanied
by accumulation of phenylpropanoid [21]. Therefore, it
may be considered an impact of excessive 3-HB in the
soil environment on the plant ability to respond abiotic
stress. In transgenic plant C. sativa designed to produce
PHB in the plastids of seeds, high (up to 15% of mature
seed weight) PHB production had varying effects on ger-
mination, emergence, and survival of seedlings; however,
the survival was predominantly reduced [22]. Such find-
ing also indicates the potential adverse impact of higher
PHB levels in plants.

Under favorable conditions, the biodegradable plastic
degrades fast within weeks to months [23]. These con-
ditions occur mainly in favorable areas having soils with
higher content of soil organic matter (SOM) and nutri-
ents, higher microbial activity and C turnover, and water
saturation. However, in regard to current spreadout
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of soil degradation and SOM deficiency in soils, plas-
tic particles may promote undesirable soil aggregation,
which reduces the accessibility of organic matter to soil
microbes [24], changes the proportion of soil nutrients
[25], and subsequently could decrease plant primary pro-
duction due to negative influencing of soil food web [26].
As a result, soil quality and productivity decreases, which
includes a decrease in microbiological activity, decelera-
tion of nutrient turnover and a decrease in SOM con-
tent [27]. To continue the biodegradation of bioplastics,
which are composed mostly of C, H and O, the degrad-
ing organisms presumably exploit other sources of nutri-
ents in soils including those normally used by other biota
including plants. The scenario of bioplastics degradation
under changing conditions of soil is hard to predict or
model and only partial information on these processes
are currently available, especially the soil textural dif-
ferences for plastics biodegradation should be further
considered.

Therefore, the aim of this study was to test the influ-
ence of introduction of P3HB into the arable soil and its
effects on the soil quality and fertility at different levels of
sand load. Increasing sand content represents a trajectory
of soil degradation—a decrease in SOM, nutrient con-
tent, and different hydrophysical conditions represent a
model of declining soil quality. Therefore, using sand, the
number of biodegrading microorganisms and fungi in the
arable soil was diluted and the conditions for biodegra-
dation were changed. The study aims to answer the fol-
lowing questions: (a) How and to what extent soil fertility
and microbial communities are affected by the P3HB
amendment? (b) Does the dilution influence soil fertil-
ity and microorganisms’ activity proportionally? (c) How
will the increasing sand proportion influence the activity
of the microorganisms after P3HB amendment?

Materials and methods

Experiment design

The growth substrates used for the pot experiment
were prepared by mixing a fine quartz sand (0.1-
1.0 mm; >95% SiO,) with an arable soil. The soil was a
silty clay loam (USDA Textural Triangle) Haplic Luvisol
(WRB soil classification) sampled (0-15 cm) near the
town Troubsko, Czech Republic (49°10'28”N 16°29'32"E).
The soil properties were as follows: soil macronutrients
(g-kg™")—total C 14.0, total N 1.60, P 0.097, S 0.145, Ca
3.26, Mg 0.236, K 0.231; N forms (mg-kg™")—N, ;i eral
62.8, N-NO; 56.8, N-NH, 6.04; pH (CaCl,) 7.3. Poly-
3-hydroxybutyrate (P3HB) material ENMAT Y3000 (par-
ticles < 63 pm) in the form of microparticles was obtained
from TianAn Biologic Materials Co., Ltd. (Ningbo City,
China). The particles had spherical or spherical-like
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shapes. The contact angle of P3HB was reported between
70° and ~81°, which makes it slightly hydrophobic. Fur-
ther specification was reported in Fojt et al. [28].

To remove the coarse particles, the soil was sieved
through a sieve with mesh size 2 mm. The sieved soil was
mixed with the sand in the following weight ratios: (I)
100% soil; (II) 80% soil+20% sand; (III) 60% soil +40%
sand; (IV) 40% soil +60% sand; (V) 20% soil +80% sand;
(VI) 100% sand. Each treatment was prepared in two sce-
narios: (A) with 1 wt% P3HB; (B) without any amend-
ment (control). The content of 1 wt% P3HB was chosen
in according to results of previous experiment with P3HB
[28]. In total, 6 treatments were prepared. One kg of each
thoroughly mixed growth substrate type was used to
fill experimental plastic pots (volume 1 L, top diameter
11 c¢m, bottom diameter 9 cm, height 13 cm). Each treat-
ment was carried out in 3 replicates (pots).

The pot experiment with crop lettuce (Lactuca sativa
L. var. capitata L.) cv. Brilliant took place according to
the following controlled conditions: cultivation in growth
chamber Climacell EVO (BMT, Czech Republic)—full-
spectrum LED lighting, intensity 20 000 lx; photoperiod
12 h; temperature 18/22 °C (night/day); relative humid-
ity 70%. A 2-day sprouting of the lettuce seeds on wet fil-
ter paper preceded sowing to the depth of approximately
2 mm in each pot. After sowing, each pot was watered
with 100 mL of distilled water. The 10-day-old seedlings
were reduced to only one plant (the most robust) per
pot. Pot placement in the growth chamber was rand-
omized. Manual watering of each pot with 50 mL of dis-
tilled water was done every other day. Soil humidity was
controlled, and water content was maintained during
the experiment. The pots were variably rotated once per
week. The plants were harvested 8 weeks after sowing.

The lettuce shoots were cut at ground level, and the
roots were gently cleaned of soil and washed with water.
The lettuce shoots and roots were dried at 60 °C to a con-
stant weight, and dry aboveground and root biomass
were estimated gravimetrically by weighing on the ana-
lytical scales.

Soil analysis

A mixed soil sample was taken from each pot after har-
vesting the lettuce. Soil samples were homogenized by
sieving through a sieve with mesh size 2 mm. Air dried
samples were analyzed for pH [29]. Freeze-dried sam-
ples were used for the analyses of enzymatic activities:
B-glucosidase (GLU), arylsulfatase (ARS), phosphatase
(Phos), urease (Ure) and N-acetyl-pf-D-glucosaminidase
(NAG) [30]. The p-nitrophenol (PNP)-derivatives of the
specific soil substrates were used for Vis spectropho-
tometric measurement (Infinite M Nano, Tecan Trad-
ing AG, Switzerland) at =405 nm (p-glucosidase,
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arylsulfatase, = phosphatase, = and  N-acetyl-pB-D-
glucosaminidase). Urease activity was determined as
an amount of ammonium produced from the sub-
strate urea, detected Vis spectrophotometrically by
the reagent cyanurate (A =650 nm). Each soil sample
was measured in nine replicates. The samples stored
at 4 °C were used for determination of dehydrogenase
activity (DHA) [31], soil basal respiration (BR) and sub-
strate-induced respirations (IR). DHA was measured
by 2,3,5-triphenyltetrazolium chloride (TTC)-based
method. Respiration types—BR and induction with
D-glucose (Glc-IR), D-trehalose (Tre-IR), N-acetyl-B-
D-glucosamine (NAG-IR), L-alanine (Ala-IR), L-lysine
(Lys-IR) and L-arginine (Arg-IR)—were measured using
MicroResp® device (The James Hutton Institute, Scot-
land) and spectrophotometer (Infinite M Nano, Tecan
Trading AG, Switzerland) [32].

DNA Extraction and Real-Time qPCR: DNA was
extracted from 0.5 g of freeze-dried soil sample using
the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA).
Isolated DNA was quantified using Nanodrop One
(Thermo Scientific, USA). The SYBR-Green platform
was used on a CFX96 Real-Time PCR detection sys-
tem (Bio-Rad Laboratories, USA). Real-time PCR was
performed to quantify partial bacterial (16S rDNA)
and fungal (18S rDNA) genes coding for ribosomal
RNA, and gene phaZ (coding for polyhydroxybutyrate
depolymerase) in soil DNA extracts. The primers used
were 1108F (5 ATGGYTGTCGTCAGCTCGTG 3)
and 1132R (5 GGGTTGCGCTCGTTGC 3') for bacte-
ria [33], FF390 (5" AICCATTCAATCGGTAIT 3’) and
FR1 (5" CGATAACGAACGAGACCT 3') for fungi [34],
PHBf (5" CGTCTACCGCAACGGCACCAAGG 3') and
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PHBr (5' TGGGCGTAGTTGCTGGCCGT 3') for phaZ
(35].

Statistical analysis

Data processing and statistical analyses were performed
using freely available software R, version 3.6.1. [36]. For
characterization the relationship between the treat-
ments and selected soil properties was used principal
component analysis (PCA), multivariate analysis of vari-
ance (MANOVA at 0.1% significance level) and one-way
analysis of variance (ANOVA) type I (sequential) sum
of squares at 5% significance level [37]. For detection
the statistically significant difference among factor level
means, it was used Tukey’s HSD (honestly significant dif-
ference) test and “treatment contrast” to calculate fac-
tor level means for each treatment. The results were also
graphically presented with Rohlf biplot for standardized
PCA. Pearson correlation analysis was performed for
measuring the linear dependence between soil proper-
ties. Pearson correlation coefficient was interpreted as
follows: 0.0<r<0.3 (negligible correlation), 0.3<r<0.5
(low correlation), 0.5<r<0.7 (moderate correlation),
0.7<r<0.9 (high correlation), and 0.9<r<1.0 (very high
correlation) [38].

