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2. Streszczenie w jezyku polskim

Rozprawa doktorska pt.: ,Badania pochodnych wielopierscieniowych
weglowodoréw aromatycznych w bioweglach” sktada si¢ z szeSciu powigzanych ze
sobg tematycznie artykutow opublikowanych w recenzowanych czasopismach
naukowych, ktore posiadaja wskaznik wptywu (z ang. impact factor) oraz jednego
artykutu znajdujacego si¢ na etapie recenzji w czasopismie Journal of Hazardous
Materials.

Badania przeprowadzone w ramach pracy doktorskiej skladaja si¢ z czterech
gléwnych czesci. Pierwsza z nich stanowily eksperymenty dotyczace wyjsciowych,
niezmodyfikowanych biowegli, a doktadnie wptywu temperatury pirolizy, jak réwniez
zastosowanego surowca na charakterystyke fizykochemiczng spirolizowanego
materialu, zawarto§¢ frakcji catkowitej oraz biodostepnej wielopier§cieniowych
weglowodoréw aromatycznych (WWA) 1 ich pochodnych w biowgglach. W celu
wyizolowania poszczegdlnych frakcji analitow wykorzystano odpowiednio: technike
przyspieszonej ekstrakcji za pomocg rozpuszczalnika oraz pasywne probniki
polioksymetylenowe. Probki analizowano metodga chromatografii gazowej sprzg¢zonej
z tandemowa spektrometriag mas. Wyniki wskazuja na znaczacy wptyw temperatury
pirolizy, jak réwniez zastosowanego surowca na zawartoS¢ WWA i ich pochodnych
oraz wybrane parametry fizykochemiczne biowegla.

W trakcie rolniczego zastosowania, material weglowy ulega przemianom pod
wplywem réznych czynnikow srodowiskowych. Dlatego tez druga czg¢s¢ badan polegata
na przeprowadzeniu procesOw starzenia, ktére symulowaty zmiany zachodzace podczas
wzbogacenia gleby spirolizowanym materiatem w warunkach rzeczywistych. W tym
celu bioweggle poddano procesom starzenia fizycznego, chemicznego, biologicznego
oraz enzymatycznego, po czym Wwyznaczono ich podstawowe parametry
fizykochemiczne, jak réwniez oznaczono zawartosci frakcji catkowitej 1 biodostepnej
analitow. Otrzymane wyniki odniesiono do danych uzyskanych dla wyj$ciowych
probek. Procesy starzenia wplywaly znaczaco na charakterystyke fizykochemiczng
biowegli oraz catkowita zawartos¢ WWA i pochodnych, jak rowniez biodostepnosé
omawianych zwigzkoéw. Np. frakcja catkowita WWA, tlenowych oraz azotowych

pochodnych w materiatach weglowych (otrzymanych z osadu $ciekowego, BCZ500,



BCZ600, BCZ700) poddanych starzeniu fizycznemu i chemicznemu wzrosta, podczas
gdy frakcja biodostepna analitow niemal we wszystkich przypadkach zmalata.

Trzecia cze$¢ pracy dotyczy wynikow oznaczenia aktywnosci przeciwutleniajgce;j
dysmutazy ponadtlenkowej (SOD), katalazy (CAT), peroksydazy (POD) i zawartosci
wolnego dialdehydu malonowego (MDA) oraz wyznaczeniu poziomu transkrypcji
genoéw odpowiedzialnych za stres oksydacyjny w roslinie modelowej Hordeum vulgare
L. wysianej na glebie wzbogaconej biowgglem. Wyniki potwierdzajg, ze frakcja
biodostepna WWA 1 ich pochodnych indukuje stres oksydacyjny w jgczmieniu
zwyczajnym. Wskazuje na to wzrost aktywno$ci enzymatycznej SOD, ktéra stanowi
pierwsza lini¢ obrony rosliny. Aktywno$ci pozostatych przeciwutleniaczy zmalaly, co
swiadczy o przezwyci¢zeniu skutkow stresu oksydacyjnego przez organizm modelowy.
Ponadto, roslina byta zdolna do prowadzenia swojej wegetacji w tych warunkach, gdyz
organizm wykazywat tolerancj¢ na obecnos¢ frakcji biodostepnej analitow.

Czwarta czg$¢ badan obejmowala weryfikacje bezpieczenstwa praktycznego
zastosowania biowegla, jako dodatek do gleb poprawiajacy ich jakos¢. W tym celu
przeprowadzono eksperyment wazonowy (modyfikacja gleb spirolizowanym
materialem w warunkach kontrolowanych, w laboratorium) oraz dwa eksperymenty
polowe (wzbogacenie gleb biowgglem w warunkach rzeczywistych). Zgodnie
z wynikami dotyczacymi do$wiadczenia wazonowego, zawartosci analitow byty nizsze
niz spodziewane, wynikajace ze znanej zawartosci WWA 1 pochodnych w weglowym
materiale wyjsciowych. Spadek zawartosci omawianych zwigzkéw moze by¢ zwigzany
z aktywnos$cig mikroorganizmow glebowych, gdyz, jak zostalo dowiedzione w czesci
drugiej eksperymentow prowadzonych w ramach rozprawy doktorskiej, skutkiem
przeprowadzenia starzenia biologicznego, w wigkszo$ci przypadkow, byt spadek lub
brak zmian w zawartosci WWA 1 pochodnych w spirolizowanym materiale. Wyniki
dotyczace eksperymentu polowego wskazujg na wzrost zawarto$ci analitow (lub brak
zmian, tj. zawarto§¢ pochodnych WWA byta ponizej granicy wykrywalnosci
w przypadku eksperymentu polowego z materialem weglowym BCS600) w glebie

zmodyfikowanej bioweglem wraz z czasem trwania wzbogacenia.



3. Streszczenie w jezyku angielskim

The doctoral thesis entitled: ,,Studies on the derivatives of polycyclic aromatic
hydrocarbons in biochar" consists of six articles, thematically related to each other, and
published in peer-reviewed scientific journals with an impact factor and one article at
the review stage in the Journal of Hazardous Materials.

The studies carried out as part of a doctoral dissertation, consist of four main
parts. The first of them constituted the experiments concerning initial unmodified
biochar, specifically the effect of pyrolysis temperature and the feedstock on the
physicochemical characteristic of pyrolyzed material as well as the content of total and
bioavailable fraction of polycyclic aromatic hydrocarbons (PAHs) and their derivatives
in biochar. The analyte fractions were isolated through pressurized liquid extraction and
polyoxymethylene passive samplers, respectively. The samples were analyzed via gas
chromatography coupled with tandem mass spectrometry. The results indicated that the
pyrolysis temperature and the feedstock affected the content of analytes as well as the
selected physicochemical parameters of biochar.

During the agricultural application of biochar, various environmental factors
affect the material. Thus, the second part of the studies included the aging processes
which simulated the changes occurring during the soil enrichment with pyrolyzed
material in real environment conditions. The biochars were aged physically, chemically,
biologically, and enzymatically. Then the main physicochemical parameters as well as
the content of the total and bioavailable fraction of analytes were determined. The
results were compared to the data obtained for initial biochar. The aging affected
significantly the physicochemical characteristics of pyrolyzed material as well as the
total and bioavailable fraction of PAHs and derivatives. For example, the total fraction
of PAHs and their derivatives in biochar (obtained from sewage sludge, BCZ500,
BCZ600, and BCZ700) aged physically and chemically increased, whereas in almost all
cases, the bioavailable fraction of analyte decreased.

The third part of the experiment included the determination of the activity of the
antioxidative enzymes superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
the content of malondialdehyde as well as the expression of genes related to oxidative

stress in the model plant. Hordeum vulgare L. was planted on the biochar-modified soil.
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The results indicated that the bioavailable fraction of PAHs and their derivatives
induced oxidative stress in barley due to the increase in the enzymatic activity of SOD
(which constitutes the first line of plant defense). However, the other enzyme's
antioxidant activity decreased which indicates that the effects of oxidative stress by the
model organism were overcome. Moreover, the plant was able to vegetate in these
conditions because the organisms tolerated the presence of a bioavailable fraction of
analytes.

The fourth part included the safety verification of the practical application of
biochars as a soil addition improving its properties. For this purpose, the pot experiment
(the soil modification with BC in controlled conditions, in the laboratory) as well as two
field experiments (soil enrichment with biochar in real conditions) were carried out. The
results considering the pot studies revealed that the content of analytes was lower than it
could be expected considering the known amount of analytes in initial biochars. The
drop in the content of the studied compounds may be associated with soil
microorganisms' activity. Thus, as it was presented in the second part of the experiment
conducted as part of the doctoral dissertation, in almost all cases, the biological aging
caused the decrease (or remained constant) in the content of PAHs and their derivatives
in pyrolyzed material. The results of the field experiments indicated that the content of
analytes in soil enriched with biochar increased (or remained the same, i.e. the content
of PAHs derivatives was below the limit of detection in the case of field experiment

with BCS600) with the time of application.
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4. Aktualny stan wiedzy

4.1. Wprowadzenie

Biowegiel (z ang. biochar, BC) jest to amorficzna 1 stabilna forma materiatu
weglowego, otrzymywana w wyniku termicznej dekompozycji biomasy w atmosferze
beztlenowej lub ubogiej w tlen, czyli podczas procesu pirolizy, badz gazyfikacji [1,2].
Materiat ten charakteryzuje si¢ wysoka porowatoscia, stabilno$cig i niska gestoscia.
Jego wlasciwosci fizykochemiczne zaleza od wielu czynnikéw, uwzgledniajacych
wstepne  przygotowanie  surowca  (suszenie, oczyszczanie, rozdrobnienie,
homogenizacja, chemiczna modyfikacja), etap procesu pirolizy (szybko$¢ ogrzewania,
najwyzsza zastosowana temperatura oraz czas jej utrzymywania, ci$nienie, gaz nosny,
naczynie reakcyjne - jego orientacja i wielko$¢, obecno$¢ lub brak katalizatora, jako$¢
1 przeplyw gazu/gazéw dodatkowych), jak rowniez czynniki obejmujace obrobke
otrzymanego spirolizowanego materialu (rozdrobnienie, przemywanie specjalng

procedura, suszenie, homogenizacja, aktywacja) [3]. Jednakze temperatura pirolizy oraz

rodzaj surowca wywieraja najwigkszy wplyw na charakterystyke fizykochemiczng BC.

Generalnie, biowegiel otrzymuje si¢ w temperaturze ponizej 700°C [3]; dolnym
zakresem temperaturowym moze by¢ nawet 200°C [4]. Surowcem do produkcji
materiatu jest szeroko rozumiana biomasa, ktora sktada si¢ glownie z trzech grup
naturalnie wystepujacych polimerdw, tj. celulozy, hemicelulozy oraz ligniny [5]. Sa to
zarowno odpady drzewne [2], jak rowniez trawa, skorupy orzechow, stoma pszeniczna,
tuski ryzowe, czy rosliny stodkowodne [2,4]. Ponadto, spirolizowany materiat mozna
otrzymac¢ z osadow $ciekowych [4], pozostatosci po produkcji biogazu [6], nawozu
zwierzecego [4] oraz odpadow spozywczych [2]. Charakterystyka fizykochemiczna
surowca znacznie wpltywa na wilasciwosci otrzymanego bioweggla. W zaleznosci od
zastosowanej biomasy, zmianie ulega catkowita zawarto§¢ wegla organicznego, wegla
zwigzanego, zawartos¢ sktadnikow mineralnych oraz popiotu, wielko$¢ powierzchni
wlasciwej, jak rowniez liczba 1 wielko$¢ porow [2,4,7,8]. Roznice w tych parametrach
sa niezwykle istotne, gdyz wptywaja na ogodlne wiasciwosci BC, a co za tym idzie, jego
potencjalne zastosowanie. Na przyktad, charakter struktur weglowych jest kluczowym

czynnikiem decydujacym o stabilnosci spirolizowanego materialu [9,10]. Natomiast
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temperatura pirolizy wptywa na wielko$¢ powierzchni wtasciwej biowegla oraz jego pH
[4], jak réwniez pojemnos$¢ kationowymienng, zawartos¢ metali sladowych, wegla
[7,11,12], aromatyczno$¢, polarnosé, stabilnos$¢ 1 trwato$¢ spirolizowanego materiatu
[2,7]. W zaleznos$ci od zastosowanej temperatury pirolizy zmienia si¢ takze dostepnos¢
zawartych w BC sktadnikow odzywczych waznych dla roslin [13]. Biowegiel
otrzymany z odpadéw pochodzacych z hodowli zwierzat charakteryzuje si¢ mniejszg
powierzchnig wilasciwg, mniejszg zawartoscig wegla oraz substancji lotnych,
w poréwnaniu do materialu pozyskanego z surowca roslinnego (biomasa drzewna oraz
réznego rodzaju zboza) [8]. Jednakze jego pojemnos¢ kationowymienna, jak réwniez
warto$¢ pH jest wicksza [8,14]. Wymienione wyzej znaczace rdznice w podstawowych
parametrach fizykochemicznych BC wynikaja gléwnie z odmiennego sktadu (stosunku

celulozy do ligniny) i zawarto$ci wody w biomasie [8].

4.2. Rolniczy potencjal aplikacyjny biowegla

W  ostatnich latach zainteresowanie bioweglem dynamicznie wzrasta, co
potwierdza rosngca liczba publikacji naukowych dotyczacych tego tematu (Rys. 1).

Wiaze si¢ to migdzy innymi z bardzo szerokim potencjatem aplikacyjnym BC.
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Rys. 1. Wyniki wyszukiwania hasta ,,biochar” w tytule artykutu, streszczeniu i stowach

kluczowych w bazie danych SCOPUS (dostep dnia 06.07.2023 r.).
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Spirolizowany material moze by¢ stosowany w wielu galeziach przemystu.
Jednakze jednym z najwazniejszych potencjalnych zastosowan jest wykorzystanie
biowggla jako dodatku do gleb poprawiajacego ich jako$¢ 1 zyznos$¢.

BC bierze udzial w oczyszczaniu gleby poprzez immobilizacje metali cigzkich,
jak réwniez katalizowanie reakcji utleniania i redukcji zanieczyszczen organicznych,
czy tez nieorganicznych [16,17]. Dodatek spirolizowanego materiatu polepsza
plonowanie i agregacj¢ czastek glebowych oraz zwigksza pH gleby [16,18]. Ponadto,
rolnicze zastosowanie BC, jako naturalnego nawozu, skutkuje regradacja gleb,
wzrostem puli dostepnych sktadnikoéw odzywczych oraz ich retencji [19,20]. Praktyczne
wykorzystanie biowegla wpisuje si¢ w gospodarke w obiegu zamknietym [21] oraz
pozwala ograniczy¢ negatywny wptyw dziatalno$ci ludzkiej na klimat, gdyz dodatek
spirolizowanego materiatu do gleb zmniejsza emisje amoniaku 1 ditlenku wegla do

atmosfery [22].

4.3. Wielopierscieniowe weglowodory aromatyczne i ich pochodne

w bioweglu

Biowegiel posiada wiele niekwestionowanych zalet, niemniej rozwazajac
mozliwosci rolniczego zastosowania BC nalezy wzia¢ pod uwagg takze jego wady oraz
ograniczenia podczas uzytkowania. Najwazniejsze z nich to zwigkszenie zageszczenia
gleby oraz jej zanieczyszczenie metalami cigzkimi, czy innymi toksycznymi zwigzkami
organicznymi [23], jak roéwniez zwigkszenie podatnosci na erozje [24,25]. Szkodliwe
substancje znajdujace si¢ w otrzymanym materiale moga pochodzi¢ z dwoéch zrodet:
zarOwno z surowca, jak rowniez moga tworzy¢ si¢ podczas procesu pirolizy [25].

Wielopierscieniowe weglowodory aromatyczne (WWA) (z ang. Polycyclic
Aromatic Hydrocarbons, PAHs) to stabilne, hydrofobowe zwigzki organiczne
skladajace si¢ z atoméw wegla i wodoru oraz z co najmniej dwoch pierScieni
aromatycznych [26]. Moga pochodzi¢ ze zrodet naturalnych (pozary lasow), czy
antropogenicznych (spalanie materii organicznej oraz paliw, procesy przemystowe)
[27], jak réwniez tworza si¢ podczas wysokotemperaturowego procesu otrzymywania
biowegla [28]. WWA sa toksyczne, mutagenne i kancerogenne dla organizméw zywych
[29-31], a ich zawartos¢ w BC determinowana jest gldwnie przez warunki pirolizy
[17,32]. W zwigzku z ich szkodliwym dzialaniem na organizm ludzki, zwierzecy oraz
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ro$linny, 16 sposréd wszystkich WWA zostalo wlaczone na priorytetowa listg
zanieczyszczen ustanowiona przez Agencje Ochrony Srodowiska  Stanow
Zjednoczonych (United States Environmental Protection Agency, US EPA), dlatego ich
obecno$¢ w roznego rodzaju probkach jest intensywnie badana (Rys. 2). Natomiast
dopuszczalne zawartosci X16WWA w bioweglach sa ograniczone poprzez wartosci
graniczne ustanowione przez International Biochar Initiative [33] oraz European
Biochar Certificate [34] (wynoszg odpowiednio 6 - 300 mg/kg suchej masy oraz 4
mg/kg suchej masy dla biowegla podstawowego (z ang. basic) i 12 mg/kg suchej masy

dla materiatu wyzszej jako$ci (z ang. premium)).
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Rys. 2. Wyniki wyszukiwania haset ,,polycyclic AND aromatic AND hydrocarbons”
w tytule artykutu, streszczeniu 1 stowach kluczowych w bazie danych SCOPUS (dostep
dnia 06.07.2023 r.).

Zarowno podczas wysokotemperaturowej modyfikacji biomasy, jak réwniez
w trakcie procesow srodowiskowych (w wyniku reakcji chemicznych, fizycznych oraz
fotochemicznych) mogg tworzy¢ si¢ tlenowe (O-WWA), azotowe (N-WWA) i siarkowe
(S-WWA) pochodne WWA [12,35-37] (z ang. Polycyclic Aromatic Hydrocarbon
(PAHs) derivatives). W wielu artykutach naukowych dowiedziono, ze parametry
pirolizy wptywaja na zawartos¢ WWA w bioweglu. Ostatnie doniesienia literaturowe
potwierdzaja, ze podczas otrzymywania spirolizowanego materialu powstaja rowniez
pochodne WWA [38]. Temat ten jest istotny, gdyz O-, S- oraz N-WWA s3 uwazane za

bardziej toksyczne od zwigzkow rodzimych [39].
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Pochodne wielopierscieniowych weglowodoréow aromatycznych sg stabilne
termicznie. Zwiazki te réznig si¢ od rodzimych WWA obecnoscig atomu tlenu (O-
WWA), azotu (N-WWA) lub siarki (S-WWA) w czasteczce. Tlenowe pochodne
zawierajg grup¢ karbonylowa, tworzac ketony oraz chinony. Charakteryzuja si¢ rowniez
wigkszg masg czasteczkowg oraz mniejszg pr¢znoscig par w pordwnaniu do zwigzkow
rodzimych. W $rodowisku O-WWA powstaja w wyniku fotochemicznego utleniania
WWA oraz reakcji z rodnikami (NO;", "OH) lub zwigzkami (NOy), Os i pod wplywem
Swiatta ultrafioletowego [35]. Wiasciwosci fizykochemiczne azotowych pochodnych
zaleza od liczby grup funkcyjnych w czasteczce, jak réwniez od masy czasteczkowej
zwigzku. Charakteryzuja si¢ one wigkszym wspotczynnikiem podziatu oktanol-
powietrze, wspOlczynnikiem podzialu czastki  stale-gaz  oraz  mniejszym
wspotczynnikiem podzialu wegiel organiczny-woda i wspdlczynnikiem podziatu
oktanol-woda w poréwnaniu do zwigzkéw rodzimych [37], co wskazuje na wigksza

mobilno$¢, jak rowniez dostepnos¢ pochodnych WWA w srodowisku.
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Rys. 3. Wyniki wyszukiwania haset ,,polycyclic AND aromatic AND hydrocarbons
AND derivatives AND biochar” w tytule artykutu, streszczeniu i stowach kluczowych

w bazie danych SCOPUS (dostep dnia 06.07.2023 r.).

Azotowe pochodne WWA mozna podzieli¢ na dwie grupy, zawierajace zwiazki:
w ktorych grupa nitrowa przylaczona jest do pierScienia aromatycznego oraz
posiadajagce wbudowany w pier§cien aromatyczny atom azotu (z ang. azaarenes) [40].
Obecnos$¢ juz jednej azotowej grupy funkcyjnej powoduje obnizenie ci$nienia par, jak

rowniez rozpuszczalnosci zwigzku o odpowiednio 3 i1 1 rzad wielkosci [41]. N-WWA sa
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toksyczne, mutagenne, kancerogenne i teratogenne. Ponadto, zwigzki zawierajace atom
azotu w pierScieniu aromatycznym charakteryzuja si¢ wicksza rozpuszczalnosciag
w wodzie w porownaniu do zwigzkéw rodzimych [40], co wptywa na ich mobilnos¢
w srodowisku. Bioragc pod uwage wlasciwosci pochodnych WWA (zarowno tlenowych,
jak 1 azotowych) oraz ich wigkszg szkodliwos¢ dla organizméw zywych, istnieje
ogromna potrzeba monitorowania zawartosci tych zwigzkéw w  prébkach

srodowiskowych, a zainteresowanie naukowcow (Rys. 3) jest uzasadnione.

4.4. Calkowitaibiodostepna frakcja zwigzkow szkodliwych

Zwiazki, zarowno toksyczne, jak i bezpieczne dla organizméw zywych, czy tez
o wlasciwos$ciach prozdrowotnych, w réznym stopniu moga by¢ izolowane z badanego
materialu. Zazwyczaj celem naukowca jest ekstrakcja catkowitej ilo$ci analitu (frakcja
catkowita). Czgsto jest to trudne wyzwanie, szczegdlnie w przypadku probek
charakteryzujacych si¢ zlozonym skladem matrycy, gdyz prawidlowe oznaczenie
zawarto$ci wymaga m. in. optymalizacji procesu przygotowania probki i ekstrakcji,
usuni¢cia albo zmniejszenia wplywu zwigzkéw interferujacych lub powodujacych
efekty matrycowe, wzbogacenia probki ze wzgledu na niski zakres stezen analitu,
walidacji metody analitycznej, optymalizacji warunkéw aparaturowych. Jednakze,
biorac pod uwage srodowiskowy punkt widzenia, istotna jest biodostepnos¢ zwigzkow,
gdyz tylko biodostepna frakcja (ktora zwykle nie jest rownoznaczna z catkowitg iloscig
analitu w materiale) moze wywiera¢ efekt toksyczny na organizmy zywe [25].
Przyjmuje sig¢, ze substancje, ktore moga by¢ ekstrahowane faza wodng z badanej
probki, sa zdolne do migracji w Srodowisku, czyli sa ,,biodostepne”. Oznacza to, ze
maja mozliwos$¢ przejScia przez blony biologiczne z otoczenia, w ktérym zywy
organizm w danej chwili si¢ znajduje [42]. W przypadku rolniczego zastosowania
biowegla, obecnos$¢ toksycznej frakcji biodostepnej moze wywotywaé stres
oksydacyjny u roslin, a szkodliwe zwigzki moga migrowac¢ z gleb do wod gruntowych,
zanieczyszczajac je [23].

WWA obecne w spirolizowanym materiale charakteryzuja si¢ niewielka
biodostgpnosciag. Wynika to przede wszystkim z tego, ze sa one silnie zwigzane
z matrycg probki. Migdzy biowegglem, a aromatycznymi zwigzkami wystepuja silnie
oddziatywania n-m [23]. Ponadto, WWA moga by¢ zokludowane i1 uwigzione
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w strukturze spirolizowanego materiatu, wowczas ich ekstrakcja moze by¢ niemozliwa
[23]. Warto podkresli¢, ze rozpoczynajac badania bedace przedmiotem rozprawy
doktorskiej, zadna dostepna pozycja literaturowa nie prezentowata, ani nie

charakteryzowata stopnia biodostepnosci pochodnych WWA w BC.

4.5. Wplyw czynnikow srodowiskowych na wlasciwosci biowegla

Podczas rolniczego zastosowania BC, materiat poddawany jest wielu przemianom
w wyniku dzialania szeregu czynnikow Srodowiskowych. Cato$¢ tych procesow
nazwano starzeniem biowegla. Roznice temperatur, opady deszczu czy $niegu,
aktywno$§¢  mikrobiologiczna  mogg prowadzi¢ do zmiany  parametrow
fizykochemicznych BC, a takze jego mechanicznej fragmentacji, rozpadu, uwalniania
rozpuszczonej materii organicznej, rozpuszczania mineratow, jak réwniez utleniania
spirolizowanego materiatu [43]. Co wigcej, procesy zamrazania, rozmrazania, rozktad
fotochemiczny, susze czy nadmierna wilgotno§¢ oraz utlenianie wynikajace
z aktywnos$ci mikroorganizmdéw i obecnosci tlenu atmosferycznego powoduja zmiany
w podstawowym sktadzie chemicznym BC, wielko$ci powierzchni wilasciwej (oraz
objetosci 1 $rednicy poréw), morfologii powierzchni, kwasowos$ci, czy tez
aromatyczno$ci [43]. Struktura bioweggla dodanego do gleby staje si¢ bardziej
nieregularna z widocznymi §ladami rozpadu [44]. Natomiast wielko$¢ powierzchni
wlasciwej] moze zar6wno wzrosng¢ lub zmale¢ w zaleznosci od warunkow
srodowiskowych. Z kolei, objeto$¢ i $rednica poréw zazwyczaj zmniejsza si¢ m.in. ze
wzgledu na sorpcje zwigzkéw (np. mineratow), fizyczng niedroznos$¢ spowodowang
sktadnikami gleby, powstanie w wyniku aktywnos$ci mikroorganizméw bakteryjnego
biofilmu itd. [43].

Przemiany bioweggla wprowadzonego do gleby i procesy temu towarzyszace,
zachodzace pod wpltywem czynnikéw sSrodowiskowych, moga by¢ przyspieszone
doswiadczalnie w warunkach S$cisle kontrolowanych, przeprowadzajac starzenie
chemiczne, fizyczne, biologiczne oraz enzymatyczne. Tego typu eksperymenty
polegajace na sztucznym starzeniu spirolizowanego materialu, imituja przemiany, jakie
zachodzilyby podczas rolniczego zastosowania biowggla (jako dodatek do gleb).
Ponadto, skracajg czas trwania eksperymentu z lat lub miesiecy do dni, a nawet godzin

[43]. Co wigcej, pozwalaja na dokladniejsze poznanie mechanizméw procesow
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zachodzacych w glebie, gdyz znajac wplyw poszczegélnych typow starzen (tzn.
czynnikow $rodowiskowych) na parametr bedacy przedmiotem zainteresowania
naukowca, mozna zweryfikowa¢, ktory z nich jest dominujgcy 1 determinuje

w wiekszym stopniu dang wiasciwos¢ materiatu weglowego.

4.6. Toksycznosc¢ pochodnych wielopierscieniowych weglowodorow

aromatycznych i ich zawartos¢ w probkach srodowiskowych

Wzrost  zainteresowania pochodnymi WWA, a w szczegolnosci ich
wystepowaniem w probkach srodowiskowych, przemianami, jakimi poddawane sg pod
wplywem réznych czynnikéw oraz przede wszystkim toksycznoscia, sa w petni
uzasadnione, gdyz uwaza si¢ je za bardziej szkodliwe dla organizméw zywych niz
zwiazki rodzime [39,45]. Drogi narazenia na pochodne WWA moga by¢ zréznicowane.
Jedna z nich jest spozycie termicznie przetworzonej zywnosci lub majacej kontakt
z zanieczyszczong gleba, osadami, wodami gruntowymi czy rzecznymi [31,46].
Glownym sposobem narazenia jest droga inhalacyjna [31,47] lub pozazywieniowa
poprzez powietrze atmosferyczne, a doktadniej czastki stale zawieszone w powietrzu
(z ang. Particulate Matter, PM), gdzie oznaczane zawarto$ci pochodnych WWA s3
rzedu ng/m’ [48]. Drobny pyl z atmosfery charakteryzuje si¢ mata $rednica
aerodynamiczng (< 2,5 pum) 1 skomplikowanym sktadem chemicznym, w tym
obecnoscig zanieczyszczen oraz substancji toksycznych. Dzieki tym wihasciwosciom,
dostaje si¢ on droga wziewna do organizmu ludzkiego i osadza gigboko w ptucach
powodujac szereg zaburzen uktadu oddechowego [49].

W zaleznos$ci od miejsca prowadzenia badan nad obecno$cig pochodnych WWA,
stezenie zwigzkdw w pyle zawieszonym w powietrzu moze by¢ nizsze niz rodzimych
WWA [37], jak rowniez warto$¢ ta moze by¢ bardzo podobna [50]. Dla przyktadu, Ren
i in. [50] wyznaczyli catkowite stgzenia zardwno X14WWA, jak i Z70-WWA
w czastkach zawieszonych w powietrzu w dwoch miastach w Chinach 1 wynosity one
nawet 57 + 20 ng/m’ i 18 + 23 ng/m’ (rodzime WWA) oraz 54 + 15 ng/m’ i 23 + 32
ng/m’ (O-WWA). W innych probkach $rodowiskowych stezenie O-WWA moze byé
wyzsze niz zwigzkéw rodzimych [51]. W przypadku azotowych pochodnych WWA,
wiekszo$¢ zwigzkéw o mniejszej masie czasteczkowej znajduje si¢ w fazie gazowe;j
powietrza atmosferycznego, podczas gdy pochodne zawierajace 4 1 wigcej pierscieni
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aromatycznych (czyli o duzej masie czasteczkowej) oznaczane s3 glownie w fazie
czastek statych [52,53], co jest istotne z perspektywy mozliwych drég narazenia na te
toksyny oraz ich toksyczno$ci. Stad ogromna potrzeba monitorowania nie tylko
216WWA, ale réwniez ich tlenowych oraz azotowych pochodnych w réznych
probkach.

Mechanizmy toksycznosci, mutagennos$ci i kancerogenno$ci pochodnych WWA
nie sg jeszcze dobrze zbadane oraz poznane. Jednakze wplyw zwigzkow na organizmy
zywe jest $cisle zwigzany z ich wilasciwosciami fizykochemicznymi. Ponadto, ilo$¢
badan dotyczacych tlenowych pochodnych WWA, w pordéwnaniu z azotowymi
pochodnymi WWA jest zdecydowanie mniejsza [31]. Moze to by¢ zwigzane z mniejszg
liczbg oraz nizszym poziomem stezeh O-WWA w badanych probkach [31]. Biorgc pod
uwage polarno$¢ oraz rozpuszczalno$¢ tlenowych WWA, wykazuja one wigksza
mobilno§¢ w poréwnaniu do zwigzkéw rodzimych, przez co ich transport do wod
gruntowych, czy powierzchniowych jest utatwiony [51,54].

Aktualny stan badan nad toksycznoscig azotowych i tlenowych pochodnych

WWA zostal przedstawiony w publikacji:

D1 A. Krzyszczak, B. Czech, Occurrence and toxicity of polycyclic aromatic

hydrocarbons derivatives in environmental matrices, Science of the Total

Environment, 2021, 788: 147738.

Informacje dotyczace toksycznosci O-WWA sa bardzo ograniczone. Lecz
wiadomym jest, ze zawarto$¢ tlenowych pochodnych w pyle zawieszonym w powietrzu
jest Scisle zwigzana z powstawaniem reaktywnych form tlenu (z ang. Reactive Oxygen
Species, ROS) [55]. Tworzenie ROS wiaze si¢ przede wszystkim z produkcja enzyméow
przeciwutleniajacych, ktéra ma miejsce podczas wywotania stresu oksydacyjnego.
Ponadto, efektem narazenia hodowanych ludzkich komérek nabtonkowych
pecherzykoéw ptucnych (A549) na PM, s zebrany w duzych przemystowych miastach,
byt wzrost zawartos$ci cytokin (czynnik martwicy nowotworéw (TNF-a) i interleukiny
116) oraz tlenku azotu, jak réwniez spadek zywotnosci komorek [56].

Badania dotyczace toksycznosci azotowych pochodnych WWA sg bardziej
obszerne. W wigkszo$ci z nich weryfikowane sa skutki narazenia na I-nitropiren (1-
NP), ktory jest glownym przedstawicielem N-WWA. Wystepuje on w czastkach spalin

generowanych przez silnik wysokoprezny. 1-NP posiada wihasciwosci cytotoksyczne,
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genotoksyczne i mutagenne [45,57] oraz moze wywotywac stan zapalny w organizmie
[58,59]. Dodatkowo indukuje on powstawanie ROS w komodrkach A549 [60] oraz
prowadzi do uszkodzen DNA u szczuréw 1 wzrostu stezenia 8-hydroksy-2'-
deoksyguanozyny (8-OH-dG), ktora jest metabolitem rozktadu 1-NP w organizmie
zywym [61]. Dlatego 8-OH-dG jest uwazana za biomarker §wiadczacy o narazeniu na
spaliny samochodowe [62] oraz informujacy o uszkodzeniu oksydacyjnym DNA [60].
Natomiast, 1,8-dinitropiren jest 3 razy bardziej toksyczny od benzo[a]pirenu [63].

Niestety, w dostepnych danych literaturowych nadal brakuje informacji
dotyczacych  toksycznosci siarkowych pochodnych WWA. Jedynie pewne
przypuszczenia zaktadaja podobng toksyczno$¢ i jej mechanizmy do rodzimych WWA
[64]. S-WWA moga indukowaé stres oksydacyjny oraz wykazywaé dzialanie
cytotoksyczne.

Temat toksycznosci pochodnych WWA wymaga jeszcze wielu uzupelnien. Na
chwile obecna, dostepne dane literaturowe wskazuja na potrzebe monitorowania ich
stezenia w probkach $rodowiskowych (wodach, glebie, powietrzu), zywnos$ci (np.
rybach) oraz przede wszystkim w produktach procesu pirolitycznego, gdyz
wysokotemperaturowym beztlenowym przemianom biomasy towarzyszy powstawanie

zarowno WWA, jak rowniez ich pochodnych.
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5. Cel badan oraz wplyw uzyskanych wynikéw na zréwnowazony

rozwoj i zielong chemie

Celem badan bedacych podstawa rozprawy doktorskiej byla weryfikacja
bezpieczenstwa rolniczego zastosowania biowegla pod katem ilosci 1 jakosci
pochodnych  wielopierScieniowych  weglowodoréw  aromatycznych  obecnych
w spirolizowanym materiale. W pierwszym etapie, cel ten realizowatam poprzez
dokonanie przegladu literaturowego dotyczacego charakterystyki, wlasciwosci
i zawarto$ci pochodnych WWA w probkach s$rodowiskowych (publikacja D1).
Podejrzenie wigkszej toksycznos$ci pochodnych WWA od zwigzkéw rodzimych
zainspirowato do kolejnych etapéw badan, ktore rozpoczety si¢ od otrzymania
i charakterystyki fizykochemicznej biowegli, a takze zbadania wptywu temperatury
pirolizy (publikacja D2), jak réwniez zastosowanego surowca (publikacja D3) na
zawarto$¢ frakcji catkowitej 1 biodostgpnej WWA oraz ich pochodnych w tym
biomateriale. Kolejnym etapem bylo okreslenie zmian fizykochemicznych oraz
zawarto$ci analitow w weglowym materiale poddanym procesom starzenia fizycznego,
chemicznego (publikacja D4), biologicznego oraz enzymatycznego (publikacja DS),
ktoére symulowaty przemiany zachodzace podczas rolniczego zastosowania biowegla
jako dodatku do gleby. Oczywistym byto réwniez sprawdzenie reakcji wybranych roslin
na wzbogacenie gleby spirolizowanym materiatem (m. in. oznaczenie enzymow stresu
oksydacyjnego) (publikacja D6). Ostatni etap badan zakladal przeprowadzenie
eksperymentow wazonowych 1 polowych (publikacja D7), polegajacych na
wzbogaceniu gleb BC, zaré6wno w warunkach laboratoryjnych, kontrolowanych
(doswiadczenie wazonowe), jak rowniez w otoczeniu rzeczywistym (eksperyment
polowy). Wyniki przedstawiajace, w jaki sposob zmieniaty si¢ zawarto§ci WWA 1 ich
pochodnych w zmodyfikowanych glebach w czasie (do 18 miesigcy) przedstawiono
w publikacji D7. Przebieg badan zrealizowanych w ramach pracy doktorskiej

przedstawiono na rysunku 4.
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‘ Weryfikacja bezpieczenstwa rolniczego stosowania biowegli ‘

Rys. 4. Schemat przedstawiajacy badania przeprowadzone w ramach rozprawy

doktorskie;j.