Results

Soil microbial communities

As expected, the effect of P3HB on 16S rDNA was vari-
able depending on the sand content (Fig. 1A). At 0—-40%
of sand, the P3HB effect was neutral to negative, while at
60-100% sand content, the effect was neutral to positive.
In control, the effect of soil dilution by sand on 16S rDNA
was significant from 60% of sand. The similar patterns
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Fig. 1 A Bacterial (165 rDNA), B fungal (185 rDNA), C PHB-degrading microorganisms (phaZ) gene markers in the growth substrates; the lowercase
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were found for 18S rDNA (Fig. 1B), however the neutral-
to-negative effect of P3HB prevailed until 60% of sand. In
control, the effect of sand was more significant as already
20% of sand significantly reduced 18S rDNA. Presence of
P3HB had neutral-to-positive effect on PHB-degrading
microorganisms in all growth substrates (Fig. 1C). Fur-
thermore, presence of P3HB alleviated the negative effect
of increasing sand content (up to 80%).

Soil enzyme activities

DHA was significantly higher in P3HB-amended vari-
ants (Fig. 2A). The only exception was 100% sand variant
with barely detectable DHA regardless of P3HB presence.
The increasing proportion of sand predominantly led to
a decrease in DHA despite its moderation to stimulation
by P3HB between 60 and 80% of sand. The effect of P3HB
on ARS was ambiguous depending on the sand content
(Fig. 2B). At 0-40% of sand, the P3HB effect was neu-
tral to negative, while at 60—-100% of sand, the effect was
neutral to positive. In the case of NAG, the P3HB effect
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was not clear as well, however, it was rather positive as
four P3HB-amended variants had significantly increased
NAG values (Fig. 2C).

P3HB increased Ure in all the variants (Fig. 2D).
Decrease in Ure values related to increasing sand-
soil ratio was noticeable in controls; less steep but still
decreasing trend in Ure values indirectly related to rais-
ing sand content was found in the P3HB-amended vari-
ants. P3HB-amendment decreased GLU at 0-60% of
sand (Fig. 2E). The effect of P3HB on Phos was differenti-
ated depending on the sand content (Fig. 2F). At 0-40%
of sand, the P3HB effect was neutral to negative, at
60—100% of sand, the effect was positive. In general, the
increasing proportion of sand caused a significant grad-
ual decrease in ARS, NAG, GLU and Phos (Fig. 2).

Soil respiration

P3HB amendment significantly increased BR at 0-80% of
sand (Fig. 3A). In addition, BR increased with increasing
sand content (up to 80%) in the presence of P3HB. Except
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Fig. 3 A Basal, B p-glucose, C N-acetyl-3-p-glucosamine, D p-trehalose, E t-alanine, F L-arginine and G L-lysine induced respiration in the growth

substrates; the lowercase letters indicate significant differences at p <0.05
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for pure soil and sand variants, P3HB had a positive effect
on Glc-IR (Fig. 3B). In contrast to the control, the pres-
ence of P3HB stabilized or even increased Glc-IR with
increasing sand content up to 80%.

P3HB significantly increased NAG-IR in all variants
containing soil (Fig. 3C). In addition, the negative effect
of increasing sand content on NAG-IR in the control con-
trasted with P3HB-amended variants up to a sand level
of 80%. The same trend was visible in Tre-IR (Fig. 3D) as
both respirations highly correlated (Additional file 1: Fig.
S1). P3HB effect was positive as well, except pure soil and
sand variants. The results’ trends of Ala-IR and Lys-IR
(Fig. 3E, G) followed the results of Glc-IR and Tre-IR as
is also reflected by their positive significant correlations
(Additional file 1: Fig. S1).

Arg-IR slightly differed compared to other respirations
(Fig. 3F). The effect of P3HB was neutral to positive as
well, however, the respiration increase with increasing
sand content in the presence of P3HB was not recorded.
Although there was a significant increase in Arg-IR at
20% of sand, further sand content increase was followed
by unchanged or decreasing Arg-IR.

Plant biomass

Fresh and dry aboveground plant biomass (Fig. 4A, B) as
well as dry plant root biomass (Fig. 4C) were seriously
negatively affected by P3HB as all soil containing vari-
ants showed significantly lower values compared to the
control. The only exception was 100% sand variant, which
had similar negative effect on plant biomass production
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regardless of P3HB presence. In control, decreasing plant
biomass production followed increasing sand content;
in P3HB-amended growth substrates, this trend was
suppressed.

Discussion

Effect of P3HB on soil microbial activity

The microbial behavior after addition of P3HB was simi-
lar as after PHBV addition [15] with specifics caused
by dilution of soil or SOM by increasing sand content.
The effect of P3HB on 16S rDNA and 18S rDNA was
ambiguous, as P3HB addition reduced, increased, or did
not affect bacterial and fungal content (Fig. 1A, B). The
results suggest that the mechanism of their interaction
and resulting effect may be related to changing physical
and chemical properties of soil (see further discussion).
PHB-degrading microorganisms (Fig. 1C), on the other
hand, were predominantly positively affected by P3HB
addition to soil. This increase is probably directly related
to the supply of the preferred energy source in the form
of a biodegradable polymer [5, 39]. Due to the suppres-
sion of the influence of P3HB in the sandy (100%) sub-
strate due to the assumed negligible content of SOM and
microbiota (Fig. 1), we do not discuss this variant in this
chapter.

The individual enzymatic activities shed light on the
processes occurring in soil after addition of P3HB. Ure
is an important extracellular enzyme that hydrolyzes
urea and regulates the early nitrification process in soil
and is closely related to the SOM content [40]. Therefore,
it is related to the N availability. Ure is the only enzyme

that showed disproportional decrease with increasing
sand content (Fig. 2) as in soils without P3HB. This indi-
cates that the P3HB increases activity and abundance of
nitrifying microbes which cause enhanced Ure activity
independently of SOM content. Thus, P3HB can replace
(temporarily) the SOM in sandy soil.

The P3HB is composed of C, O and H, therefore the
immobilization of essential nutrients (mainly N and
P) is necessary for microbial degradation [15, 41]. This
comes from the notion that an optimal C:N ratio in
soil is around 25.0 [42]; above this value N is immobi-
lized and below this value is N mineralized [43]. In this
work, P3HB application increased soil C:N ratio. Dur-
ing biodegradation, this increase caused N shortage
around PHB particles, and the microbes immobilize
N from their environment [44]. This generally results
in a decrease in plant-available N in soil. If there is no
N to immobilize, microbial growth is slowed down. By
addition of P3HB is the C:N disturbed, while the dis-
ruption seems to be the most pronounced in samples
with low content of SOM. Noteworthy, the imbalance
in C:N ratio influences the soil organisms in a different
way; fungi have wider C:N ratios in their tissues than
bacteria and archaea and therefore, they can grow more
efficiently on low N substrates and will thus mineral-
ize N more readily. This is also the case of PHB, which
is biodegraded preferably by fungal communities at
the phylum level dominated by Ascomycota [45]. The
product of urea hydrolysis is CO, and NH,*; the latter
is either used by plants or microbes, which can even-
tually convert it into NO,- via nitrification processes
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[46] However, nitrification rates are typically low as
the nitrifiers are relatively poor competitors for NH,"
in the soil solution and occurs when the NH," supply
exceeds plant and other heterotrophs demand [47]. As
the plant growth was largely suppressed under P3HB
addition (Fig. 4), it can be anticipated that majority
of NH,* was used for growth of soil microbes, espe-
cially of PHB-degrading microorganisms (Fig. 1C).
This enhanced consumption of ammonium nitrogen
putatively more decreased the content of plant avail-
able, inorganic nitrogen, similarly as referred to poly-
lactic acid (PLA) contaminated soil during vegetative
state of bean [48]. This hypothesis is supported by the
enhanced Ure activity (Fig. 2D) and high correlation
of Ure activity with the total degradation level indi-
cated by DHA and PHB-degrading microorganisms
(Additional file 1: Fig. S1). In addition, Zhou et al. [15]
reported an increased activity of Acidobacteria and
Verrucomicrobia phyla in soils degrading PHBV. In fact,
neither Acidobacteriota [49] nor Verrucomicrobia [50]
are involved in soil N-cycle processes such as nitrifica-
tion, denitrification, or nitrogen fixation. Thus, it can
be concluded that N (or its vast majority) is used for
growing of microorganisms’ population.

This finding confirms the earlier assumption of
Hoshino et al. [51] who explained better correlation of
the biodegradable polymers degradation with the total
N content than with the total C content by the necessity
of soil N for the degradation by microorganisms as it is
absent in bioplastics.