Zatozono nastepujace hipotezy badawcze:

Temperatura pirolizy wptywa na charakterystyke fizykochemiczng biowegla,
zatem powinna réwniez rzutowa¢ na zawarto$¢ i biodostepnos¢ WWA oraz ich
pochodnych w spirolizowanym materiale.

Charakterystyka fizykochemiczna biowggla zalezy od zastosowanego surowca,
zatem powinna rowniez wplywa¢ na zawarto$¢ i biodostepnos¢ WWA oraz ich
pochodnych w spirolizowanym materiale.

Procesy s$rodowiskowe w réoznym stopniu wywieraja wptyw na podstawowe
parametry fizykochemiczne BC.

Procesy srodowiskowe w roznym stopniu wywierajg wptyw na ilo$¢ oraz jakos$¢
WWA i pochodnych (frakcja biodostepna i frakcja catkowita) w glebie uzyznionej
bioweglem.

Zawartosci  WWA oraz ich pochodnych w glebie wzbogaconej BC
(w warunkach naturalnych) zmieniaja si¢ w zalezno$ci od czasu trwania

wzbogacenia.
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Dodatek biowggla do gleb poprawia jej jakos¢, whasciwosci fizykochemiczne oraz
strukture. Zréwnowazenie w produkcji polowej opiera si¢ na wilasnej zyznosci gleby,
wspieranej jedynie nawozami. W przypadku zastosowania BC, wykorzystany ,,naw6z”
jest pozyskany z materiatow odpadowych i w przeciwienstwie do sztucznych, ogranicza
wptyw rolnictwa na $rodowisko. W efekcie, potencjalne gospodarstwo produkuje

wiecej 1 taniej.
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PRZECIWDZIALANIA WZROST
ZMIANIE KLIMATU PRODUKTYWNOSCIUPRAW,
ZROWNOWAZONE
ROLNICTWO

WOZIEDZINE
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3 2

PRODUKCJA ENERGII

USUWANIE ZANIECZYSZCZEN

Rys. 5. Mozliwe osiagnigcia celd6w zrownowazonego rozwoju poprzez otrzymywanie

i zastosowanie biowegla [65].

Dodatek bioweggla do gleb zwigksza ilo§¢ dostgpnych sktadnikéw pokarmowych

potrzebnych roslinom, jak réwniez powoduje wzrost retencji wodnej gleb, co jest Scisle
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zwigzane z efektywnym i optymalnym wykorzystaniem zasobéw wodnych, co z kolei
pozwala na zapewnienie stabilno$ci oraz trwatosci produkcji rolniczej, szczegdlnie
w konteks$cie zmian klimatycznych.

Idea rolnictwa zrownowazonego obejmuje prawidlowe zarzadzanie odpadami
(Rys. 5). Biowegiel mozna otrzyma¢ z poprodukcyjnych odpadoéw rolnych i obornika,
co $ci$le wigze si¢ z ich utylizacja, wykorzystaniem, a nie sktadowaniem, ktore jest
problematyczne, szkodliwe dla srodowiska, wymaga odpowiednich warunkow oraz
naktadow finansowych, a zachodzace procesy gnilne sg zrédtem metanu i ditlenku
wegla, ktore w konsekwencji sa uwalniane do atmosfery. Produkcja BC z rolnych
materialdw odpadowych, jak rowniez jego praktyczne zastosowanie jako dodatek do
gleb sa powigzane z dazeniem do redukcji emisji gazéw cieplarnianych.

Innym zalozeniem idei zrownowazonego rozwoju jest podejmowanie dzialan dla
spotecznej akceptacji rolnictwa. Postep wiedzy to przede wszystkim badania naukowe,
ale rowniez potaczenie wiedzy naukowej, polityki i ekonomii. Istnieje ogromne
zapotrzebowanie na stworzenie systemu edukacji oraz doradztwa dotyczacego sposobu
pozyskiwania, wykorzystywania biomasy, co przyczynitoby si¢ do wzrostu
swiadomosci spoleczenstwa. Podjecie tych krokéw wprowadzitoby w zycie wiele zasad
zielonej chemii, np. zapobieganie tworzeniu odpadéw, efektywne wykorzystanie

energii, jak rowniez stosowanie surowcoéw odnawialnych.
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6. Ogolny opis metod zastosowanych w badaniach

Charakterystyka fizykochemiczna biowegla

Biowegle wykorzystywane w badaniach prowadzonych w ramach rozprawy

doktorskiej zostaly scharakteryzowane poprzez okreslenie wielko$ci powierzchni

wlasciwej, porowatosci, warto$ci pH, zawartosci popiotu, zawartosci C, O, N i H.

Ponadto, dokonano charakterystyki powierzchni materiatu (m. in. pod wzgledem sktadu

chemicznego, obecnosci grup funkcyjnych, morfologii). Ponizej wymieniono

wyznaczone parametry fizykochemiczne oraz zastosowane metody:

Wielkos¢ powierzchni wla$ciwej oraz porowatosé.

W tym celu wykorzystano metod¢ niskotemperaturowej adsorpcji azotu. Probki
biowegli odgazowano w temperaturze 200°C przez 12 godz. w warunkach
podcisnieniowych, a nastepnie za pomocg analizatora ASAP 2420 (Micromeritics,
Stany Zjednoczone) oznaczono parametry: wielko$¢ powierzchni wlasciwej
wyznaczona metoda BET (Brunauer-Emmett-Teller), objetos¢, $rednica
i rozktad wielkosci porow.

Wartos¢ pH.

Do 1 g biowegla dodano 10 mL wody destylowanej (ultra-czystej (< 0,08 uS/ cm),
Hydrolab, Polska), a pomiar pH przeprowadzono z wykorzystaniem cyfrowego
pH-metru HQ430d Benchtop Single Input (HACH, Stany Zjednoczone).

Zawarto$¢ popiolu.

Parametr wyznaczono poprzez spalanie probek biowegla w temperaturze 760°C
przez 6 godz. w piecu Megatherm (Polska). Nastgpnie z ubytku masy obliczono
procentowg zawartos$¢ popiotu.

Zawarto$¢ wegla, azotu, wodoru i tlenu.

Procentowe zawartosci C, N 1 H wyznaczono z wykorzystaniem aparatu EuroEA
Elemental Analyser (EuroVector, Wlochy). Natomast zawarto§¢ O obliczono

matematycznie, uwzgledniajac dodatkowo zawarto$¢ popiotu.
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. Charakterystyka powierzchniowych grup funkcyjnych.

W tym celu wykorzystano spektroskopi¢ fotoakustyczng w podczerwieni
z transformacjg Fouriera (z ang. Fourier-Transform Infrared Photoacoustic
Spectroscopy, FTIR-PAS) oraz spektroskopi¢ fotoelektronow w zakresie
promieniowania X (z ang. X-ray Photoelectron Spectroscopy, XPS). Pierwsza
znich postuzyla do scharakteryzowania struktury chemicznej powierzchni
i analizy jako$ciowej grup funkcyjnych obecnych na spirolizowanym materiale.
Widma prébek zostaty zarejestrowane z wykorzystaniem spektrometru Bio-Rad
Excalibur 3000 MX wyposazonego w detektor fotoakustyczny MTEC300
(detektor w komorze wypekionej helem) w zakresie 4000-400 cm ', przy
rozdzielczosci 4 cm™'. Natomiast do badan sktadu powierzchniowego materiatow
technika XPS wykorzystano spektrometr UHV Prevac (Polska). System
analityczny UHV umozliwil wykonanie analiz z rozdzielczo$cia <1 meV.
Uzyskane wyniki pozwolily na jakosciowe 1 iloSciowe okreS§lenie grup
funkcyjnych wystepujacych na powierzchni biowegla.

) Morfologia powierzchni.

Do badan morfologii powierzchni spirolizowanego materialu wykorzystano
technik¢ skaningowej mikroskopii elektronowej (z ang. Scanning Electron
Microscopy, SEM). Wyniki zebrano przy uzyciu skaningowego mikroskopu
elektronowego Quanta 3D FEG (FEI, Stany Zjednoczone) z systemem
spektroskopii  dyspersji  energii (SEM-EDS). Modul EDS umozliwil
przeskanowanie rozmieszczenia poszczegolnych skladnikow  probki  na

powierzchni badanych materiatow.

6.2. Oznaczanie frakcji catkowitej WWA i ich pochodnych

Do oznaczenia catkowitej zawartosci WWA i ich tlenowych oraz azotowych
pochodnych wykorzystana zostata technika przyspieszonej ekstrakcji za pomoca
rozpuszczalnika (z ang. Pressurized Fluid Extraction, PFE, Accelerated Solvent
Extraction, ASE lub Pressurized Liquid Extraction, PLE) przy uzyciu aparatu Dionex
350 System (Thermo Fisher Scientific, Stany Zjednoczone). 22 mL celki ze stali
nierdzewnej, poczynajac od dolnej warstwy, zostaly wypeklione odpowiednio: filtrem
celulozowym (Thermo Fisher Scientific, Stany Zjednoczone), Zzelem krzemionkowym
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(aktywowanym w temperaturze 300°C przez 5 godz.) (Macherey-Nagel, Niemcy)
wymieszanym z 0,1 g sproszkowanej miedzi (Merck, Niemcy) (dodanej w celu
zwigzania siarki) oraz 0,5 g biowegla (lub 4 g gleby) wymieszanym z 0,1 g kwasu
etylenodiaminotetraoctowym  (EDTA,  Sigma-Aldrich, Stany  Zjednoczone).
Bezposrednio przed ekstrakcja, do celek wprowadzono roztwor deuterowanych WWA
(PAH Mix 9 deuterated standard (Dr Ehrenstorfer GmbH, Niemcy) — 100 ng/uL), ktéry
stanowil wzorzec wewnetrzny. Pozostatg przestrzeh wypeliono kulkami szklanymi.
Ekstrakcja byta przeprowadzona z wykorzystaniem heksanu (Chempur, Polska),
pozostate parametry wynosity odpowiednio:

- temperatura 150°C,

- ilo$¢ cykli ekstrakeji: 2,

- objetos¢ przeptukujaca: 60%,

- czas ekstrakcji statycznej: 5 min,

- czas przeptukiwania: 60 s przy ci$nieniu 1 MPa za pomoca N».

Tabela 1. Wykaz WWA 1 ich pochodnych oznaczanych podczas badan prowadzonych

w ramach rozprawy doktorskie;j.

. Granica Granica
Lp. Nazwa zwigzku CcAs? Waor wykrywalnosci® | oznaczalnosci®
sumaryczny
[ng/L] [ng/L]
1 naftalen* 91-20-3 C,oHg 1,01 3,36
2 1,3-di-izo-propylnaftalen 57122-16-4 C,6Hao 1,41 4,69
3 2-fenylnaftalen 612-94-2 Ci6Hin 1,90 6,33
4 acenaftylen* 208-96-8 C,Hg 2,10 6,99
5 acenaften* 83-32-9 C.Hyp 2,30 7,66
6 fluoren* 86-73-7 Ci3Hyg 1,10 3,66
7 antracen® 120-12-7 Ci:Hyo 1,30 4,33
8 fenantren* 85-01-8 CisHyg 1,34 4,36
9 3-metylfenantren 832-71-3 CisHipn 2,42 8,06
10 2-metylfenantren 2531-84-2 CisHin 2,42 8,06
11 9-metylfenantren 883-20-5 CisHin 3,23 10,76
12 3,6-dimetylfenantren 1576-67-6 Ci¢Hia 2,20 7,33
13 fluoranten* 206-44-0 Ci6Hio 1,87 6,22
14 piren* 129-00-0 Ci6Hio 1,91 6,36
15 2-metylpiren 3442-78-2 Ci7H2 1,92 6,39
16 4-metylpiren 3353-12-6 Ci7H2 1,92 6,39
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17 benzo[a]fluoren 238-84-6 C7H)» 1,30 4,33
18 benzo[a]antracen* 56-55-3 CisHis 1,30 4,33
19 chryzen* 218-01-9 CisHis 2,20 7,33
20 3-metylchryzen 3351-31-3 CioHys 1,02 3,40
21 5-metylchryzen 3697-24-3 CioHys 1,55 5,16
22 6-metylchryzen 1705-85-7 CioHys 1,02 3,40
23 benzo[a]fluoranten 203-33-8 CyHi2 2,10 6,99
24 benzo[b]fluoranten* 205-99-2 CyHi2 2,10 6,99
25 benzo[k]fluoranten* 207-08-9 CyoHi2 2,10 6,99
26 benzo[j]fluoranten 205-82-3 CyoHi2 1,39 4,63
27 benzo[a]piren* 50-32-8 CyoHi2 2,11 7,03
28 indeno[1,2,3-cd]piren* 193-39-5 CxHpp 1,30 4,33
29 benzo[ghi]perylen* 191-24-2 CypH)» 1,33 4,43
30 dibenzo[a,h]antracen* 53-70-3 CpHpu 2,21 7,36
31 dibenz[a,e]piren 192-65-4 CyuHis 1,89 6,29
32 dibenz[a,h]piren 189-64-0 CyuHis 1,89 6,29
33 dibenz[a,i]piren 189-55-9 CyuHjs 1,89 6,29
34 dibenz[a,l]piren 192-65-4 CyuHjs 1,89 6,29
Tlenowe i azotowe pochodne WWA
35 nitronaftalen 86-57-7 C,0H/NO, 2,41 8,03
36 1-metyl-5-nitronaftalen 91137-27-8 C,1HyNO, 1,21 4,03
37 1-metyl-6-nitronaftalen 105752-67-8 | C;;HyNO, 1,21 4,03
38 9,10-antracendion 84-65-1 C4HgO, 1,44 4,80
39 4H-cyklopenta(def)fenantren 203-64-5 CisHjp 3,01 10,02
40 nitropiren 5522-43-0 C,6HoNO, 1,66 5,53

Dnumer identyfikacyjny nadany przez Chemical Abstracts Service (CAS);

2 7 . . ;e ;. .
@wartoéci granic wykrywalnosci i oznaczalno$ci zostaty wyznaczone jako stosunek sygnatu do szumu

pomnozony odpowiednio przez 3 lub 10;

*WWA z listy Agencji Ochrony Srodowiska Stanéw Zjednoczonych (US EPA).

Otrzymany roztwor wzbogacono 1 mL izooktanu (Chempur, Polska), odparowano
w wyparce rotacyjnej RVC 2-25 CD plus (Martin Christ, Niemcy) do objetosci 1 mL
i analizowano metoda chromatografii gazowej sprz¢zonej z tandemowa spektrometrig
mas (GC-MS/MS) =z wykorzystaniem chromatografu gazowego sprzezonego
z detektorem mas typu potrojny kwadrupol (GCMS-TQ8040; Shimadzu, Kyoto,
Japonia). W Tabeli 1 przedstawiono zestawienie wszystkich WWA 1 ich pochodnych

oznaczanych ilo§ciowo podczas badan wykonywanych w ramach rozprawy doktorskie;j.
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6.3. Oznaczanie frakcji biodostepnej WWA i pochodnych

Zawarto$¢  biodostepnej  frakcji WWA 1 pochodnych  wyznaczono
z wykorzystaniem metody bazujacej na zastosowaniu pasywnego probnika
polioksymetylenowego (POM). Schemat eksperymentu przedstawiono na Rys 6. Przed
docelowa analizg, probniki o wymiarach 4 cm na 4 cm (okoto 35 g, 76 um grubosci)
byly kondycjonowane wg $cisle okre§lonej procedury, ktéra zaktadala 24-godzinne
wytrzasanie w metanolu (Merck, Niemcy) (na mieszadle horyzontalnym (ELPIN 358A,
Polska), a nastepnie w n-heptanie (POCH, Polska) (24 godz.) i wodzie destylowanej (24
godz.). Do momentu wlasciwego oznaczania, POMy byly przechowywane w wodzie

destylowanej w temperaturze 4°C.

f roztwor O\ p P N

Hlibly probniki

POM wzorzec e
b 1 30 dni é wewnetrzny 1 aceton:heptan

A\ 4 Yy
Y . m— | J

ckstrakt

e

izooktan

48 h

= 21 mL
analiza
GC-MS/MS
1 mL

Rys. 6. Schemat procedury oznaczania frakcji biodostepnej] WWA i pochodnych
w biowgglach.

Docelowa procedura obejmowata umieszczenie probki biowegla (1 g) w kolbie
Erlenmayera (o objetosci 50 mL), do ktdrej nastepnie dodano 40 mL wodnego roztworu
azydku sodu (Chempur, Polska) (w celu zahamowania rozwoju mikroorganizmow)
ostezeniu 200 mg/LL oraz dwa probniki. Tak przygotowane, odpowiednio
zabezpieczone kolby wytrzasano przez 30 dni na mieszadle obrotowym ROTAX 6.8
VELP Scientifica (Wlochy) z predkoscig 10 obrotéw/min. Nastgpnie probniki zostaly

wyjete, oczyszczone wodg destylowang, po czym poddano je ekstrakcji mieszaning
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acetonu (POCH, Polska) i heptanu (POCH, Polska) (1:4, obj.) z dodatkiem wzorca
wewnetrznego (rozdziat 6.2.) przez 48 godz. na mieszadle horyzontalnym. Ekstrakt
wzbogacono 1 mL izooktanu, odparowano do 1 mL stosujac wyparke rotacyjna.
Otrzymane probki analizowano metoda chromatografii gazowej sprzezonej
z tandemowa spektrometrig mas.

Stezenie poszczegdlnych WWA 1 pochodnych na pasywnym prébniku (Cpom

[ng/kg]) obliczono wedtug réwnania (1):

Crom = mwwa / Mapom (D

gdzie: mwwa (lub Mpochodne wwa) 0Znacza maseg analitu oznaczong technikg GC-MS/MS
[ng]; mypom [kg] oznacza mas¢ dwoch wysuszonych pasywnych probnikow,
zastosowanych do ekstrakcji.

Natomiast stezenie frakcji biodostepnej Cpe [ng/L] (z ang. freely dissolved)
obliczono z rownania (2):

Ciree = Cpom / Kpom (2)

gdzie: Kpom [L/kg] jest wspotczynnikiem podziatu WWA (lub pochodnych WWA)
pomiedzy probnik i wode wyznaczonym przez Hawthorne i in. [66]. W przypadku
braku informacji o wspdtczynniku podziatu dla niektorych pochodnych WWA, do

obliczen zostala wykorzystana warto$¢ odpowiadajaca rodzimym WWA.

6.4. Przeprowadzenie starzen modelowych

W  celu okreslenia wplywu czynnikow Srodowiskowych na parametry
fizykochemiczne biowegla oraz zawarto$ci frakcji catkowitej 1 biodostepne;] WWA, jak
rowniez ich pochodnych, przeprowadzono badania modelowe starzenia (z ang. aging).
Do wykonania eksperymentu wybrano cztery rodzaje starzen: fizyczne, chemiczne,
biologiczne oraz enzymatyczne. Wigkszos¢ artykulow naukowych prezentuje efekt
krotkotrwatego narazenia spirolizowanego materialu na czynniki $rodowiskowe [43],
dlatego celem moich badan bylo okre$lenie zmian w charakterystyce BC oraz
w zawartosci poszczeg6lnych frakcji analitow w biowegglach poddanych 6-miesiecznym

procesom starzenia.
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Starzenie fizyczne i chemiczne

Pierwszym etapem obydwu procesow byta sterylizacja bioweggla, ktorg
przeprowadzono poprzez dodanie wodnego roztworu azydku sodu (200 mg/L) oraz
wody destylowanej na poziomie 40% pojemnosci wodnej BC (wyznaczonej przed
docelowym eksperymentem). Przez caty okres trwania do§wiadczenia warto$¢ ta byta
utrzymywana na zadanym poziomie (ubytki byly uzupeilniane woda destylowana).
Starzenie fizyczne (z ang. Physical Aging, PA) przeprowadzono poprzez wystawienie
biowegla na dzialanie skoku temperatur +20°C oraz -20°C w tygodniowych
interwatach. Natomiast starzenie chemiczne (z ang. Chemical Aging, CA) realizowano
dwutorowo narazajac spirolizowany material na temperaturg 60°C (CA60) oraz na 90°C
(CA90). Zastosowanie tych temperatur (60°C, 90°C) pozwolito na przyspieszenie
naturalnych proces6w chemicznych, jakim poddawany bytby biowegiel w srodowisku.
Zgodnie z reguta van’t Hoffa [67], zmiany zachodzace w BC podczas 6-miesigcznego
starzenia w temperaturze 60°C lub 90°C beda odpowiadaly przemianom weglowego
materialu inkubowanego przez odpowiednio 8 i 64 lata w 20°C, 24 oraz 191 lat w 4°C,
badz 126 i1 1010 lat w -20°C. Procesy starzeniowe prowadzono przez 6 miesigcy, po

czym starzony BC suszono w temperaturze 105°C przez 4 godz.

Starzenie biologiczne i enzymatyczne

Pierwszym etapem starzenia biologicznego (z ang. Biological Aging, BA) byta
ekstrakcja inoculum mikrobiologicznego z gleby rolnej z Podborcza, wojewodztwo
lubelskie (szczegotowy opis inkubacji oraz ekstrakcji znajduje si¢ w publikacji DS) oraz
przygotowanie roztworu z substancjami odzywczymi (sklad zaprezentowany
w publikacji DS). Eksperyment prowadzono dwutorowo, gdyz tylko do jednego
zestawu probek dodano zar6wno inoculum mikrobiologiczne, jak i1 odzywke (probki
BAi). Drugi zestaw wzbogacono tylko roztworem ze sktadnikami odzywczymi
(biowegle BAn). Objetos¢ dodawanych roztworéw wynosita 40% pojemnosci wodnej
BC. Warto$¢ ta byta utrzymywana przez caly czas trwania eksperymentu (ubytki byty
uzupelniane woda destylowang). Procesy prowadzono przez 6 miesigcy, a starzony
materiat weglowy wysuszono w temperaturze 105°C przez 4 godz.

Starzenie enzymatyczne (z ang. Enzymatic Aging, EA) przeprowadzono

z wykorzystaniem enzymu peroksydazy chrzanowej (Sigma-Aldrich, Polska).
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Biowegiel (1 g) zawieszono w wodnym roztworze chlorku sodu buforowanym
fosforanami (1 L, w sktadzie: NaCl, KCl, Na,HPO,4 oraz KH,PO,4, Chempur, Polska)
(z ang. Phosphate-Buffered Saline, PBS) o pH = 6, do ktorego nastepnie dodano 600
jednostek enzymu modelowego. Uktad inkubowano przez 24 godz. na mieszadle
magnetycznym (IKA, Polska) o amplitudzie 300 obrotéw/min. Po czym enzym
aktywowano dodatkiem nadtlenku wodoru (500 umol/L) (Chempur, Polska) i ponownie
inkubowano przez 10 dni. Zawiesing przesgczono przez filtr, a starzony biowegiel

suszono w temperaturze 105°C przez 4 godz.
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7. Wyniki badan wiasnych

7.1. Wplyw surowca na charakterystyke fizykochemiczng biowegli

Celem badan byto sprawdzenie, w jaki sposob rodzaj surowca zastosowanego do
otrzymania biowegla wpltywa na podstawowe parametry fizykochemiczne
spirolizowanego materialu (publikacja D2 oraz D3). Material wyjsciowy wykorzystany

podczas badan, bedacych przedmiotem rozprawy, mozna podzieli¢ na trzy grupy:

e surowiec pochodzenia roslinnego (PT): i) bogaty w celuloze: wierzba (Salix
viminalis) (BCW), stoma pszeniczna (Triticum L.) (BCS), stonecznik (Helianthus
annuus L.) (BCA) oraz ii) bogaty w lignine: odpady z drzew lisciastych (BCD)
oraz iglastych (BCF),

e pozostaloSci po produkcji biogazu (RBP) pozyskane z Biogazowni Koczergi
(BCKOS), Piaski (BCPIL), Uhnin (BCUHS),

e osad sciekowy (SSL) pozyskany z Oczyszczalni Sciekéw w Chetmie (BCCH),
Kaliszu (BCKZ), Zamosciu (BCZ) 1 Suwatkach (BCSI).

Tabela 2. Poréwnanie wybranych wtasciwosci fizykochemicznych biowegli.

Wybrane podstawowe parametry fizykochemiczne biowegli
Za\(z)vair(t)(i)sc zawartoS¢ | zawartoS¢ | zawartoSc zawartosc
pop C [%] H [%)] N [%] O [%]
[%]
nawyzsza SSL PT PT SSL PT
warto$é
S RBP RBP RBP RBP RBP
wartosc
najnizsza PT SSL SSL PT SSL
wartosc

PT — surowiec pochodzenia roslinnego;
RBP - pozostatosci po produkceji biogazu;
SSL — osad $ciekowy.
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Biorac pod uwagg zawarto$¢ popiotu, podstawowych pierwiastkow, jak réwniez
aromatyczno$¢, polarnos$¢ i hydrofobowos¢ biowegli, uwidocznit si¢ wyrazny wptyw
zastosowanej biomasy. Najnizsze zawarto$ci popiotu oraz azotu oznaczono w BC
otrzymanych z surowca ro$linnego, podczas gdy najwyzsze dla materialu powstalego
z osadow $ciekowych (Tabela 2). Odwrotne tendencje uzyskano w przypadku
zawarto$ci pozostalych pierwiastkéw (C, H i O) (publikacja D3).

Jednakze nie dla wszystkich podstawowych parametréw fizykochemicznych
biowegli zaobserwowano wyrazng tendencj¢ dotyczaca wybranego materiatu
wyjsciowego. W przypadku niektérych wilasciwosci wplyw kazdej zastosowanej
biomasy nalezy interpretowac¢ indywidualnie, gdyz przykladowo, bioragc pod uwage
wielko$¢ powierzchni wlasciwej spirolizowanego materiatu, najwigksze wartosci
uzyskano dla BC otrzymanych z wierzby oraz dwoch osadéw Sciekowych
(pozyskanych z Chetma i Zamoscia) (publikacja D2 i D3). Podobne wnioski mozna
przedstawi¢ biorgc pod uwage wartoSci pH. Najwigcksza powierzchni¢ wiasciwg
charakteryzowat si¢ materiat otrzymany z wierzby (BCW) (145,02 m?/g), podczas gdy
warto$ci dla pozostatych biowegli pozyskanych z surowcoéw roslinnych wynosity
ponizej 2,5 m?/g. Z kolei dane otrzymane technika XPS ukazuja, ze powierzchnia
BCZ600, oprocz C, O, N i Ca (znajdujacego si¢ rowniez na innych materiatach, np.
BCW600), zawierata rowniez Si, P, Al, S oraz Fe (publikacja D3).

Rys. 7. Zdjecia wykonane technikag SEM biowegla otrzymanego z osadu $ciekowego
(A) oraz wierzby (B) (publikacja D2).
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Zdjecia wykonane technika SEM rowniez obrazuja réznice w strukturze BC.
W przypadku materialow otrzymanych z osaddéw $ciekowych, czgs¢ biowegli nadal
posiadata organizacje¢ czastek podobng do wyjSciowego surowca, a inne fragmenty byty
pokruszone i pokryte substancjami smolistymi (Rys. 7A). Natomiast BC otrzymany
z wierzby charakteryzowat si¢ bardziej uporzadkowana struktura, widoczne byly
wydhuzone pory o ksztalcie zdeformowanych okregéw lub znieksztatconych plastrow
miodu, przy czym niektore z nich byly przedzielone przegroda (publikacja D3) (Rys.
7B). Wyglad szkieletu biowegla BCW jest $cisle powigzany z biologiczng kapilarng
strukturg surowca (publikacja D2).

Wyniki

przedstawione w pracach D2 i D3 potwierdzaja hipotezg, ze

charakterystyka fizykochemiczna biowegla zalezy od zastosowanego surowca.

7.2. Wplyw surowca na zawartos¢ frakcji catkowitej oraz

biodostepnej WWA i pochodnych w bioweglu

Zgodnie w wynikami zawartymi w publikacjach D2 i D3, surowiec wyptywa na
zawarto$¢ analitow w spirolizowanym materiale. Podobnie jak w przypadku wartosci
pH, czy wielkosci powierzchni wlasciwej, zalezno$ci dotyczace zawartosci frakcji
catkowitej 1 biodostepnej WWA oraz pochodnych nie dotycza podzialu surowcow na

trzy grupy (rozdziat 7.1.), lecz kazdy z biowggli nalezy interpretowac indywidualnie.

Tabela 3. Zestawienie wynikéw zawartych w publikacji D3.

Srednia zawarto$¢ analitow + SD*
Zastoso- : :
wana Catkowita Ceflrlglgg;ta Biodostgpna Blcgl;ks(t:e.;;)na
grupa | frakcja WWA J frakcja WWA .
SUrOWCOW T pochodnych [ng/L] pochodnych
WWA [pg/g] WWA [ng/L]
PT* 133,83 £ 46,15 9,97+ 11,32 3,21 £0,89 0,43 + 0,30
RBP® 189,71 £ 10,93 8,41 £6,83 20,76 + 17,99 1,91 £2,38
SSL* 146,26 + 30,91 16,79 + 18,85 15,62 £ 16,51 0,95 + 0,67

SD — odchylenie standardowe; a — $rednia arytmetyczna z 5 rodzajow BC otrzymanych z surowcow

pochodzenia roslinnego; b — $rednia arytmetyczna z 3 rodzajow BC otrzymanych z pozostatosci po

produkcji biogazu; ¢ — §rednia arytmetyczna z 4 rodzajow BC otrzymanych z osadow $ciekowych.

36




Dane przedstawione w Tabeli 3 wskazuja na duzy rozrzut (wysoka warto$¢ SD)
wynikéw uzyskanych dla spirolizowanych materialdéw otrzymanych z tej samej grupy
surowcow (PT, RBP lub SSL). Zatozenie (niepodparte wynikami badan), ze wybrany
biowegiel jest bardziej bezpieczny (pod katem rolniczego zastosowania), gdyz jest
otrzymany z danej grupy biomasy, jest duzym uproszczeniem i moze by¢ bledne.
Jednakze, szczegdlnie analizujac biodostepnos¢ analitdow, uwidocznilo si¢ pewne
zroznicowanie. BC otrzymane z surowcow roslinnych charakteryzowaty sie nizszymi
zawartosciami frakcji biodostepnej zar6wno WWA, jak 1 ich tlenowych oraz azotowych
pochodnych.

Procentowe zawarto$ci poszczegdlnych grup WWA zréznicowanych pod
wzgledem liczby pierScieni aromatycznych zaleza od zastosowanego surowca. Na
przyktad zawartosci frakcji biodostgpnej 2-pierscieniowych WWA w bioweglach
otrzymanych ze stomy, wierzby oraz odpadéw z drzew li§ciastych byty ponizej granicy
wykrywalnosci, podczas gdy w materiale z odpadoéw z drzew iglastych, zwiazki
zawierajace dwa pierScienie aromatyczne w czgsteczce stanowily ponad 50%
wszystkich oznaczonych ilosciowo WWA. Wyniki przedstawione w publikacjach D2,

D3 potwierdzaja hipoteze, ze zawartos¢ frakcji catkowitej oraz biodostepnej WWA i ich

pochodnych w bioweglach zalezy od zastosowanego surowca.

7.3. Wplyw temperatury pirolizy na charakterystyke

fizykochemiczng biowegli

Celem kolejnych badan byt okreslenie wptywu temperatury procesu pirolizy na
podstawowa charakterystyke fizykochemiczng biowegli (publikacja D2). Spirolizowane
materialy otrzymano w temperaturach 500°C, 600°C oraz 700°C. Jako surowce
wybrano zaré6wno osady $ciekowe (BCKZ i BCCH), jak rowniez biomas¢ roslinng

(BCW oraz BCS). Wyrazne zaleznosci temperaturowe otrzymano dla:

e warto$ci pH (niemal we wszystkich przypadkach wzrost temperatury powodowat
wzrost pH biowegla);

e zawartosci popiotu (zwigkszenie temperatury pirolizy skutkowato spadkiem
zawartosci popiotu dla BC otrzymanych z biomasy roslinnej i wzrostem dla

spirolizowanych osadow $ciekowych);
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e zawartosci azotu, wodoru i1 aromatyczno$ci (wzrost temperatury powodowat
spadek wartosci dla wszystkich weglowych materiatow);

e zawartosci tlenu i polarnosci (niemal we wszystkich przypadkach wzrost
temperatury powodowal spadek wartosci danych parametrow, z wyjatkiem BCS,

dla ktorego tendencja byta odwrotna).

Wielko$¢ powierzchni wlasciwej materiatow nie byla wyraznie determinowana
przez zastosowang temperaturg pirolizy. Natomiast biowggle otrzymane w temperaturze
600°C wyrozniaty si¢ sposrdd innych najwiekszg zawartoscig wegla.

Bazujac na uzyskanych danych wywnioskowano, ze temperatura pirolizy

znaczaco wplywa na podstawowa charakterystyke fizykochemiczng biowegli. Dlatego

chcac otrzymaé materialy weglowe zaprojektowane do konkretnych celow oraz
charakteryzujace si¢ $ciSle okre§lonymi parametrami, nalezy skrupulatnie wybraé

zardwno surowiec, jak i temperaturg pirolizy.

7.4. Wplyw temperatury na zawartosc¢ frakcji catkowitej oraz

biodostepnej WWA i pochodnych w bioweglach

Zgodnie w wynikami badan zawartymi w publikacji D2, zastosowana temperatura
pirolizy wptywa na zawarto$¢ frakcji biodostgpnej] WWA 1 pochodnych w weglowych
materiatach. W zaleznosci od surowca uzytego do pirolizy, wzrost temperatury procesu
spowodowat spadek zawartosci frakcji biodostepnej WWA dla BCS, wzrost dla BCKZ,
a w pozostalych przypadkach utrzymywal si¢ na podobnym poziomie (Rys. 8A).
Jednakze interpretujac wyniki dotyczace frakcji biodostgpnej pochodnych WWA
zauwazono tendencjg¢, ktora zawazytla na dalszych badaniach. BC otrzymane
w temperaturze 600°C (niezaleznie od zastosowanego surowca) zawieraly najwigksze
stezenie frakcji biodostepnej pochodnych WWA (Rys. 8B). Ta informacja, razem
z podejrzeniem wigkszej toksycznosci pochodnych WWA w poréwnaniu ze zwigzkami
rodzimymi, zainspirowata do dalszych badan weglowych materiatow, w duzej mierze

skupiajac si¢ na bioweglach otrzymanych w tej temperaturze.
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Rys. 8. Zawarto$¢ frakcji biodostepnej WWA (A) 1 pochodnych (B) w bioweglach

(publikacja D2).