Importantly, unlike the Ure the phosphatase activ-
ity showed proportional results in terms of sand con-
tent (Fig. 2F). Phosphatase is an extracellular enzyme
that mineralizes organic P into phosphate by hydrolyz-
ing phosphoric (mono) ester bonds [52]. Similarly to all
extracellular phosphatases, enzyme expression is induced
by P deficiency [53]. Notably, Fig. 2F shows higher
demand for P in soils containing P3HB and high sand
content comparing to soils with lower sand content.

DHA is a basic indicator of microbial activities coupled
with SOM degradation in soil [54]. The most important
function of DHA is the biological oxidation of SOM,
achieved by transferring protons and electrons from
organic substrates to inorganic acceptors [55]. For this
reason, DHA positively correlates with SOC and C,,
as it reflects the activity of living cells and not of DHA
stabilized in soil complexes [53]. This explains its posi-
tive correlation with other microbe-related soil proper-
ties (Additional file 1: Fig. S1). In addition, significantly
increased DHA values in P3HB-amended variants
(Fig. 2A) assumed that PHB addition enhanced soil deg-
radation rate due to its utilization as an energy/C source
[15, 56, 57]. This assumption was confirmed especially by
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the prevailing increase in PHB-degrading microorgan-
isms (Fig. 1C) and their high positive correlation with
DHA (Additional file 1: Fig. S1).

ARS is involved in the S mineralization process which
cleaves organosulphates [58] and is used as a measure of
soil health and soil microbial activity [59]. ARS activity is
correlated with soil microbial biomass and the rate of S
immobilization [60], pH and SOC [61]. Here, similarly as
phosphatase, its activity is elevated in sandy soils (>60%
sand) with P3HB (Fig. 2B), which reflects higher demand
for immobilization of S in less buffered system.

NAG is an enzyme catalyzing the hydrolysis of termi-
nal 1,4 linked N-acetyl-beta-D-glucosaminide residues in
chitooligosaccharides, i.e., it is involved in degradation of
chitin, the key polysaccharide of fungal cell wall [62]. Its
activity was enhanced in most P3HB-amended variants
(Fig. 2C), which underlines higher demand of degrading
organisms for N acquisition from available sources, but
different than Ure, as suggested by their low correlation
(Additional file 1: Fig. S1). Enhanced NAG activity sup-
ports the view that plants or microbes may use N-con-
taining monomers and not only inorganic N [63].

GLU is an enzyme that catalyzes the hydrolysis of
terminal 1,4 linked B-D-glucose residues from [-D-
glucosides, including cellulose oligomers and thus it is an
indicator of SOM degradation and soil C utilization [64].
Its activity was either the same or even lower in soils with
P3HB (Fig. 2E). This may be attributed to either prefer-
able cleavage of PHB rather than cellulose or a high C:N
ratio [64].

BR is a key indicator of aerobic catabolic activity in soil,
and accessibility and degradability of organic C in SOM
[65]. The P3HB application positively influenced BR
(Fig. 3A) according to the mechanism described above
in the DHA-related part. Substrate-induced respiration
is used to measure the activity of specific microorgan-
isms responding to addition of substrates with specific
composition. Response induced by Glc, NAG, Tre, Ala
and Lys corroborated with results of BR (Fig. 3). Similar
mechanisms and involvement of the same organisms is a
probable reason of the grouping of all these respirations
(Additional file 1: Fig. S2) and their positive significant
correlation (Additional file 1: Fig. S1). On the contrary,
arginine substrate showed slightly different results com-
paring to them.

The results of Arg IR, an indicator of fungal respiratory
activity in soil, suggest neutral-to-positive effect of P3HB
as well (Fig. 3F). However, a slight deviation in the trend
of values from the results of other respirations is visible
(Fig. 3) and evident also from the PCA (Additional file 1:
Fig. S2). The respiration decreases with increasing sand
content. This indicates the relation of Arg-IR to soil tex-
ture. In sandy soils, the pores are better aerated, water
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content and water holding capacity are significantly
reduced. These conditions probably limited the use of
arginine substrate by microorganisms.

Effect of P3HB on soil fertility

The results clearly indicate an adverse effect of P3HB on
both above- and below-ground biomass production of L.
sativa (Fig. 4). These results are in accordance with pre-
vious works that degradation of biodegradable plastics
might negatively affect plant growth [66, 67]. In general,
for biodegradation of P3HB, two major explanations
may be attributed to the observed effects: (i) phytotoxic-
ity of P3HB microplastics or their degradation products
and (ii) the effect on soil properties and/or inhibition of
nutrients.

Alternative (i) was thoroughly discussed by Zhou et al.
[15] who observed similar results as in this work by test-
ing PHBV, which is a common derivative of PHB. The
authors speculated about possible phytotoxic effect of
PHB biodegradation products due to acidification of
soil caused by released of 3-hydroxybutyric acid dur-
ing PHBV degradation, but this speculation was in the
cited work rejected. The rejection of the hypothesis
is partially in line with our results showing the result-
ing pH above 7 in soil without P3HB (in other soils was
probably increased due to sand content). Moreover, the
pKa of 3-hydroxybutyric acid is 4.41 [68] indicating that
the acidification effect of this acid is very low. Influence
of 3-HB effect on the phenylpropanoid pathway regula-
tion related to reaction on abiotic stress [19, 20] was also
mentioned. Liwarska-Bizukojc [69] used S. saccharatum,
S. alba and L. sativum as phytotoxicity bioindicators of
PHB and found no effect on seed germination even at
concentration as high as 11.9% w/w. Nevertheless, the
presence of PHB in soil caused root growth inhibition
mainly on Sinapsis alba and Lepidium sativum. On the
contrary, Dahal et al. [18] did not find any significant
effect of PHBV on plant growth. Possible adverse effect
of PHB due to reduced seedlings survival was indirectly
suggested by [21].

Alternative ii) was discussed by Silveira Alves et al. [70]
who stated that the role of PHB in plant-bacterium inter-
actions is still poorly understood, however, their study
suggested that PHB metabolism may contribute to bac-
terial plant growth promotion and that deletion of genes
involved in the synthesis and degradation of PHB reduce
the bacterial ability to enhance plant growth [70]. Here,
despite the prevailed P3HB-related promotion of micro-
organisms’ abundance and community structure, the
suggestion of plant growth promotion must be rejected.
Furthermore, due to the hydrophobic nature of PHB
[71], a higher water repellency and increased drain-off
may be expected in PHB-amended substrates. Zhou et al.
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[15] concluded that PHBV addition increased microbial
activity, growth, and exoenzyme activity, changed the soil
bacterial community at different taxonomical levels and
increased the alpha diversity, which most likely led to the
enhanced mineralization of native SOM and negatively
influenced the growth of Triticum aestivum L.

Our results, i.e., serious P3HB-related growth inhibi-
tion of L. sativa (Fig. 4) and enhanced microbial activity,
are supported by the results reported in [15]. As indi-
cated by the low negative correlations between plant bio-
mass and BR, Lys-IR and Ure, respectively (Additional
file 1: Fig. S1), growth inhibition could result from an
adverse consequence of plant-microbiota interaction,
such as competition for nutrients. The most likely sce-
nario appears to be competition for N, which was prob-
ably utilized by PHB-degrading microorganisms (as
discussed above). Similarly, suppressed growth of com-
mon bean shoots and roots in PLA-treated sandy soil,
reported by [48], was likely caused by significant deficit
of plant available (mainly nitrate nitrogen) and dispro-
portion in dissolved organic carbon (DOC) and nitrogen
(DON), leading to increased C:N ratio. Noteworthy, in
our case, we can exclude the negative effect of drought
stress caused by hydrophobicity of PHB as the design of
pot experiments (i.e., regular irrigation) exclude the pos-
sibility of shortage of moisture in soils due to regular
irrigation.

Effect of P3HB under changing SOM content
as an implication of soil degradation
The results of multivariate analysis of variance
(MANOVA) showed significant (p<0.001) differences
among experimental variants in all determined proper-
ties confirming the importance of increasing sand con-
tent in arable soils for the use of P3HB in agricultural
soils. However, the consequences were variable, as they
were positive, neutral, and negative.

16S rDNA and 18S rDNA (Fig. 1A, B) were very
highly positively correlating (Additional file 1: Fig. S1)
and followed similar pattern of overall decrease in both
P3HB-amended and control substrates. Despite clear dis-
proportionality, the decrease was probably caused by the
decrease of the SOM content and number of soil micro-
organisms and fungi following soil dilution by sand. This
also negatively affected all enzymatic activities, which
showed a similar overall trend (Fig. 2). Therefore, the
progressive deterioration of soil quality by the increase in
the sand fraction will have a negative impact on microbial
and fungal biomass and enzymatic activities, whether the
soil is contaminated with P3HB or not.

However, the degree of sand influence is significantly
affected by the presence of P3HB. Compared to con-
trol, bacterial and fungal biomass content (Fig. 1A, B)
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followed similar pattern of initial stagnation or decrease
after P3HB addition replaced by stagnation or growth
at higher (>60%) sand load. In PHB-degrading micro-
biome, the negative effect of increasing sand content
was alleviated by presence of P3HB (Fig. 1C). Moreover,
the results suggest that presence of P3HB together with
increasing sand content (up to 80% of sand) can even
stimulate PHB-degrading microorganisms. Thus, the
partial increase of 16S rDNA and 18S rDNA was prob-
ably related to this part of the microbiome. The reason
may be better aeration of the substrate accompanied by
the necessary presence of the P3HB energy source sub-
stituting declining SOM content, resulting in the boom-
ing of PHB-degrading microorganisms and overall shift
in microbiome structure. This hypothesis is supported
especially by the similar phenomenon in DHA (Fig. 2A),
increasing respirations with increasing sand content
(Fig. 3) and the grouping of these factors in the PCA
(Additional file 1: Fig. S2).

Some other enzymes (ARS, NAG, Ure, GLU, Phos) also
showed partial deviations indicating a different effect of
P3HB depending on the sand content (Fig. 2). For exam-
ple, at lower sand content (0—-40%), the effect of P3HB on
ARS (Fig. 2B) and Phos (Fig. 2F) was neutral to negative,
while at higher sand content (60—-100%), the P3HB effect
was neutral to positive. This suggests that the expected
PHB-degrading microorganisms boom related to the
increased aeration had a positive effect on these enzy-
matic activities as well. Therefore, although P3HB acts
as a potential selective microbial inhibitor in a favorable
state of soil due to the dominance of different (natural)
functional groups of microorganisms, in unfavorable
conditions of increasing sand content, P3HB can main-
tain or even stimulate the activity of some enzymes asso-
ciated especially with the PHB-specific microbes as an
alternative energy source.

As already mentioned, predominant stimulation of BR,
Glc-IR, NAG-IR, Tre-IR, Ala-IR and Lys-IR with increas-
ing (up to 80%) sand content in P3HB-amended sub-
strates (Fig. 3) was probably caused by better aeration
coupled with P3HB utilization. This phenomenon could
also be explained by the increasing rate of preferable
utilization of P3HB with the increasing portion of PHB-
derived C regarding the total soil organic C. This feature
might be comparable to the observation of Kuzyakov and
Bol [72], who described a metabolism switch from the
hardly utilizable recalcitrant C in SOM to the easily avail-
able carbonaceous compound leading a positive priming
effect. The study carried out with bean-planted PLA-
contaminated sandy soil also showed increasing values
of readily oxidizable carbon (POXC) with ascending con-
tent of plastics (up to 2%) [48]. However, this can be con-
sidered as a necessary side effect rather than a cause, as it
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would have a similar graded positive effect on the other
characteristics studied.

The increase in sand content significantly reduced the
production of plant biomass in the control (Fig. 4), how-
ever, the presence of P3HB suppressed this phenomenon
and limited biomass production to a minimum. There-
fore, the gradual degradation of P3HB-contaminated
arable soils by increasing sand content is not determining
for L. sativa yields; P3HB presence limits the growth of
L. sativa to the same extent as growing in pure sand. It is
important to keep in mind that the possible contamina-
tion of soil by 1% of P3HB is realistic in the case of appli-
cation PHB-based fertilizer coatings, delivery systems
and mulching films. The SOC content in the soil was
14 g kg%, therefore, applied dose of P3HB is very high
in terms of SOM-to-P3HB ratio. As the P3HB is easily
available substrate, we speculate that even significantly
lower dose may have an adverse effect on plant growth. A
decrease in SOM (represented here by sand dilution) can
worsen this adverse effect .

In summary, the effect of changing sand content is
also well reflected in the PCA (Additional file 1: Fig. S2).
Sand’s dominant property, high pH (Additional file 1:
Fig. S3), is clearly related to the sandy variants, which
form one separate group of substrates unsuitable for soil
organisms and plant biomass production. The absence of
P3HB and high soil content are clearly the most impor-
tant factors for high L. sativa biomass production. High
soil content is key for high level of bacterial and fungal
biomass, as well as most enzymatic activities. The pres-
ence of P3HB and a more balanced soil:sand ratio is both
crucial for high soil respiration and content of PHB-
degrading microorganisms.

Conclusions

The changes in the microbial abundance and community
structure after P3HB addition were variable; however,
there was a growth and amplification of specific PHB-
degrading microbial population. The results of enzymatic
activities were also ambiguous depending on the sand
content. The basal and substrate-induced respirations as
well as DHA were mostly enhanced by the P3HB addi-
tion, which seemed to be preferable source of C and
energy for soil aerobic microbes. In conclusion, although
P3HB acts as a potential selective microbial inhibitor
in a favorable state of soil, in unfavorable conditions of
increasing sand content (approximately 60-80%), P3HB
can maintain or even stimulate the microbial abundance
and community structure as well as enzyme activities
and soil respiration. However, these potentially posi-
tive effects on the soil microbiome were contrasted by
the significant adverse effects on the plant growth. The
results show that soils may have the capacity to degrade
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the bioplastics, but at the cost of nutrient availability to
plants and negative impact on their growth. This capac-
ity may be affected by a gradual nutrient-related dete-
rioration of soil quality. Moreover, at low SOM content
(increased sand-to-soil ratio), the P3HB can replace the
SOM as a main substrate, which shifts the composi-
tion of microbial community towards this only available
substrate. We conclude that, although the biodegrad-
able bioplastics are C neutral, further research should
answer if they do not induce positive priming effect on
SOM, as the overall activity of soil organisms were dis-
proportionately boosted in P3HB-amended sandy soils.
Most importantly, future studies should find the condi-
tions under which can biodegradable plastics enter the
soils without any adverse effect on soil fertility and other
properties.
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Fig. S1 Correlation matrix of soil properties; numbers indicate the Pearson’s correlation

coefficient r.
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Abstract

Biodegradable bioplastics are developed because of their ability to biodegrade, i.e. to be an
environmentally friendly alternative of conventional plastics. However, the recent studies suggested that
the biodegradation and residual bioplastics in soil may pose thread to some physical, chemical, and
microbial soil properties. Currently, it is unclear what are adverse effects of different stages of
biodegradation and which soils are more endangered by bioplastic biodegradation. In order to clarify
these research questions, we conducted ten-months experiment with chernozem, cambizem and
phaeozem spiked with model bioplastic poly-3-hydroxybutyrate (P3HB) at concentration of 0.1, 1, 5
and 10%. All soils were incubated in respirometer where evolved carbon dioxide was determined, then
thermogravimetry was used for estimation of residual PHB and evaluation of changes in soil organic
matter. For carbon balance was used also elemental analysis, enzyme analysis served for analysis of
activity of soil microorganisms. It was observed that the biodegradation of P3HB lead to higher CO,
evolution than theoretical values which indicated possible degradation of soil organic matter;
thermogravimetry analysis showed residues of nondegraded PHB which required at highest
concentration more time to fully decompose. The biodegradation was accompanied by a loss of soil
organic matter which was a second indicator of primming effect; this was also supported by a change in
enzymatic activity of five key soil enzymes. We conclude that biodegradation of bioplastics in soil might

have serious adverse effect on organic matter in various soil types.
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Introduction

Today’s annual plastic production exceeds 360 million tons per year (Yang et al., 2022). Improper waste
management leads to environmental contamination by microplastics (particles with a diameter of less
than 5 mm)(Thompson, 2004). Microplastics can pose a threat to the environment including adsorption
organic pollutants such as pesticides and pharmaceuticals to their surface, and acting as vectors og those
chemicals (Miranda et al., 2022), bringing oxidative stress and changes in the behavior of earthworms
and springtails (Cao et al., 2017; Cui et al., 2022; Kim and An, 2019; Yu et al., 2022), alteration of soil
structure and properties such as soil pore size, soil particle aggregation and soil water desorption (De
Souza MacHado et al., 2018; Zhang et al., 2019), affecting soil microbial composition and nutrient
cycles (Zhao et al., 2022). In addition, it is also speculated that the microplastic contamination can
increase soil respiration and thus accelerate mineralization of soil carbon due to higher porosity (Yang
et al., 2018) or an increased stress causing enhanced activity of microbial biomass (Gao et al., 2021).
Nevertheless, a higher concentration of microplastics in soil enhanced nutrients concentration in

dissolved organic matter, which makes them better available to plants (Liu et al., 2017).

Biodegradable bioplastics (hereafter referred to as bioplastics) are being developed as a greener
alternative to conventional plastics to reduce the formation of microplastics (Zimmermann et al., 2020).
This type of material can be made from petroleum (polybutylene adipate terephthalate - PBAT) or from
natural sources preferably from waste biomass (polylactic acid, polyhydroxybutyrate (PHB))(Obruca et
al., 2010). Biodegradable bioplastics are characterized by their ability to biodegrade, i.e. under ideal
conditions mineralize into CO; (aerobic environment), water or methane (anaerobic conditions)(Karan
et al., 2019a). In real environments, ideal conditions are not always achieved (changes in seasons,
seasonal drought, environments with low microbial activity, etc.) and therefore biodegradation may be
slow or stopped. In this case, the bioplastics only break down more rapidly into smaller particles of
micro-bioplastics (MBP) or nano-bioplastics (Fojt et al., 2020; Qin et al., 2021; Shruti and Kutralam-
Muniasamy, 2019). These particles then enter the soil most often through agriculture, for example
through the application of contaminated compost, bio mulch films or fertilizers with a biodegradable
coating (Harmaen et al., 2016; Jeszeova et al., 2018; Kale et al., 2007; Steiner et al., 2022).