Zgodnie z wynikami zawartymi w publikacji D4, najwigksze zawartosci frakcji

catkowite] WWA otrzymano dla biowegli uzyskanych w 600°C (181,08 + 8,29 pg/g dla
BCW600 1 125,83 + 5,76 ng/g dla BCZ600). Z kolei najwigksza calkowita zawarto$§¢
pochodnych  WWA oznaczono ponownie dla BCZ600 (5,30 + 0,25 pg/g).

W przypadku materialdw otrzymanych z wierzby, wzrost temperatury pirolizy

powodowat wzrost zawarto$ci analitow od 1,48 = 0,07 pg/g (BCW500) do 4,31 + 0,20

pg/g (BCW700). Sposrod wszystkich badanych BC, materialy otrzymane

z odpadow z drzew liSciastych w temperaturze 600°C charakteryzowaly si¢ najmniejsza

zawartoscig pochodnych WWA (wartoSci ponizej granicy wykrywalnos$ci) oraz jedng

z najmniejszych zawartosci rodzimych WWA.

7.5. Wplyw starzenia fizycznego oraz chemicznego na zawartos¢

frakcji calkowitej i biodostepnej WWA i ich pochodnych

Wyniki dotyczace wplywu

starzenia fizycznego oraz

chemicznego na

charakterystyke fizykochemiczng BC, jak rowniez zawartosci frakcji catkowitej
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i biodostepnej WWA wraz z ich pochodnymi w spirolizowanym materiale
przedstawiono w publikacji D4. Celem badan byla weryfikacja zmian wybranych
parametrow fizykochemicznych oraz zawartosci WWA 1 ich pochodnych w materiale
poddanym modelowym przemianom imitujagcym procesy, jakie zachodzityby podczas
rolniczego zastosowania biowegla. Ponadto, BC poddano starzeniom trwajacym 6
miesi¢ey, gdyz zgodnie z danymi literaturowymi [68], w tym okresie dochodzi do
najwigkszych zmian w charakterystyce fizykochemicznej materialu, a wydtuzenie tego

czasu nie wplywa juz tak znaczgco.

BCZ500
wzrost 7
bez zmian
G H | J
spadek 7 M starzenie chemiczne w 60°C
M starzenie chemiczne w 90°C
] starzenie fizyczne
BCZ600 |
wzrost
bez zmian
spadek M starzenie chemiczne w 60°C
M starzenie chemiczne w 90°C
J starzenie fizyczne
BCZ700 |
wzrost 7
bez zmian ]
B C G H | J
dek M starzenie chemiczne w 60°C
spade M starzenie chemiczne w 90°C
starzenie fizyczne

Rys. 9. Zmiany parametréw fizykochemicznych biowegli otrzymanych z osadu
sciekowego (w temperaturach 500°C — BCZ500, 600°C — BCZ600 1 700°C — BCZ700),

a nastepnie starzonych chemicznie w dwoch temperaturach oraz fizycznie. A - wielko$é
powierzchni wlasciwej; B - pH; C - zawarto$¢ popiotu; D - zawarto$¢ wegla; E - zawarto$¢ wodoru; F -

zawarto$¢ azotu; G - zawartos¢ tlenu; H - aromatyczno$é; I - polarnos¢; J - hydrofilowosé.
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Starzenia fizyczne oraz chemiczne w dwoch temperaturach (60°C 1 90°C)
wplywaja na parametry fizykochemiczne biowggli otrzymanych z wierzby (BCW) oraz
z osadu S$ciekowego (BCZ) (publikacja D4). Postlugujac si¢ tylko wynikami
dotyczacymi tych ostatnich (BCZ500, BCZ600 i BCZ700) (Rys. 9), mozna zauwazyc¢,
ze starzenie chemiczne w 60°C spowodowato wzrost pH, aromatycznos$ci, polarnosci
oraz spadek wielko$ci powierzchni wlasciwej i1 zawartosci wegla w spirolizowanych
materiatach otrzymanych w réznych temperaturach. Zmiany pozostatych parametrow
zalezg od zastosowanej temperatury pirolizy (np. zawarto$¢ popiotu maleje dla BCZ500
i ro$nie dla BCZ600 oraz BCZ700). Na Rys. 9 przedstawiono roéwniez zmiany
parametrow spowodowane starzeniem chemicznym w 90°C oraz fizycznym. Przy czym
ostatnie z nich bylo w mniejszym stopniu zalezne od temperatury pirolizy, gdyz
starzenie spowodowato wzrost wielkosci powierzchni wlasciwej, zawartosci tlenu,
polarno$ci oraz spadek pH, zawartosci popiotu, wegla 1 azotu we wszystkich BC
otrzymanych z osadu $ciekowego. W wyniku procesow starzenia doszto do utleniania
biowegli, wzrostu zawartosci tlenowych grup funkcyjnych oraz zréznicowania form
weglowych, a takze usuwania najbardziej lotnych zwigzkow ze spirolizowanego
materiatu.

W przypadku BC otrzymanych z osadow $ciekowych, zawartosci frakceji
catkowite] WWA 1 pochodnych znaczaco wzrosty w wyniku starzen chemicznych oraz
fizycznego (Rys. 10 i 11). Wigkszy wzrost obserwowano po starzeniu chemicznym
w 90°C niz w 60°C, a najwigkszy po starzeniu fizycznym (niemal we wszystkich
przypadkach). Zawartos¢ analitow w bioweglach otrzymanych z surowca roslinnego
réwniez wzrosta po starzeniu fizycznym, natomiast po starzeniach chemicznych
obserwowano znaczacy spadek, zarowno z przypadku WWA, jak i ich pochodnych.
Swiadczy to o duzym wplywie wyboru surowca na kofncowe parametry BC
(w szczegblnosci zawartosci toksycznych zwigzkow w spirolizowanym materiale)
podczas jego rolniczego zastosowania. Ponadto, procentowe zawartosci poszczegdlnych
grup WWA  zroznicowanych pod wzgledem liczby posiadanych pierscieni
aromatycznych, po przeprowadzeniu starzen modelowych zmienialy si¢ w réznym
stopniu, gdyz np. starzenie fizyczne promowato powstawanie WWA o wigkszej masie

czasteczkowej.
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Rys. 10. Zawartosci frakcji catkowitej oraz biodostepnej WWA w biowgglach przed
1 po starzeniach (publikacja D4).

Zawarto$¢ frakcji biodostgpnej] WWA w weglowych materiatach otrzymanych
z osadoéw Sciekowych znaczaco spadia po przeprowadzeniu starzen chemicznych oraz
fizycznego (Rys. 10), co jest ogromng zaleta w kontekScie rolniczego potencjatu
aplikacyjnego tego typu spirolizowanych materialow. Natomiast w przypadku BC
otrzymanych z surowca roslinnego, biodostgpnos$¢ analitow wzrosta nawet 4,5-krotnie.
Procesy zachodzace podczas starzenia fizycznego ulatwiaja uwalnianie badanych
zwigzkow do $rodowiska. Ponadto, biowegle otrzymane w temperaturze 600°C
(BCW600) charakteryzowaty si¢ najmniejsza zawartoscig frakcji biodostepnej WWA,
podczas gdy po starzeniach ich biodostepnos¢ byla najwigksza sposrod wszystkich
materiatdw otrzymanych z wierzby. Podobnie jak w przypadku frakcji catkowite;j,
starzenie chemiczne w wyzszej temperaturze (90°C), spowodowato wiekszy wzrost
zawartosci frakcji biodostgpney WWA w BC niz CA w 60°C. Wyniki dotyczace

biodostgpnosci pochodnych WWA sa duzo bardziej zr6znicowane. Starzenia chemiczne
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doprowadzily do spadku zawarto$ci frakcji biodostepnej pochodnych WWA
w biowgglach BCZ (Rys. 11), natomiast wptyw starzenia fizycznego na zawarto$¢
analitow w weglowych materiatach zalezy od zastosowanej temperatury pirolizy

(zaobserwowano spadek dla BCZ500 i BCZ600, wzrost dla BCZ700).

B frakcja calkowita pochodnych WWA
I frakcja biodostepna pochodnych WWA
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Rys. 11. Zawartos$ci frakcji catkowitej oraz biodostepnej pochodnych WWA
w bioweglach przed i po starzeniach (publikacja D4).

Obserwowane obnizenie zawarto$ci frakcji calkowitey WWA w bioweglach
otrzymanych z wierzby spowodowane starzeniami chemicznymi i fizycznymi, przy
jednoczes$nie znaczacym wzroscie biodostepnosci substancji toksycznych ukazuje, jak
istotne jest oznaczanie nie tylko catkowitej zawarto$ci analitow, lecz rowniez frakcji

biodostgpnej w spirolizowanych materiatach.
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7.6. Wplyw starzenia biologicznego oraz enzymatycznego na

zawartos$c frakcji catkowitej i biodostepnej WWA i pochodnych

W publikacji DS przedstawiono wyniki dotyczace wplywu starzenia
enzymatycznego i biologicznego na wlasciwosci fizykochemiczne, zawartosci frakcji
catkowitej oraz biodostepnej WWA i ich pochodnych w bioweglach otrzymanych
w temperaturze 600°C. Zaprezentowane dane dotycza materialdw pozyskanych
z surowcOw zawierajacych znaczne ilosci popiotu (z ang. ash-rich materials, A-rich),
ligniny (z ang. lignin-rich materials, L-rich), celulozy (z ang. celullose-rich materials,
C-rich) 1 pozostatosci po produkcji biogazu (RBP).

Procesy starzenia znaczaco wplywaja na parametry fizykochemiczne biowegli.
Starzenie enzymatyczne spowodowato spadek zawarto$ci popiolu w spirolizowanych
materialach. Ponadto we wszystkich BC otrzymanych z odpadéw po produkcji biogazu
zaobserwowano wzrost zawarto$ci wegla, wodoru oraz spadek zawartosci tlenu.
Z kolei, w materiatach otrzymanych z surowcéw roslinnych wzrosta wielkos¢
powierzchni wilasciwej oraz zawarto§¢ C, H, O. Natomiast starzenie biologiczne
spowodowato spadek zawarto$ci wegla 1 wodoru niemal we wszystkich przypadkach.
Ponadto, mozna zaobserwowac¢ roznice pomie¢dzy probkami narazonymi na dzialanie
inoculum mikrobiologicznego, a wzbogaconymi jedynie roztworem substancji
odzywczych. W przypadku niektorych parametrow, obecno$¢ mikroorganizmow
glebowych ,,usuwa skutki” procesow starzenia, np. w bioweglu BCD, zawarto$¢ azotu
po starzeniu z substancjami odzywczymi spadia (z 1,18% na 1,07%), podczas gdy
w probce narazonej na dzialanie inoculum mikrobiologicznego wzrosta ponad wartos¢
poczatkowa (1,23%). W innych przypadkach starzenie biologiczne z dodatkiem
mikroorganizmoéw glebowych skutkuje jeszcze wigkszym poglebieniem zmian, np.
wielko$¢ powierzchni wiasciwe; w biowgglu BCW spadta po starzeniu z roztworem
odzywki z 145,02 m%*/g do 2,96 m?g, podczas gdy w BC starzonym z inoculum
mikrobiologicznym warto$¢ ta zmalata do poziomu ponizej mozliwosci aparaturowych

Analizatora.

44



Al A2 A3 A4

BCW-BA spadek zawartosci

brak réznic

- wzrost zawartosci

BCW-BAI

BCW-EA

BCD-BA

BCD-BAi

BCF-BA

BCF-BAi

BCZ-BA

BCZ-BAi

BCZ-EA
BCS-EA

BCUHS-EA/
BCKOS-EA/
BCPIL-EA

Rys. 12. Zmiany zawartosci WWA oraz ich pochodnych w bioweglach poddanych
starzeniom biologicznym i enzymatycznym (A1 — frakcja catkowita WWA, A2 —
frakcja catkowita pochodnych WWA, A3 — frakcja biodostepna WWA, A4 — frakcja
biodostepna pochodnych WWA).

Niemal we wszystkich przypadkach starzenie enzymatyczne spowodowalo
znaczacy spadek zawartosci frakcji catkowitej 1 biodostgpnej WWA oraz ich
pochodnych (Rys. 12). Podobng tendencj¢ zaobserwowano w przypadku starzenia
biologicznego, przy czym biowegle starzone z roztworem substancji odzywczych
charakteryzowaly si¢ wigksza zawartoscig frakcji catkowitey WWA, niz starzone
z inoculum mikrobiologicznym. Zmianie ulegt roéwniez stosunek procentowych
zawarto$ci poszczegélnych grup WWA (zréznicowanych pod wzgledem liczby
pierScieni aromatycznych w czasteczce) w BC starzonych enzymatycznie i biologicznie.
W przypadku frakcji catkowitej, BA spowodowato wzrost udziatu procentowego 2-
pierscieniowych zwigzkow (wigkszy wzrost dla BC starzonych z inoculum
mikrobiologicznym niz z samag odzywka). Natomiast EA skutkowalo spadkiem
zawarto$ci procentowej zwigzkoéw posiadajacych dwa pierScienie aromatyczne. Z kolei,
wzrost udziat procentowy 3-, 4- i 5-pierscieniowych WWA (dla BCW). Na podstawie

uzyskanych wynikow stwierdzono, ze mikroorganizmy glebowe wyekstrahowane

z gleby pelnia wazna role w procesie degradacji 1 modyfikacii WWA oraz ich

pochodnych.
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7.7. Wplyw WWA i ich pochodnych na stres oksydacyjny u roslin

WWA, jako zwiazki toksyczne dla organizméw zywych, indukujg powstawanie
reaktywnych form tlenu, ktérych dziatanie skutkuje wywotaniem stresu oksydacyjnego.
Z kolei pochodne WWA s3 uwazane za bardziej szkodliwe od zwigzkéw rodzimych.
Podczas otrzymywania biowegla powstajg zarowno WWA, jak i tlenowe oraz azotowe
pochodne (co zostato dowiedzione w publikacjach D2 oraz D3). Sprawdzenie wplywu
zwigzkow toksycznych obecnych w BC na rosliny, podczas rolniczego zastosowania
spirolizowanego materiatu, jest niezwykle istotne i stanowi kolejny krok podczas badan
bedacych przedmiotem rozprawy doktorskiej. Dlatego celem eksperymentu byto
zbadanie wptywu WWA 1 ich pochodnych na markery stresu oksydacyjnego u rosliny
modelowej, ktorg byt jeczmien zwyczajny Hordeum vulgare L (publikacja D6).

Badania polegaty na weryfikacji wptywu réznych czynnikow (rodzaju gleby,
surowca zastosowanego do otrzymania biowegla oraz temperatury pirolizy) na poziom
markeréw stresu oksydacyjnego u jeczmienia zwyczajnego. W tym celu, trzy rodzaje
gleb zostaly wzbogacone weglowymi materialami otrzymanymi z biomasy ro$linnej
(stoma pszeniczna, stonecznik, odpady z drzew lisciastych oraz iglastych) w réznych
temperaturach pirolizy. Nastepnie przeprowadzono eksperyment wazonowy polegajacy
na posadzeniu wykietkowanych nasion rosliny modelowej w specjalnych pojemnikach
wypetnionych gleba wzbogacong BC. Po 12 dniach probki roslin zostaly pobrane do
dalszych badan polegajacych na pomiarze aktywno$ci przeciwutleniajacej dysmutazy
ponadtlenkowej (SOD), katalazy (CAT), peroksydazy (POD) i zawarto$ci wolnego
dialdehydu malonowego (MDA), co pozwolilo na monitorowanie skutkow stresu
oksydacyjnego wywartego na organizm testowy. Kolejnym krokiem bylo oznaczenie
poziomu transkrypcji genéw Cu/Zn-SOD, CAT, peroksydazy askorbinianowej (APX)
i peroksydazy glutationowej (GPX).

Zgodnie z otrzymanymi wynikami, dodatek biowegla powoduje wzrost
aktywnos$ci dysmutazy ponadtlenkowej (wyniki dla gleby 2,02 + 0,17 U/mg bialka,
natomiast dla gleb wzbogaconych BC od 2,50 + 0,11 U/mg biatka (dla BCA600) do
4,18 + 0,26 U/mg bialtka (BCS500)), co wskazuje na zwigkszong produkcje
anionorodnikéw ponadtlenkowych (O,"). Jednakze, nie zarejestrowano wplywu
temperatury pirolizy na aktywnos¢ SOD. Z kolei, aktywnos¢ CAT 1 POD malata pod
wplywem dodatku BC otrzymanego ze stomy (np. CAT - wyniki dla gleby 1259,63 +
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22,97 U/mg bialka, natomiast dla gleb wzbogaconych BCS od 463,38 + 32,65 U/mg
biatka (dla BCS500) do 566,96 + 18,73 U/mg bialka (BCS700)). Zawartos¢ MDA
wzrosta jedynie w przypadku BCA600, co §wiadczy o tym, ze obecnos$¢ reaktywnych
form tlenowych nie skutkowata peroksydacja lipidow.

Wyniki dotyczace ekspresji genow roznity si¢ w zaleznosci od wybranych
biowegli i rodzaju gleby. Relatywne poziomy transkrypcji genéow dla APX, CAT i SOD
malaty wraz ze wzrostem temperatury pirolizy. Natomiast w przypadku BC uzyskanych
z r6znych surowcow, graniczne wyniki dotyczace APX i SOD otrzymano dla BCF600
(odpowiednio 0,186 i 0,6) oraz BCS600 (1,355 oraz 6,713); dla CAT - BCA600 (0,161)
i BCD600 (0,258) oraz dla GPX — BCS600 (0,459) i BCF600 (0,671).

Uzyskane dane jednoznacznie wskazuja, ze dodatek BC do gleby byt zwigzany
z wystapieniem stresu oksydacyjnego w liSciach jeczmienia zwyczajnego (zwigkszony
poziom aktywnosci SOD). Stwierdzono wplyw temperatury pirolizy na odpowiedz
transkrypcyjng rosliny modelowej. Jednymi z najwazniejszych enzymatycznych
zmiataczy reaktywnych form tlenowych w komorkach roslinnych sa CAT i1 APX, a ich
transkrypcja byta $cisle zwigzana z obecnoscia frakcji biodostepnej badanych zwigzkow
swiadczac o tym, ze obecno$¢ WWA 1 ich pochodnych (ale w mniejszym stopniu) moze
indukowa¢ nadprodukcje O,*— i H,O, oraz wywotywac¢ stres oksydacyjny. Poziom
transkrypcji genéw SOD obnizat si¢ wraz ze wzrostem temperatury pirolizy i zalezat od
zastosowanego surowca. Zgodnie z wynikami dotyczacymi tej czeSci badan, dodatek
biowggla zawierajgcego biodostepng frakcje WWA 1 ich pochodnych jest rozwigzaniem
bezpiecznym dla srodowiska, gdyz cho¢ stres oksydacyjny u organizmu modelowego

byt wywolany, roslina zwalczyta jego skutki oraz byta zdolna do dalszej wegetacji.

7.8. Zawartosc¢ frakcji catkowitej oraz biodostepnej WWA
i pochodnych w glebach wzbogaconych bioweglem

Celem tego etapu badan bylo okreslenie, jak zmienia si¢ zawartos¢ WWA 1 ich
tlenowych, jak rowniez azotowych pochodnych w glebie wzbogaconej biowgglem po
przeprowadzeniu eksperymentu wazonowego oraz w trakcie dwodch eksperymentow
polowych (publikacja D7) (Rys. 13) trwajacych odpowiednio okoto 16 i 18 miesigcy
(ostatni pobor probki).
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Rys. 13. Schemat eksperymentéw przedstawionych w publikacji D7.

Niemal we wszystkich przypadkach, zawartosci WWA w glebach wzbogaconych
ré6znymi bioweglami (eksperyment wazonowy) byly nizsze niz spodziewane, biorgc pod
uwage znang zawarto§¢ WWA w spirolizowanym materiale oraz mas¢ dodanego BC do
gleby. Lecz znaczacej zmianie ulegly procentowe zawartosci poszczegdlnych grup
WWA, zréznicowanych pod wzgledem liczby pier§cieni aromatycznych w czasteczce.
Oprocz roznic miedzy iloscig 2-, 3- 1 4-pierScieniowych zwigzkéw rodzimych,
zawartosci WWA zawierajacych 5 oraz 6 pier§cieni aromatycznych w czasteczce oraz
pochodnych WWA w glebach wzbogaconych bioweglami byly ponizej granicy
wykrywalnosci. Do wyjasnienia tych obserwacji mozna postuzy¢ si¢ wynikami
otrzymanymi po przeprowadzeniu badan modelowych (publikacja D4 i DS). Zawartosci
analitow w BC starzonych biologicznie i enzymatycznie znaczaco zmalaty. Wskazuje to
na przewage procesOw zachodzacych z udzialem mikroorganizméow glebowych
odpowiedzialnych za obnizenie zawartosci WWA oraz pochodnych.

Eksperyment 2 1 3 polegaty na wzbogaceniu gleby bioweglem (lub BC i osadem
scieckowym) w warunkach rzeczywistych. W celu okreslenia zmian zawarto§ci WWA
1 pochodnych w czasie, probki gleby byty pobierane po roznych okresach wzbogacenia.
W przypadku Eksperymentu 2, w wyjsciowej glebie, w momencie rozpoczecia badan,
zawartosci analitow byly ponizej granicy wykrywalnos$ci. Natomiast, zawartosci WWA

rosty w czasie do wartosci 0,082 + 0,005 pg/g dla samej gleby oraz do 0,112 £ 0,006
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pug/g i 0,160 = 0,008 436 pg/g dla gleby wzbogaconej 30 t/ha i 45 t/ha biowegla
otrzymanego z wierzby (pobor probki po 474 dniach od rozpoczgcia badania). W tym
przypadku rdwniez nie oznaczono ilo§ciowo zar6wno 5- i 6-pierscieniowych WWA, jak

i pochodnych.

0,16 - [ B - zawartos¢ WWA — 0,03
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Rys. 14. Zawartosci frakcji catkowite] WWA 1 ich pochodnych w glebach
wzbogaconych biowegglem i1 osadem $ciekowym (* warto$ci ponizej granicy

wykrywalnosci). B, C, D — oznaczenia zgodnie z Rys. 13.

Z kolei zawartosci WWA, jak rowniez ich tlenowych oraz azotowych pochodnych
w glebie wzbogaconej osadem S$cieckowym lub bioweglem i1 osadem S$ciekowym
(Eksperyment 3) wzrastaly wraz z czasem zastosowania BC w glebie (Rys. 14),
a zawartosci analitow w probie kontrolnej (gleba bez dodatku biowggla 1 SSL) byty
ponizej granicy wykrywalnosci przez caty okres trwania doswiadczenia. W glebie
wzbogaconej SSL oznaczono ilo$ciowo tylko 2- i 3-pierscieniowe WWA (zawartosci
pochodnych WWA byty ponizej granicy wykrywalno$ci), podczas gdy w probkach

zmodyfikowanych biowgglem i SSL (symbol C oraz D, Rys. 13) oznaczono zar6wno
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zwigzki rodzime zawierajace 2, 3 i 4 pierScienie aromatyczne, jak rOwniez azotowe oraz
tlenowe pochodne. Ponadto, wraz z czasem trwania eksperymentu, rosta liczba
oznaczanych O- i N-WWA (w momencie rozpoczg¢cia doswiadczenia w probee
D oznaczono ilo$ciowo nitroacenaftalen, 9,10-antracendion, 2-metylpiren, podczas gdy
po uptywie 18 miesiecy wyznaczono zawarto$ci rowniez 1-metyl-5-nitronaftalenu, 1-

metyl-6-nitronaftalenu oraz 4-metylpirenu).
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. Wnioski

Pochodne WWA s3 obecne w réznych probkach srodowiskowych. Pomimo
zazwyczaj nizszej zawarto$ci w porownaniu do WWA, ich udziat w calkowitej
toksyczno$ci 1 mutagenno$ci jest znaczny. Przeglad literaturowy wskazuje na
potrzebe skupienia wigkszej uwagi na problem zawarto$ci pochodnych WWA
w srodowisku (publikacja D1).

Podczas procesu pirolizy tworzg si¢ zarowno WWA, jak i ich tlenowe oraz azotowe
pochodne (publikacja D2 i D3).

Temperatura pirolizy i surowiec wptywaja na zawarto$¢ frakcji biodostepnej WWA
w bioweglu, jak rowniez na analize jako$ciowa analitoéw (publikacja D2 i D3).

W zaleznoS$ci od zastosowanego surowca, wzrost temperatury pirolizy powodowat
zardwno spadek (np. BCS), jak i zwigkszenie (np. BCKZ) zawartosci frakcji
biodostgpnej WWA (publikacja D2).

Biodostepno$¢ zwigzkéw rodzimych byta wyzsza w materiatach otrzymanych
z osadu $ciekowego (3,33 — 39,98 ng/L), czy tez z pozostatosci po produkcji
biogazu (10,36 — 41,53 ng/L), w poréwnaniu do BC pozyskanych z surowca
ro$linnego (2,21 — 4,45 ng/L) (publikacja D3).

Najwiecksza zawartos¢ frakcji biodostgpnej pochodnych WWA  oznaczono
w bioweglach otrzymanych w temperaturze 600°C (np. wyniki dla BCS600 0,83 +
0,03 ng/L, podczas gdy dla materialbw otrzymanych ze stomy pszenicznej
w temperaturze 500°C 1 700°C wynosity odpowiednio 0,18 + 0,01 ng/L i 0,62 +
0,03 ng/L). Natomiast zalezno$¢ dotyczaca wptywu surowca na zawarto$¢ frakcji
biodostepnej pochodnych WWA byta duzo bardziej ztozona (publikacja D2).
Temperatura pirolizy i1 rodzaj surowca zastosowanego do otrzymania biowggla
wplywaty na charakterystyke fizykochemiczng spirolizowanego materiatu (np.
wzrost temperatury powodowat zwigkszenie wartosci pH w BCKZ, BCCH i BCW,
spadek zawartosci H i N oraz wiele innych (publikacja D2)).

Starzenie fizyczne spowodowato wzrost zawartos$ci frakcji catkowitey WWA
i pochodnych w materiatach BCW, BCZ oraz 4,5-krotne zwigkszenie
biodostepnosci WWA w BC otrzymanych z wierzby (publikacja D4). Zmiany

51



dotyczace frakcji biodostgpnej zwiazkéw pochodnych sa duzo bardziej ztozone
i brakuje wyraznej tendencji dotyczacej wptywu temperatury pirolizy albo surowca.
Starzenie chemiczne spowodowato znaczacy spadek catkowitej zawartosci WWA
oraz pochodnych w materialach otrzymanych z surowca ro$linnego. Wzrosta
natomiast biodostepnos$¢ zwigzkoéw rodzimych (publikacja D4).

Starzenie enzymatyczne spowodowato znaczacy spadek zawartosci analitow
w bioweglach (publikacja DS). Natomiast w przypadku starzenia biologicznego,
probki narazone na dziatanie mikroorganizméw glebowych charakteryzowaty sie
nizszg zawartosci frakcji catkowitej WWA 1 pochodnych w poréwnaniu do
materialdow starzonych z roztworem substancji odzywczych (BCZ, BCW) lub
w probkach modyfikowanych inoculum mikrobiologicznym zaobserwowano
wyzsza zawarto$§¢ niz w materialach wyjsciowych, ale jednocze$nie nizsza, niz
w BC traktowanych roztworem odzywczym (BCD, BCF) (publikacja DS5).
Zawarto$¢ frakcji biodostepnej pochodnych WWA w bioweglach znaczaco spadta
po przeprowadzeniu starzenia biologicznego (nawet do poziomu ponizej granicy
wykrywalnosci).

Dodatek BC do gleby spowodowal zwigkszenie poziomu aktywnos$ci SOD, co jest
Scisle zwigzane z wystgpieniem stresu oksydacyjnego w liSciach jeczmienia
zwyczajnego. Ponadto zmiany w transkrypcji CAT 1 APX byly zwigzane
z obecnoscig frakcji biodostepnej WWA i pochodnych, $wiadczac o tym, ze badane
anality moze indukowa¢ nadprodukcje O, i HyO, oraz wywotywaé stres
oksydacyjny (publikacja D6).

Poziom transkrypcji genéw SOD obnizal si¢ wraz ze wzrostem temperatury
pirolizy i zalezat od surowca zastosowanego podczas otrzymywania biowegla.
Pomimo tego, ze biowegiel zawierajacy biodostepng frakcje WWA 1 ich
pochodnych wywotat stres oksydacyjny u jeczmienia zwyczajnego, roslina
modelowa zwalczyta skutki dziatania substancji toksycznych. Dlatego dodatek BC
do gleb jest rozwigzaniem bezpiecznym dla srodowiska.

Zawartosci frakeji catkowitej WWA w glebach modyfikowanych biowgglem po
przeprowadzeniu eksperymentu wazonowego byly nizsze od spodziewanych,
z kolei zawarto$¢ zwigzkow pochodnych byta ponizej granicy wykrywalnosci.
Wyniki dotyczace eksperymentéw polowych sa alarmujace, gdyz zawarto$ci

zarowno zwigzkoéw rodzimych, jak 1 ich tlenowych oraz azotowych pochodnych
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rosty wraz z czasem zastosowania BC jako dodatku do gleb. Moze to $wiadczy¢
o przewadze procesOw towarzyszacych starzeniu biologicznemu i fizycznemu,
gdyz skutkiem ich przeprowadzenia byt wzrost zawartosci oznaczanych toksyn.
Z kolei zmiany spowodowane starzeniem enzymatycznym i chemicznym (tj. spadki
zawarto$ci) sg neutralizowane przez aktywno$¢ mikroorganizméw glebowych oraz

nagte skoki temperatur (publikacja D7).
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10. Zyciorys naukowy

W 2012 r. ukonczylam I Liceum Ogo6lnoksztalcace im. Jana Zamoyskiego
w Zamosciu. Studia licencjackie na kierunku ,,Analityka chemiczna” prowadzone na
Wydziale Chemii Uniwersytetu Marii Curie-Sklodowskiej w Lublinie zakonczytam
w czerwcu 2015 r., a studia magisterskie na tym samym kierunku w czerwcu 2017 r.
uzyskujac tytut zawodowy magistra. Prace licencjacka pt. ,,Wplyw adenozyny na
kinetyke redukcji jonow Zn** na elektrodzie rteciowej w buforze octanowym o pH=5"
oraz magisterska pt. ,,Badanie adsorpcji wybranych jonéw na egzopolimerach
immobilizowanych na no$niku statym” realizowalam w Zaktadzie Chemii Analitycznej
1 Analizy Instrumentalnej, Wydzialu Chemii, Uniwersytetu Marii Curie-Sktodowskiej
w Lublinie pod kierunkiem odpowiednio dr Doroty Sienko oraz prof. dr. hab. Ryszarda
Dobrowolskiego.

W marcu 2017 r. rozpoczelam prace na stanowisku referenta technicznego
w Pracowni Materiatow Kompozytowych i Biomimetyczych Interdyscyplinarnego
Centrum Badan Naukowych Katolickiego Uniwersytetu Lubelskiego Jana Pawta II
w Lublinie, a badania realizowalam w zespole dr hab. Elzbiety A. Stefaniak, prof. KUL.
W grudniu 2017 r. awansowalam na stanowisko starszego referenta technicznego,
w kwietniu 2021 r. na stanowisko specjalisty badawczo-technicznego, a w styczniu
2022 r. na stanowisko starszego specjalisty badawczo-technicznego, na ktorym pracuje
do dzi§ jako pracownik Katedry Chemii Instytutu Nauk Biologicznych Wydziatu
Medycznego KUL w Lublinie. Aktualnie jednym z realizowanych tematoéw jest
oznaczanie zwigzkéw per- i1 polifluoroalkilowych (z ang. Per- and Polyfluoroalkyl
Substances, PFAS) oraz ich usuwanie z zanieczyszczonych wod 1 S$ciekow
wykorzystujac m.in. sorpcj¢ tych zwiazkéw na réznych materiatach, w tym weglowych.
Przedsigwzigcie jest realizowane we wspolpracy z dr Ilong Sadok (Katedra Chemii,
Instytut Nauk Biologicznych, KUL w Lublinie), dr hab. Bozeng Czech, prof. UMCS,
zespotem prof. Minoo Naebe (Carbon Nexus, Institute for Frontier Materials, Deakin
University, Australia) oraz prof. Mirabbosem Hojamberdiev (Institut fiir Chemie,
Technische Universitéit Berlin, Niemcy).

W pazdzierniku 2019 r. rozpoczetam studia III stopnia w Szkole Doktorskiej
Nauk Scistych i Przyrodniczych UMCS w Lublinie. Prace badawcze prowadzone
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w ramach rozprawy doktorskiej pt. ,,Badania pochodnych wielopierscieniowych
weglowodoréw aromatycznych w biowgglach” realizowalam w dziedzinie nauk
chemicznych w Katedrze Radiochemii i Chemii Srodowiskowej na Wydziale Chemii
UMCS pod kierunkiem dr hab. Bozeny Czech, prof. UMCS. Rownocze$nie w okresie
od 01.01.2020 r. do 31.03.2022 r. bytam wykonawca w projekcie grantowym OPUS-16
finansowanym z Narodowego Centrum Nauki, nr 2018/31/B/NZ9/00317, pt.
»Iworzenie si¢ pochodnych wielopierscieniowych weglowodoréw aromatycznych
w bioweglach 1 ich biodostepno$¢ oraz trwalo$¢ podczas przyrodniczego wykorzystania
biowegla”, ktorego Kierownikiem byta dr hab. Bozena Czech, prof. UMCS. W czerwcu
2023 roku ztozylam do Narodowego Centrum Nauki wniosek grantowy do projektu
Preludium-22 pt. ,,Porowate mikrosfery 4-winylopirydyny usieciowane komonomerami
metakrylanu jako nowe sorbenty do usuwania polifenoli z matrycy probki przed
oznaczaniem mykotoksyn metoda LC-MS/MS”, w ktorym pehi¢ role Kierownika.
Whiosek jest w trakcie rozpatrywania.

Bylam laureatka stypendium przyznanego w ramach Projektu ,,Od studenta do
eksperta — ochrona $rodowiska w praktyce” (w roku akademickim 2012/2013), jak
rowniez Stypendium Rektora UMCS dla Najlepszych Studentow (w latach
akademickich 2013/2014, 2014/2015, 2015/2016). W czerwcu 2015 r. otrzymatam
Nagrod¢ Rektora UMCS dla Najlepszej Absolwentki na Wydziale Chemii UMCS.
W grudniu 2021 r. dostalam nagrod¢ indywidualng czwartego stopnia Rektora KUL
w Lublinie, w grudniu 2022 r. nagrod¢ zespotowa Rektora KUL za pracg zawodowa
znacznie  wykraczajacag poza zakres zwyklych obowigzkow  stuzbowych,
a w pazdzierniku 2022 r. list gratulacyjny od Rektora UMCS w uznaniu dorobku
naukowego na rzecz UMCS w Lublinie. W latach akademickich 2021/2022 oraz
2022/2023 otrzymatam Stypendium z Wtlasnego Funduszu Stypendialnego UMCS dla
najlepszych doktorantow, a w styczniu 2023 r. stypendium z ,,Miejskiego programu
stypendialnego dla studentow 1 doktorantow” na rok akademicki 2022/2023
przyznanego przez Prezydenta Miasta Lublin, Krzysztofa Zuka. Jestem wspétautorem
19 artykutdow naukowych opublikowanych w czasopismach z listy filadelfijskiej
o lacznym wspoélczynniku IF: 136,942 (faczna liczba punktéw ministerialnych: 2765),
13 rozdzialbw w monografii, jak réwniez bralam udzial w licznych krajowych
i migdzynarodowych konferencjach naukowych, ktorych wynikiem jest 1 wystapienie
ustne i 4 plakatowe na naukowych konferencjach migdzynarodowych oraz 13 wystapien

ustnych i 36 plakatowych na naukowych konferencjach krajowych. Jedno z moich
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wystagpien zostalo wyrdznione I miejscem w konkursie na najlepszy poster na V
Zjezdzie Naukowym Polskiego Towarzystwa Biologii Medycznej ,Biologia-
Medycyna-Terapia” (17.09.2022, Lublin).