Although most research has focused on the environmental impact of conventional microplastics, early
studies suggest that the environmental behavior of microplastics is similar to that of conventional ones,
and so attention should also be paid to preventing them from entering the environment (Fojt et al.,
2022a). A study conducted on particles formed from shopping bags containing PBAT and polyethylene
(PE) examining the adsorption of phenanthrene found that PBAT-containing particles had up to three
times the sorption capacity of PE (Zuo et al., 2019). Fan et al. conducted an adsorption experiment with
antibiotics, where they compared conventional polyvinyl chloride PVVC microplastics with polylactic

acid (PLA) MBPs, showing that PLA has a higher sorption capacity, which increases with aging of PLA
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(Fan et al., 2021). This suggests that MPBs may be an even stronger vector for micropollutants than
conventional microplastics (Torres et al., 2021). A study conducted by Ding et al. on earthworms in soil
contaminated with two conventional microplastics PE and PPC and MPB PLA found that these particles
have more or less similar effects on earthworm reproduction, behavior and mortality and depend more
on their concentrations (Ding et al., 2021). The interaction of both microplastic polyethylene
terephthalate and MBP PHB with the soil organic matter of peat was similar and led to a change in the

soil pores, causing soil drying (Fojt et al., 2022a).

Bioplastics consist mainly of C, O and H atoms, connected via bonds which can be easily cleaved by
microorganisms (Meng et al., 2022). Their entry into the soil causes an increase in the C:N ratio, leading
to a boost in bacterial activity and subsequent immobilization of soil nitrogen (Meng et al., 2022; Zhou
et al., 2021). MBP or another biodegradable organic carbon-rich substance (e.g. cellulose) induces
bacteria to produce higher levels of extracellular enzymes capable of degrading not only contaminating
compounds but also soil organic matter (SOM)-like compounds (Bher et al., 2019; Blagodatskaya et al.,
2014). When the substrate supplied to the soil is depleted, some of the micro-organisms then die and
become a source of readily available nutrients. This releases the carbon stored in the SOM and
potentially results in a deficit of N available to plants and shifts in the biodiversity of soil micro-

organisms (Bher et al., 2019; Blagodatskaya et al., 2014).

The aim of this work was to clarify the effect of biodegradation process and residues of undegraded
micro-bioplastic on some soil parameters and soil organic matter in different unplanted soil types such
as Cambisol, Phaeozem and Chernozem. Respirometry was used to determine the degree of
biodegradation followed by evaluation according to EN 1SO 17556:2012. The second method was
thermogravimetry, which can directly determine the amount of residual PHB in the case of PHB.
Thermogravimetry was also used to assess changes in the proportion of stabilized and stable soil organic
matter and soil water content. Elemental analysis is used to monitor the total carbon and nitrogen content
before and after biodegradation. The activity of soil organisms in each soil type was monitored by

enzyme activity.
Materials and methods
Preparation and sample analysis

Three types of soils were used for all experiments (topsoils, sampling from 10 to 15 cm); Phaeozem was
sampled near the village Saratice, Cambisol was sampled near Postoupky near Kroméfiz and
Chernozem was sampled near village Slove¢. Their properties are listed in Table 1. pH was determined
according to standard (ISO 10390, 2005), clay content was determined the same way as in (Kuderik et
al., 2020), porosity of soil was determined using method from (Hladky et al., 2016), available
phosphorus was determined using the same method as (Kintl et al., 2016), humification index was

calculated as ratio of humic acid (HA) and fulvic acid (FA) content (Huang et al., 2008) and soil water
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retention pF1.8 was determined by the method described in (Kuderik et al., 2013). These soils were air
dried and sieved at 2 mm sieve. 5 g of each soil was transferred to a glass beaker, where P3HB micro-
bioplastics with particle sizes between 0.6 and 1.6 um were added (Y3000, TianAn Biologic Materials,

Ningbo City, China) to achieve concentrations 0, 0.5, 1 and 3 w/w%, subsequently, the mixtures were

thoroughly mixed and distilled water was added in an amount corresponding to 76% of pF 1.8.

Table 1: An overview of selected properties of the soil used for experiments.

Phaeozem Cambisol Chernozem

Sampling locality Slove¢ Postoupky Saratice
. N 50°14.256' | N 49°18.685' | N 49°06.641' E

Coordinates E 15°20.705' | E17°21.967 | 16°49.347
pH 7,18 4,86 7,09
Clay content [%6] 48 22 46
Porosity [%0] 44 38 46
Available phosphorus (Mehlich) 67 97 37
[mg/kg]
Humification index [HA/FA] 0.59 0.89 0.56
Soil water retention pF1.8 [%] 28.6 25.8 32.1

Respirometry

Respirometry is a standardized method used to determine the biodegradation of substances in certain
environmental compartments. The first biodegradation standard was developed for aquatic ecosystems
by the OECD in 1981, and since then biodegradation standards have been introduced by other standards
organizations and for other ecosystems (Reuschenbach et al., 2003). Biodegradation tests are carried out
in a closed respirometer under defined conditions. Respirometric determination of biodegradation is

performed by measuring the oxygen consumed or carbon dioxide evolved.

In this work, the EN 1SO 17556:2012 method was used which determines the amount of evolved CO»,
this reflects the metabolism of the microorganisms in the mineralization of the substrate, the end of the
experiment is interpreted as 90% of the plateau phase value at respiration. The plateau phase indicates
the equilibration of the sample and control respiration rates. The amount of CO, evolved from blank
samples was subtracted from the amount of CO, evolved from the sample to determine the end of
biodegradation, and the beginning of the plateau was determined as the end of biodegradation, i.e., 100%
degradation and not 90% as recommended by EN ISO 17556:2012 (Figure 1). Specifically, the end point
of biodegradation was determined when the amount of released CO; per hour from the blank and

samples ceased, i.e., the rate of CO- release from the blank and the sample was equilibrated.

The biodegradation experiment was carried out in a Respicond VI respirometer (Nordgren Innovations,
Sweden). The carbon dioxide released during biodegradation was captured in a 0.6M KOH solution in

a small container under the lid of the reaction vessel. The conductance was automatically recorded every
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hour using platinum black electrodes immersed in the KOH solution. The instrument software
automatically calculated the amount of CO, captured from the conductance. The KOH was replaced
each time more than 70 mg of CO2 was captured. The experiment was conducted in a thermostatic water
bath without access of light in hermetically sealed measuring vessels at a temperature of 20.00+0.01 °C
for 300 days. All samples were duplicated and the results averaged and microcrystalline cellulose
(Dr.Hoffmann, Citov, Czech republic) was used as a positive control. Biodegradation was calculated
according to Equation 1 and 2. Subsequently, soils were removed and analyzed by thermogravimetry,
elemental and enzymatic analysis.
ThCO, = % ‘m-w, (1)

ThCO: is theoretical amount of carbon dioxide evolved by test material during biodegradation, M;(CO5)
is relative molecular mass of carbon dioxide, A/(C) is relative atomic mass of carbon, m is mass of the
test material, in milligrams, introduced in the system, wc is carbon content of the test material,
determined from the chemical formula, expressed as a mass fraction (1SO, 2019a).

Biodegradation(%) = %- 100 (2)
2

Y 'my is amount of carbon dioxide, in milligrams, evolved in the test vessel, > mg is the amount of carbon

dioxide, in milligrams, evolved in the blank test vessel (ISO, 2019b).
Thermogravimetry

Thermogravimetry (TG) is a method based on monitoring the change in mass of a sample as a function
of temperature during a selected temperature program. In a TG soil record, weakly bound water
evaporates between 30 and 100 °C; at 100 and 200 °C, strongly bound water is released. Total moisture
content can therefore be determined directly by thermogravimetry using thermal mass loss (TML) 30-
200 °C (Tokarski et al., 2020). It is also possible to determine the total SOM content using
thermogravimetry (TML 110-550 °C), stabilized fraction content 300-450°C and Organic clay minerals

content and black carbon (persistent) int temperature over 450°C (Kucerik et al., 2018a).