Oprocz aktywnos$ci naukowych, od 2019 r. jestem cztonkiem Rady Uczelnianej
Samorzadu Doktorantéow UMCS, Rady Szkoty Doktorskiej Nauk Scistych
i Przyrodniczych UMCS oraz od 04.2020 r. V-ce Przewodniczaca Rady Doktorantow
Szkoty Doktorskiej Nauk Scistych i Przyrodniczych UMCS. Bytam réwniez cztonkiem
Komitetu Organizacyjnego Konferencji ,,Biologia-Medycyna-Terapia” oraz redaktorem
Materiatéw Pokonferencyjnych V Zjazdu Polskiego Towarzystwa Biologii Medycznej
»Biologia-Medycyna-Terapia” (15-17.09.2022 r., Lublin) oraz wspomagatam ze strony
organizacyjnej 64. Zjazd Polskiego Towarzystwa Chemicznego w Lublinie. Od marca
2020 r. do chwili obecnej jestem czlonkiem Polskiego Towarzystwa Chemicznego.
W latach akademickich 2020/2021 oraz 2022/2023 bylam czlonkiem Komisji
Rekrutacyjnej do Szkoty Doktorskiej Nauk Scistych i Przyrodniczych UMCS. Od
pazdziernika 2019 r. reprezentuj¢ UMCS w kraju i1 na arenie miedzynarodowej jako
chorzystka $piewajac w Chorze Akademickim UMCS im. Jadwigi Czerwinskiej pod
kierunkiem prof. dr hab. Urszuli Bobryk. Uczestniczytam rowniez w wielu

wydarzeniach popularyzujacych naukg.
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11.

Dorobek naukowy

Publikacje naukowe w czasopismach z listy filadelfijskiej

. R. Dobrowolski, A. Krzyszczak, J. Dobrzynska, B. Podkoscielna, E. Zigba, M.

Czemierska, A. Jarosz-Wilkotazka, E.A. Stefaniak, Extracellular polymeric
substances immobilized on microspheres for removal of heavy metals from
aqueous environment, Biochemical Engineering Journal, 2019, 143: 202 — 211.

IF>019: 3,475; punkty MEIN: 100.

. A. Szmagara, A. Krzyszczak, [. Sadok, K. Karczmarz, M. Staniszewska,
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spectrofluorimetry, Journal of Food Composition and Analysis, 2019, 78: 91—
100. IF;019: 3,721; punkty MEiN: 100.

. A. Szmagara, A. Krzyszczak, Monitoring of fluoride content in bottled mineral

and spring waters by ion chromatography, Journal of Geochemical Exploration,

2019, 202: 27 — 34. IF5019: 3,352; punkty MEiN: 100.

. A. Krzyszczak, B. Czech, Occurrence and toxicity of polycyclic aromatic

hydrocarbons derivatives in environmental matrices, Science of the Total

Environment, 2021, 788: 147738. [Fyp,;: 10,757; punkty MEiN: 200.

. A. Krzyszczak, M. Dybowski, B. Czech, Formation of polycyclic aromatic

hydrocarbons and their derivatives in biochars: The effect of feedstock and
pyrolysis conditions, Journal of Analytical and Applied Pyrolysis, 2021, 160,
105339. IF;02;: 6,437; punkty MEiN: 100.

. K. Shirvanimoghaddam, B. Czech, S. Abdikheibari, G. Brodie, M. Konczak,

A. Krzyszczak, A. Al-Othman, M. Naebe, Microwave synthesis of biochar for
environmental applications, Journal of Analytical and Applied Pyrolysis, 2022,
161, 105415. 1F502;: 6,0; punkty MEIN: 100.

. A. Krzyszczak, M. Dybowski, 1. Josko, M. Kusiak, M. Sikora, B. Czech, The

antioxidant defense responses of Hordeum vulgare L. to polycyclic aromatic
hydrocarbons and their derivatives in biochar-amended soil, Environmental

Pollution, 2022, 294, 118664. IF;,,: 8,4; punkty MEiN: 100.
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Projekty badawcze

Kierownik Wydziatowego Grantu dla Miodych Naukowcéw (Instytucja
przyznajaca: Katolicki Uniwersytet Lubelski Jana Pawla II w Lublinie),
pt. ,Materialy hybrydowe — synteza, charakterystyka i zastosowanie

analityczne”, okres realizacji 02.2018 - 02.2019, kwota dotacji 1000,00 zt.
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Kierownik zlozonego wniosku grantowego w konkursie Preludium-21
(Narodowe Centrum Nauki) pt. ,,Usieciowane 4-winylopirydyna porowate
mikrosfery jako nowoczesne sorbenty do doczyszczania probek do oznaczen
mykotoksyn metodg LC-MS/MS w owocach bogatych w antocyjany”, czerwiec

2022 r. Wniosek nie zakwalifikowany do finansowania.

. Kierownik zlozonego wniosku grantowego w konkursie Preludium-22

(Narodowe Centrum Nauki) pt. ,,Porowate mikrosfery 4-winylopirydyny
usieciowane komonomerami metakrylanu jako nowe sorbenty do usuwania
polifenoli z matrycy probki przed oznaczaniem mykotoksyn metoda LC-
MS/MS”, czerwiec 2023 r. Wniosek w trakcie oceny.

Wykonawca w projekcie badawczym OPUS 16 nr 2018/31/B/NZ9/00317
finansowanym z NCN, pt. ,,Tworzenie si¢ pochodnych wielopierscieniowych
weglowodoréw aromatycznych w bioweglach i ich biodostepno$¢ oraz trwatosc
podczas przyrodniczego wykorzystania biowegla” (kierownik dr hab. Bozena

Czech, prof. UMCS, okres zaangazowania: od stycznia 2020 r. do stycznia 2023
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UDZIAL W KONFERENCJACH NAUKOWYCH
Miedzynarodowe konferencje naukowe

Wystgpienia referatowe

A. Krzyszczak, B. Czech, The effect of physical aging on the contents of
polycyclic aromatic hydrocarbons and their derivatives in biochars, Summer
School for PhD students - Modern Research Techniques for Physicochemical
Characterization of the Potential Application Systems, 18-20.05.2022 r., Lublin,
Polska, str. 26, ISBN 978-83-227-9590-3.

Wystapienia plakatowe

. A. Krzyszczak, B. Czech, The effect of chemical aging on the physicochemical

characteristics of sewage sludge-derived biochars, Summer School for PhD

students - Modern Research Techniques for Physicochemical Characterization of
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. A. Krzyszczak, B. Czech, Oznaczanie azotowych  pochodnych
wielopierscieniowych — weglowodorow — aromatycznych ~ w  bioweglach,
I Interdyscyplinarna Konferencja Doktorantow Nauk Biologicznych BIO-IDEA
2020, 06.07.2020 r., Lublin.

. B. Czech, A. Krzyszczak, Pochodne WWA w probkach gleb nawozonych
biowegglem, VII Ogodlnopolska Konferencja ,,Nauka i przemyst — metody
spektroskopowe w praktyce nowe wyzwania 1 mozliwosci, 22.06.2020 r.,
Lublin, str. 308-310, ISBN 978-83-227-9369-5, Wydawnictwo Uniwersytetu
Marii Curie-Sktodowskiej.

. B. Czech, A. Krzyszczak, Wplhyw srodowiskowy pochodnych WWA obecnych
w roznych matrycach”, VII Ogodlnopolska Konferencja ,,Nauka i przemyst —
metody spektroskopowe w praktyce nowe wyzwania i mozliwosci, 22.06.2020
r., Lublin, str. 301-307, ISBN 978-83-227-9369-5, Wydawnictwo Uniwersytetu
Marii Curie-Sktodowskie;.
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Konferencja ,,Nauka i przemyst — metody spektroskopowe w praktyce, nowe
wyzwania i mozliwosci”, 29-30.06.2021 r., online, str. 334-338, ISBN 978-83-
227-9504-0.
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11-16.09.2022 r., Lublin, str. 461, ISBN 978-83-60988-35-0.

B. Czech, A. Krzyszczak, Czarne zloto - szansa dla rolnictwa czy zagrozenie?
64. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 11-16.09.2022 r.,
Lublin, str. 456, ISBN 978-83-60988-35-0.

A. Krzyszczak, A. Sokotowski, R. Kobytecki, R. Zarzycki, B. Czech, Pochodne
WWA - wystepowanie i losy w Srodowisku, Fizykochemia Granic Faz — Metody
Instrumentalne, 16-20.04.2023 r., Lublin, str. 123.

A. Krzyszczak, A. Sokotowski, B. Czech, Starzenie biowegli - modelowe
badania zmian zachodzqcych pod wplywem presji czynnikow srodowiskowych,
Fizykochemia Granic Faz — Metody Instrumentalne, 16-20.04.2023 r., Lublin,
str. 128.

B. Czech, A. Krzyszczak, A. Sokotowski, Pochodne wielopierscieniowych
weglowodorow aromatycznych w materiatach weglowych — nowy problem
srodowiskowy?, X  Ogolnopolska Konferencja Naukowa ,Innowacje
w praktyce”, 15-16.06.2023 r., Lublin, str. 31, ISBN 978-83-943796-9-8.

B. Czech, A. Krzyszczak, A. Sokotowski, Biodostepnosc¢ wielopierscieniowych
weglowodorow — aromatycznych i ich pochodnych, XVI Ogdlnopolskie

Sympozjum ,,Nauka i przemyst — metody spektroskopowe w praktyce, nowe
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wyzwania i mozliwosci”, 27-29.06.2023 r., Lublin, str. 297-300, ISBN 978-83-
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w Praktyce”, 23-24.11.2017 r., Lublin, str. 100 — 101, ISBN 978-83-943796-3-6.
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Z hodowli miejskiej, XXII Konferencja ,,Nowoczesne metody instrumentalne
w analizie §ladowej”, 11-12.12.2017 r., Biatystok.
A. Szmagara, A. Krzyszczak, E.A. Stefaniak, Zawartos¢ fluorkow
w butelkowanych wodach mineralnych, V Ogdlnopolska Konferencja Naukowa
»Ilnnowacje w Praktyce”, 5-6.04.2018 r., Lublin, s. 144-145, ISBN 978-83-
943796-4-3.
K. Graz, E.A. Stefaniak, A. Szmagara, A. Krzyszczak, D. Nowak,
Charakterystyka fizykochemiczna nanoczgstek srebra zsyntetyzowanych na
drodze redukcji roztworem cytrynianu, VI Ogoélnopolskie sympozjum ,,Nauka
i przemyst — lubelskie spotkania studenckie”, 25.06.2018 r., Lublin, s. 146-149,
ISBN 978-83-945225-5-1.
E.A. Stefaniak, A. Buczynska, R. Kuduk, W.Z. Polak, A. Krzyszczak,
M.P. Fischer, Zastosowanie parametru 613C do ustalenia zZrodia emisji sadzy
(Application of o613C for source identification of soot). Konwersatorium
Spektrometrii Atomowej, 24-26.09.2018 r., Biatystok.
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str. 146-149. ISBN 978-83-227-9370-1, Wydawnictwo Uniwersytetu Marii
Curie-Sktodowskie;j.
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1 natury”, 21.10.2020r., Lublin, str. 52, ISBN 978-83-959540-0-9.
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20-22.11.2020 r., online, str. 13, ISBN 978-83-63058-99-9, Wydawca
CreativeTime.

A. Krzyszczak, B. Czech, Mozliwosci i wyzwania w oznaczaniu
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Metody Instrumentalne, 16-20.04.2023 r., Lublin, Polska, str. 147.

B. Czech, A. Krzyszczak, A. Sokolowski, Ekobiotesty i ich zastosowanie
w ocenie bezpieczenstwa biowegli, X Ogolnopolska Konferencja Naukowa
»lnnowacje w praktyce”, 15-16.06.2023 r., Lublin, str. 57, ISBN 978-83-
943796-9-8.

A. Krzyszczak, B. Czech, 1. Sadok, Nowe sposoby usuwania zwigzkow
perfluorowanych z roztworow wodnych, X Ogolnopolska Konferencja Naukowa
»lnnowacje w praktyce”, 15-16.06.2023 r., Lublin, str. 72, ISBN 978-83-
943796-9-8.

A. Krzyszczak, A. Sokotowski, B. Czech, Dodatek biowegla do gleb —
remedium na zuboZale gleby czy Zrddio zanmieczyszczenia?, X Ogolnopolska
Konferencja Naukowa ,Innowacje w praktyce”, 15-16.06.2023 r., Lublin,
str. 73, ISBN 978-83-943796-9-8.

A. Sokotowski, A. Krzyszczak, B. Czech, Toksycznos¢ osadow
pofermentacyjnego z biogazowni i Sciekowego a otrzymanych z nich biowegli,
X Ogolnopolska Konferencja Naukowa ,,Innowacje w praktyce”, 15-16.06.2023
r., Lublin, str. 88, ISBN 978-83-943796-9-8.

A. Sokotowski, A. Krzyszczak, B. Czech, Odpady rolnicze jako surowiec do
produkcji materiatow weglowych, X Ogoblnopolska Konferencja Naukowa
»~lnnowacje w praktyce”, 15-16.06.2023 r., Lublin, str. 89, ISBN 978-83-
943796-9-8.

A. Krzyszczak, A. Sokolowski, B. Czech, Toksycznos¢ biowegli — testy
ekotoksykologiczne  z  wykorzystaniem  bakterii  Allivibrio  fischeri,
XI Ogoélnopolskie Sympozjum ,Nauka i przemyst — lubelskie spotkania
studenckie”, 26.06.2023 r., Lublin, str. 238-241, ISBN 978-83-227-9701-3.
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32.

33.

34.

35.

36.

A. Sokotowski, A. Krzyszcezak, B. Czech, Zywnos¢ jako zrédlo narazenia na
estry ftalanow, XI Ogoblnopolskie Sympozjum ,,Nauka i przemyst — lubelskie
spotkania studenckie”, 26.06.2023 r., Lublin, str. 97-100, ISBN 978-83-227-
9701-3.

B. Czech, A. Krzyszczak, A. Sokolowski, Losy wielopierscieniowych
weglowodorow aromatycznych w srodowisku, XVI Ogoélnopolskie Sympozjum
»Nauka 1 przemysl — metody spektroskopowe w praktyce, nowe wyzwania
i mozliwosci”, 27-29.06.2023 r., Lublin, str. 301-304, ISBN 978-83-227-9700-6,
Wydawnictwo Uniwersytetu Marii Curie-Sktodowskie;.

A. Krzyszczak-Turczyn, A. Sokotowski, B. Czech, New materials for the
photodegradation of perfluoroalkyl substances, 65. Zjazd Naukowy Polskiego
Towarzystwa Chemicznego, 18-22.09.2023 r., Torun, str. 73.

A. Sokotowski, A. Krzyszczak-Turczyn, B. Czech, Bezpieczenstwo stosowania
osadow pofermentacyjnego z biogazowni i Sciekowego oraz otrzymanych z nich
biowegli, 65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 18-
22.09.2023 r., Torun, str. 87.

A. Sokotowski, A. Krzyszczak-Turczyn, B. Czech, Wielopierscieniowe
weglowodory aromatyczne (WWA) w bioweglach otrzymanych z odpadow
roslinnych, 65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 18-
22.09.2023 r., Torun, str. 88.

12. Wykaz pozostatych osiggniec i aktywnosci naukowych
Dziatalnosé popularyzujgca nauke
1. Kierownik Projektu ,,Co si¢ kryje w wodach - technika chromatograficzna”,
przeprowadzonego w ramach XVII edycji Lubelskiego Festiwalu Nauki pod
hastem ,Nauka bez granic. Enjoy Science!”, 21.09.2021 r., Katolicki
Uniwersytet Lubelski Jana Pawta II w Lublinie.
2. Wspotorganizator Projektu ,,Plastik w naszym zyciu codziennym”

przeprowadzonego w ramach XVII edycji Lubelskiego Festiwalu Nauki pod
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10.

11.

12.

13.

hastem ,Nauka bez granic. Enjoy Science!”, 21.09.2021 r., Katolicki
Uniwersytet Lubelski Jana Pawta II w Lublinie.

Wykonawca  Projektu  ,,Pokazy chemiczne -  Laboratoryjny bar”
przeprowadzonego w ramach XVII edycji Lubelskiego Festiwalu Nauki pod
hastem ,Nauka bez granic. Enjoy Science!”, 22.09.2021 r., Katolicki
Uniwersytet Lubelski Jana Pawta II w Lublinie.

Wspotprowadzaca warsztaty dotyczace techniki miareczkowania dla mlodziezy
licealnej, 30.09.2021 r., Katolicki Uniwersytet Lubelski Jana Pawta II w
Lublinie.

Wykonawca pokazow chemicznych dla dzieci z Niepublicznego Przedszkola
»Kolorowe Kredki” z Lublina, 22.09.2021 r., Katolicki Uniwersytet Lubelski
Jana Pawta II w Lublinie.

Wspdlprowadzaca pokazy chemiczne dla dzieci z Niepublicznego Przedszkola
,Kolorowe Kredki” z Garbowa, 22.09.2021 r., Katolicki Uniwersytet Lubelski
Jana Pawta II w Lublinie.

Wspolprowadzaca warsztaty dla mtodziezy ze szkoty $redniej, 11.10.2021 r.,
Katolicki Uniwersytet Lubelski Jana Pawta II w Lublinie.

Wspdlprowadzaca warsztaty dla miodziezy szkolnej w ramach Nocy Biologdéw
2022, 14.01.2022 r., Katolicki Uniwersytet Lubelski Jana Pawta Il w Lublinie.
Kierownik projektu pt. “Identyfikacja (oraz analiza ilo$ciowa) niewidzialnych
sktadnikow wod — chromatografia jonowa” w ramach Nocy Biologow 2022,
14.01.2022 r., Katolicki Uniwersytet Lubelski Jana Pawta II w Lublinie.
Wspotprowadzaca warsztaty dla mlodziezy szkolnej pt. ,,Plastik plastikowi
nierowny — identyfikacja tworzyw sztucznych” w ramach Nocy Biologoéw 2022,
14.01.2022 r., Katolicki Uniwersytet Lubelski Jana Pawta II w Lublinie.
Wspotprowadzaca warsztaty i pokazy chemiczne w ramach Dni Otwartych
Wydzialu Nauk Scistych i Nauk o Zdrowiu Katolickiego Uniwersytetu
Lubelskiego Jana Pawta IT w Lublinie, 28.03.2022 r.

Wspotorganizator projektu ,,Ukwiecona polana” przeprowadzonego w ramach
Pikniku Naukowego XVIII Lubelskiego Festiwalu Nauki ,,Ogrody Nauki”,
11.09.2022 r., Plac Teatralny w Lublinie.

Wspotprowadzaca pokazy chemiczne pt. "Kolorowe eksperymenty — nauka czy
magia?” w ramach XVIII Lubelskiego Festiwalu Nauki ,,Ogrody Nauki”,
13.09.2022 r., Katolicki Uniwersytet Lubelski Jana Pawta II w Lublinie.
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14.

15.

16.

17

18.

19.

20.

Organizator projektu pt. ,,Suchy l6d kontra woda — zjawiskowa sublimacja"
w ramach Nocy Biologow 2023 pod hastem ,Woda - zrodlo zycia -
terazniejszo$¢ 1 przysztose”, 13.01.2023 r., Katolicki Uniwersytet Lubelski Jana
Pawta II w Lublinie.

Organizator projektu pt. ,,Lodowa kraina" w ramach Nocy Biologéw 2023 pod
hastem ,,Woda - Zrédlo zycia - terazniejszo$¢ i przyszto$¢”, 13.01.2023 r.,
Katolicki Uniwersytet Lubelski Jana Pawta II w Lublinie.

Wspolprowadzaca pokazy chemiczne promujace Wydzial Medyczny
Katolickiego Uniwersytetu Lubelskiego Jana Pawta II w Lublinie w ramach
wydarzenia Piknik rodzinny ,,Z naukg za pan brat!", 25.06.2023 r., Zalew
Zemborzycki.

. Wspolprowadzaca pokazy chemiczne promujace Wydzial Medyczny

Katolickiego Uniwersytetu Lubelskiego Jana Pawla II w Lublinie w ramach
wydarzenia ,,Studiuj w Lublinie — Europejskiej Stolicy Mlodziezy 20237,
21.03.2023 r., Plac Litewski w Lublinie.

Kierownik Projektu ,,Oznaczanie catkowitej zawartosci polifenoli w napojach”
przeprowadzonego w ramach XIX edycji Lubelskiego Festiwalu Nauki pod
hastem ,,Nauka dla przysztosci”, 22.09.2023 r., Katolicki Uniwersytet Lubelski
Jana Pawta Il w Lublinie.

Wspotorganizator Projektu ,,Innowacyjne eksperymenty z suchym lodem”
przeprowadzonego w ramach XIX edycji Lubelskiego Festiwalu Nauki pod
hastem ,,Nauka dla przysztosci”, 22.09.2023 r., Katolicki Uniwersytet Lubelski
Jana Pawta Il w Lublinie.

Wspotorganizator Projektu ,,Mrozne eksperymenty” przeprowadzonego
w ramach XIX edycji Lubelskiego Festiwalu Nauki pod hastem ,,Nauka dla
przysztosci”, 22.09.2023 r., Katolicki Uniwersytet Lubelski Jana Pawla II

w Lublinie.
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Dziatalnosé organizacyjna i reprezentacyjna

. Cztonek Rady Uczelnianej Samorzadu Doktorantow UMCS w latach

akademickich 2019/2020, 2020/2021, 2021/2022, 2022/2023.

. Czlonek Rady Szkoty Doktorskiej Nauk Scistych i Przyrodniczych UMCS

w latach akademickich 2019/2020, 2020/2021, 2021/2022, 2022/2023.

. V-ce Przewodniczaca Rady Doktorantéw Szkoty Doktorskiej Nauk Scistych

1 Przyrodniczych UMCS od 04.2021 r. do chwili obecne;].

. Cztonek Komisji Rekrutacyjnej do Szkoty Doktorskiej Nauk Scistych

1 Przyrodniczych UMCS w latach akademickich 2020/2021, 2022/2023.

. Cztonek Komitetu Organizacyjnego V Zjazdu Naukowego Polskiego

Towarzystwa Biologii  Medycznej ,Biologia-Medycyna-Terapia”,  15-
17.09.2022 r., Lublin.

. Redaktor materialow konferencyjnych V Zjazdu Naukowego Polskiego

Towarzystwa Biologii Medycznej ,.Biologia-Medycyna-Terapia”,  15-
17.09.2022 r., Lublin.

. Aktywny udziat w 64. Zjezdzie Polskiego Towarzystwa Chemicznego

polegajacy na obstudze sal wyktadowych (11-16.09.2022 r., Lublin).

. Cztonek Polskiego Towarzystwa Chemicznego od marca 2020 roku do chwili

obecne;j.

. Reprezentantka Uniwersytetu jako chorzystka w Chérze Akademickim UMCS

im. Jadwigi Czerwinskiej pod kierunkiem prof. dr hab. Urszuli Bobryk, od
10.2019 r. do chwili obecnej, udziat w 36 wydarzeniach:
,»Christmas Party” Koncert koled w ramach projektu ,,UMCS Hakuna Matata”
(13.12.2019 1.).
Koncert w Filharmonii Lubelskiej w ramach XXIV Forum im. Witolda
Lutostawskiego (21.05.2021 r.).
Koncert dyplomowy studentow I i II stopnia Edukacji artystycznej w zakresie
sztuki muzycznej w Archikatedrze §w. Jana Chrzciciela 1 $w. Jana Ewangelisty
w Lublinie (25.06.2021 r.).
Koncert w Ochrydzie na Miedzynarodowym Festiwalu ,,Kostoski”

w Macedonii (25.07.2021 r.).
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Pokaz fontann na Placu Litewskim pn. Symfonia nauki (udziat w nagraniu
utworu ,,Symphony of Silence” Piotra Banki) (18.09.2021 r.).

Koncert ,,Siema Zaki” organizowany przez ACKiM UMCS Chatka Zaka
(01.10.2021 1.).

Otwarta proba i Koncert Choru Akademickiego UMCS w ramach “Wolnej
Chatki” w ACKiM UMCS Chatka Zaka (08.10.2021 r.).

Koncert choralny w kosciele §w. Teresy od Dziecigtka Jezus w Lublinie
(17.10.2021 r.).

Oprawa muzyczna mszy $wietej z okazji inauguracji roku akademickiego
2021/2022 w Archikatedrze Lubelskiej (12.10.2021 r.).

Oprawa muzyczna uroczysto$ci nadania tytutu doktora honoris causa UMCS
prof. Yurijowi Oganessianowi (21.10.2021 r.).

Oprawa muzyczna uroczystej inauguracji roku akademickiego UMCS na
Wydziale Prawa i Administracji UMCS (23.10.2021 r.).

Koncert choralny w hotdzie $§w. Janowi Pawlowi II w parafii Matki Bozej
Czestochowskiej w Borzechowie (24.10.2021 r.).

Wystep koledowy Choéru podcezas uroczystego roz§wietlenia choinki na placu
Marii Curie-Sktodowskiej przez Rektora UMCS prof. dr. hab. Radostawa
Dobrowolskiego (06.12.2021 r.).

Koncert “Piesni Bardow Stanu Wojennego” z udziatem Lubelskiej Federacji
Bardow w ramach 40. Rocznicy Wprowadzenia Stanu Wojennego w ACKiM
UMCS Chatka Zaka (13.12.2021 r.).

Koncert koled w kos$ciele $w. Teresy od Dziecigtka Jezus w Lublinie
(16.01.2022 1.).

Koncert koled w kosciele $w. Agnieszki w Lublinie (23.01.2022 r.).
Wykonanie “Modlitwy o pokdj” Norberta Blachy w jezyku polskim
i ukrainskim z chérami z wojewodztwa lubelskiego pod Nowym Ratuszem
w Lublinie (26.03.2022 r.).

Wielki “Koncert Wdzigcznosci” dla TV Puls w Centrum Spotkan Kultur
z emisja koncertu w telewizji ogélnokrajowej (29.04.2022 r.).

Nagranie utworu i teledysku “Zywy Mur” z Orkiestrg Reprezentacyjng Strazy
Granicznej w Filharmonii Lubelskiej (30.04.2022 r.).
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Multimedialny pokaz na Placu Litewskim pt. "Symfonia Nauki" z wykonaniem
utworu ,,Symphony of Silence” Piotra Banki (07.05.2022 r.).

Wystep na Wiezy Trynitarskiej w ramach Nocy Kultury (02.06.2022 r.).
Multimedialny pokaz na Placu Litewskim pt. "Symfonia Nauki" z wykonaniem
utworu ,,Symphony of Silence” Piotra Banki (11.06.2022 r.).

Koncert dyplomowy studentéw Edukacji artystycznej w zakresie sztuki
muzycznej w kosciele $w. Agnieszki w Lublinie (28.06.2022 r.)

Koncert w Kosciele Rektoralnym pw. Wniebowzigcia Najswigtszej Maryi
Panny Zwycigskiej w Lublinie (16.10.2022 r.).

Koncert w ko$ciele §w. Teresy od Dzieciatka Jezus w Lublinie (16.10.2022 r.).
Oprawa muzyczna Gali Sportu Akademickiego 2022 w Centrum Spotkan
Kultur w Lublinie (21.10.2022 r.).

Oprawa muzyczna konferencji “Pedagogika tolerancji. W kregu mysli Karola
Wojtyly - Jana Pawta II” w ACKiM UMCS Chatka Zaka (07.11.2022 r.).
Narodowy Koncert Listopadowy w Filharmonii Lubelskiej (12.11.2022 r.).
Wyjazd chéru do Niemiec (25 - 28.11.2022 r.) i koncert (26.11.2022 r.) na
Migdzynarodowym Festiwalu Muzycznym w Essen.

Koncert koled w Archikatedrze $w. Jana Chrzciciela 1 $w. Jana Ewangelisty
w Lublinie (22.01.2023 r.).

Koncert Walentynkowy z Beata Kozidrak i Baym w Centrum Spotkan Kultur
w Lublinie (14.02. 2023 r.).

Wystep choru na Gali Otwarcia Europejskiej Stolicy Mtodziezy Lublin 2023
w Chatce Zaka (16.03.2023 r.).

Koncert choru na Migdzynarodowej Konferencji Naukowej ,,Trybut dla prof.
Stanistawa Hatasa | 30 rocznica Pracowni Geologii Izotopowej 1 Geoekologii”
w Oratorium Marianum Uniwersytetu Wroctawskiego (09.05.2023 r.).

Koncert w ramach obchodéw Jubileuszu 50-lecia ksztatcenia artystycznego
w UMCS w Filharmonii Lubelskiej (12.05.2023 r.).

Koncert dyplomowy studentéw Edukacji artystycznej w zakresie sztuki
muzycznej, wykonanie utworu Misa a Buenos Aires - Misatango, Martina
Palmeriego (13.06.2023 r.).

Wystep choru podczas promocji  doktorskich Wydziatu Filologicznego
(28.06.2023 1.).
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PAHs derivatives toxicity

ABSTRACT

In the last years, there is great attention paid to the determination of polycyclic aromatic hydrocarbons (PAHs) in
different environmental matrices. Extensive reviews on PAHs presence and toxicity were published recently.
However, PAHs formation and transformation in the environment lead to the production of PAHs derivatives
containing oxygen (O-PAHs), nitrogen (N-PAHs and aazarenes AZA) or sulfur (PASHs) in the aromatic ring.
The development of new analytical methods enabled the determination of these novel contaminants. The pres-
ence of oxygen, nitrogen, or sulfur in PAHs aromatic rings increased their toxicity. The most common primary
sources of PAHs derivatives are biological processes such as microbial activity (in soil, water, and wastewater
treatment plants (O-PAHs)) and all processes involving combustion of fuel, coal, and biomass (O-PAHs, N-
PAHs, AZA, PASHs). The secondary resources involved i) photochemical (UV light), ii) radical-mediated (*OH,
NOs¢), and iii) reactions with oxidants (O3, NOy) (O-PAHs, N-PAHs, AZA). Furthermore, N-PAHs were able to
transform to their corresponding O-PAHs, while other derivatives were not. It indicated that N-PAHs are more
vulnerable to photooxidation in the environment. 85% of O- and N-PAHs were detected with particle matter
below 2.5 pum suggesting their easier bioaccessibility. More than 90% of compounds with four and more aromatic
cycles were present in the particle phase in the air. Although the concentrations of N-PAHs or O-PAHs may be
similar to PAHs concentration or even 1000 times lower than parent PAHs, PAHs derivatives accounted for a sig-
nificant portion of the total mutagenicity. The present review is describing the results of the studies on the deter-
mination of PAHs derivatives in different environmental matrices including airborne particles, sediments, soil,

and organisms. The mechanisms of their formation and toxicity were assessed.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction advantage of photochemical formation of N-PAHs which were *OH-

In the last years, there is great attention paid to the determination of
polycyclic aromatic hydrocarbons (PAHs) (Jazza et al., 2016; Khillare
et al., 2020; Syed et al., 2017; Zheng et al., 2019). Due to the increased
awareness about air quality (smog episodes and particulate matter's
presence in the air) and its effect on human health (cancer potential),
there is an increased number of studies on PAHs presence in airborne
particles (Cachon et al., 2014; Dieme et al., 2012; Landkocz et al.,
2017; Leclercq et al., 2016).

PAHs consist of two or more aromatic rings. They are persistent,
semi-volatile compounds commonly found in the environment (Ren
et al.,, 2017). However, both during PAHs creation and in the environ-
ment (in air, water, or soil) during various chemical, physical and pho-
tochemical reactions their derivatives containing oxygen, nitrogen, or
sulfur can be observed (Table S1) (Zhang et al., 2011). Therefore various
O-, OH-, N-PAHs, PASHS, or aazarenes (AZAs) can be created. N-PAHs,
AZAs, O-PAHs, OH-PAHs, and PASHSs belong to the group of thermally
stable compounds. Generally, the more rings PAHs derivatives have,
the smaller their solubility in water is (Hien et al., 2007).

Oxygenated-PAHs differ from their parent PAHs by the possessing of
two or more carbonyl oxygens (ketones and quinones) attached to the
aromatics rings. O-PAHs have also a higher molecular weight and lower
vapor pressure than parent PAHs (Sienra, 2006). At ambient conditions,
0O-PAHs adsorb onto particulate matter (vapor pressure 10 Pa) (Ren
etal, 2017).

0-PAHs can be formed as a result of photochemical oxidation of par-
ent PAHs or reaction with NOse, *OH, NOy, O3, or UV-light (Sienra, 2006).
2-nitrofluoranthene (2-NF) is formed in ambient air by two different
processes: concerning the daytime and nighttime, which indicates the
effect of the photochemical reactions (Atkinson and Arey, 1994). 2-NF
is derived from fluoranthene as a result of gas-phase reaction with
*OH and NOse radicals (Hien et al., 2007). The concentration of O-PAHs
in ambient air was highly correlated to the airborne Reactive Oxygen
Species (ROS) formation potential of PM, even more than the concentra-
tion, or particulate mass (Sklorz et al., 2007).

The physicochemical properties of N-PAHs are closely associated
with the number of nitro-functional groups and molecular weight.
Firstly, the presence of nitro functional group leads to an increase of
the molecular weight, octanol-air partition, and particle-gas partition
coefficients, and leads to a decrease of vapor pressure, water solubility,
organic carbon-water partition, and octanol-water partition coefficients
or Henry constants in comparison to the parent PAHs. With the increase
of molecular weight of N-PAHs melting points, organic carbon-water
partition coefficient, octanol-water partition coefficients, octanol-air
partition coefficients, and particle-gas partition coefficients also in-
crease. Whereas, vapor pressure, water solubility, and Henry constants
decrease (Bandowe and Meusel, 2017). Some studies showed the

initiated reactions occurring in the atmosphere (Albinet et al., 2008).

Aazarenes are a group of heterocycles that contain a nitrogen atom
in place of the carbon one in the aromatic ring. Like parent PAHs and
their other derivatives, AZAs also exhibit toxic, mutagenic, carcinogenic,
and teratogenic effects. They are increasingly available to organisms be-
cause of their higher solubility in water. Small amounts of AZAs occur in
the environment, but they can originate from anthropogenic sources.
They can be formed by incomplete combustion of fossil fuels, in indus-
trial effluents, or during oil drilling (Bleeker et al., 1999).

There is little information on the PASHs formation mechanism. The
studies of Liang et al. indicated that the majority of organosulfur in
diesel fuel was PASHs (Liang et al., 2006). The only paper published
recently was describing the concentration of PASHs determined in PM
samples collected from two regions of China (Zhang et al., 2021). In
PM, 5 samples, the concentration of PASHs was up to 21.126 ng m™>,
and the highest majority revealed dibenzothiophene and its deriva-
tives: 4-methyldibenzothiophene, 1,4-dimethyldibenzothiophene, 4,6-
dimethyldibenzothiophene (4,6-DMDBT), benzo[b]Naphtho[2,3-d]
thiophene. Origin of PASHs included primary sources such as combus-
tion of sulfur-containing fuels: coal in Taiyuan (industrial area) and
gasoline and diesel oil in Guangzhou (big city with traffic) or secondary
sources: photochemical reactions (in case of 2-nitrodibenzothiophene
and 2,8-dinitrodibenzothiophene).

In summary, PAHs derivatives can be formed from primary and
secondary sources. The most common primary sources of PAHs deriva-
tives are biological processes such as microbial activity (in soil, water,
and wastewater treatment plant (O-PAHs)) and all processes involving
combustion of fuel, coal, and biomass (N-PAHs, AZAs, PASHs) (]. Wang
et al., 2017). The secondary resources involved photochemical (UV
light) reactions, radical-mediated reactions (*OH, NOs¢), and reactions
with oxidants (O3, NOy) (O-, N-PAHs, PASHs) (Barrado et al., 2012b;
Walgraeve et al., 2010). Furthermore, N-PAHs were able to transform
to their corresponding O-PAHs, while other derivatives were not. It
indicated that N-PAHs are more vulnerable to photo-oxidation (Qiao
etal, 2014).

1.1. PAHs derivatives in the air

Increased environmental awareness on airborne hazards has
resulted in many studies on air quality and control. Researchers exhibit
a growing interest in PAHs derivatives determination in the atmosphere
and in the last years, a few extensive reviews on PAHs and their deriva-
tives in the air were published (Cochran et al.,, 2012; Du et al., 2018).

The presence of particle matter (PM) in the air is connected both
with environmental and health hazards. Detailed analysis of PM
revealed that both PAHs and their derivatives can be adsorbed onto
PM revealing, however, different affinity. For example, Wang et al.
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(2011) demonstrated that the concentration of measured PAHs deriva-
tives was 8% higher than their parent PAHs, but their direct-acting
mutagenicity was 200% higher than indirect-acting mutagenicity of
PAHs. This statement indicated that PAHs derivatives accounted for a
significant portion of the total mutagenicity. Simultaneously, high
bioaccessibility of PAHs derivatives was predicted since 85% of O- and
N-PAHs were detected with particle matter <2.5 pm (Ringuet et al.,
2012).

The presence of O-and N-PAHs was determined in several samples
simultaneously (Fig. S1, Table S2). In almost every case the higher con-
centrations were obtained for O-PAHs than N-PAHs (Bandowe et al.,
2014; J. Wang et al., 2017; Wei et al., 2012). The results presented in
Fig. 1. show the O-PAHs and N-PAHs distribution in different sizes of
particulate matter, e.g. in PM;o (Ringuet et al., 2012), PM 5 (J. Wang
et al.,, 2017; Wei et al., 2012) or in total suspended particles (TSP)
(Souza et al.,, 2014). More than 50% of compounds with molecular
weight less than 202 g mol~! can be found in the free gas phase.
Whereas more than 90% of compounds with four and more aromatic cy-
cles were present in the particle phase (Albinet et al., 2008). The major-
ity of N-PAHs (Teixeira et al., 2011) and O-PAHs (Ren et al., 2017) were
concentrated in fine (PM; ;) than coarse particles.

Generally, the lighter molecular weight N-PAHs were detected
mostly in the gas phase (>50%), while higher molecular weight deriva-
tives (24 aromatics cycles) were detected in a particle phase (Albinet
et al., 2007; Bamford and Baker, 2003). The concentrations of 26 mea-
sured N-PAHs were from 2 to 1000 times lower than parent PAHs
(Bamford and Baker, 2003).

Generally, the percentage of PAHs derivatives in the air samples is
broad and reaches 8.23% and 27.68%, when the sum of minimum values
of determined N-PAHs and O-PAHs, respectively is considered. How-
ever, considering the maximum values the percentage of PAHs deriva-
tives was lower (4.83% and 20.78%, respectively) (Fig. S2, Table S2).

The concentrations of N- and O-PAHs were strongly related with
their alkyl and parent PAHs in PM, 5 indicating a primary combustion
emission formation mechanism mass PM, 5 of varied depending on
the time of the year. The higher concentration occurred in the cold sea-
son and this was caused by dwelling heating, beneficial meteorological
factors, lower photochemical transformation, amenable gas, and parti-
cle portioning (Bandowe et al., 2014). A decrease of PAHs and O-PAHs
concentrations (compared to winter in 2003 (PM,s) and winter in
2013 (PMs3)) due to the changes in the manner in household heating
(Ren et al,, 2017).
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The sampling place characteristic had a significant influence on O-
PAHs and N-PAHs concentration (Tang et al., 2013). Different concen-
trations were noted in rural, suburban, or urban areas or near busy
roads. Largely higher concentrations of O-PAHs and N-PAHs at the traf-
fic sites than in suburban areas were noted (Ringuet et al., 2012). These
observations were confirmed by Alves et al. (2017). The gas-phase reac-
tions have a significant contribution to the content of 2-NF in the air. The
concentration of 2-NF in PM from urban sites was higher than 1-
nitropyrene (1-NP), in general. Moreover, reactions that are initiated
by NOs¢ radicals were the prevailing route for 2-NF formation in the en-
vironmental air. At the traffic site, 2-NF formation may be related to the
*OH -mediated reactions (Hien et al., 2007). In the studies of Albinet
et al. (2008), the concentrations of parent PAHs and O-PAHs were of
the same order of magnitude. However, the N-PAHs concentrations
were about one or two orders of magnitude lower even in the localiza-
tions remote from pollution sources. PAHs derivatives showed signifi-
cant seasonal variation and their concentrations were 2-3 orders of
magnitude lower than parent PAHs. In most cases, the concentration
was higher in winter than in warm months (Wei et al., 2012).

The concentration of single N- and O-PAHs derivatives in the gas and
particle phase were differed significantly depending on the day or season
(Albinet et al., 2007; Bamford and Baker, 2003; Hien et al., 2007). The
results showed that the content of 19 N-PAHs (with the most abundant
9-nitroanthracene, 9-NA) in TSP in the samples collected in Chiang Mai
(Thailand) was considerably higher in the dry season than in the wet
season of 2010 (Chuesaard et al., 2014). In winter the concentration of
0-PAHs was the highest, subsequently fall, spring and summer. This di-
versity may be caused by lower mixing height in cold months, higher
emission of O-PAHSs, or lower partitioning of O-PAHs into the gas
phase, and higher in particle phase in winter. The concentration of
perinaphthenone was the highest. O-PAHs and parent PAHs may origin
from the same sources. A greater part in the formation of O-PAHs prob-
ably had primary emission than the atmospheric reactions. Higher radi-
ative forcing has resulted in the increase in the photolysis and decrease
of O-PAHs concentration in summer (Lee et al,, 2018).

In the Chinese megacities air, all seven examined O-PAHs were de-
tected in the winter months but only one of them, 9,10-anthraquinone
(9,10-AQN), was detected in the summer. The most widespread O-PAHs
were 6H-benzo[cd]|pyrene-6-one, secondly 9,10-AQN, 9H-fluorene-9-
one, and benzanthrone (BZA). But the trend was the same: in both
cities, the total concentration of O-PAHs was higher in winter and
smaller in summer (54 + 15 and 23 + 32 ng m— in winter and 29 +
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Fig. 1. The sum of O-PAHs and N-PAHs in the air samples determined simultaneously; 1-(Bandowe et al., 2014), 2-(Souza et al., 2014), 3-(Wei et al., 2012), 4-(J. Wang et al., 2017), 5-

(Albinet et al., 2007), 6-(Ringuet et al., 2012).
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30and 11 & 10 ng m~> in summer, respectively) (Ren et al., 2017). The
same trend was observed for OH-PAHs (Barrado et al., 2012a, 2012b)
and N-PAHs (Bandowe et al., 2014; Barrado et al., 2013; Tang et al.,
2005; Valle-Hernandez et al., 2010; Wada et al., 2001). These observa-
tions were further confirmed by Alves et al. (2017). But in some studies,
the opposite conclusions were drawn (Reisen and Arey, 2005). The con-
centrations of O-PAHs and AZAs have not exhibited statistically signifi-
cant differences between various seasons of the year (Alves et al., 2017).

The obtained results indicated that motor vehicles (notably diesel
vehicles) were responsible for seasonal differences and concentrations
of N-PAHs in the atmosphere (Marr et al., 1999; Scipioni et al., 2012).
Mechanisms of the formation of N-PAHs differed considering nighttime
and daytime (Fig. S3). The content of N-PAHs isomers was connected
with NOx and diesel particles (Garcia et al., 2014; @vrevik et al., 2010)
and 1-NP is one of the most prevalent N-PAH occurring in diesel exhaust
particulate matter (Laumbach et al.,, 2008; Toriba et al., 2007). The oc-
currence of 3-nitrofluoranthene (3-NF) and 1-NP was closely associated
with mobiles, diesel and gasoline exhausts (Teixeira et al., 2011; Wang
et al.,, 2014). To assess the balance between primary emission and sec-
ondary formation of N-PAHs the concentration ratio of [(2 + 3)-NF]/
[1-NP] was studied. The results indicated the predominance of gas-
phase formation of N-PAHs. The highest ratio was observed during win-
ter and early spring. Furthermore, the data from spring were significant
associated with NO3 concentration. These results demonstrated the
correlation between nitrate chemistry, source of N-PAHs and photo-
chemical conditions. The authors proposed some explanations. The
high content of NO3", caused by oxidation of NO,, may be able to com-
bine with PAHs and form N-PAHs simultaneously. This reaction should
be initiated by *OH and/or NOse radicals. Considering the ratio of O-
PAHs or N-PAHs on parent PAHs it can be seen that the secondary origin
of these compounds dominated (Tomaz et al., 2017). The increase in
temperature, solar radiation and ozone levels reduced the OH-PAHs
levels (Barrado et al., 2012a, 2012b).

At the rural site, Albinet et al. observed that the substantial variations
of gas/particle portioning presented only one compound - 9-Phen. A
higher concentration was observed in the night samples. It indicates
that gaseous O-PAHs and N-PAHs were subjected to degradation by
photolysis during the daytime. At night the efficiency of photolysis is
much lower, therefore the content of O-PAHs and N-PAHs was higher
(Albinet et al., 2007). Biomass burning may be the main source of N-
PAHs at night hours. However, during the daytime, a greater part of an-
alyzed pollutants was connected with vehicular emission (Souza et al.,
2014). N-PAHs showed different diurnal and nocturnal characterization.
During the night the concentration of N-PAHs was lower than in the
daytime. This may be caused by the photolysis reaction. Souza proposed
this mechanism as the main route of the removal N-PAHs from the en-
vironment. There was a strong correlation between the presence of par-
ent PAHs and their nitro derivatives (Souza et al., 2014; Wang et al.,
2011). This pointed to the same emission source. O-PAHs also presented
distinct diurnal and nocturnal characterization (Reisen and Arey, 2005;
Souza et al., 2014). These derivatives showed no association with their
parent compounds, which suggested that their sources were different
(Souza et al., 2014).

1-NP is an interesting compound, that is not formed as a result of
photochemical oxidation in ambient conditions, but it is a constitute
of diesel exhaust and is detected in the particulate phase (Toriba et al.,
2007). Therefore, 1-NP is considered as a molecular marker of diesel
particulate matter (Laumbach et al., 2008; Miller-Schulze et al., 2013).
Several indicators for PAHs derivatives formation mechanism were de-
scribed. One of them is [2-NF]/[1-NP] ratio. This value was used for indi-
cations of the gas-phase formation of N-PAHs in cold months. However,
pollutants were formed by primary emission.

It was demonstrated that the part of the pollution made by coal
combustion and diesel-engine vehicles to urban air particulates can be
monitored by [1-NP]/[Pyrene] concentration ratio (Tang et al., 2005).
Chuesaard et al. (2014) proposed the [9-NA]/[1-NP] ratio as a
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new indicator for evaluating the contribution of biomass burning
which was the main source of N-PAHs in the dry season. Sienra
(2006) suggested that the content of O-PAHs in the atmosphere is an
indicator of particulates from automobiles because methyl- and
dimethylphenanthrenes presented in the PM;o were emitted by vehi-
cles. 1-Pyrenecarboxaldehyde was the most abundant O-PAHs and its
concentration was not related to the season. Tomaz et al. (2017)
suggested that 6H-dibenzo[b,d]pyran-6-one, diphenaldehyde and 3-
nitrophenanthrene are relevant markers of PAHs oxidation processes
in the surrounding air.

Considering the S-PAHs, there are very few studies about their con-
centration in airborne particles (Zhao et al., 2020). Liang et al. (2006)
determined the organosulfur compounds in diesel particle matter.
High-sulfur and low sulfur diesel fuels had 2284 and 433 ppm of sulfur,
respectively. The majority of sulfur was present in the form of PASHs.
The high-sulfur diesel fuel (HSDF) contained a higher concentration of
individual PASHs and lighter PASHs than low-sulfur diesel fuel (LSDF).
Higher concentrations of heavier PASHs (like 4,6-DMDBT) were mea-
sured in LSDF indicating that LSDF contained a larger fraction of heavier
compounds than HSDF. Moreover, fuel sulfur and engine load affected
total organic sulfur, PASHs concentration and distribution in diesel
particulate matter. The more sulfur in fuel was, the higher total
organosulfur in PM and the more PASHs with lower molecular weights
in PM were. With the growing engine load, the prevailing PASHs species
in diesel particle matter shifted to high molecular weight derivatives.

1.2. PAHs derivatives in soil and sediments

The other matrixes in which the contents of PAHs and their deriva-
tives were also investigated, were soils. As it can be seen in Fig. 2, the
contents of PAHs in studied soils were generally higher than the con-
tents of their derivatives. Moreover, Bandowe et al. found that the con-
centrations of PAHs and their oxygenated derivatives were much higher
inthe 0-10 cm of soil than in the 10-20 cm layer (Bandowe et al., 2010).
And after incubation of soil (under appropriate, strictly defined condi-
tions) the concentration of individual compounds decreased up to 14%
and 37% (for PAHs and O-PAHs, respectively) (Wilcke et al., 2014b).

The way of land using (urban, rural, forest, agriculture) had the
greatest impact on the concentration of all studied PAHs and their de-
rivatives (Table 1). The higher concentration occurred in urban soils
than rural, and forest soils than agricultural. The latitudinal and longitu-
dinal locations had also a pronounced influence. The lower concentra-
tion in plateau and tropical climates was caused by the dominance of
low molecular weight compounds, the weaker industrial activity, prev-
alence of low-temperature combustion processes, biological sources
and the scavenging effect of the tropical region (Bandowe et al.,
2019). Wilcke et al. (2014b) studied changes in concentration of PAHs
and O-PAHs and during the 19-week incubation of fertile soil. The initial
concentration of 28 PAHs and 14 O-PAHs amounted to 21.5 &+ 1.7 and
4.2 + 034 ug g~ . The most abundant PAHs and O-PAHs were benzo
[b + j + k]fluoranthenes, pyrene and benz[a]anthracene, and benzo
[a]fluorenone, 9,10-AQN and BZA, respectively. The average concentra-
tions of studied compounds decreased during incubations, but the dif-
ferences were not statistically significant. The percentage of the initial
amount of particular compounds ranged between 86% - 113% for the
PAHs and was correlated significantly positively with their octanol-
water partitioning coefficients. For the O-PAHs the range amounted to
63-117%, some of the compounds demonstrated the same trend as
PAHs, but some of O-PAHs were net produced in the process of incuba-
tion. The authors suggested that O-PAHs were formed in soils during
the microbial turnover of PAHs (Wilcke et al., 2014b).

The decreasing anthropogenic effect from North to South is associ-
ated with increasing content of low molecular weight PAHs. Low molec-
ular weight O-PAHs were predominantly detected in the South (the
influence of biological sources). The other O-PAHs detected in the
North suggested association with parent compounds (Wilcke et al.,
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Fig. 2. The sum of O-PAHs, N-PAHs, AZAs and PAHs in the soil samples determined simultaneously; 1-(Wilcke et al,, 2014a), 2-(Bandowe et al., 2010), 3-(Idowu et al., 2020), 4-(Cai et al., 2017).

2014a). Concentrations of PAHs and their derivatives varied for the dif-
ferent depths of sample collection: the content of studied pollutants was
mostly higher in the 0-10 cm than in the 10-20 cm layer indicating the
concentration of studied compounds in topsoil samples (Bandowe et al.,
2010; Cai et al,, 2017).

Lundstedt et al. (2014) conducted the first intercomparison study on
the determination of PAHs, O-PAHs and nitrogen heterocyclic polycyclic
aromatic compounds in soil samples to standardize the analytical
methods used in the determination of these compounds in soil samples.
For the O-PAHs, the results were satisfactory. The laboratories could
have chosen method used in the analysis between their own and sug-
gested reference method (pressurized liquid extraction, column frac-
tionation with deactivated silica gel and anhydrous sodium sulfate
packed in glass columns, chosen solutions: n-Hex, n-Hex/DCM and
DCM, and GC-MS analysis with El-ionization and selected ion monitor-
ing mode). The results were greatly affected by the selected internal
standard. The laboratory which omitted the clean-up step obtained sim-
ilar results as other laboratories, but they had a higher frequency of
missing data points during analysis. It was associated with the higher
complexity of the chromatograms. Another laboratory, which also
resigned from the clean-up step, but applying GCxGC/TOF system had
peak-integration problems.

The content of PAHs and their derivatives were also investigated in
sediments (Table 1).4-Rings PAHs were the most abundant compounds
in the marine sediments from the North Sea, Chinese Bohai, European
Baltic, and Yellow Seas (Wang et al., 2020). Researchers suggested
that major sources of PAHs in marine sediments are coal combustion,
coke plant, vehicular emission, and petroleum residues. Higher level in
sediments from 44 sites in Osaka Bay, Japan, of PAHs (6.40-7800 ng
g~ dw) and alkylated PAHs (13.7-1700 ng g~ ' dw) originating from
pyrogenic or petrogenic sources occurred in the vicinities of ports, in-
dustrialized regions (Miki et al., 2014).

1.3. PAHs derivatives in other matrices

PAHSs and their derivatives, due to their harmful effects on living or-
ganisms, should be determined in different types of matrices. Qiao et al.
(2014) studied the content of 16 parent PAHs, O-PAHs, N-PAHs, and
methyl-PAHs in river samples (Table 1). The concentration of O-PAHs
was higher than parent PAHs, while the content of N-PAHs was below
the limit of detection, most likely due to photochemical degradation in
the water environment. Furthermore, N-PAHs are more vulnerable to

photo-oxidation and can transform to their corresponding O-PAHs,
while the other derivatives not. The researchers suggested that O-
PAHs originated from PAHs modifications. Moreover, the wastewater
treatment plant has been identified as the primary source of methyl-
PAHs, PAHs and O-PAHs in the rivers.

Considering the distribution of PAHs and their derivatives, the harm-
ful effect of haze cannot be overlooked. The major role of adverse health
effects of haze constitutes particle size. PAHs, O-PAHs and Cl-PAHs were
concentrated in the 0.7-1.1 and 1.1-2.1 mm fractions of PM in all
sampling sites. It was noted that 4-6 ring PAHs prevailed in all samples
(Cao et al., 2020).

The content of PAHs and their oxygen, nitrogen, sulfur, hydroxyl,
carboxyl, and methyl-derivatives was also tested in three edible marine
fish (Lutjanus argentimaculatus, Lethrinus microdon and Scomberomorus
guttatus). A higher amount of PAHs was located in fish liver than muscle
with a predominance of low molecular weight compounds. Moreover,
fish lipid content has an impact on PAHs level and distribution
(Ranjbar Jafarabadi et al.,, 2019) confirming that the liver is the place
of PAHs and their derivatives accumulation and detoxification. Addi-
tionally, the process of coal gasification and its products e.g. ash, tar,
char, are enriched in PAHs and their derivatives: up to 56.2% of 3-ring
PAHs in the char (Utnii et al,, 2020).

2. Toxicity of PAHs derivatives

Bioaccessibility is a significant parameter determining exposure to
pollutants. In the studies on the apparent bioaccessibility (Bapp) of se-
lected N-PAHs and O-PAHs in a composite fuel soot sample in in vitro
human gastrointestinal model: third-phase absorptive sink with a sili-
cone sheet it was observed that increase of Bapp occurred as the results
of greater mass transfer of studied compounds from soot to fluid and
from fluid to sheet. These processes can be affected by adding food
lipids, changing bile acid concentration, or raising small intestinal pH.
PAHs derivatives were characterized by the higher soot residue-fluid
distribution ratio of the labile sorbed fraction after digestion and lower
partition coefficients to various hydrophobic reference phases than par-
ent compounds (Zhang et al., 2016). The aging of soot in a soil-water
mixture caused a decrease in the apparent gastrointestinal bioaccessibi-
lity of PAHs and their derivatives. They also defined two reasons for re-
duction of Bapp by soil: aging time-independent effect corresponding to
competitive sorption by the soil of labile desorbed form of soot pollut-
ants (because digestion test), and increased soot nanoporosity and



Table 1
PAHs derivatives in soil, sediments and other matrices.
Matrix Country (X) AZAs No. of 3 0-PAHs No. of 3 N-PAHs No. of 316PAHs 3, All PAHs No Method Extraction Ref
[ngg™'] determined [ugg™'] determined [ngg~!] determined [ugg™'] [uge™] of all
compounds compounds compounds PAHs
Soil Qinghai Lake 5.7 4 3.7 4 0.108 + 15 32+34 11 0.206 + 0.352 £ 0.283 29 GC-MS, SIM  Pressurized liquid extraction  (Bandowe
Basin, Xi'an, 0.0667 0.215 with organic solvent, et al,
Chao Lake purification and fractionation 2019)
Basin and by column chromatography
Zhanjiang,
China
Berne, LD LD 4.2 + 034 14 LD LD 185+ 15 220+ 17 28 GC-MS, El Pressurized liquid extraction  (Wilcke
Switzerland with DCM (first cycle) and et al,
CH3COCH5/DCM/CF;COOH 2014b)
(250:125:1 v/v/v) (second
cycle), evaporation,
purification and fractionation
on a SG column
Ume3, 4988 + 4 164.45 + 10 LD LD 1767.54 + LD LD GC-MS, EI, Pressurized liquid extraction  (Lundstedt
Sweden 4282 69.89 557.76 SIM with n-Hex/Ace (1:1, v/v), et al,
fractionation using open SG 2014)
column with ASS, elution
with n-hex, n-Hex/DCM and
DCM
Argentina ND - 0.97, 4 0.001-0.124, 15 LD LD LD 0.0020-0.0326 27 GC-MS Pressurized liquid extraction  (Wilcke
mean 0.24 mean 17 with DCM (first cycle) and et al,
CH3COCH5/DCM/CF;COOH 2014a)
(250:125:1 v/v/v) (second
cycle), filtration through SS,
evaporation, addition of Hex,
fractionation onto a SG,
addition of toluene,
evaporation to 0.5 mL
Angren LD LD 0.054-1.848 12 LD LD 0.078-4.23 0.118-5.913 31 GC-MS Pressurized liquid extraction  (Bandowe
industrial with DCM (first cycle) and et al.,
region, CH3COCH5/DCM/CF3COOH 2010)
Uzbekistan, (250:125:1 v/v/v) (second
topsoil cycle), filtration through SS,
Angren LD LD 0.029-0.595 LD LD 0.07-3.18 0.104-3.852 fractionation onto a SG,
industrial elution of PAHs/alkyl-PAHs
region, with Hex/DCM (5:1 v/v),
Uzbekistan, elution of O-PAHs with DCM
subsoil and Ace
Australia, 289-2112 5 0.357-2.790 7 60.3-890.1 3 LD 4.314-100.931 13 GC-MS Pressurized liquid extraction  (Idowu
recreational with Hex: Ace (3:1, v/v), et al,
area filtration through SS, 2020)
Australia, 46.7-6190.9 0.377-11.536 269.9-3293.1 2.508-392.932 evaporation, fractionation
industrial onto a SG + alumina, elution
area of PAHs with Hex/DCM (5:1
Australia, 74.1-83.1 0.503-0.804 230.46-245.55 1.395-8.741 v/v), elution of polar PAHs
smoking with DCM and Ace
area
Australia, 11.6-153.2 0.354-9.185 79.4-1043.4 0.2013-11.176
residential
area
Yangtze LD LD 0.021-0.834, 4 0.4-4.6, mean 4 0.010-3.059, 0.021-3.563, 27 GC-MS Soxhlet extraction with (Caiet al.,
River Delta, mean 0.0363 0.6 mean 0.267  mean 0.310 Hex/Ace (1:1, v/v), 2017)
eastern evaporation, purification
China using SG/alumina columns,
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China

Marine sediments European
Baltic
North Seas
Chinese
Bohai
Yellow Seas
Jiuxiang
River of
Nanjing,
China

Sediments

Rivers Wenyu
River, North
Canal, and
Yongdingxin
River

Haze Beijing
Zhengzhou
Xinxiang

Fish Lutjanus Kharg Island,
argentimaculatus-muscle Iran

Fish Lutjanus
argentimaculatus-liver

Fish Lethrinus
microdon-muscle

Fish Lethrinus
microdon-liver

Fish Scomberomorus
guttatus-muscle

Fish Scomberomorus
guttatus-liver

LD

LD

LD

LD

LD
LD

LD

LD

LD

LD

LD

LD

LD

0.009 +
0.008

LD

0.0718-0.259

Dissolved
phase:
0.06-0.19;
particulate
phase
0.41-17.98

0.0272
0.0775
0.0307

0.0716 +
0.0167

0.0965 +
0.0155

0.0572 +
0.00797

0.0716 +
0.0066

0.0487 +
0.0074

0.0503 +
0.0077

LD

0.000050 +
0.000045

LD

2.53-454

Nd

LD
LD

51.48 + 14.36

72.57 £ 12.02

38.76 £+ 6.93

53.75 £ 10.73

21.68 £+ 5.21

40.67 + 8.75

11

LD

14

LD

LD

10

LD

LD

0.162-0.309

Dissolved
phase: 0.16-
1.20 pg/L;
particulate
phase: 1.56-
79.38 ug g~ !

LD
LD

0.398 +
0.0722

0.535 +
0.04792

0371 +
0.0566

0.471 +
0.06235

0319 +
0.0543

0.383 +
0.0722

LD

0.00091-5.361

0.00046-0.227

0.025-0.308
0.0043-0.659
LD

LD

0.0981

0.0779

0.041
0.942-1.160,
mean 1.004 +
0.126
1.204-1.511,
mean 1.390 +
0.177
0.729-0.967,
mean 0.891 +
0.137
1.002-1.354,
mean 1.121 +
0.203
0.634-0.859,
mean 0.726 +
0.130
0.796-1.135,
mean 0.954 +
0.196

LD

18

LD

LD

15

39

GC-MS

GC-MS

GC-EI-SIM for
PAHs,
GC-NICI-SRM
for N-PAHs,
GC-EI-SRM
for the
O-PAHs
GC-MS, El,
SIM

SI

GC-MS

elution with Hex/DCM
mixture, evaporation to 1 mL
MW extraction with Hex/Ace
(1:1, v/v), concentration,
purification by SG/alumina
column, elution with
Hex-DCM, evaporation to

1 mL

UD extraction, purification
through SG column,
concentration

Pressurized liquid extraction
with Hex/Ace (1:1, v/v),
concentration, SPE, elution by
n-Hex: DCM (1:1, v/v),
evaporation dissolution in
n-Hex

Dissolved phase: reversed
SPE, elution in DCM and Hex.
Particulate phase: pressurized
liquid extraction with
DCM/Ace (1:1, v/v). Both:
purification with SG/alumina
cartridges, concentration to
0.5 mL

UD extraction with DCM/Ace
(1:1, v/v), evaporation to

2 mlL, purification by SPE,
elution of PAHs by
n-Hex/DCM (4:1, v/v) and
0O-PAHs by DCM, evaporation,
dissolution in n-Hex, filtration
through 0.45 pm PTFE filters
PAHs: saponification, the
addition of n-Hex, rinsing
with MeOH/water (4:1),
concentration, purification
with 5% H,0 deactivated SG
column, elution with
DCM/n-Hex (1:3, v/v),
concentration.

Polar PAHs: SPE with DCM,
concentration, purification
with silica SPE cartridge,
elution with DCM-Hex,
concentration

(Sun et al.,
2017)

(Wang
et al,
2020)

(Han et al.,
2019)

(Qiao et al.,
2014)

(Cao et al,,
2020)

(Ranjbar
Jafarabadi
et al,
2019)

Ace-acetone; ACN - acetonitrile; (A)SG - (anhydrous) silica gel; (A)SS- (anhydrous) sodium sulfate; BSTFA - N, O-bis-(trimethylsilyl) trifluoroacetamide; CLD - chemiluminescence detector; DCM - dichloromethane; ECD - electron capture detector;
ECNI - Electron capture negative ion; EI/SIM, electron ionization; FLD - fluorescence detector; Hex - hexane; HFBA- heptafluorobutyric anhydride; LD- Lack of data; MW- microwave; Nd- not detected; NICI - Negative ion chemical ionization; NS-

nitrogen stream; Q-ToF-MS - mass quadrupole time-of-flight mass spectrometry; SIM - single ion monitoring; TSP - total suspended particles; UD- ultrasonic.
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area, because of releasing soluble substances from the soot throughout
the aging process (Zhang et al., 2018).

Itis generally recognized that PAHs derivatives are regarded as more
toxic than parent PAHs (Chatel et al., 2014). However, the toxicity of dif-
ferent PAHs derivatives depends on their chemical character and num-
ber and character of substituents. It is reported that about 75-90% of
cancer cases of humans are predominantly caused by PAHs (Utnii
etal,, 2020) but the other results do not confirm that statement. Consid-
ering the IARC grouping (Group 1: carcinogenic to humans (e.g. coal-tar,
tobacco smoke); Group 2A: probably carcinogenic to humans (e.g.
benzo[a]pyrene B[a]P, benzo[a]anthracene B[a]A); Group 2B: possibly
carcinogenic to humans (e.g. benzo[b]fluorantheneB[b]F, B[f]F, B[k]F,
dibenzo[a,h] anthracene DB[a,h]A, DBJa,]A, dibenzo[a,e]pyrene DB[a,e]
P, DB[a,h]P, DB[a,f]P, 1-NP, 4-NP, 1,6-dinitropyrene 1,6-DNP, 1,8-DNP,
6-nitrochrysene, 2-nitrofluorene). It can be seen that none of PAHs
and their derivatives are classified as carcinogenic to humans. The ex-
cess lifetime cancer risk values for industrial soils and residential soils
(8.2-1077 to 2.3-1075, respectively) indicate negligible cancer risks
(Idowu et al., 2020).

2.1. Toxicity of O-PAHs

Determination of the physical-chemical properties of O-PAHs is im-
portant due to their influence on the environment and the human body.
This topic has not been explored in detail yet. There are far fewer studies
about O-PAHs toxicity compared to N-PAHSs. It may be connected with
the fact that the number of O-PAHs determined is usually lower than
N-PAHs (Fig. S1). However, these derivatives must be taken into consid-
eration during risk assessment because they represent an abundant
group of pollutants (Walgraeve et al., 2010). It was confirmed that O-
PAHs are toxic for living organisms, but the mechanism of mutagenicity
and carcinogenicity are not yet well understood. Moreover, Lundstedt
et al. demonstrated that O-PAHs have higher mobility than parent
PAHs due to their polarity. These pollutants can be more easily con-
veyed to the groundwater or surface water (Lundstedt et al., 2007).

The most toxic to zebrafish embryos (Danio rerio) exposed on 38 O-
PAHs were O-PAHs containing adjacent diones on 6-carbon moieties or
terminal, para-diones on multi-ring structure, whereas 5-carbon
moieties with adjacent diones were least toxic. The results showed
that selected O-PAHs had different aryl hydrocarbon receptor (AHR)
dependency stressing the role of oxidative stress in the toxicity
mechanism (Knecht et al., 2013). B[a]A or benzanthraquinone in
zebrafish bodies caused damage to protein biosynthesis, mitochondrial
and cardiac function, neural and vascular development (Elie et al.,
2015).

The concentration of O-PAHs in ambient particulate matter is highly
correlated to ROS formation (Sklorz et al., 2007) causing oxidative stress
and triggering of anti-oxidative enzymes. A549 (Alveolar epithelial
cells) test cells were subjected to PM, 5 extracts collected in winter
2015 in four cities: Beijing, Tianjin, Shijiazhuang, and Hengshui, China.
The results showed an increase in the content of two cytokines
(tumor necrosis factor alpha (TNF- «) and interleukin 6 (IL-6)), a
decline in cell viability, and heightened production of nitric oxide (Niu
et al., 2017). A549 exposed at the air-liquid interface to diesel exhaust
containing N- and O-PAHs and their parent counterparts, CO, CO,,
NOy etc. for 24 h were revealing increased oxidative stress, the cell
viability, and pro-inflammatory response - the content of IL-8-
decreased (Kooter et al., 2013). The low molecular weight PAHs such
as 9H-fluorene-9-one can inhibit the transcription of TNF- ¢, IL-1b,
and IL-6 and caused an increase in ROS generation (C. Wang et al.,
2017).

Inhalation or non-dietary ingestion of O-PAHs are the main routes
for exposure for humans. This group of compounds has proved to be
more soluble and more mobile in the environment compared to their
parent counterparts. For this reason, toxicity studies of O-PAHs must
be expanded, because now they are limited.
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2.2. Toxicity of N-PAHs

N-PAHs are widespread in the environment toxic, carcinogenic, and
mutagenic pollutants. The main route of exposure to N-PAHs to human
beings is the respiratory tract (Vineis et al., 2004). Fine particle matter is
characterized by considerably greater direct mutagenicity per unit mass
than coarse particles. The Salmonella mutagenicity assay results
revealed that the reduction of air pollution by nitro compounds is
necessary to improve preventive measures (Traversi et al., 2011).

Several studies demonstrated that 1-NP possessed cytotoxic and
genotoxic properties (Chatel et al., 2014) and mutagenic activity
(Watt et al., 2007). The results on freshwater mussel Dreissena
polymorpha exposed to the higher concentration of 1-NP affected AHR
and HSP70 genes in digestive glands. Moreover, P-glycoprotein (Pgp)
mRNA levels were increased in both tissues. What is most interesting,
studied organisms were able to partially detoxify 1-NP, because of the
low amount of DNA adducts that were recorded after 5 days of exposure
to the high concentration of 1-NP (Chatel et al., 2014).

7 N-PAHs used for feeding marbled flounder Pleuronectes yokohamae
for 7 days revealed the tendency to cumulate in the fish body after
exposure but the level of N-PAHs was not as high as added to diet indi-
cating for the possible transformation in the fish body (Bacolod et al.,
2013).

Inhaled particles originated from vehicle exhaust can cause a sys-
tematic effect on oxidative stress, inflammation, and endothelial activa-
tion (Park and Park, 2009). 1-NP is a component of diesel exhaust
particles and may lead to inflammatory diseases (@vrevik et al., 2010;
Oya et al,, 2011). 1-NP induced the generation of ROS in a cultured
human lung epithelial cell line (A549 cell) (Kim et al., 2005). 1-NP
formed - m and hydrogen bonds with AHR, simultaneously weakening
the cytokine level and causing CYP1A1 transcription. The inflammatory
state caused by PAHs and their derivatives turned out to be related to
cytotoxic potency. When low molecular weight PAHs bonded without
activating AHR, they caused mild inflammation (C. Wang et al.,, 2017).