Thermogravimetric analysis was performed to detect undegraded PHB and to monitor changes in soil
properties caused by PHB biodegradation. A thermogravimeter was used for the analysis TGA 550 (TA
Instruments, New Castle, Delaware, USA). All soils were measured before and after the biodegradation
experiment. Prior to measurement, each sample was equilibrated in a desiccator at relative humidity
43+2 % controlled by saturated solution of KoCO3 and under temperature 20+2 °C. Approximately 200
mg of each sample was then dispensed into Al203 pans and placed in an autosampler that was at the
same relative humidity as the desiccator. Also, air supplied to the oven was bubbled through the wash

flasks to ensure that the samples were exposed to the same relative humidity throughout the experiment.
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The oven was heated at rate 5 °C per minute until temperature 740 °C in a dynamic air atmosphere
(90 mL/min).

Elemental and enzymatic analysis

The elemental analysis was measured with automatic analyser LECO CNS 2000. The soil enzyme
activities were determined according to 1SO 20130:2018. Fresh soil samples after probing were sieved
to size 2 mm and freeze-dried. Each soil sample was measured in nine replicates, using p-nitrophenyl
(PNP) derivatives (A = 405) of the specific enzyme substrates for spectrophotometric (Vis) measurement
of B-glucosidase (GLU), arylsulfatase (ARS), phosphatase (Phos), and N-acetyl-B-D-glucosaminidase
(NAG), while urease (Ure) was measured using its natural substrate urea a detecting cyanurate (A= 650).

The activity values were expressed in pg (p-nitrophenol) PNP-g*-h™? and in ug NHs-g -h ™ (urease).
Results and discussion
Elemental analysis results

Table 2 summarizes the results of elemental analysis. Nitrogen content was the same in each soil
(variations are within experimental error) in the blank before biodegradation and in all samples after
biodegradation. In contrast to the nitrogen content, the carbon content changed in each soil. There was
always a loss of carbon in all blank samples compared to soils with an original PHB content of 0.5%
and in soils rich in soil carbon originally with a PHB concentration of 1%, where it was respired as CO».
In the samples with higher initial PHB content, the carbon content increased due to undegraded residual
PHB.



177 Table 2: Results of elemental analysis (deviation was calculated separately for each value, average standard

178 deviations: 0.006% for N, 0.021% for C).
Concentration of | Time of
Soil added P3HB the T‘E(E/"’"]N T‘E};']C
[%] analysis ° 0
0 Before 0.321 3.179
degradation
0 After
degradation 0.319 2.971
0.5 After
Phaeozem dogradation | 0316 3.085
1 Adter 0.309 3.062
degradation
3 Adter 0.312 3.556
degradation
0 Before 0.125 0.987
degradation
0 After
degradation 0.110 0.957
- 0.5 After
Cambisol degradation | 0111 0.935
. Adter 0.125 1.013
degradation
3 After
degradation 0.126 1.623
0 Before 0.323 3.048
degradation
0 Adter 0.283 2 555
degradation
0.5 After
Che rnozem degradation 0.282 2.694
1 Adter 0.274 2.765
degradation
3 After
degradation 0.288 3.334

179
180  Biodegradation determined using respirometry

181  The biodegradation consists of several phases, such as biodeterioration and biofragmentation (Bhagwat
182 et al., 2020; Karan et al., 2019b; Zhao et al., 2020), during which the plastic undergoes fragmentation
183 into debris. Subsequent stage is bioassimilation (Meereboer et al., 2020), in which the lower-molecular-
184  weight products formed during the previous stage are transported into cells. The last phase is
185  mineralization (Meereboer et al., 2020), which leads to low-molecular-weight products. The
186  biodegradation is also accompanied by an increase in the number of biodegrading microorganisms and

187  therefore also in the production of microbial biomass.
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As already mentioned, the end point of biodegradation was determined as the point at which the CO,
evolution align to evolution from the values provided by the blank, i.e., the CO; release rate from the
blank and the sample was equilibrated. Figure 1 illustrates this situation for a Chernozem soil sample
contaminated with 0.5% PHB. A similar procedure was followed for the biodegradation determination
for the other samples. Table 3 summarizes the times at which biodegradation ended according to EN 1SO
17556:2012 and the amount of CO, absorbed in the experiments. Table 3 also shows that in the case of
the 0.5% variant, respiration indicated that the end of biodegradation occurred in all cases at 96 days
(soil Cambisol), 131 days (Chernozem) and 146 days (Phaeozem). This is similar for the 1% variant
where the end of biodegradation occurred after 221 days for Cambisol, 224 days for soil Chernozem
and 260 days for soil Phacozem. For the 3% variant, complete biodegradation did wasn’t achieved

during the 300 days of the experiment.

Blank
100 —0.5% P3HB
-Subtraction

End of biodegradation

Accumulated CO, [mg]

| T T T 1
150 200 250 300 350

| : T
0 50 100
Time of experiment [days]

Figure 1: Exemplary evolution of CO- during the biodegradation experiment of Chernozem spiked with
0.5% PHB and blank soil, the orange arrow indicates the end of biodegradation and the beginning of

the plateau phase; the interval indicates the experimental error.

The theoretical amount of CO; released during MBP biodegradation used to assess the progress of
biodegradation for all samples was calculated after 300 days of experiment using the molecular formula
of PHB and the amount of PHB added to the soil (Equation 1). The percentage of biodegraded PHB
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(Table 3) was calculated from ratio of theoretical CO- evolution and measured CO; respiration after 300
days (Table 3). According to the respirometry data, 100% biodegradation was not achieved in any case.
Calculations indicated that the PHB most degraded in 300 days in soils Cambisol and Chernozem at
0.5% concentration when 94+4.7% and 93+4.6% were degraded respectively. The least degradation of
PHB was observed in Chernozem and Cambisol containing 3% PHB where only 56+2.8% and 49+2.4%
degraded respectively. Respirometric measurements indicate that although biodegradation in the 0.5%
and 1% variant ended in all soils, none of the soils had 100% PHB carbon mineralization. This suggests
that the Carbon remains in the soil in the form of biomass, or hypothetically also in the form of PHB
fragments, which are not addressed by the EN 1SO 17556:2012 method.

Table 3: CO- respired in the biodegradation experiment from each soil, the biodegradation of the

PHB in these soils and the number of days required to complete biodegradation.

Original PHB content
soil 0% 0.5% 1% 3%

5 Phaeozem | 37+1.8 | 77£3.9 | 112+5.6 215+11

[«5)
N'E-E Cambisol 26£1.3 | 76+£3.8 | 117459 179+9
3 8 E | chemozem | 36+1.8 | 84+4.2 [ 110+535 306+15
c S| Phaeozem 74537 | 7143.6 562.8
s 3
T =S
8 E & | Cambisol 94+4.7 | 88+4.4 49425
o= O
Q= e
T Mg
S T g | Chernozem 93+4.6 | 76+3.8 86+4.3
ma o

= Phaeozem 146 260 not complete

3

Qg | Cambisol 96 221 not complete
53
002
£ E T | Chernozem 131 249 not complete
o o

Biodegradation determined by thermogravimetry and its influence on soil organic matter

Figure 2 shows exemplary comparison of the thermogravimetric blank sample record with Cambisol
soil contaminated with 3% PHB after biodegradation. From Figure 2, it is clear that the 200-300°C
region can be used for the quantitative determination of residual PHB, this interval would shift to higher
temperatures in inert atmosphere (Fojt et al., 2022b), which indicates that the complete degradation of

PHB takes place in lower temperatures than 300 °C.
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Figure 2: Comparison of blank and sample thermogravimetric record of 3% PHB Cambisol after
biodegradation. The weakly and strongly bounded water is evaporated between temperatures 30 and
200 °C (4) PHB thermal degradation occurs in the interval 200-300 °C (B). Temperature interval
between 300 and 450 °C is specific for stabilized SOM thermal degradation (C) and temperature
interval between 450 and 600 °C is specific for thermal degradation of stabile SOM (D). Temperature

intervals are taken from the work (Kucerik et al., 2018b).

Table 4 summarizes the amount of undegraded PHB in the soils, which was determined by subtracting
the sample TML 200-300 °C from the blank TML 200-300 °C and then it was converted to the percent
biodegradation of PHB. Table 4 shows that TG indicated complete PHB degradation in all soils spiked
with 0.5% PHB. Biodegradation greater than 100% in Table 4 means that in the 200-300°C interval, the
mass loss is higher than would correspond to thermal degradation of PHB alone. This suggests that there
was also a loss of SOM indicating a possible effect on the quality and amount of SOM, which will be
discussed later in this paper. The phaeozem and cambisol spiked with 1% PHB probably achieved almost
complete biodegradation (and SOM alternation cannot be excluded) and the chernozem soil also shows
a possible impact on SOM quality. According to TG records, the soils spiked 3% did not reach complete
degradation after 300 days, with the least degradation of PHB in cambisol soil (62%) and the most in

phaeozem soil (91%). The PHB biodegradation results determined by thermogravimetry are higher than
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the biodegradation determined by respirometry in all cases, confirming the above-mentioned assumption
that some of the carbon from PHB was not respired but was immobilized in the SOM (e.g., used for
microbial biomass formation). TG also confirms the respirometric results that soils spiked with different
concentrations of PHB are at different levels of biodegradation. Samples spiked with 0.5% PHB
represent soils longer after complete biodegradation; samples with an original PHB content of 1% are
soils in which biodegradation has just ended; samples spiked with 3% PHB are in the process of

biodegradation, i.e., contain increased biomass and residual PHB.