1-NP is metabolized in the same manner both in humans and in
animals: after nitroreduction and N-acetylation, the compounds were
hydroxylated in the liver and hydroxylated metabolites were excreted
with urine. Therefore the metabolites OHNAAPs (hydroxy-N-acetyl- 1-
aminopyrenes) and OHNPs (hydroxy-1-nitropyrenes) such as 8-
hydroxy-2’-deoxyguanosine (8-OH-dG) may be used as biomarkers
for evaluating the impact of exposure to automobile exhaust (Toriba
et al.,, 2007). 1-NP triggered DNA damage and 8-OH-dG formation and
inhibited the DNA repair capacity in rat lungs (Li et al,, 2017). [ was no-
ticed that there was an association between PM, 5 levels and the con-
centration of oxidative damage marker 8-OHdG in urine and organic
carbon influenced inflammation marker - IL-6 levels (Neophytou
et al., 2013). However, 3-nitrobenzanthrone (3-NBA) was more toxic
than 1-NP or B[a]P. Moreover, this compound triggered the accumula-
tion of cells in the S-phase and the typical apoptotic cell death. The pres-
ence of 3-NBA caused a DNA damage response as a result of
phosphorylation of ataxia-telangiectasia mutated, checkpoint kinase
(Chk) 2/Chk1, H2AX, and p53 (Oya et al., 2011). Cytokine/chemokine
gene expression pattern differs between 1-NP, 3-NF, and their amino
analogs. The response caused by 1-NP/3-NF was dominated by effects
on IL-8 and TNF-a expression, while response induced by 1-AP-/3-AF
was dominated by C-C motif chemokine ligand 5 (CCL5) and CXCL10
(IP-10) expression. 3-NBA triggered DNA damage because it accumu-
lated in cells in S-phase. In conclusion, selected compounds induced dif-
ferent effects on cytokine/chemokine expression, cell cycle alterations,
DNA damage, and cytotoxicity (@vrevik et al., 2010). Genotoxicity was
developed based on significantly higher frequencies of micronuclei
and other nuclear abnormalities formed in erythrocytes (Bacolod
etal, 2013).

In the Drosophila melanogaster somatic mutation and recombination
test, 1-nitronaphthalene (1-Nnap), 1,5-dinitronitronaphthalene, 2-NF,
and 9-NA caused an increase in the frequency of homologous
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recombination (HR) in proliferative somatic cells that may lead to loss
of heterozygosity (Dihl et al., 2008). PAHs and N-PAHs in tests on all-
trans retinoic acid (ATRA)-mediated activity (in vivo) have hindered
retinoid signaling indicating indirect teratogenicity (BeniSek et al.,
2008). The results showed that some PAHs derivatives may affect the
embryonic development and differentiation process by disrupting
ATRA signaling and changing octamer-4 levels (Benisek et al., 2011).

The carcinogenicity of 3-NBA and their metabolites: 3-
aminobenzanthrone (3-ABA), 3-acetylaminobenzanthrone (3-Ac-ABA)
and N-acetyl-N-hydroxy-3-aminobenzanthrone (N-Ac-N-OH-ABA) in
the human B lymphoblastoid cell line MCL-5 was examined. The
lower concentrations of 3-NBA and N-Ac-N-OH-ABA were, the more ac-
tive these compounds were. N-Ac-N-OH-ABA caused the highest DNA
binding, subsequently 3-NBA, 3-ABA, and 3-Ac-ABA. The obtained re-
sults showed that 3-NBA and its metabolites may cause DNA damage
in human MCL-5 cells. These compounds may have genotoxic potential
to humans and also caused the clastogenic effect, and triggered lung tu-
mors in rats (Arlt et al., 2004a; Kawanishi et al., 2013; Lamy et al., 2004;
Nagy et al., 2005a, 2005b; Phousongphouang et al., 2000). The results
showed that 3-NBA is an extremely potent mutagen for the mouse be-
cause it caused chromosomal aberrations in blood reticulocytes, micro-
nucleus formation, and DNA-binding mainly at guanine residues (Arlt
et al.,, 2004b). Although, the effect of studied compounds (1-Nnap or
1-NP) on fish reproduction seems to be insignificant due to low envi-
ronmental concentrations, exclusive of genomic effects on embryos
(Onduka et al., 2015).

Miller-Schulze et al. (2016) proposed a novel indicator for the deter-
mination of exposure to diesel exhaust: the content of two metabolites
of 1-NP in urine: 6-hydroxy-1-NP and 8-hydroxy-1-NP. They noticed
that there was a positive association between 1-NP and 8-OHNP in
urine. Besides, 1-NP can be metabolized to 1-NP eliminated with
urine. The metabolites of N-PAHs: 1- and 2-aminonaphthalene and 1-
aminopyrene can be used as biomarkers of exposure to automobile ex-
haust, too (Laumbach et al., 2008; Neophytou et al.,, 2014).

International Agency for Research on Cancer divided N-PAHs into
several groups. Neither of the nitro derivatives was classified as carcino-
genic or probably not carcinogenic to humans. 1-Nnap, 2-Nnap, 7-
nitrobenz[a]anthracene, 2-NP, 3-nitroperylene, 6-nitrobenzo[a]pyrene
were not classified as carcinogenic to humans. Different N-PAHs were
probably or possibly carcinogenic (Bandowe and Meusel, 2017). 1-NP
is classified as possibly carcinogenic to humans (Park and Park, 2009).

2.3. Toxicity of PASHs

There is a lack of information on PASHs toxicity. Some predictions in-
clude that due to the similarity of PASHs structures to parent PAHs, their
cell toxicities should be comparable (Zhang et al., 2021). It has been
proven recently that the main mechanism of PASHs toxicity includes
PASH-induced reactive oxygen species (ROS) production (oxidative
stress) and cell toxicity (in human bronchial epithelial cells (BEAS2B
cells)). As in the case of other PAHs derivatives, PASHs may reveal sim-
ilar or increased toxicity in comparison to pyrene and B[a]P.

3. Conclusions and future perspectives

The presence of PAHs and their possible transformations lead to the
formation of PAHs derivatives. The present review is describing the re-
sults of the studies on the determination of PAHs derivatives in different
environmental matrices including airborne particles, sediments, soil,
and organisms. The greatest problem nowadays is the variety of the ap-
plied analytical techniques. The different sampling methodologies and
data from various analytic techniques make the direct comparison diffi-
cult. It still does not exist any suitable legislation about the concentra-
tion of PAHs derivatives in airborne particles or soils. Although the
concentrations of N-PAHs, O-PAHSs, or PASHs may be similar to PAHs
concentration or even 1000 times lower than parent PAHs, PAHs
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derivatives accounted for a significant portion of the toxicity. ROS for-
mation is the main mechanism of PAHs derivatives-induced toxicity,
however, the other mechanisms include cell toxicity (O-PAHs, PASHs),
inflammation (O-PAHs, N-PAHs), mutagenicity (N-PAHs), genotoxicity
(N-PAHs), teratogenicity (N-PAHs), or carcinogenicity (N-PAHs). Most
of the toxicity data include the effects of single compounds at non-
environmentally relevant concentrations and the effect of real sample
components is omitted. Due to the similar structure of PAHs derivatives
to their parent PAHs, their interaction with the human body should be
similar. The number of studies about the influence of PAHs derivatives
on human life is still not enough. But due to its potential toxic and mu-
tagenic character, the determination of the presence, bioavailability,
and toxicity of PAHs derivatives in environmental matrices is of key
importance.
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1. Introduction

Table S1. PAHs derivatives (Abbas et al., 2018; Bleeker et al., 1999; Liang et al., 2006).

N-PAHs

Compounds name o Molecular Molecular Number

Abbreviations .

mass formula of rings

1-Nitronaphthalene 1-Nnap 173.171 C,0H/NO, 2
2-Nitronaphthalene 2-Nnap 173.171 C,0H/NO, 2
1-Methyl-4-nitronaphthalene 1M4Nnap 187.19 C,1HyNO, 2
2-Methyl-4-nitronaphthalene 2M4Nnap 187.19 C,1HyNO, 2
1-Methyl-6-nitronaphthalene 1M6Nnap 187.19 C,1HyNO, 2
2-Nitrobiphenyl 2-NBP 199.2 C,HgNO, 2
3-Nitrobiphenyl 3-NBP 199.2 C,HgNO, 2
4-Nitrobiphenyl 4-NBP 199.2 C,HgNO, 2
5-Nitroacenaphthene 5-Nace 199.21 C,HyNO, 3
2-Nitrofluorene 2-Nfluo 211.22 C3sHoNO, 3
3-Nitrodibenzofuran 3-NBF 213.19 C,H/NO;s 3
1,5-Dinitronaphthalene 1,5-DNnap 218.17 C,oHeN,O4 2
1-Nitrophenanthrene 1-Nphen 223.23 C4HoNO, 3
3-Nitrophenanthrene 3-Nphen 223.23 C,sHoNO, 3
4-Nitrophenanthrene 4-Nphen 223.23 C,sHoNO, 3
9-Nitrophenanthrene 9-Nphen 223.23 C4HoNO, 3
2-Nitroanthracene 2-NA 223.23 C4HoNO, 3
9-Nitroanthracene 9-NA 223.23 C4HoNO, 3
2-Nitrodibenzothiophene 2-NDB 229.26 C,H/NO,S 3
1-Nitrofluoranthene 1-NF 247.25 CsHoNO, 4
2-Nitrofluoranthene 2-NF 247.25 CsHoNO, 4
3-Nitrofluoranthene 3-NF 247.253 C,6HoNO, 4
2?1-3 -Nitrofluoranthene (2-nitrofluoranthene+3- 2+ 3NFL
nitrofluoranthene)
7-Nitrofluoranthene 7-NF 247.25 C,6HoNO, 4
8-Nitrofluoranthene 8-NF 247.25 CsHoNO, 4
1-Nitropyrene 1-NP 247.253 C6HoNO, 4
2-Nitropyrene 2-NP 247.26 C,6HoNO, 4
4-Nitropyrene 4-NP 247.26 C,6HoNO, 4
2,7-Dinitrofluorene 2,7-DNfluo 256.21 C,3HgN,0, 3
1,3,8-Trinitronaphthalene 1,3,8-TNap 263.17 CoHsN;3Og 2
6-Nitrochrysene 6-Nchr 273.291 CsH;INO, 4
7-Nitrobenz[a]anthracene 7-NB[a]A 273.3 CsH;INO, 4
2,8-Dinitrodibenzothiophene 2,8-DNDB 274.25 C,HeN,O0,4S 3
2-Nitrobenzanthrone 2-NBA 275.26 C,7HgNO;, 4
3-Nitrobenzanthrone 3-NBA 275.26 C7HoNO; 4
3,9-Dinitrofluoranthene 3,9-DNflt 292.25 C,6HgN,O, 4
1,3-Dinitropyrene 1,3-DNP 292.25 C,6HgN,0O4 4
1,6-Dinitropyrene 1,6-DNP 292.25 C,6HgN,O4 4
1,8-Dinitropyrene 1,8-DNP 292.25 C,6HgN,O4 4
3-Nitrobenzo[a]pyrene 3-NBJ[a]P 297.3 C,0H;INO, 5
6-Nitrobenzo[a]pyrene 6-NB[a]P 297.3 C,0H;INO, 5
1-Nitrobenzo[e]pyrene 1-NBJ[e]P 297.3 C,0H;INO, 5
3-Nitrobenzo[e]pyrene 3-NBJ[e]P 297.3 C,0H;INO, 5




3-Nitroperylene 3-NPE 297.3 C,0H; INO, 5
7-Nitrobenz(a,h)anthracene 7-NDBA 323.3 C»H5NO, 5
1,3,6-Trinitropyrene 1,3,6-TNP 337.25 C1sH7N30¢ 4
3,6-Dinitrobenzo[a]pyrene 3,6-DNBJa]P 342.31 C,oH;(N,Oy4 5
AZAs
Quinoline Q 129.16 CoH;N 2
Phenanthridine - 179.217 CsHoN 3
Benzo[f]quinoline BfQ 179.22 C3HgN 3
Benzo[h]quinoline BhQ 179.22 C3HgN 3
Acridine - 179.13 C3HgN 3
1,7-Phenanthroline 1,7-Pthr 180.2 C,HgN, 3
9(10H)-Acridone - 195.22 C;3HgNO 3
6(5H)-Phenanthridinon - 195.22 C;3HgNO 3
Benz[u]acridine BuA 229.27 C7H; N 4
Benz[c]acridine BcA 229.27 C,7H; N 4
O-PAHs and carbonyl OPAHs
Name
Benzofuran BF 118.13 CHgO 2
1-Indanone/2,3-Dihydroinden-1-one 1-IND 132.162 CoHgO 2
1-Naphthaldehyde/Naphthalene-1-carbaldehyde/1-
NaphI:halenec afboxaldihyde/ 1 —Formylnaphtl}l/alene I-Naph 156.18 CutsO 2
1,4-Naphthoquinone/Naphthalene-1,4-dione 1,4-NQ 158.15 CoHgO, 2
1,2-Naphthoquinone/ o-Naphthoquinone 1,2-NQ 158.156 C10H6O» 2
9H-Fluorene-9-one/Fluoren-9-one/9-Fluorenone/9- 9-FO 180.206 C.H,0 3
Oxofluorene
Perinaphthenone/ Phenalen-1-one Pnaph 180.2 C3HgO 3
1,2-Acenaphthoquinone/Acenaphthylene-1,2-dione 1,2-ACNQ 182.178 C,HcO, 3
Benzophenone/ Diphenylmethanone Bphe 182.222 C3H,00 2
2-Biphenylcarboxaldehyde/2-
Phenl;lbezzaldehyde/B i}ll)henyl-Z-carbaldehyde 2-BPCA 182.22 Cisti0 2
2-Fluorenecarboxaldehyde/9H-Fluorene-2-
carbaldehyde/Fluorene—yZ—carbaldehyde 2-FOCA 194.23 CuathioO 3
Anthrone/ 10H-Anthracen-9-one Anth 194.233 C4H;,0 3
6H—Dibenzo[b,d]pyran.—6—one/ Benzo[c]chromen-6- DB([bd|P 196.2 C1HsO, 3
one/ 3,4-Benzocoumarin
Xanthone/ 9H-Xanthen-9-one XN 196.205 C3HgO, 3
1,8-Naphthalic anhydride 1,8-NANY 198.177 C,HsO3 3
1,2-Naphthalic anhydride/Naphtho[1,2-c]furan-
1,3-dione/Benzo[e][2]benzofuran-1,3-dione/1,2- 1,2-NANY 198.17 C,HO3 3
Naphthalenedicarboxylic anhydride
Cyclopenta[def]phenanthrene-4-one CpPHEone 204.22 C,sHgO 4
9-Phenanthrenecarboxaldehyde/Phenanthrene-9-
carbaldehyde/9-Formylphen};nthrene 9-Phen 206.24 Cisti0 3
Phenantheren.equmone/ Phenanthrene-9,10-dione/ 9.10-PQ 208216 C..HO, 3
Phenanthraquinone
9,1 O—Anthraqulnone/Anthraqumone/9, 10- 9.10-AQN 208.216 C1HsO, 3
Anthracenedione
1,4-Anthraquinone/Anthracene-1,4-dione/ 1,4-AQN 208.21 C4HgO, 3
D?phengldejhyde/ Biphenyl-2,2'-dicarboxaldehyde/ DPA 21023 C.H,0, 2
Diphenic dialdehyde
2-Methyl-9,10-anthraquinone/2- 2-MAQN 222.24 C;5sH00, 3




Methylanthraquinone
Benzanthrone/ 7H-Benz[de]anthracen-7-one/ 7TH-
Benzo[de] anthracen-7-o£1e/ ]B enzanthrenone BZA 230.266 CirH10 4
7H-Benzo|[c]fluoren-7-one/ Benzo[c]fluoren-7- 7-B[c]FO 23026 C,-H,,0 4
one/ Allochrysoketone
1-Pyrenecarboxaldehyde/Pyrene-1-carbaldehyde/1- 1-PYRCA 23026 C-H,,0 4
Formylpyrene
Benzo[a]fluorenone/ 11H-Benzo[a]fluoren-11-one/ B[a]Fone 230.26 CpH,,0 4
11H-Benzo[a]fluorene-11-one
Benzo[b]fluorenone/ Benzo[h]fluoren-1-one B[b]Fone 230.26 C7H,,0 4
2,3-Dimethylanthraquinone/2,3-
15i3methylan)t/hracen29, 10-dione 2,3-DMAQN 236.26 CieH120 3
Cyclopenta(cd)pyren-3(4H)-one CpPyr 242.3 CisH;00 5
6H-Benzo[cd]pyrene-6-one BPYRone 254.3 CoH;00 5
Benz[a]anthracene-7,12-
Dione/ 1,2-Benzanthraquinone/ Tetraphene-7,12- BaAQ 258.27 CsH; 00, 4
dione/ Benzanthraquinone
1?4-Chrysenequione/C}.lrysene-1,4- 1.4-CQ 2583 C1sH110, 4
dione/Chrysene-1,4-quinone
5,12-Naphthacenequione/Tetracene-5,12-
dione/5,12- 5,12-NAQ 258.3 CgH;00, 4
Naphthacenedione/Naphthacenequinone

OH-PAHs
1-Naphtol 1I-N 144.173 CyoHsO 2
2-Hydroxybiphenyl 2-HBF 170.211 CoH,,O 2
2-Hydroxyphenanthrene 2-Hph 194.233 Ci4sH;00 3
2-Hydroxy-9-fluorenone 2-H-9-F 196.205 C3HgO, 3
1-Hydroxypyrene 1-HP 218.255 Ci6H;0O 4
1-Hydroxypyrene 1-HP 218.25 Ci¢H10O 4
6-Hyroxychrysene 6-Hchr 244.294 CsH,,0 4
3-Hydroxybenzo[a]pyrene 3-HB[a]P 268.315 CyH 20 5

PASHs

Thiophene T 84 C,H,4S 1
2-Methylthiophene 2-MT 98 CsHgS 1
3-Methylthiophene 3-MT 98 CsHgS 1
2,3-Dimethylthiophene 2,3-DMT 112 CeHgS 1
2,5-Dimethylthiophene 2,5-DMT 112 C¢HsS 1
2-Ethylthiophene 2-ET 112 CgHgS 1
2-Propylthiophene 2-PT 126 C;H;,S 1
Benzothiophene BT 134.196 CgHgS 2
2-Methylbenzothiophene 2-MBT 148 CoHgS 2
3-Methylbenzothiophene 3-MBT 148 CoHgS 2
5-Methylbenzothiophene 5-MBT 148 CoHgS 2
3,5-Dimethylbenzothiophene 3,5-DMBT 162 CioH;0S 2
2,3,5-Trimethylbenzothiophene 2,3,5-TMBT 162 C; H,S 2
2,3,7-Trimethylbenzothiophene 2,3, 7-TMBT 162 C; H,S 2
2,3,4,7-Tetramethylbenzothiophene 12":1?1;2;} 176 CLH.S )
Dibenzothiophene DBT 184.25 C12HgS 3
4-Methyldibenzothiophene 4-MDBT 198 Ci3H,0S 3
Phenanthro[4,5-bcd]thiophene Ph45T 208 C4HgS 4
4,6-Dimethyldibenzothiophene 4,6-DMDBT 212 CH»S 3




2,4,6-Trimethyldibenzothiophene

2,4,6-

TMDBT 226 CsH4S 3
2-nitrodibenzothiophene 2-NDBT 229.26 C,H;NO,S 3
2,8-dinitrodibenzothiophene 2,8-DNDBT 274.25 C,HeN,O,4S 3
Benzo[b]Naphtho[/,2-
d[Thiophene [1,2]BNT 234.32 Ci6H oS 4
Benzo[b]Naphtho[2,1-d]Thiophene [2,1]BNT 234.32 CigHi0S 4
Benzo[b]Naphtho[2,3-
d]Thiophene [2,3]BNT 234.32 Ci6HioS 4
Phenanthro[3,4-b]thiophene Ph34T 234 CisHioS 4
Benzo[b]phenanthro[9,10-d]thiophene BPh9,10T 284 CyH»S 5
Diacenaphthothiophene DIiAT 332 CyH»S 7

1.2. PAHs derivatives in the air

Table S2. PAHs and their derivatives in the particulate matter in air samples.




No. of

Sampling site Mean total Min-max of determ
O-PAHs Location Season, year Phase [above value with SD individual Methgd, Extraction ined Ref.
and range O-PAHs detection
ground level] n m'3] n m'3] compo
J & unds
Winter, 2013 TSP 54 +15(35-70) | 0.8-21
Xi'an, Chi 10 + 4-
a0 qmmer, 2013 | TSP [10m] 33) 3064 Nd-29 action with DOVUMeOH
9-FO,9.10-AQN. BZA, BaAQ, 14- 2343227 GC-MS EI izr::znlt(r):tz; to drynee%eand’ 7 (Ren etal,
12-NAQ, BPYR i o 5- i = 2017
Qs Q one Guangzhou, Winter, 2013 TSP 80) 0:5-10 derivatization with BSTFA 017)
China (50 m] 11=10 28
Summer, 2013 | TSP ~ Nd-11
29)
1,4-NQ, 9-FO, Pnaph, 9,10-AQN,
Augsburg, . . Skl t
CpPHEone, B[a]Fone, B[b]Fone, G:rg;afg Summer, 2005 | PMas LD LD 0.01-0.39 GC-MS Extraction with DCM 1 ;1 2053;)
BZA, BaAQ, CpPyr, BPYRone y .
Providencia, .
. Winter, 2000 PM,, LD 12.3+8.6 0.14-4.66 . .
Chile Soxhlet extraction with DCM,
9,10-AQN, Anth, 2-FOCA, 9-FO, PrQVIdBHCIa, Spring, 2000 PMyo LD 6.045.3 0-3.58 evaporation, fractionation L.lsmg gla%s .
9-Phen, Chile GC-MS SIM column chromatography with ASG in 12 (Sienra,
1-PYRCA, BaAQ, Bphe, XN, 5,12- | Las Condes, Winter. 2000 PM LD 61232 0.03-2.66 ) Hex, elution with mixtures: n-Hex, n- 2006)
NAQ, 2-MAQN, 1,4-NQ Chile et 10 S e Hex:DCM 6:4; DCM; Ace 30%/ n-Hex
Las Condes, . v/v), evaporation to 1 Ml
astondes. | g oring, 2000 | PMy LD 43436 0.022.6 (V). evap
Chile
. h, 9-FO, 9-Phen, 9,10-AQ Palaiseau, Suburban site Nd-0.0557 Pressurized solvent extraction using
-Naph, 9-FO, 9-Phen, 9,10-AQN, F ' e DCM ificati ing alumi d Ri t et
1,4-AQN, B[a]Fone, B[b]Fone, rance Summer, 2009 | PMj, 0.113-15 GONICIMS | - ’Sfl’:gl (;f;‘i;"“ ;;::ge;r‘ﬁzzfn 9 :ﬂ “’2%“162)6
BZA, BaAQ Paris, France Traffic site 0.0051- 0.6598 . (soudp ’ ’
dissolved in isooctane
Chamomix Winter, 2002-
1.14- . .01-11.2
Valley, 2003 67976 0.0 3
1-Naph, 9-FO, 9-Phen, 9,10-AQN, France Summer, 2003 PM,+ gas LD 3.34-587.22 Nd-3.53 GC-NICI-MS, | pressurized liquid extraction with DCM, 3 (Albinet et
Bla]Fone, B[b]Fone, BZA, BaAQ . Winter 2002- phase SIM evaporation under NS, adjustment DCM al., 2008)
Maurienne 2003 9.02-673 0.16-4.10
Valley Fr:
ey Franee g mmer 2003 0.58-547.04 0.00-0.96
Urbe 2.225-12.607 0-6.908 ised liqui i ith DCM
1-Naph, 9-FO, 9-Phen, 9,10-AQN, | Marseille, July 2004 Gas+particl Sljbzrrlban 0.466-11.436 | 0.01-5.275 GC-NICIMS, epi?s;lr;s;i lll(tlllj;:reNXtSr a:SZZtvr:;nt W(i:th, 8 (Albinet et
B[a]Fone, B[b]Fone, BZA, B[a]AQ | France Y e phases : : o SIM P » a4 al., 2007)
Rural 0.458-2.397 0-1.249 DCM
UD extraction with DCM and MeOH
i . 8-22.03. Indoor and o U o (Wang et
9-FO, AQN, BaAQ Xi’an, China 2012 PM;s outdoor 19.1-16.4 2.0-12.8 GC-MS (3:1, v:v), SS addition, evaporation 3 al.. 2017)
under NS
9-FO, 9,10-AQN, CpPHEone, South China 5, 16.08.2009 PM;s Industrial [15 0.519-0.930 0.0056-0.447 GC-MS UD extraction with DCM, filtration, 6 (Wei et al.,




BZA 24.01. and m] ECNI/SIM concentration and separation by silica- 2012, p. 5)
BaAQ, BPYRone 4 62 2'010 0.695-1.246 0.0194-0.493 alumina column, dry, dissolved with n-
o Hex
ultrasonic extraction with DCM and
1,4-NQ, 9-FO, XN Pnaph 9,10- Seoul, South 09.2006- . (Lee et al.,
PM 17 1.47-8.70 Nd-2.88 GC-MS MeOH (3:1, viv), t derNS | 7
AQN BaAQ, 5,12-NAQ Korea 08.2007 10 (17 m] ¢OH (3:1, v:v), evaporation under 2018)
to the appropriate volume
pressurized liquid extraction with DCM,

-Fi 10-AQN, 2-MAQN, BZA B W t
9-FO, 9,10-AQN, QN. BZA, Ung, 07-10.2008 PM. [25 m] Data in SI Data in SI GC-MS ECNI | purified using silica columns, elution 5 (Wang e
BaAQ China R al., 2011)

with DCM
Araraquara subtropical Soxhlet extraction with DCM, (Souza et
9-FO, 9,10-AQN, BZA .q ’ 05- 06.2010 TSP rural region 0.69-6.0 Nd-4.1 GC-MS SIM fractionation on a silica column with 3
Brazil al., 2014)
[3 m] Hex and DCM
UD extracti ith DCM, heating (Zn,
1,4-NQ, 1,2-NQ, 9,10-PQ, 1,4-CQ, extraction with DEM, heating (Zn
. . acetyl acetate), the addition of water and
1,2-ACNQ, 2-MAQN, 2,3- Fresno, USA 1 year. TSP residential 2.36-387 Nd-4.5 GC-MS SIM entane, centrifugation, removing of 11 (Chung et
DMAQN, BaAQ, 9,10-AQN, 5,12- sno, year, area [20 m] : ' pentane, cemiiiugation, removing al., 2006)
NAQ organic fraction, evaporation to dryness,
redissolving in DCM
9,10-AQN, BZA, BaAQ, 1,8- Gwangju, 26.03- UD extraction with DCM and MeOH, (Park et al.,
PM 20 54-43 0.2-27.2 GC-MS . . . 5
NANY, Pnaph Korea 4.05.2001 23 (20 m] evaporation, derivatization, methylation 2006)
1.4-NQ, 1-Naph, 9-FO, 9,10-AQN, | p i) GC-Q-ToF Zizssiiﬁiilﬁﬁ ;(;r??;o;f Ak (Elzein et
1.8-NANY; 9-Phen, Bla|Fone, Chijnag’ winter PMzs (8 m] 18955 0.007-36.4 MS ripfication on SPE silica norn’lal hase 10 al., 2019)
BZA, 1-PYRCA, BaAQ purth > P N
cartridge, evaporation to 1 mL
1-IND, 1,4-NQ, 1-Naph, 2-BPCA,
9-FO, 1,2-ACNQ, 9,10-AQN, pressurized liquid extraction with DCM,
. . 05.07.2008 t . . Band
CpPHEonc, 1.8-NANY, 2MAQN, | Xian, China | (&' o ° ] PMys (10 m] 5-208 LD GC-MS drying on Na,SOy, evaporation to 0.5 15 (et Z;‘ %Vle 5
Bla]Fone, BZA, BaAQ, 5,12-NAQ, e mL ”
BPYRone
UD extraction with DCM, filtration
9,10-AQN, 1,2-ACNQ, 1,8-NANY, 12, 16, . o Koji t
Q Q Tokyo, Japan PM,, LD 0.62-3.12 LD GC-MS SIM evaporation under NS, purification by 4 (Kojima e
BZA 18.02.2009 . al., 2010)
SPE, evaporation under NS
UD extraction with DCM, UD
9,10-ACQ, 9-FO, BF, B[a]Fone,7- Incheon, 06.2009 — . . o (Choi et al.,
PM. LD 15-2. -1.32 -M h h h
BIc[FO, 1.2-NANY Korea 05.2010 25 0.15-2.36 Nd-1.3 GC-MS extraction wit ef(ane, mixing bot 6 2012)
extracts, evaporation under NS
Queensway 1’ UD extraction with DCM,
E?ad_ TU}‘:UeL 09.2012 0-7.1 ev}ellporation un}clier NIS, purfiiilcztionh
Irmingham, (chromatography column filled wit (Keyte et

-FO, BaAQ, 9,10-ACQ, 2-MAQN PM LD LD GC-NICI-MS . 4

K aAQ. 9 Q Q UK 10 glass wool and ASS), evaporation, al., 2016)
Parc des 062013 0-0.2 redissolution in Hex, SPE-elution with

Princes

DCM/Hex mix




Tunnel, Paris,

2’ extraction with ACN (vortex),

France centrifugation, evaporation under NS,
Birmingham, redissolution in DCM,
UK LD 0.1-1.1
Chamonix
1-1-Naph, 9-FO, 9,10-AQN, BA, and Winter 2002— . - . . .
BaAQ,p9—Phen, 1,4—AQNQ, BlalFone | Maurienne 2003 and M rural b Nd-9.93 GC-MS/NICI pressurized liquid extraction with DCM 9 (Albinet et
al., 2006)
valleys, summer 2003
France
Num
ber
. of
Mean total Min-max of deter
OH-PAHs Location Season, year Phase Sampling site Zziiu:a:;teh SD gﬁ;z‘gl g/ifgcl?i((j)’n Extraction :jnine Ref.
3 3
[ng m™] [ng/m™~] com
poun
ds
Madrid Summer 2008 LD 3.6-80.3 low-temperature UD extraction with (Barrado et
2-Hph, 1-HP suborban, PM, 5 suburban HPLC-FL MeOH, filtration, evaporation under NS, | 2
Spain Winter 2008 LD 54-207.0 adjustment of MeOH al., 2012a)
|_HP. 2-Hph M;dn: 02.2008- PM burb LD 17-2473 HPLC-FL UD extraction with MeOH, evaporation ) (Barrado et
—HE P ;LI‘):; an, 02.2009 10 suburban R ) in NS, resuspended in methanol al., 2012b)
No.
of
Mean total Min-max of deter
. . . value with SD individual N- Method, . mine
N-PAHs Location Season, year Phase Sampling site and range PAHs detection Extraction d Ref.
[ng m?] [ng m™] com
poun
ds
1-Nnap, 2-Nnap, 2-Nfluo, 9-NA, 9- Urban area 0.135-1.86 Nd-493.6
Nphen, 3-Nphen, 2+3NFL, 4-NP, 1- ey . Suburban 0.0186-1.233 Nd-600.5 pressurized liquid extraction with DCM .
NP 2-NP, 7-NBJ[a]A, 6-Nchr, 1,3- xj:;lues’ Summer, 2004 ppllfl :::gas S&NICI_MS evaporation under NS, adjustment with 17 ilAH;lgg;; t
DNP, 1,6-DNP, 1,8-DNP, 6- Rural 0.0025-0.104 Nd-38.7 DCM ”
NB[a]P
1-Nnap, 2-Nnap, 2-NBP, 3-NBP, 5- Baltimore and Gas and <0.1-99 and Soxhlet extraction vs./ith DCM and (Bamford
Nace, 2-Nfluo, 9-NA, 3-Nphen, 4- Summer, 2001 R Urban and 0.077-0.414 petroleum, evaporation, transfer to Hex,
Ford Meade, particle <0.1-28 GC-MS . . 26 and Baker,
Nphen, 9-Nphen, 1-NF, 2-NF the USA phase suburban elution through an aminopropyl SPE 2003)
3-NF, 7-NF, 8-NF, 1-NP, 2-NP, 4- Winter, 2001 0.179-0.525 <0.1-64 and cartridge using 20% DCM in Hex,




NP, 7-NBJa]A, 6-Nchr, 6-NBJ[a]P, <0.1-49 reduction to 0.5 mL
1-NB[e]P, 3-NBJe]P, 1,3-DNP, 1,6-
DNP, 1,8-DNP
Soxhlet extraction with DCM,
PM, 5 LD 281 420-770 separation/preconcentration of the
. extract by a cleanup procedure using SG .
Il\;g:rlap » 2-Ntluo, 3-NF, 1-NF, &- dR;OSflr a;fzzﬂ 2006-2008 GC-ECD column (N-PAHS were eluted in the 5 gelzxgirla) ot
’ third fraction by DCM and N-PAHs ’
PMa5.10 LD 2.34 220-980 were fluorinated through reactions with
HFBA
1-Nnaph, 2-Nnaph, 2-Nfluo, :
9-NA, 9—Nphen, 3—Nphen, 243- llz:;illl;:au, Suburban site Nd-11.7 P ) ) .
NEL. 1- NP, 2.NP, 4.NP, 7- ressunzefi solYent e)ftractlon }1smg (Ringuet et
NB[a]A, 6-NChr. 1.3-DNP, 1.6- Summer 2009 PM,y 0.025-0.175 GC-NICI-MS DFM, purlﬁ(.:atlon usTng. alumina and 18 al. 2012)
DNP, 1.8-DNP, 1-NB[a]P., 3- Paris, France Traffic site Nd-72.6 silica SPE, dissolved in isooctane
NB[a]P, 6-NB[a]P
1-Nnap, 2-Nfluo, 9-Nphen, 3-NF, UD extraction with DCM and MeOH
1-NP, 2,7-DNfluo, 6-Nchr, 1,8- Xi'an, China | 8-22.03.2012 | PMas Outdoor/ 01039 and 24577 GC-MS (3:1, v:v), SS addition, evaporation 8 (Wang et
indoor [8 m] 0.0785 . al., 2017)
DNP under NS to the appropriate volume
1-Nnap, 2-Nfluo, 9-NA, 9-Nphen, > 0. 08 200 Industrial sl ST GC-MS SoDnciﬁzﬁgg?a:gii)grﬁi’;:tt:?/t:i)lrilc,:a— (Wei et al.
3-Nphen, 2+3NFL, 4-NP, I-NP, 2- | South China | 24.01. and 4.02. | PM>s (15 m] 0.302-0.645 0.15-278 ELSIM, alumina column, dry, dissolved withn- | 2 | 2012, p. 5)
NP, 7-NBJ[a]A, 6-Nchr, 6-NB[a]P 2010 ’ ’ ' ECNI/SIM Hex ’ ’ T
1-Nnap, 2-Nnap, 2-Nfluo, 9-NA, 9- | Chamonix Winter, 2002 LD Nd-659.5 pressurized liquid extraction with DCM
Nphen, 3-Nphen, 2+3NFL, 4-NP, 1- | valley, France | Summer, 2003 PM,+gas LD LD Nd-55.5 GC-NICI-MS evaporation under NS, adjustment with ’ 16 (Albinet et
NP, 2-NP, 7-NB[a]A, 6-Nchr, 1,6- Maurienne Winter, 2002 phase LD 0.1-327.6 SIM DCM ’ al., 2008)
DNP, 1,8-DNP, 1,3-DNP, 6-NB[a]P | valley, France | Summer, 2003 LD Nd-63.1
2-Nnap,2-Nnap, 2-Nfluo, 9-NA, 9- Siio Paulo subtropical Soxhlet extraction with DCM, (Souza et
NPhen, 2-NF, 3-NF, 2-NP, 1-NP, 7- State. Brazil 05-06.2010 TSP rural region 1.5-15 Nd-6000 GC-MS SIM fractionation on a silica column (Hex 11 al., 2014)
NBJa]A, 6-Nchr ’ [3 m] and DCM as a mobile phase) v
UD extraction with benzene/ethanol
o Urban area (3/1, vIv), filtration, purification with .
1-NP, 2-NF Ho Chi Minh | 01.2005 and PM (tropical LD 8.1-191 HPLC -CLD | NaOH, H,SO;, distilled water. 2 (Hienet al,
City, Vietnam | 03.2006 region) [10 . . R 2007)
and 1.2 m] evaporation under NS, dissolved in
MeOH
residential Soxhlet extraction with DCM-ACN 5:1,
Athens areas, not evaporation under NS, redissolution in (Marino et
2-NF, 2-NP, 1-NP ’ 1996 TSP exposed 0.05-0.47 10-210 GC-MS SIM toluene, separation by column 3
Greece . . . al., 2000)
directly to chromatography, elution with n-Hex and
traffic DCM
Nagasaki, 07.1997- Extraction with Hex, filtration, washing (Wada et
1,6-DNP, 1,8-DNP, 1,3-DNP, 1-NP Japan 06.1998 PMO0.3 LD 910 (230-4100) | 0.00404-2.87 HPLC -CLD with NaOH. H,SO, and water 4 al.. 2001)