Table 4: Biodegradation of PHB in soils determined by thermogravimetry. Standard deviation never
exceeded 1-2%.

Biodegradation using TG [%]
PHB
[%6] Phaeozem | Cambisol | Chernozem
0.5 141 111 111
1 100 99 104
3 91 62 86

As already mentioned, the total SOM content can be determined as the mass loss of the sample over the
temperature interval from 110 to 550 °C. Figure 3 summarizes the data obtained for all variants after
respiration. Figure 3 A, B and C show that in all three soils a decrease in SOM was observed for the 0.5
and 1% variants. For the 3% variant, the total SOM content is affected by the presence of residual PHB,

hence a significant increase in SOM content can be seen in all soils.

The decreases of TML in the 0.5 and 1% variants suggest that these contaminated soils (except the 1%
variant of cambisol) showed a decrease in SOM content in comparison with the uncontaminated soil
due to PHB biodegradation. This confirms the effect observed when PHB biodegradation was
determined by thermogravimetry in the 200-300°C interval. In general, there is a traceable trend of
decreasing in SOM content with increasing progression of biodegradation, i.e. the samples with the least
SOM are those with the earliest complete degradation. This implies that SOM-rich soils might be more
prone to this degradation than carbon-deficient soils, and furthermore that soil degradation might occur

only after a longer period after substrate (PHB) depletion.
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Figure 3: SOM thermogravimetry analysis in all soils. Total SOM content is shown in figures A) B) and
C), stabilized SOM content is shown in figures D), E) and F) and stable SOM content is shown in figures
G), H) and 1). The figures also contain standard deviations calculated from repeated measurements.

The temperature interval 300-450 °C (Figure 3 D, E and F) is characteristic of the thermal degradation
of stabilized SOM and changes in this interval indicate shifts in SOM quality (Kucerik et al., 2018b;
Tokarski et al., 2020). Even there, the content of this fraction has been reduced for variant 0.5%. For the
1% variant, this decrease was observed only in the Chernozem, the Cambisol soil showed an increase
and the Phaeozem showed no change. The 3% variant showed an increase for all soils. The mass loss in
this interval is not so much influenced by residual PHB, yet the soils with the highest initial PHB
concentration and highest residual PHB content also show the highest SOM content. This implies that
biodegradation of biodegradable plastics initially results in an increase in SOM, which gradually
decreases with time, and that some of the original SOM is consumed that would not have been consumed

without the presence of PHB.

Stable SOM was determined from mass loss over the temperature interval 450-600 °C (Kucerik et al.,
2018b) (Figure 3 G, Hand I). Significant changes occurred only in phaeozem (decrease in 0.5% variant)
and cambisol (increase in 3% variant). Thus, during biodegradation of PHB in phaeozem, a part of SOM
is immobilized first, but after biodegradation is mineralized. The slight increase in cambisol may be

related to the increase in the number of organisms and the formation of carbonates, which are degraded
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in this temperature range (Pribyl, 2010). However, compared to previous temperature intervals, the
changes measured in this temperature interval are minimal, therefore it can be argued that PHB
degradation does not significantly affect the stable SOM content and mainly affects the labile part of the
SOM.

Biodegradation — carbon balance

One of the ways to evaluate the effect of PHB biodegradation on soil is to analyze the carbon content
before and after biodegradation. In variants where there is still residual PHB, the analysis is more
complicated, but respirometry and TG data can be used to subtract carbon from PHB. Figure 4
summarizes the data obtained. The blue columns indicate the total SOC, for Figure 4 A, B and C the
readings provided by respirometry (from respired CO;) and for Figure 4 D, E and F the
thermogravimetry data (from residual PHB) are shown in orange. Very important is the fact that the N
content did not change during the experiment in any of the variants, which is in line with the observation
that N mineralization does not occur during N deficiency in the soil but only immobilization (Brtnicky
et al., 2022). A detailed description of the processes is described in the soil enzymes section.

The blue columns indicates that in all soils of the 0.5 and 1% variants, the total carbon content always
decreased during PHB biodegradation. This corresponds with the TG data, which indicated a reduction
in total SOM after PHB biodegradation. 3% variant samples show an increase which, is related to
residual PHB. There is an increase in SOC in all cases after deducting, which is related to the still high
biomass content in this variant. It will start to decrease relatively quickly after the end of biodegradation.
The respirometry data are not completely consistent with TG, as they showed a decrease in SOC in all

variants except the 3% Chernozem.

We assume that the overgrowth of PHB-degrading microorganisms leads to SOM degradation at a later
stage. In other words, for all soils, there was a decrease in labile SOM in the sample containing 0.5%
PHB compared to the blank, where data from thermogravimetry indicated complete biodegradation of
PHB. For the sample originally containing 1% PHB, the SOM content is comparable to the blank. In
this case, the contribution of residual PHB is minimal, since the samples are in the stage of almost
complete biodegradation. A large part of the labile SOM at this point consists of the bodies of
microorganisms that have multiplied rapidly due to the abundance of easily degradable substrate for
them. After the complete consumption of the substrate, a part of the microorganisms that without a
suitable food source will subsequently die and then will degrade by the surviving microorganisms, so
that the content of labile SOM will most likely decrease as in the samples with an original PHB content
of 0.5%. For samples spiked with 3% PHB, a substantial fraction of PHB is still present in the soil,
which has a similar thermal degradation interval to labile SOM, thus significantly biasing the analysis.
Thus, MBPs can cause not only the bias in the determination of total carbon, as described by (Rillig,

2018), but also complicates the determination of labile SOM using thermogravimetry. Thus, a similar
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trend is observed for all soils, where the strongest effects are again observed for soils with higher total
organic carbon content, with phaeozem is the most affected.
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Figure 4: Graphical representation of total organic carbon content in soils before and after the
biodegradation experiment based on the results of total C determination and A) respirometry and B)
thermogravimetry. Residual PHB carbon determined by respirometry and respirometry are in orange;
other soil carbon is shown in blue. The figures also include standard deviations calculated from
repeated measurements.

Effect of biodegradation and residual PHB on soil moisture content

The free and bound water content of the soil corresponds to a mass loss in the interval 30-200 °C (Figure
2). The highest water content was determined in the phaeozem and chernozem, because they also contain
the highest SOM (Figure 5 and Table 1). For these soils, the samples with an initial 0.5 % PHB content
showed a decrease in loss from 4.02 % to 3.46 % and from 3.96 % to 3.65 %, respectively. This suggests
that the soils with higher SOM content have a decrease in soil water content in the post-biodegradation
period, which may be due to the loss of SOM in the soils compared to the blank. For the phaeozem and
chernozem soil samples with an initial PHB content of 1%, the mass loss increased to 3.91% and 4.00%,
respectively, which is almost a return to the level of the blank, because of higher SOM content. Although
the SOM content of the phaeozem and chernozem soil samples is the highest in 3% PHB variant, there

is a decrease in water content to 3.85% and 3.46% respectively. This can be explained by the fact that
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part of the SOM is composed of residual PHB, which due to its relative hydrophobicity does not
contribute to the increase in water content. In contrast, the cambisol with an initial PHB concentration
of 0.5% shown an increase in mass loss from 1.00% to 1.65%. For this soil spiked with 1% PHB, there
was then a decrease in mass content to 0.95% and for the soil spiked with 3% PHB, the mass loss
increased slightly to 1.04%. Due to the smaller change in SOM content, a direct effect of biodegradation
on soil water capacity can be observed here. The effect of PHB on soil water content immediately after
the MBPs enter the soil has already been discussed by Fojt et al. where a possible decrease in soil water
capacity with increasing MBPs content was observed (Fojt et al., 2022a). In this case, a long-term effect
of the presence of PHB in the soil on soil water capacity is observed, which in soils with higher SOM
content strongly depends on SOM loss. In lower SOM soils, the loss of SOM itself is not so significant
and there is a slight increase in equilibrium moisture content after biodegradation.
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Figure 5: Soil moisture content determined by thermogravimetry from the interval 30-200 °C. The

figures also include standard deviations calculated from repeated measurements.

Enzymatic analysis

Content of soil enzymes and their activity are affected by soil properties, energy and nutrient availability
(Sander, 2019; Zhou et al., 2021). We observed this phenomenon in our experiments in analysis of five
key enzymes activity changes: arylsulfatase, urease, phosphatase, B-N-Acetylglucosaminidase (NAG)

and glucosidase. In all soil samples, were observed a significant response to bioavailable carbon from
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PHB MBPs in comparison with blank sample. This addition led to boost carbon mineralizing microbial
activity. Each enzyme was plotted in bar graph for all soil types including error bars (see Figure 7). The
results of 3% PHB samples were expected to be affected by non-complete biodegradation and residual
PHB MBPs.
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Figure 7: Enzymatic activity of five key enzymes Glucosidase (A), Arylsulfatase (B), NAG (C),
Urease (D) and Phosphatase (E) in all three soils in blank sample before and in all spiked samples after
biodegradation. The data chernozem blank before degradation were not available. The figures also

include standard deviations calculated from repeated measurements.