1-Nnap, 2-Nnap, 2M4Nnap, L(.)s A1.1geles, 01.2003 TSP+gas LD 3-214 GC-MS NICI Soxhlet e':xtractlorf w1tl? DCM, (Reisen and
1M4Nnap, IM6Nnap, 3-NBP, 9- Riverside, 08.2002 hase LD LD 02-354 and SIM evaporation, fractionation by normal- 11 Arey, 2005)
NA, Nphen, 2NF, 1-NP, 2-NP USA : phas - phase HPLC ¥
Shenyang, 2001 738480° 3.2-723°
China
Viadivostok, |49 394+317° 1.8-385°
Russia
1 th
Seoul, Sou 2002 716158 3.6-703°
Korea
Kitakyush Wint
AU 1997 et 58438 0.3-55°
Japan,
Kanazawa, 2 N
Japan 1999 2344231 1.3-228 UD extraction with benzene/ethanol
Tokyo, Japan 1997 6902253° 33.630° (3:1, v/v), filtration, wash \fvnh NaOH,
SaPboro H,SO, and water, evaporation to
n pj’n : 1997 111445° 3.9-1100° dryness, dissolution in ethanol and (Tang etal
13-DNP. 1.6-DNP, 1.8-DNP. I-NP | hp TSP HPLC-CLD | reflux in the presence of sodium 4 N 03‘;% etads
Ch?gya“g’ 2001 122£101° 09-117° hydrosulphide. Extraction with benzene,
i dé - evaporation of the benzene phase,
adivostok. -1 1999 70479° 0.8-67" redissolution in ACN containing
Russia . .
Seoul South ascorbic acid.
cou’s 2002 LD LD
Korea
Kitakyushu. =149 Summer 25497 0.5-23°
Japan
Kanazawa, 1999 105£116° 0.7-102*
Japan
Tokyo, Japan | 1997 183+50° 0.8-180°
Sapporo, 1997 515+147° 1.2-510°
Japan
N 08.2002 0.09 0.191- Nd-158
Sdo Paulo, 20 m] 0.458)
Brazil 0.479 (0.146-
07.2003 1.229) Nd-246
2-Nfluo, 9-NA, 9-Nphen, 1-Nphen, 0.112 (0.220- . . (de Castro
08. 2002 Nd-127 hl h DCM,
3-Nphen, 2-NA, 2-NF, 4-NP, I-NP, | Araraquara, o o 0362) HRGC-MS frzﬁtifﬁfﬁfﬁmﬁﬁftc eﬁtio’n with o | Vasconcel
2-NP, 7-NBJ[a]A, 6-Nchr, 3-NBA, | Brasil 17,2003 10 0364 0604 |~ = (EVSIM) o (Wastye 0 and DOM (colleeted) os etal.,
6-NB[a]P, 3-NPE, 7-NDBA : 1.239) i 2008)
Piracicaba, 0.175 (0.530-
Brasil 07.2003 LD 1.274) Nd-773
Paulinia, 0.080 (0.241-
2002 12
Brasil 08.200 (0] 0.337) Nd-123




Soxhlet extraction with DCM—Ace

1-Nnap, 2-Nnap, 2-Nfluo, 9-NA, 1- | Oued Smar, 08.2002 to (4:1), evaporation, fractionation through (Ladji et
PM LD .093-0.264 Nd-141 -M ™M 7
NP, 2-NF, 3-NF Algieria 02.2003 10 0.093-0.26 GC-MS, S column chromatography, elution with al., 2007)
DCM
Soxhlet extraction with DCM,
evaporation, redissolution in min
coarse (2.4 volume of DCM, silica solid-phase
um 10 pm) extraction, elution with n-Hex,
- - - 3- - .2003, 01-
;gnzafl’\’nf Nfluo, 2-NF, 3-NF, 1 éfe‘zzz (1); igg " ot and fine LD LD 0.338-2.103 GC-ECD evaporation, redissolution in MeOH, the | 6 Sszlgalsojt
? : particles (< addition of CuCl,, NaBH, and water, v
2.4pm) extraction with benzene, evaporation.
Addition of HFBA, heating, the addition
of aqueous ammonia solution.
PM,o 0.111-0.819 UD extraction with methylene chloride, (Valle
9-NA, 9-Nphen, 3-Nphen, 2-NF, 3- Northern 04.2006- evaporation under NS, filtration, g
LD LD -MS, NICI H
NF, 1-NP, 7-NBJ[a]A, 6-Nchr Mexico City 02.2007 GC-MS, NIC fractionation using cyanopropylsily, 8 ete;na;gﬁ))
PM, 5 0.058-0.383 evaporation v
9-NA, 9-Nphen, 3-Nphen, 2-NF, 3- . R . . (Amador-
M D h hyl hl
NF, 7-NB[a]A, 6-Nchr, 3-NBA, 6- V;’l‘;co 2006 PM,; (3-12m] <25 0-60 GC-MS Eva i"r:zf;ofng’; N”S]et ylene chloride, Mufioz et
NB[a]P, 1-NB[e]P, 3-NB[a]P y P al., 2011)
1-Nnap, 2-Nnap, 2-NBP, 3-NBP, 4-
NBP, 3-NBF, 5-Nace, 2-Nfluo, 9-
NA, 9-Nphen, 2-NDB, 3-Nphen, 2- pressurized liquid extraction with DCM,
B , . GC-MS, o L . W t
NA, 2-NF, 3-NF, 1-NP, 2-NP, 7- ciﬂizg 07-10.2008 PM, 5 (25 m] 46423 Data in SI onl purified using silica columns, elution 25 ;1 “2“()‘417)
NBJ[a]A, 2,8-DNDB, 6-Nchr, 3- with DCM ’
NBA, 1,3-DNP, 1,6-DNP, 1,8-
DNP, 6-NBJ[a]P
. Soxhlet extraction with toluene,
1-Nnap, 2-Nfluo, 9-NA, 2-NF, 3- Concepeion, GC-MS evaporation, fractionation on a column (Scipioni et
’ ’ ’ ’ hai -04.21 PM LD . -0.02! -29. ’
NF, 1-NP, 2-NP gﬁg’lea‘q“e’ 03-04.2007 10 0.00078-0.0299 | Nd -29.8 SIM packed with alumina, elution with 7 al., 2012)
DCM, concentration under NS
microwave extraction with DCM,
filtration, evaporation, addition of ACN,
Nnap, 3-Nphen, 9-Nphen, 1-NP, 3- . . 02.2008 - semiurban 0.132 (0.112- evaporation, addition of MeOH, NaBH,, (Barrado et
Madrid, S PM 0.1-917.2 LC-FLD . .. 5
NF adnc, Spa - 2009 10 area 0.162) 9 CuCl,, UD extraction, water addition, al., 2013)
liquid-liquid extraction with DCM,
evaporation, addition of ACN
;_El/lapé ?\}Ntii’ ;Ei“ce] ifg ﬂzu;) ~ | Xian, China | >07:2008~ PM (10 m] 03-7 LD GC-MS Eiffjff i\fzz(rielidquilei:(cii Z):rsagti:awci:r};t]i)o?g jo | (Bandowe
> 77 vpen, SR TR S ’ 8.08.2009 25 : - evap etal., 2014)

DNfluo, 6-Nchr

0.5 mL




2-NF, 2- and 9-NA, 1-, 2-, and 4-
NP, 2-NTP, 2- and 3-NFR; 3- NPer,

hiang Mai 2-04; 0.8- 247+ 123 t lean- I duced in reducti huesaard
13- and L6DNP, 18- DNP) 1| e | SO0 s 32 m] oomor2 | S P s i dernatives | 10 | et 2014
NFR, 6- NC, 7-NB[a]A, 6-NB[a]P, ’ ’ ’ ) ”
1- NPer, 9-NPh
Soxhlet extraction with DCM, clean-up .
1-Nnap, 2-Nfluo, 3-NF, 1-NP, 6- Porto Alegre, | 08.2011— . G t
fap, £-Hio orto Alegre PM, LD LD > 47.0 GC-ECD procedure using a SG column, 5 (Garcia e
Nchr Brasil 08.2012 L. . al., 2014)
derivatization- with HFBA
Queensway . .
1’ UD extraction with DCM,
Road Tunnel, . o
.. 09.2012 2000-1918000 evaporation under NS, purification
Birmingham, . .
UK (chromatography column filled with
1-Nnap, 2-Nnap, 2-Nfluo, 9-NA, 1- P;er s glass wool and ASS), evaporation, (Keyte et
NF, 2-NF, 3-NF, 1-NP, 2-NP, 4- Princes‘ PM,o LD LD GC-NICI-MS redissolution in Hex, SPE-elution with 12 al ; 016)
NP, 7-NB[a]A, 6-Nchr . 06.2013 Nd-287000 DCM/Hex mix ”
Tunnel, Paris, . .
2’ extraction with ACN (vortex),
France . . .
Birmineh centrifugation, evaporation under NS,
Ul;nlng am, |1 p Nd-135000 redissolution in DCM
2-NFO, 1- Nnap, 6- Nehr, 9-NA, 2= | Chamonix pressurized liquid extraction with DCM,
NP, 4-NP, 1,8-DNP, 2- Nnap, 2- d Wi 2002 . .
NFO, 3-NF, 9-Nphe, 3-Nphe, 1-NP, | " inter 2002 SPE, elution with n-pentane, n- (Albinet et
, ’ : ; ’ | Maurienne 2003 and the PM rural LD 0- 626.5 GC-MS/NICI | pentane/DCM (65/35, v/v), drying in Ar, | 16
7-NBJ[a]A, 1,3-DNP, 1,6-DNP, 6- . L al., 2006)
NB[a]P valleys, Summer 2003 dissolution in DCM
France
No.
of
Mean total Min-max of deter
value with SD individual N- Method mine
PASH L i S Ph li i i E i Ref.
SHs ocation Season, year ase Sampling site and range PAHs detection xtraction d e
[ng m?] [ng m™] com
poun
ds
DBT, 4-MDBT, 2-/3-MDBT, 1- d
h May, 201
MDBT, 4,6-DMDBT, 2,8-DMDBT, | Guangzhou ay, 2017 an GC-MS/MS (Zhang et
1,4-DMDBT, TBT, 2-NDBT, [1,2- and Taiyuan, April, 2018 (12 | PM,5 urban 0.0808-2.796 0.0044-21.126 APCI UD, SG column 13 al., 2021)

d]BNT, [2,3-d]BNT, 7-M[2,3-d]T,
2,8-DNDBT

China

months)




* _ fmol m>; Ace-acetone; ACN — acetonitrile; (A)SG — (anhydrous) silica gel; (A)SS- (anhydrous) sodium
sulfate; BSTFA - N, O-bis-(trimethylsilyl) trifluoroacetamide; CLD - chemiluminescence detector; DCM —
dichloromethane; ECD — electron capture detector; ECNI - Electron capture negative ion; EI/SIM, electron
ionization; FLD - fluorescence detector; Hex — hexane; HFBA- heptafluorobutyric anhydride; LD- Lack of data;
Nd- not detected; NICI - Negative ion chemical ionization; NS- nitrogen stream; Q-ToF-MS - mass quadrupole
time-of-flight mass spectrometry; SIM — single ion monitoring; TSP — total suspended particles; UD- ultrasonic

~ 35
=

2

g 3

<

5

E 2,5

oom

<

3E °

£8

581,5

23

Q

o 4=

5

(T

e 0

2 1 23456 7 8 910111213 14151617 1819 20 21 22 23 24 25 26 27 28

number of measured compounds
B number of measured O-PAHs ® number of measured N-PAHs

Fig. S1. The number of PAHs derivatives determined in the air samples.

Minimum values Maximum values

= percentage of XO-PAHSs [%] = percentage of XO-PAHs [%]
= percentage of XN-PAHs [%] = percentage of XN-PAHs [%]
= percentage of XPAHs [%] = percentage of XPAHs [%]

Fig. S2. The percentage (min and max) of O-PAHs, N-PAHs and PAHs in the air samples
based on (Albinet et al., 2007; Bandowe et al., 2014; Souza et al., 2014; Wang et al., 2017)
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Fig. S3. The variations of N-PAHs formation during day and night, based on (Souza et al.,
2014).

References
Abbas, 1., Badran, G., Verdin, A., Ledoux, F., Roumié, M., Courcot, D., Gar¢on, G., 2018.

Polycyclic aromatic hydrocarbon derivatives in airborne particulate matter: sources,
analysis and toxicity. Environmental Chemistry Letters 16, 439—475.
https://doi.org/10.1007/s10311-017-0697-0

Albinet, A., Leoz-Garziandia, E., Budzinski, H., Villenave, E., 2007. Polycyclic aromatic
hydrocarbons (PAHs), nitrated PAHs and oxygenated PAHs in ambient air of the
Marseilles area (South of France): Concentrations and sources. Science of The Total
Environment 384, 280-292. https://doi.org/10.1016/j.scitotenv.2007.04.028

Albinet, A., Leoz-Garziandia, E., Budzinski, H., Villenave, E., 2006. Simultaneous analysis
of oxygenated and nitrated polycyclic aromatic hydrocarbons on standard reference

material 1649a (urban dust) and on natural ambient air samples by gas

14



chromatography—mass spectrometry with negative ion chemical ionisation. Journal of
Chromatography A 1121, 106—113. https://doi.org/10.1016/j.chroma.2006.04.043

Albinet, A., Leoz-Garziandia, E., Budzinski, H., Villenave, E., Jaffrezo, J.-L., 2008. Nitrated
and oxygenated derivatives of polycyclic aromatic hydrocarbons in the ambient air of
two French alpine valleysPart 1: Concentrations, sources and gas/particle partitioning.
Atmospheric Environment 42, 43—54. https://doi.org/10.1016/j.atmosenv.2007.10.009

Amador-Mufioz, O., Villalobos-Pietrini, R., Miranda, J., Vera-Avila, L.E., 2011. Organic
compounds of PM2.5 in Mexico Valley: Spatial and temporal patterns, behavior and
sources. Science of The Total Environment 409, 1453—-1465.
https://doi.org/10.1016/j.scitotenv.2010.11.026

Bamford, H.A., Baker, J.E., 2003. Nitro-polycyclic aromatic hydrocarbon concentrations and
sources in urban and suburban atmospheres of the Mid-Atlantic region. Atmospheric
Environment 37, 2077-2091. https://doi.org/10.1016/S1352-2310(03)00102-X

Bandowe, B.A.M., Meusel, H., Huang, R., Ho, K., Cao, J., Hoffmann, T., Wilcke, W., 2014.
PM2.5-bound oxygenated PAHs, nitro-PAHs and parent-PAHs from the atmosphere
of a Chinese megacity: Seasonal variation, sources and cancer risk assessment.
Science of The Total Environment 473-474, 77-87.
https://doi.org/10.1016/j.scitotenv.2013.11.108

Barrado, A.l., Garcia, S., Barrado, E., Pérez, R.M., 2012a. PM2.5-bound PAHs and hydroxy-
PAHs in atmospheric aerosol samples: Correlations with season and with physical and
chemical factors. Atmospheric Environment 49, 224-232.
https://doi.org/10.1016/j.atmosenv.2011.11.056

Barrado, A.l., Garcia, S., Castrillejo, Y., Barrado, E., 2013. Exploratory data analysis of PAH,

nitro-PAH and hydroxy-PAH concentrations in atmospheric PM10-bound aerosol

15



particles. Correlations with physical and chemical factors. Atmospheric Environment
67, 385-393. https://doi.org/10.1016/j.atmosenv.2012.10.030

Barrado, A.L., Garcia, S., Castrillejo, Y., Perez, R. M., 2012b. Hydroxy—PAH levels in
atmospheric PM10 aerosol samples correlated with season, physical factors and
chemical indicators of pollution. Atmospheric Pollution Research 3, 81-87.
https://doi.org/10.5094/APR.2012.007

Bleeker, E.A.J., Van Der Geest, H.G., Klamer, H.J.C., De Voogt, P., Wind, E., Kraak,
M.H.S., 1999. Toxic and Genotoxic Effects of Azaarenes: Isomers and Metabolites.
Polycyclic Aromatic Compounds 13, 191-203.
https://doi.org/10.1080/10406639908020563

Choi, J.-K., Heo, J.-B., Ban, S.-J., Yi, S.-M., Zoh, K.-D., 2012. Chemical characteristics of
PM2.5 aerosol in Incheon, Korea. Atmospheric Environment 60, 583—-592.
https://doi.org/10.1016/j.atmosenv.2012.06.078

Chuesaard, T., Chetiyanukornkul, T., Kameda, T., Hayakawa, K., Toriba, A., 2014. Influence
of biomass burning on the levels of atmospheric polycyclic aromatic hydrocarbons
and their nitro derivatives in Chiang Mai, Thailand. Aerosol Air Qual. Res. 14, 1247—
1257. https://doi.org/10.4209/aaqr.2013.05.0161

Chung, M.Y., Lazaro, R.A., Lim, D., Jackson, J., Lyon, J., Rendulic, D., Hasson, A.S., 2006.
Aerosol-borne quinones and Reactive Oxygen Species generation by particulate
matter extracts. Environ. Sci. Technol. 40, 4880-4886.
https://doi.org/10.1021/es0515957

de Castro Vasconcellos, P., Sanchez-Ccoyllo, O., Balducci, C., Mabilia, R., Cecinato, A.,
2008. Occurrence and Concentration Levels of Nitro-PAH in the Air of Three
Brazilian Cities Experiencing Different Emission Impacts. Water Air Soil Pollut 190,

87-94. https://doi.org/10.1007/s11270-007-9582-y

16



Elzein, A., Dunmore, R.E., Ward, M.W., Hamilton, J.F., Lewis, A.C., 2019. Variability of
polycyclic aromatic hydrocarbons and their oxidative derivatives in wintertime
Beijing, China. Atmospheric Chemistry and Physics 19, 8741-8758.
https://doi.org/10.5194/acp-19-8741-2019

Garcia, K.O., Teixeira, E.C., Agudelo-Castafieda, D.M., Braga, M., Alabarse, P.G., Wiegand,
F., Kautzmann, R.M., Silva, L.F.O., 2014. Assessment of nitro-polycyclic aromatic
hydrocarbons in PM1 near an area of heavy-duty traffic. Science of The Total
Environment 479480, 57-65. https://doi.org/10.1016/j.scitotenv.2014.01.126

Hien, T.T., Thanh, L.T., Kameda, T., Takenaka, N., Bandow, H., 2007. Nitro-polycyclic
aromatic hydrocarbons and polycyclic aromatic hydrocarbons in particulate matter in
an urban area of a tropical region: Ho Chi Minh City, Vietnam. Atmospheric
Environment 41, 7715-7725. https://doi.org/10.1016/j.atmosenv.2007.06.020

Keyte, L.J., Albinet, A., Harrison, R.M., 2016. On-road traffic emissions of polycyclic
aromatic hydrocarbons and their oxy- and nitro- derivative compounds measured in
road tunnel environments. Science of The Total Environment 566-567, 1131-1142.
https://doi.org/10.1016/j.scitotenv.2016.05.152

Kojima, Y., Inazu, K., Hisamatsu, Y., Okochi, H., Baba, T., Nagoya, T., 2010. Comparison of
PAHs, nitro-PAHs and oxy-PAHs associated with airborne particulate matter at
roadside and urban background sites in downtown Tokyo, Japan. GPOL 30, 321-333.
https://doi.org/10.1080/10406638.2010.525164

Ladji, R., Noureddine, Y., Cecinato, A., Meklati, B., 2007. Seasonal variation of particulate
organic compounds in atmospheric PM10 in the biggest municipal waste landfill of
Algeria. Atmospheric Research 86, 249-260.

https://doi.org/10.1016/j.atmosres.2007.06.002

17



Lee, H.H., Choi, N.R., Lim, H.B., Yi, S.M., Kim, Y.P., Lee, J.Y., 2018. Characteristics of
oxygenated PAHs in PM 10 at Seoul, Korea. Atmospheric Pollution Research 9, 112—
118. https://doi.org/10.1016/j.apr.2017.07.007

Liang, F., Lu, M., Birch, M.E., Keener, T.C., Liu, Z., 2006. Determination of polycyclic
aromatic sulfur heterocycles in diesel particulate matter and diesel fuel by gas
chromatography with atomic emission detection. Journal of Chromatography A 1114,
145-153. https://doi.org/10.1016/j.chroma.2006.02.096

Marino, F., Cecinato, A., Siskos, P.A., 2000. Nitro-PAH in ambient particulate matter in the
atmosphere of Athens. Chemosphere 40, 533—-537. https://doi.org/10.1016/S0045-
6535(99)00308-2

Park, S.S., Bae, M.-S., Schauer, J.J., Kim, Y.J., Yong Cho, S., Jai Kim, S., 2006. Molecular
composition of PM2.5 organic aerosol measured at an urban site of Korea during the
ACE-Asia campaign. Atmospheric Environment 40, 4182—4198.
https://doi.org/10.1016/j.atmosenv.2006.02.012

Reisen, F., Arey, J., 2005. Atmospheric Reactions Influence Seasonal PAH and Nitro-PAH
Concentrations in the Los Angeles Basin. Environ. Sci. Technol. 39, 64-73.
https://doi.org/10.1021/es0354541

Ren, Y., Zhou, B., Tao, J., Cao, J., Zhang, Z., Wu, C., Wang, J., Li, J., Zhang, L., Han, Y.,
Liu, L., Cao, C., Wang, G., 2017. Composition and size distribution of airborne
particulate PAHs and oxygenated PAHs in two Chinese megacities. Atmospheric
Research 183, 322-330. https://doi.org/10.1016/j.atmosres.2016.09.015

Ringuet, J., Leoz-Garziandia, E., Budzinski, H., Villenave, E., Albinet, A., 2012. Particle size
distribution of nitrated and oxygenated polycyclic aromatic hydrocarbons (NPAHs

and OPAHSs) on traffic and suburban sites of a European megacity: Paris (France).

18



Atmospheric Chemistry and Physics 12, 8877—8887. https://sci-
hub.tw/https://doi.org/10.5194/acp-12-8877-2012

Scipioni, C., Villanueva, F., Pozo, K., Mabilia, R., 2012. Preliminary characterization of
polycyclic aromatic hydrocarbons, nitrated polycyclic aromatic hydrocarbons and
polychlorinated dibenzo- p -dioxins and furans in atmospheric PM10 of an urban and
a remote area of Chile. Environmental Technology 33, 809—820.
https://doi.org/10.1080/09593330.2011.597433

Sienra, M.M. del R., 2006. Oxygenated polycyclic aromatic hydrocarbons in urban air
particulate matter. Atmospheric Environment 40, 2374—2384.
https://doi.org/10.1016/j.atmosenv.2005.12.009

Sklorz, M., Bried¢, J.-J., Schnelle-Kreis, J., Liu, Y., Cyrys, J., de Kok, T.M., Zimmermann,
R., 2007. Concentration of Oxygenated Polycyclic Aromatic Hydrocarbons and
Oxygen Free Radical Formation from Urban Particulate Matter. Journal of Toxicology
and Environmental Health, Part A 70, 1866—1869.
https://doi.org/10.1080/15287390701457654

Souza, K.F., Carvalho, L.R.F., Allen, A.G., Cardoso, A.A., 2014. Diurnal and nocturnal
measurements of PAH, nitro-PAH, and oxy-PAH compounds in atmospheric
particulate matter of a sugar cane burning region. Atmospheric Environment 83, 193—
201. https://doi.org/10.1016/j.atmosenv.2013.11.007

Tang, N., Hattori, T., Taga, R., Igarashi, K., Yang, X., Tamura, K., Kakimoto, H., Mishukov,
V.F., Toriba, A., Kizu, R., Hayakawa, K., 2005. Polycyclic aromatic hydrocarbons
and nitropolycyclic aromatic hydrocarbons in urban air particulates and their
relationship to emission sources in the Pan—Japan Sea countries. Atmospheric

Environment 39, 5817-5826. https://doi.org/10.1016/j.atmosenv.2005.06.018

19



Teixeira, E.C., Garcia, K.O., Meincke, L., Leal, K.A., 2011. Study of nitro-polycyclic
aromatic hydrocarbons in fine and coarse atmospheric particles. Atmospheric
Research 101, 631-639. https://doi.org/10.1016/j.atmosres.2011.04.010

Tsakas, M.P., Sitaras, L.E., Siskos, P.A., 2010. Nitro polycyclic aromatic hydrocarbons in
atmospheric particulate matter of Athens, Greece. Chemistry and Ecology 26, 251—
261. https://doi.org/10.1080/02757540.2010.495061

Valle-Hernandez, B.L., Mugica—Alvarez, V., Salinas-Talavera, E., Amador-Muiioz, O.,
Murillo-Tovar, M.A., Villalobos-Pietrini, R., De Vizcaya-Ruiz, A., 2010. Temporal
variation of nitro-polycyclic aromatic hydrocarbons in PM10 and PM2.5 collected in
Northern Mexico City. Science of The Total Environment 408, 5429-5438.
https://doi.org/10.1016/j.scitotenv.2010.07.065

Wada, M., Kido, H., Kishikawa, N., Tou, T., Tanaka, M., Tsubokura, J., Shironita, M.,
Matsui, M., Kuroda, N., Nakashima, K., 2001. Assessment of air pollution in
Nagasaki city: determination of polycyclic aromatic hydrocarbons and their nitrated
derivatives, and some metals. Environmental Pollution 115, 139-147.
https://doi.org/10.1016/S0269-7491(01)00093-8

Wang, J., Xu, H., Guinot, B., Li, L., Ho, S.S.H.,, Liu, S., Li, X., Cao, J., 2017. Concentrations,
sources and health effects of parent, oxygenated- and nitrated- polycyclic aromatic
hydrocarbons (PAHs) in middle-school air in Xi’an, China. Atmospheric Research
192, 1-10. https://doi.org/10.1016/j.atmosres.2017.03.006

Wang, W., Jariyasopit, N., Schrlau, J., Jia, Y., Tao, S., Yu, T.-W., Dashwood, R.H., Zhang,
W., Wang, X., Simonich, S.L.M., 2011. Concentration and Photochemistry of PAHs,
NPAHs, and OPAHs and Toxicity of PM ;5 during the Beijing Olympic Games.

Environ. Sci. Technol. 45, 6887—6895. https://doi.org/10.1021/es201443z

20



Wei, S., Huang, B., Liu, M., Bi, X., Ren, Z., Sheng, G., Fu, J., 2012. Characterization of
PM2.5-bound nitrated and oxygenated PAHs in two industrial sites of South China.
Atmospheric Research 109-110, 76-83.
https://doi.org/10.1016/j.atmosres.2012.01.009

Zhang, Y., Song, Y., Chen, Y.-J,, Chen, Y., Lu, Y., Li, R., Dong, C., Hu, D., Cai, Z., 2021.
Discovery of emerging sulfur-containing PAHs in PM2.5: Contamination profiles and
potential health risks. Journal of Hazardous Materials 416, 125795.

https://doi.org/10.1016/j.jhazmat.2021.125795

21



Publikacja D2

A. Krzyszczak, M. Dybowski, B. Czech
Formation of polycyclic aromatic hydrocarbons and their derivatives in biochars: The effect

of feedstock and pyrolysis conditions
Journal of Analytical and Applied Pyrolysis, 2021, 160, 105339



Journal of Analytical and Applied Pyrolysis 160 (2021) 105339

Contents lists available at ScienceDirect
Journal of Analytical and Applied Pyrolysis

journal homepage: www.elsevier.com/locate/jaap

Formation of polycyclic aromatic hydrocarbons and their derivatives in
biochars: The effect of feedstock and pyrolysis conditions

a5

Agnieszka Krzyszczak ?, Michat P. Dybowski ”, Bozena Czech

@ Department of Radiochemistry and Environmental Chemistry, Institute of Chemical Sciences, Faculty of Chemistry, Maria Curie-Sklodowska University in Lublin, PL M.
Curie-Sklodowskiej 3, 20-031 Lublin, Poland

b Department of Chromatography, Institute of Chemical Sciences, Faculty of Chemistry, Maria Curie Sklodowska University in Lublin, PL M. Curie-Sklodowskiej 3, 20-
031 Lublin, Poland

ARTICLE INFO ABSTRACT

Keywords: During pyrolysis and several environmental processes, polycyclic aromatic hydrocarbons (PAHs) are altered and
PAHs O/N/S-derivatives may be formed. The thermal utilization of sewage sludge (SSL) and bio-wastes (e.g. plant

PAHs derivatives materials) towards biochars (BC) may be connected with the formation of both PAHs and their derivatives,

];:;::aer sludee known toxic compounds. Their toxicity depends on bioavailability. In the presented studies the effect of pyrolysis
Tempgeratureg temperature on PAHs and their derivatives formation was investigated. The results clearly indicated that tem-
Feedstock perature (500, 600, and 700 °C) and feedstock (sewage sludges, wheat straw, willow) affected both the amount

and type of bioavailable PAHs in biochars. The total content of bioavailable PAHs in SSL-derived BC was higher
than in plant-derived BC and ranged from 8.58 to 16.07 ng L™} for BC obtained from SSL, 1.67-3.53 ng L™ for
straw-derived biochars, and 3.17-3.53 ng L™ for willow-derived biochars. The percentage of quantified PAHs
derivatives in SSL-derived BC was up to 10.3 %. Plant-derived BC were enriched in PAHs derivatives (1-methyl-5-
nitronaphthalene, 1-methyl-6-nitronaphthalene, 4H-cyclopenta(def)phenanthrene, and nitropyrene). The in-
crease of the pyrolysis temperature caused an increase in the percentage of PAHs derivatives from 5 % to 37.4 %
(500—-700 °C) for straw-derived BC whereas decrease to 15 % for willow-derived BC. The presence of toxic
compounds such: 1-methyl-5-nitronaphthalene, 1-methyl-6-nitronaphthalene, nitropyrene in plant-derived BC,
and B[a]P, nitronaphthalene, 9,10-anthracenedione in SSL-derived BC may significantly limit their agricultural
applications.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) belong to a group of
persistent hydrophobic organic pollutants originating from natural
sources (forest fires, volcanic eruptions) or anthropogenic activities
(combustion of organic matters, fossil fuels, industrial processes) [1].
They are also produced during the incomplete combustion of biomass
[2]. PAHs consist of two elements: hydrogen and carbon, and at least
two linked carbon rings. Their toxicity, mutagenicity, and carcinoge-
nicity to living organisms were confirmed [3,4]. During PAHs creation
and even in the environment (e.g. in air, water, or soil), PAHs derivatives
containing heteroatoms embedded in structure can be formed [5]. The
presence of oxygen-, nitrogen-, or sulphur-containing PAHs derivatives
noted as O-PAHs, N-PAHs or aazarenes (AZAs), and PASHs, respectively,
was determined [6]. PAHs concentration in airborne particulate matter

* Corresponding author.
E-mail address: bezech@hektor.umes.lublin.pl (B. Czech).

https://doi.org/10.1016/j.jaap.2021.105339

(PM) was strictly connected with the presence of their derivatives.
Moreover, some of the studies suggested that the overwhelming ma-
jority of PAHs and their derivatives occurring in atmospheric aerosols
can be associated with PM having an aerodynamic diameter lower than
2.5 pm [6]. The concentrations of studied compounds were in the range
of ng m~3, for example, the lowest concentration of Shydroxyl +
carboxyl-O-PAHs and XN-PAHs was determined at 0.2-13 and 0.3-7 ng
m ™3, respectively, whereas the concentrations of Lcarbonyl-O-PAHs and
Talkyl + parent-PAHs, 5-22 ng m~> and 7-387 ng m™>, respectively
were the highest. To illustrate the percentage of these components in the
PM, 5 phase, it was established that PAHs and their derivatives consti-
tuted 0.01-0.4 % of the mass of organic carbon in PM; 5 and 0.002-0.06
% and the total mass of PMy 5 [5]. In another study, the total suspended
particle-equivalent concentrations of X14PAHs in two Chinese mega-
cities amounted up to 57 + 20 ng m~> and 18 + 23 ng m~3, while, the
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concentration of ¥70-PAHs valued 54 + 15 ng m™ and 23 + 32 ng m ™3,
respectively [7]. It indicated that the concentrations of O-PAHs can be
similar to the concentration of PAHs implying that there is a need to
estimate the environmental pollution not only by PAHs but also by their
derivatives.

Sewage sludge (SSL) is regarded as one of the most important sources
of secondary pollution in the water environment [8] and SSL is gener-
ated from the treatment of industrial and urban wastewater. SSL con-
tains various toxic and hazardous pollutants including PAHs [9]. The
SSL can be additionally polluted by polychlorinated biphenyls, pesti-
cides, dioxins, furans, heavy metals [8]. The concentration of PAHs in
SSL varies. YPAHs in SSL from two different wastewater treatment
plants (North and West of Poland) were 621.33 pg kg ™! of dry weight (d.
w.) and 2 433.40 pg kg™ d.w [10]. The higher average content of
»16PAHs was noted in the studies of Khillare et al. [11] - up to 20.67 +
4.14 mg kg~! d.w. According to the studies of Moreda et al. [12] the
total PAHs concentration in SSL can range even from 128 mg kg ™! to 482
mg kg~ ! with the methylated hydrocarbons as the most abundant PAHs
originated from petroliferous sources. The by-products of dried SSL
gasification such as ash, charcoal, or liquid-tar were characterized by
higher concentrations of contaminants including PAHs [10]. This may
indicate that PAHs and their derivatives can be formed in other mate-
rials subjected to high temperatures. The disposal of SSL is a significant
environmental concern [11]. The presence of numerous toxic substances
limits options for its direct utilization, even though the application of
anaerobic digestion or aerobic composting in sludge treatment plants
results in receiving material containing a large amount of residual
organic material and nutrients (e.g. N, P, K) [8] but contamination with
metals or pathogens should be also considered. Lately, some studies
have described SSL as feedstock biochar production [13].

Biochar (BC) is amorphous and stable material derived from ther-
mochemical conversion (gasification or pyrolysis) of broadly under-
stood biomass in the absence or reduced content of free oxygen [14]. BC
is a porous, persistent, and low-density carbonaceous material revealing
highly heterogeneous properties and can be obtained from a different
type of feedstock, e.g. agricultural wastes, wood, dairy manure, micro-
algae, SSL [15]. The feedstock for BC is mainly composed of cellulose,
hemicellulose, and lignin [14]. The type of feedstock affects the pH
value, surface area, ash content, and fixed carbon value [16]. Increased
pyrolysis temperature induced an increase of cation exchange capacity,
polarity, mass, and energy yield, degree of aromaticity, and carbon
content whereas the content of oxygen and hydrogen was decreased [16,
17].