Glucosidase activity (see Figure 7A) is linked with soil carbon source acquisition during decomposition
(Turner et al., 2002). Our results show that, the activity of glucosidase enzyme decreased in both
Chermozems and Phaeozem after PHB MBP contamination. Relatively high original p-glucosidase
activity was reduced because added PHB is a preferential source of carbon comparing to SOC. Only in
cambisol, which contained less SOM, PHB addition boosted B-glucosidase activity comparing to the
less active blank. This in agreement with other studies where biodegradation of other naturally occurring
polymers (e.g. cellulose) may cause a positive priming effect (Blagodatskaya et al., 2014). On the other
hand, PHB in cambisol caused an increase in p-glucosidase activity, however, also in this case was

observed decomposition of SOM (see Figure 3).
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Soil arylsulfatase (ARS, Figure 7B) has impact on the organic sulphus acquisition and thus the cycle of
soil sulphur. The resulst displayed in the Figure 7 reveal that the enzyme activity at 1% PHB of all soil
types increased in comparisson with the blank sample after experiment. In case of phaeozem, the ARS
activity was even higher than in blank before experiment. On the other hand, in cambisol soil, ARS
activity decreased after experiment. However, the enzymatic activity after the addition of PHB caused
significantly higher values than in case of blank sample after experiment and still imply an increase in
enzymatic activity. Importadnly, samples still containing MBP residues (mostly 3% PHB samples) have
lower ARS activities comparing to soils with completed PHB biodegradation. We conclude that the
structure of the microorganism comunities in PHB containing soil significanltly changed, which is in
line with other authors (Sera et al., 2022). Overall, the results showed higher acquisition of soil organic
sulphur and indicates negative effect on sulphur stock in SOM.

NAG activity (see Figure 7C) is analysed, because of its role in cycles of carbon and nitrogen (especially
in chitin conversion to amino sugars, which are sources of mineralizable N in soils) (Ekenler and
Tabatabai, 2004). As the N content in soil after metabolization of N was not changed (Table 2), NAG
was analysed to clarify possible nitrogen transformation. The results from this study had a different
trend than in other enzymes activities The NAG activities in chernosols decreased compared to blanks
after degradation and the soil samples with 0.5% and 1% PHB addition. On the other hand, the enzymatic
activity was higher in cambisol at 0.5% and 1% PHB contamination and also at 3% PHB for chernozem
and phaeozem. The soil microorganisms require more nitrogen to balance carbon consumption and
that’s why they produce more NAG (Currey et al., 2010). With increasing concentration of PHB, the
need for nitrogen rises (Brtnicky et al., 2022). The cambisol with PHB residues (3% PHB) were
different. Nevertheless, addition of PHB into soil increased the C/N ratio, increased the N need for

microorganisms, which immobilized the N preveented its loss and its content remained unchanged.

The other enzyme involved in nitrogen cycle is urease (Figure 7D). It was analysed because of its key
role in production of bioaccesible ammoinum nitrogen during the nitrogen mineralization. Similar to the
NAG, the urease activity rised with PHB concentration. In all soils, the blank sample after experiment
provided the same urease activity as sample with 0.5% PHB. The remaining samples contained less
nitrogen and it causes higher urease activity. Similar results were observed in previous works, where the
enhanced NAG and urease activity after carbon supply from PHB was attributed to microbial N
immobilization (Zhou et al., 2021).

Phosphatase (see Figure 7E) is key in the phosphorus cycle in phosphorus-deficient soils.
Microorganisms produce it to extract nutrients for growth and enzyme synthesis (Sardans et al., 2006).
We obsereved an increase in phospahatase activity with increasing concentration of PHB (up to 1%).
Compared to original control soils, at 0.5% the activity was either higher (cambisol) or lower

(chernozem and phaeozem). The results also suggest a deficit of phosphours in microbial acitivity in
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chernosols with increasing PHB concentration. The results for cambisol showed lower production of
phospahatase, which indicates that microorganisms had relative abundance of phosphorus in 0.5%

P3HB. On the contrary, it increased in the 1% PHB samples, where the demand increased.
Implications from the obtained data

It was shown that the biodegradation of PHB in soil increased the demand for nutrients and enhanced
CO- evolution in all investigated soils. This resulted in a decrease in total SOM content, which may be
explained as a priming effect (PE), which is a term reffering to an increase in SOM decomposition rate
after input of fresh organic matter (Fontaine et al., 2003). PE is induced by enhanced microbial activity
caused by higher availability of carbon sourse and energy and results in the faster mineralization of
SOM. Typically, the SOM mineralizaiton is determined by a measurement of CO; evolution or nitrogen
mineralization rates, although it was suggested to seach also for new analytical approaches and ways for
identification of underlying mechanisms. In particular, the information on carbon dynamics in SOM
should include microbial biomass, enzymatic activity, community structure and others (Blagodatskaya
and Kuzyakov, 2011a).

In this work, for the first time, we used as a supportive methods such as TG and elemental analysis. TG
revealed a decrease in SOM content after 300 days of incubation induced by enhanced enzymatic
activity and in particual, a decrease in stabilized SOM fraction. The different stages of degradation
induced by different concentrations degraded at different periods suggested that the SOM degradation

proceeds after use of labile C source and is common for three soil types.

In fact, addition of labile C to soil may induce either acceleration (positive PE) or retardation of SOM
(negative PE) (Blagodatskaya and Kuzyakov, 2008a). The PE includes two components such as real and
apparent priming. Real PE is induced by the lack of nutrients (mostly nitrogen), which can be
supplemented by SOM decomposition or due to SOM co-metabolism in which soil microorganisms use
the energy of available compounds to synthesize enzymes hydrolyzing the less available compounds
(Blagodatskaya and Kuzyakov, 2008b). Apparent PE reffers to a change in the CO; evolution from
microbial biomass turnover after the input of a labile substrate (Bastida et al., 2019a). To summarize,
real PE is caused by SOM decomposition whereas apparent PE is caused by changes in microbial
biomass turnover with no effects on SOM decomposition (Blagodatskaya and Kuzyakov, 2008b). The
apparent and real priming is uneasy to distinguish (Bastida et al., 2019b), but in general, apparent
priming tends to occur shortly after adding readily availably substrates (days to weeks), while real

priming takes longer (Kuzyakov, 2010).

Therefore, the processes and changes in SOM content observed in this work suggest the occurence of
real PE in all investigated soil types upon addition of PHB substrate. An unknown and unpredictible (so

far) effect would have the plants, which may via root exudates and growth promoting microorganis
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living in the close vicity of roots (rhizosphere) influence the dynamics and mechansism of SOM

turnover.

Up to now, the PE was observed for glucose, fructose, alanine, celulose, plant residues, manure or slurry
(Blagodatskaya et al., 2014; Blagodatskaya and Kuzyakov, 2011b; Conde et al., 2005; Hamer and
Marschner, 2005). The PE was also observed for thermoplastic starch (TPS)-blend (PLA-TPS blend) as
a substrate (Bher et al., 2019; Polman et al., 2021).

Therefore, for pure microbially labile chemicals or substances poor of nutrient content, added to soil,
the PE is a probable scenario. PHB is a substance produced by microorgansisms as a energy and C
reservoir. Its biodegradaiton in soil is fast, which may paradoxically represent problem due to fast
depletion of nutrients in the plastisfere and lead to SOM degradation and to a negative infleunce on plant

growth, as obseved recently in (Brtnicky et al., 2022).
Conclusion

This paper describes the results of a biodegradation experiment with three different soils contaminated
with three different concentrations of MBP PHB which was conducted according to EN ISO 17556:2012
using a respirometer. In soils with 0.5 and 1% PHB concentration, complete biodegradation was
achieved, but not all PHB carbon was captured in respirometer because some of this carbon remained
in the soil as MBP or it was immaobilized in the soil. Therefore, this carbon could not be detected by the
respirometer. Therefore, all soils were analysed by thermograviemetry, which revealed part of the
immobilised carbon in the soil and additionally indicated a possible SOM loss (priming effect), which
was most noticeable in the SOM-rich soils in the samples containing initially 0.5% PHB, where
biodegradation was completed first. This suggests that the biodegradation has the strongest effect on
fertile soils with high SOM content and a longer post-bidegradation period which is usually beyond the
length of standard biodegradation tests. There was also a reduction in soil moisture content caused by
the loss of SOM. The activity of five key soil enzymes was determined in all samples to confirm a
possible priming effect. To sum up our results, the standard biodegradation tests focuse mostly on soil
respiration and overlook what remains in soil after the experiment and change in soil quality. Also the
fast biodegradation of bioplastics may pose a threat to fertile soils with high SOM content which may

result in liberate carbon from these soils in form of CO, and made them less fertile.
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