During the last decades, the application of BC in environmental
protection and soil remediation has gained interest. BC is widely used in
agriculture due to the acceleration of the degradation of organic pol-
lutants, stimulation of bacterial growth [18], and increase of soil water
capacity [19]. BC plays an important role in the remediation, revege-
tation, and restoration of contaminated soils [20]. However, PAHs can
be formed during BC preparation [21]. For this reason, International
Biochar Initiative (IBI) and the European Biochar Certificate (EBC)
established a range of permitted level for the sum of the 16 US Envi-
ronmental Protection Agency’s (EPA) PAHs in biochar being 6-300 mg
kg~ d.w. and 4—12 mg kg~ ! d.w., respectively [22].

PAHs derivatives are formed during various chemical, physical and
photochemical reactions including incomplete combustion. As pyrolysis
conditions affected the amount of PAHs there is a great possibility, that
during feedstock pyrolysis some PAHs derivatives will be created [23].
Therefore various O-, OH-, N-PAHs, PASHSs, or AZAs can be created.
Great attention to the PAHs derivative’s presence in various materials
should be paid due to the fact that they are considered more toxic than
pristine PAHs [24]. For example, 1,8-dinitropyrene is found to be three
times more toxic than benz[a]pyrene (B[a]P) [25]. PAHs derivatives can
cause oxidative stress [26], which is one of the physiopathological sig-
nalling indicators of toxic exposures. 1-nitropyrene induced the gener-
ation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) - a biomarker of
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oxidative DNA damage [27]. There are significantly fewer studies on
O-PAH:s toxicity than N-PAHs and the toxicity mechanisms are not fully
understood yet. But even at low concentration of O-PAHs these com-
pounds revealed high toxicity [28] causing oxidative stress [29] and cell
damage due to their mutagenicity, cytotoxicity, and genotoxicity [30].

PAHs have a very small bioavailability due to the strong binding to
the material. 1—n interactions between biochar and planar aromatic
PAHs are privileged. Moreover, some PAHs can be occluded and trapped
within the biochar structure being unavailable or even nonextractable
[31]. As the environmental hazard of chemicals depends on their
bioavailability, the presence of the bioavailable fraction of PAHs and
their derivatives in biochar should be estimated.

To the best of our knowledge, there is little information about the
influence of pyrolysis conditions (temperature, feedstock) on the con-
tent of bioavailable PAHs derivatives in biochars produced from bio-
wastes. It is extremely important because during pyrolysis PAHs and
their derivatives can be formed and they remain on the surface of bio-
chars [21]. For this reason, they may pose a threat to human health and
natural environment. It is necessary to evaluate the risk of biochar
application before it will be widely used. The aim of this study was 1) to
determine quantitatively and qualitatively the content of bioavailable
PAHs and their derivatives in biochars originated from different types of
feedstock (agricultural wastes: straw and willow, two different sewage
sludges) and pyrolyzed at different temperatures (500 °C, 600 °C, and
700 °C), 2) to assess the effect of the pyrolysis temperature on PAHs
derivatives formation.

2. Materials and methods
2.1. Feedstock preparation

Willow (Salix viminalis) was cultivated at a farm localized in the
southeastern part of Poland. After the harvest, plants were air-dried for a
few weeks. The Salix viminalis stalks were cut into smaller fragments (<5
cm) and grounded (TESTCHEM, Poland). SSLs were obtained from
municipal wastewater treatment plants localized in Poland: Kalisz
(51°45'45"N 18°05'23"E, population 99,106, population density 1427,6
people/km?) and Chetm (50°20'04”N 23°29'49"E, population 61,588,
population density 1745,7 people/km?). Dried wheat straw (Triticum L.)
was also used for the preparation of biochar. Materials were dried,
crushed, sieved to obtain grains below 2 mm, and homogenized.

2.2. Biochar preparation

Pyrolysis of selected materials was carried out in a furnace (Czylok,
Poland). Biochars were obtained via slow pyrolysis at 500, 600, and 700
°C (the heating rates: first step 10 °C min~!, second step 3 °C min?
(during the last 30 °C); the resident time: 3 h). To achieve an oxygen-free
atmosphere, the constant flow of nitrogen (N3) (630 cm3/min*1) was
kept and monitored by the mass flow controller (BETA-ERG, Poland).
Obtained biochars were passed through a 2 mm sieve and homogenized.
They were also washed out using distilled water in the ratio of 1:10 for
24 h. Then, biochars were dried at 40 °C overnight. The obtained bio-
chars were labelled considering their feedstock: sewage sludge from
Chetm (BCCH), SSL from Kalisz (BCKZ), willow (BCW), straw (BCS), and
pyrolysis temperature: 500, 600, and 700 °C (Table S1).

2.3. Freely dissolved (Cgree) PAHs and their derivatives determination in
biochars

The determination of bioaccessibility of PAHs and their derivatives
was carried out by the protocol described in Oleszczuk et al. [32] and
Hale et al. [31]. Before the sample preparation procedure, 76-mm thick
polyoxymethylene (POM) passive samplers (4 cm x 4 cm and about 0.35
g each) were cleaned and submerged in methanol, shaken for 24 h on a
shaking machine (ELPIN 358A, Poland). Subsequently, methanol was
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substituted with n-heptane and Millipore water (in each solvent POM
samplers were shaken for 24). Next, sheets were rinsed with Millipore
water, placed in a glass bottle with water, and stored at 4 °C. Biochar (1
g) dried at 40 °C for 24 h were placed in 50 mL Erlenmeyer flasks with
glass lids. 40 mL of sodium azide (200 mg/L) dissolved in water was
added for the elimination of any possible effect of residual microor-
ganisms. POM samplers were added to Erlenmeyer flasks (all carried out
in triplicates) and vials were tightly sealed to prevent leakage. Flasks
were rolled on a rotary shaker ROTAX 6.8 VELP Scientifica (Italy) for 1
month at 10 RCF. After this period, POM samplers were cleaned with
distilled water. The remaining visible impurities were removed using a
tissue. Treated POM samplers were placed in a 50 mL dry Erlenmeyer
flask. Then, they were extracted in 20 mL of 20/80 acetone/heptane
(v/v) with the addition of 20 pL of deuterated PAHs (naphthalene,
pyrene, and phenanthrene with a concentration of 10 ng pL™!) and
shaken in horizontal shaking machine ELPIN 358A (Poland) for 48 h.
After this time 1 mL of iso-octane was added and obtained solvent was
concentrated to about 1 mL using rotary vacuum concentrator RVC 2-25
CD plus (Martin Christ, Germany). Then, GC-MS/MS analysis was car-
ried out. The concentration of PAHs and their derivatives on POM pas-
sive samplers (Cpop) was calculated according to the Eq. (1):

CPOM(”g kgil) _M (€)]

B mMapom (kg )

where mpay (ng) (Or Mmpay derivatives) 1S the mass of PAHs (or PAHs de-
rivatives) determined by GC-MS/MS and mapoy (kg) is the mass of two
used POM passive samplers.

Crree concentrations were calculated using POM-water partitioning
coefficients (Kpoym) known from previous studies [33]. In the case of
some PAHs derivatives Kpoy was adopted considering parent PAHs due
to the lack of the available data in literature: nitronaphthalene, 1-meth-
yl-5-nitronaphthalene,  1-methyl-6-nitronaphthalene, nitropyrene,
2-phenylnaphtalene [34], benzo[alfluorene, and benzo[a]fluoranthene
[35]. Kpom constitutes an individual value to each compound. Freely
dissolved (Cfee) PAHs and derivatives were measured according to Eq.
(2):

Kpow—w (L kg™)

2
CPOM(ng kgfl) @

Cfree (l’lg Lil) =

where Cgee (ng L1 is the bioavailable pollutant concentration, Kpop.w
(L kg™1) is the POM-water partitioning coefficient and Cpoy (ng kg ™1) is
the measured POM concentration.

The physicochemical analysis of biochar, detailed information on
GC-MS/MS measurements, chemical characteristics of analyzed com-
pounds (Table S2) and the qualitative and quantitative parameters of
PAHs and O/N-PAHs analysis (Table S3) were presented in Supporting
Information.

2.4. Statistical analysis

The statistical analysis was carried out and the data were compared
using the general ANOVA function assuming that the population is
distributed normally. If a significant interaction was identified, the
means were separated using a Tukey test. Moreover, the results were
processed using a statistical program Statgraphics Plus 3.0 for Win-
dows® software. The two-way ANOVA was performed. The influence of
pyrolysis temperature and type of feedstock on the concentrations of
analytes (dependent variables) were calculated by a two-factorial
analysis of variance (ANOVA). The differences between mean values
with p < 0.05 were considered statistically significant.
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3. Results
3.1. Biochar characteristics

The physicochemical characteristic of studied BCs was presented in
Table 1 and Fig. 1. SSL-derived BC differed depending on the applied
SSL. BCCH were characterized by the higher Spgr surface area, higher
pH, carbon and hydrogen content (in most cases), and polarity
(expressed as (O + N)/C ratio) than BCKZ and the increase of the py-
rolysis temperature increased Sggt, pH, but lowered H, N, O content, and
hydrophobicity (O/C ratio).

The biochars derived from willow were characterized by higher Sggr,
with the highest value of 145.02 m? g~! obtained for BCW600. BCS and
BCW contained higher C and H content and lower ash content than SSL-
derived BC. The pyrolysis temperature affected in BCCH the ash content
(positive correlation, p < 0.02), H content, and related parameter of
aromatic (H/C) (negative correlation, p < 0.1), whereas BCKZ charac-
teristic considering surface functional groups (O content, hydrophobic-
ity, and polarity ratios) was lowered (p < 0.02). Such correlations were
not observed for BCW. When the pyrolysis temperature rises, ash con-
tents increased BCs obtained from sewage sludges, while in BCS and
BCW decreased (Fig. 1A). Moreover, the C content increased only in
BCS, while in other samples the highest values were obtained for biochar
produced in 600 °C. H and N contents decreased in all BC, and O con-
tents decreased in SSL-derived BC and willow-derived BC. The thermal-
induced dehydration, decarboxylation reactions, and breakage of weak
bonds in the feedstock structure can be the reasons for these changes
[40]. In the case of biochars’ aromaticity, two levels of H/C values are
important. If the H/C value is below 0.3 or greater than 0.7, the studied
materials have a highly condensed structure or a non-condensed struc-
ture [41]. In our case, almost all biochars were characterized by H/C
values below 0.3 (excluding BCKZ50 and BCS500: 0.400 and 0.401,
respectively) confirming a high degree of aromatisation and carbon-
isation of studied materials [17] and there were no materials with
non-condensed structure. The lower the H/C value was obtained, the
more easily stable aromatic ring systems were created [42]. Moreover,
when the pyrolysis temperature rises, the ratio H/C decrease in all
samples, while (O + N)/C and O/C decreased in SSL-derived biochars
and BCW, and increased only in BCS samples. These observations may
indicate different mechanisms and temperature-depending trans-
formations affecting polarity and hydrophobicity of obtained materials.
All biochar showed an alkaline character (pH 7.08-12.4). In SSL-derived
biochars, pH increased with increasing pyrolysis temperature. It may be
due to the reduction of the amount of the organic functional groups
(such as —COOH and —OH), and the carbonates (i.e. CaCO3) and inor-
ganic alkalis (i.e. K, Na, Ca) formation [43].

The surface characteristics of studied biochars were also carried out.
Due to the smaller content of PAHs and their derivatives, and thus
increased application potential, willow-derived biochar was selected to
present the results. In the FT-IR spectra of BCW600 (Fig. 1B) the pres-
ence of sharp peaks at 3443 cm™ %, 1632 cm ™Y, 1384 cm ™Y, 1115 cm ™Y,
and 668 cm™! was noted. Their presence confirmed the surface func-
tionalities of NH stretching vibrations of free NH, or intramolecular H
bonds (3450—-3600 cm’l), C—=C or C=O0 stretching vibrations (1632
cm_l), derived from aromatic rings (lignin), and aromatized and
carbonized material from carbohydrate ring dehydration and cycliza-
tion during pyrolysis [44]. Additionally, C—H bending vibrations of the
CHj3 group (1384 cm_l), C—C or C—OH stretching vibrations (1115
em 1), and C—H wagging vibration 668 cm ™! were noted in the spectra.
The data are concise with XPS results (Fig. 1C). The band at 284.7 eV;
286.2 eV and 288.2 eV were indicating the presence of surface C—C,
C—H; C—OH, C—0—C, and O—C=C, respectively constituting 96.67 %
of surface carbon. Most of the oxygen (>50 % at.) was in the form of
O0*—(C=0)—C (533.52 eV) and the rest (~46 %) as O—C—N (531.93
eV). Nitrogen was present predominantly as N—(C—=0)—0— (400.76
eV) and C=N—cC (398.8 eV).
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Table 1

The physicochemical characteristics of studied biochar [20,36-39].
sample Sper pH Ash content” [%)] c’ [%] H" [%] N [%] 0° [%] H/C (0 + N)/C 0/C
BCCH500 69.70 9.40 64.10 26.30 0.99 3.26 5.38 0.038 0.329 0.205
BCCH600 75.50 12.10 67.60 26.50 0.60 2.93 2.41 0.023 0.202 0.091
BCCH700 89.20 12.40 71.40 24.50 0.29 2.10 1.71 0.012 0.156 0.070
BCKZ500 16.30 7.08 68.09 23.16 0.77 3.57 4.42 0.400 0.280 0.140
BCKZ600 9.00 11.45 70.27 23.72 0.44 3.29 2.29 0.220 0.190 0.070
BCKZ700 29.90 12.38 74.28 22.84 0.33 2.25 0.30 0.170 0.090 0.010
BCS500 24.32 10.26 21.85 65.79 2.20 1.43 8.73 0.401 0.118 0.100
BCS600 2.47 10.37 19.59 66.14 1.66 1.26 11.36 0.300 0.145 0.129
BCS700 0.37 10.26 14.73 68.39 1.20 1.22 14.48 0.210 0.174 0.159
BCW500 119.5 10.18 8.18 75.18 2.52 2.47 11.65 0.034 0.188 0.155
BCW600 145.0 10.45 7.09 82.77 2.24 1.68 9.53 0.027 0.135 0.115
BCW700 13.23 11.39 5.64 82.38 1.46 1.67 8.85 0.018 0.128 0.107

0/C, (N + 0)/C, H/C = molar ratios.
Sger — specific surface area of adsorbents [m?/g].
@ ash content measured by weight loss after 6 h in 750 °C.

b C (carbon), H (hydrogen) and N (nitrogen) content measured using CHN analyser (Perkin-Elmer 2400).
¢ O (oxygen) content calculated by subtracting ash, C, H and N content from total mass of the sample.

The surface morphology of BCW600 was presented in Fig. 1D. The
surface of BCW600 was cracked and some surface pores were present.
Pore forms varied, but generally, they had a shape of elongated curves,
circles, or deformed honeycombs. In some cases, these circles were
separated with bulkheads. The pores may be classified as macropores
(pores size is greater than 50 nm). The pores appear next to each other
and the SEM image shows that they were running diagonally from the
top-bottom to the top right. The carbonaceous skeleton which was a
porous structure of BC is most likely associated with the biological
capillary structure of feedstock. The presence of macropores ensured
more adsorption sites [45].

Fig. 2A and B shows some relations between the content of ash,
carbon, hydrogen, oxygen and nitrogen, and the concentrations of PAHs
and their derivatives obtained in the studied biochars. Two main ten-
dencies were observed. Increased PAHs and their derivatives concen-
tration was noted over biochars with increased ash content and N
content in biochar. The results clearly stress the role of inorganic com-
pounds of ash in catalyzing of PAHs formation. Increased 0%, C% and H
% content reduced aromatics formation, therefore neither aromaticity,
nor hydrophilicity of biochar surface itself, regulate PAHs and their
derivatives formation.

3.2. The bioavailable PAHs and their derivatives in BC

3.2.1. Bioavailable pristine PAHs

Concentrations of bioavailable PAHs are generally dependent on the
applied feedstock, pyrolysis temperature, and pyrolysis time [31]. The
presented results clearly indicated that feedstock affected both the
amount and type of bioavailable PAHs in BC. Generally, the content of
total bioavailable PAHs in SSL-derived BC was higher and ranged from
8.58 to 16.07 ng L7! for BCKZ, 9.04-9.40 ng L~! for BCCH than in
plant-derived BC: 1.67-3.53 ng L~! for BCS, and 3.17-3.53 ng L™} for
BCW (Table S4, Fig. 3) what may affect their agricultural application.
SSL-derived biochar may posse higher ecotoxicological effect due to
bioavailable PAHs presence than biochar obtained from plant wastes.

The total content of bioavailable PAHs in BCCH obtained at the
lowest applied pyrolysis temperature (500 °C) amounted to 9.06 + 0.41
ng L' and the most abundant were 3 ring PAHs (64.2 %), among which
acenaphthene represented almost 75.5 % (Fig. 4). BCCH500 was also
enriched in 2-ring PAH (only one compound- naphthalene- 35.02 %), 4-
ring (0.66 %), and a small amount of 5-ring (0.099 %) and 6-ring PAHs
(0.0086 %). Among the total content of bioavailable PAHSs, Cgee Of
>16PAHs (the concentration of the sum of 16 EPA PAHs) amounted to
9.00 + 0.41 ng L~L. BCCH obtained at a higher temperature (600 °C)
contained a slightly lower concentration of bioavailable PAHS. Cgee Of
>PAHs and Cgee of 216PAHs amounted to 9.04 £ 0.52 ng L 'and8.92 +

0.52 ng L7}, respectively. An increase in pyrolysis temperature of BCCH
resulted in a changed PAHs profile in BCCH600. The application of
higher temperature caused a change in the proportion of the percentage
of PAHs due to its different number of rings. In this case, 2-ring PAH-
naphthalene- was predominant (51.84 % of all PAHs and 100 % of 2-
ring PAHs), whereas compounds with 3 aromatic rings represented
marginally less value (46.76 %) with an acenaphthene as the most
abundant (over 55 %). However, the presence of 4,5 and 6-ring PAHs
was also confirmed (1.3 %; 0.066 %, and 0.0089 %, respectively).

The higher applied pyrolysis temperature, in the case of BCCH,
caused the higher Cgee of ZPAHs and Cgee of Z16PAHS (9.40 + 0.48 ng
L7! and 9.23 + 0.47 ng L respectively). Naphthalene as the sole
representative of 2-ring PAHs constituted 58.42 % of all bioavailable
PAHs. 3-ring PAHs were also noted and constituted a substantial part of
all PAHs (40.38 %) with prevailing values of acenaphthylene and ace-
naphthene (50.8 % and 40.0 %, respectively). Some of the 4, 5, and 6-
ring PAHs were quantified and they accounted for 1.12 %, 0.080 %
and 0.0063 % of all PAHs). Among 5-ring PAHs, the presence of B[a]P
was also confirmed in all samples (BCCH500, BCCH600, and BCCH700).
B[a]P is considered as an indicator of pollution and as one of the most
carcinogenic PAHs [46]. The presence of B[a]P in bioavailable fractions
requires great attention before use in agriculture. Generally, the higher
temperature was applied, the higher content of naphthalene and the
lower content of 3-ring PAHs were detected.

In BCKZ biochars, the application of different pyrolysis temperatures
did not change the PAHs profile. BCKZ obtained in 500 °C was charac-
terized by the lowest content of Cgee of ZPAHs and X16PAHs (8.58 +
0.36 ng L ! and 4.23 + 0.20 ng L) among all BCKZ samples.73.33 % of
all PAHs constituted 2 ring compounds with a 2-phenylnaphtalene (68
%) and naphthalene (32 %) being predominant. 3-ring PAHs were rep-
resented by only acenaphthene, fluorene, and 3-methylphenantrene that
constituted 25.86 % of the sum of all bioavailable PAHs. Higher pyrol-
ysis temperature of BCKZ caused the increase of Cg.e of ZPAHs and
>16PAHs but the relations between PAHs divided into groups differing
in a number of aromatic rings did not change. BCKZ obtained in 600 °C
and 700 °C contained increasing concentrations of PAH¢... (bioavailable
PAHS) (10.13 + 0.46 ng L™! and 16.07 = 0.60 ng L™ of Cgee 0f EPAHs
and 7.60 + 0.34 ng L™! and 8.94 + 0.40 ng L™! of $16PAHje, respec-
tively). 2-ring PAHs (naphthalene and 2-phenylonaphthalene) were
predominant in BCKZ600 (73.26 %) and BCKZ700 (75.75 %) with a
percentage of naphthalene 68.1 % and 43.8 %, and 2-phenylonaphtha-
lene 31.9 % and 56.2 %, respectively. 3-ring PAHs constituted 25.94
% and 23.89 %, respectively, with predominant acenaphthene and flu-
orene. In all BCKZ samples small amounts of 4, 5, and 6-ring PAHs were
also detected and quantified (Table S4).

Comparing two biochars derived from sewage sludges in different
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pyrolysis temperatures, BCCH samples obtained in 500, 600, and 700 °C
were characterized by more stable PAHg,. concentrations. In BCKZ
samples the total concentration of XPAHs differed two times (between
the lowest and the highest temperature). But in all SSL-derived samples

lighter PAHs (2 and 3-rings) were predominant. The percentage of
heavier PAHs (4,5 and 6-rings) constituted less than 0.8 %, 1.4 % and 1.2
% for BCCH samples, and 0.8 %, 0.8 % and 0.36 % for BCKZ samples.
Interestingly, in BCCH the concentration of ¥16PAHge. was predomi-
nant and constituted 98-99 % of Cgee of ZPAHS, whereas in BCKZ the
percentage of 216PAH¢... was lower (50 %-75 %).

In BCS samples (Table S5), increasing pyrolysis temperature caused a
decrease in the total concentration of 2PAHs and Cgee of Z16PAHSs.
Among all BCS samples, biochar obtained in 500 °C was characterized
by the highest content of PAHge. (and simultaneously content of
>16PAHgee) - 3.53 £ 0.18 ng L7 ! (and 3.18 £ 0.16 ng L_l, respectively).
In samples produced at higher temperatures, the total concentration of
$PAHs and S16PAHs was: 2.56 + 0.11 ng L™} and 2.36 + 0.10 ng L™ in
BCS600, and 1.67 + 0.073 ng L~ ! and 1.44 + 0.062 ng L' in BCS700.
The concentrations of identified 2-ring PAHs were below the limit of
detection. The same situation was observed in the case of all BCW
samples (Table S5). However, 3-ring PAHs were predominant in all
straw-derived biochars (also in BCW samples). Among them, the most
abundant were acenaphthene (52.3 %, 59.9 % and 59.9 % for BCS500,
BCS600 and BCS700, respectively) and acenaphthylene (38.9 %, 34.7 %
and 31.4 %, respectively). 4-ring PAHs constituted also a significant part
of all PAHs. The higher temperature of pyrolysis was applied, the higher
percentage of 4 ring-PAHge. was detected and quantified. In BCS500
PAHs with 4 aromatic rings constituted 1.10 % and among them 2-meth-
ylpyrene was predominant (61.5 %). In BCS600 and BCS700, the per-
centage of 4-ring PAHs increased up to 3.03 % and 6.26 %, respectively
(Fig. 4). Among them, predominant compounds were 4-methylpyrene
(38.3 %) and 2-methylpyrene (29.6 %) in BCS600, and 4-methylpyrene
(66.3 %) for BCS700.

In willow-derived biochars obtained at 500, 600 and 700 °C, Cgee Of
all quantitatively determined PAHs and Cgee of 216PAHs changed very
slightly (3.51 + 0.21 ng L™}; 3.34 & 0.20 ng L ™! for BCW500, 3.17 +
0.15ng L™} 2.92 + 0.14 ng L™! for BCW600, and 3.53 + 0.17 ng L™%;
3.30 £0.16 ng L~! for BCW700) (Table S5). In the case of BCW samples,
as in BCS samples, 2-ring PAHs were also designated only qualitatively.
Another similarity of willow-derived biochars to the samples obtained
from straw was the predominance of 3-ring PAHs (98.41 % for BCW500;
97.78 % for BCW600 and 98.5 % for BCW700). And almost the same
compounds were distinguished in percentage terms. In BCW500 (among
all 3-ring PAHs), acenaphthylene amounted 47.5 %, acenaphthene 30.8
% and fluorene 18.1 %. In BCW600 and BCW700, the same compounds
were distinguished but the proportions were different (acenaphthene
37.5 % and 50.6 %, fluorene 31.4 % and 35.1 %, acenaphthylene 24.6 %
11.3 %, for BCW600 and BCW700, respectively). 4, 5 and 6-ring PAHs
constituted below 1.6 %, 2.3 % and 1.5 % for BCW500, BCW600 and
BCW700, respectively (Fig. 4).
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The applied feedstock affected both the type and the amount of PAHs
and their derivatives in BC. The two factorial analysis of variance (p <
0.05) was performed. The statistical analysis had shown the significant
differences between the total concentration of bioavailable PAHs and
their derivatives concentration and type of applied feedstock (ANOVA, p
= 0.0046). But on another hand, there were no significant differences
between the total content of bioavailable PAHs and their derivatives
concentration and applied temperature of pyrolysis (ANOVA, p =
0.4818). An identical trend was observed in the case of total pristine
PAHs concentration. The differences between the concentration of
>PAHs and type of applied feedstock were significant (ANOVA, p =
0.0052). On the contrary, there were no significant differences between
the concentration of *PAHs and applied temperature of pyrolysis
(ANOVA, p = 0.5633). The performance of two factorial analyses of
variance for PAHs derivatives concentration had shown the significant
differences between these concentrations and pyrolysis temperature,
and selected feedstock (ANOVA, p = 0.0035 and p = 0.0250,
respectively).

3.2.2. Bioavailable PAHs derivatives

As was expected, some PAHs derivatives were present in the pre-
pared SSL-derived biochars. BCCH samples contained both N-PAHs and
O-PAHs. The percentage of quantified PAHs derivatives in comparison
to their parent PAHs was following 10.3 %, 9.4 %, and 2.6 % for
BCCH500, BCCH600, and BCCH700; respectively indicating that the
pyrolysis temperature affected the amount of created PAHs derivatives
(Fig. 2b, Table S4). 1-methyl-5-nitronaphthalene and 1-methyl-6-nitro-
naphthalene were the 2-ring representatives of N-PAHs and they
constituted 32.4 %; 16.5 % and 25.9 % of all derivatives for BCCH500,
BCCH600, and BCCH700, respectively. The overwhelming majority of
PAHs derivatives represented 4H-cyclopenta(def)phenanthrene (67.6
%, 83.5 % and 74.1 % respectively).

Completely different PAHs derivatives were quantified in BCKZ
samples. In all samples nitronaphthalene, as a member of 2-ring PAHs
derivatives, was noted and its concentration varied. Nitronaphthalene
constituted 68.6 %, 62.6 % and 66.1 % of all PAHs derivatives for
BCKZ500, BCKZ600, and BCKZ700, respectively (Fig. 2b). Considering
O-PAHs, 3-ring PAHs derivatives were represented by 9, 10-anthracene-
dione (31.4 %, 37.4 % and 33.3 % for BCKZ500, BCKZ600 and
BCKZ700, respectively). The percentage of PAHs derivatives in com-
parison to parent PAHs was 9.42 % for BCKZ500, 2.60 % for BCKZ600,
and 5.29 % for BCKZ700. The data indicate that the amount and type of
PAHs derivatives were connected both with the temperature of pyrolysis
and applied SSL as feedstock.

In BCS samples (Table S5), PAHs derivatives, similar to those
analyzed in BCCH, were quantified. In BCS500 only N-PAHs (1-methyl-

5-nitronaphthalene and 1-methyl-6-nitronaphthalene) were quantified.
They constituted 100 % and 4.8 % from the sum of parent and de-
rivatives of PAHs. In BCS600 and BCS700 additionally 4H-cyclopenta
(def)phenanthrene was also quantified. In BCS600 the percentage of N-
PAHs and O-PAHs amounted to 30.8 % and 69.2 %, respectively, while
in BCS700 33.7 % of total PAHs were N-PAHs, and 66.3 % were O-PAHs.
An increase in the pyrolysis temperature of straw was connected with an
increased percentage of PAHs derivatives in comparison to their parent
compounds: from 5 % in BCS500, 32.4 % BCS600 to 37.4 % in BCS700.

In BCW samples (Table S5) only 4-ring PAHs derivatives were
quantified: nitropyrene and 4H-cyclopenta(def)phenanthrene. Gener-
ally, the amount of PAHs derivatives was the highest in the material
obtained at a lower temperature of pyrolysis: 37.4 %. An increase in the
temperature lowered the concentration of PAHs derivatives, however,
the effect of temperature was not linear. In BCW600 the PAHs de-
rivatives constituted 7.07 % and in BCW700 -PAHs derivatives were up
to 15.1 %. Interestingly, 4H-cyclopenta(def)phenanthrene and nitro-
pyrene were main PAHs derivatives noted at 97 % and 3 %, respectively.
The differences in biochars obtained in the three temperatures were
minor.

4. Discussion

The obtained results were consistent with the literature where the
concentration of PAHs strongly depends on the type of feedstock [42].
Biochar obtained from wheat straw contained several times higher
concentrations of PAHs than softwood-derived materials [23]. Among
all PAHs and their derivatives in biochars, the majority were two- and
three-ring compounds [13]. Multi-ringed species most commonly
occurred in wheat straw-derived biochars. The concentration of PAHgee
for SSL-derived biochars in various studies differ from 44.3 to 50.5 ng
L! [13], 81 to 126 ng L1 [471. Generally, SSL-derived biochars con-
tained 91.1-92.2 % and 7.4-8.4 % of 2- and 3-rings compounds,
respectively, as the most abundant PAHs [13]. In straw-derived biochar,
Cfree content was low and constituted 1.74 ng L~!. The most abundant
PAHs in this fraction were fluorene (39 %), phenanthrene (34 %), and
anthracene (18 %) [32].

An increase in pyrolysis temperature caused a decrease in PAHgee
concentrations (apart from pine wood and the switch grass biochars
[31]). Temperature and pressure plays also an important role in the
differentiation of PAHs and their derivatives concentration. With
decreasing temperature, the condensation took place and the concen-
tration of compounds in the particle phase increased. The effect of the
pressure is quite reverse [5].

The literature data indicate that basically, the higher the pyrolysis
temperature was applied, the lowest the total concentrations of XPAHs
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were received [13]. Devi and Saroha [48] found that the extractable
PAHs concentration in paper mill sludge-derived biochar varied from
322 pg kg~ ! to 16.916 pg kg 1. While Yang et al. [42] investigated that
contents of X16PAHs in biochars derived from vegetable waste and pine
cones ranging from 330 to 6930 pg kg~!. In both cases the significant
effects of pyrolysis temperature are shown. The content of PAHs in
studied biochar increased up to 500 °C (with the maximum value at this
temperature) then gradually decreased [48]. In another case, the effect
of temperature can be also observed. Weidemann et al. [23] found that
the higher applied HTT (the highest treatment temperature) was, the
larger concentration of PAHs was. In the case of BCKZ and BCW samples,
the higher temperature of pyrolysis was used, the higher concentration
of bioavailable PAHs was obtained. In the other two cases, the tendency
was not so clear. In the literature, it was observed that at a
low-temperature mechanism (25—300 °C), no PAHs were detected. The
contents of 2—5-ring PAHs increased in temperatures ranging 400—650
°C, whereas the contents of larger ring PAHs increased slightly. Fluorene
and phenanthrene were predominant PAHs detected at 600 and 650 °C
[49], similarly to the results observed for BCW but not for BCS. Again,
the data indicate that the type of feedstock affected the formation of
bioavailable PAHs and their derivatives. On the other hand, Hale et al.
[31] observed that among biochars obtained in different temperatures
(250—900 °C) in fast pyrolysis, high temperature pyrolyzed BC (pine
wood pyrolyzed at 900 °C and 600 °C, and in switch grass pyrolyzed at
900 °C and 800 °C) were characterized by the lowest PAHs concentra-
tion. The highest amounts of PAHs were recorded within biochars pro-
duced in the 350-550 °C range. PAHs contents in biochars obtained via
fast pyrolysis, slow pyrolysis, and gasification varied widely. Slow py-
rolysis caused the lowest value of PAHs, while gasification-the highest.
Hale et al. [31] suggested that some PAHs escaped to the gaseous phase
during slow pyrolysis, whereas some condensed in biochar during fast
pyrolysis. The content of solvent extractable PAHs were the greatest in
biochar obtained in 400 and 500 °C [50], which was, however,
confirmed by our studies only in the case of BCS, whereas the amount of
PAHs in BCW obtained at 500 °C and 700 °C was similar. The results
considering SSL-derived BC were on the contrary.

Besides, the PAHs content in biochars was higher when the residence
time was shorter and pyrolysis was faster [31]. PAHs with low molecular
weight (MW) are formed at a temperature below 500 °C, while com-
pounds with high MW are created at a temperature above 500 °C [21].
An increase in the pyrolysis temperature induced the formation of
compounds with higher MW and a higher number of rings. These con-
clusions are consistent with the mechanisms demonstrated by Keiluweit
et al. [50]. They presented two ways of PAHs formation which were
distinguished by the pyrolysis temperatures. At temperatures below 500
°C unimolecular cyclization, dehydrogenation, dealkylation and
aromatization of two basic composition of biochar (lignin and cellulose),
together with lipids took place. The disposal and removal of fraction-
alities occurred, leaving aromatic structures. However, at the tempera-
tures above 500 °C PAHs are created via a free radical pathway
(compounds are cracked into smaller hydrocarbon radicals) and pyro-
synthesis into greater aromatic structures (combined into more stable
LMW PAHs), and with the increasing of pyrolysis temperature and
residence time, fuse into HMW PAHs [51]. At the temperature higher
than 950 °C, the rate of PAHs formation decreased [52] due to its
dissociation into small molecule consists of hydrogen and carbon or
polycondensation into coke [53]. Another Researchers suggested that
the synthesis and decomposition of PAHs occurs at the same time [54].
They also presented several mechanisms of PAHs formation from which
the hydrogen abstraction acetylene addition mechanisms is the most
widely accepted. Acetylene and phenol are the most important pre-
cursors of PAHs, 2-ring PAHs are formed mostly from
single-aromatic-ring compounds, and PAHs with more than 2 rings may
create from 2- and 1-ring species. They demonstrated the reactions of
PAHs formation. 1-aromatic ring species combined with acetylene and
formed the intermediate product (this is typically acenaphthylene) and
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by-product as hydrogen. Than 2-ring PAHs are created. This reaction is
privileged because the higher reactivity of 1, 2 double bond in ace-
naphthylene than 3, 4 and 4, 5 aromatic bonds [54]. Apparently, in the
case of our studies, the tendency is contrary. Over 97 % of all PAHs in
plant-derived BC constituted 3-ring compounds. While the great ma-
jority of PAHs present in SSL-derived BC constituted 2 and 3-ring com-
pounds. But if we take the mechanism described above as correct and
occurring in the case of our biochar samples, than it can be suggested
that in BCS and BCW the residence time was relevant and suitable to
create 3-ring PAHs from 2-ring species. In BCCH and BCKZ these re-
actions were slower despite the same residence time during biochar
production. Therefore the average ratio between 2-ring and 3-ring
species in plant derived BC amounted 0:97, and in SSL-derived BC
61:38. The main difference stemmed from the type of feedstock. In BC
obtained from plants PAHs with more than 2 rings were created more
rapidly than in BC produced from sewage sludge.

Weidemann et al. [23] studied the influence of pyrolysis temperature
on the formation of selected PAHs and their derivatives in biochars. The
objects of the study were biochars obtained from softwood (pine and
spruce) pellets, wheat straw pellets, and anaerobically digested sewage
sludge. They determined 16 EPA priority PAHs, 11 O-PAHs, and 4
N-PAHs. The concentration of XPAHs varied from 0.82 to 19.6 pg
gbiocharfl, while total O-PAHs and N-PAHs concentrations amounted
34-3100 ng gbiochafl and 0.4-477 ng gbiocharil, respectively.
Multi-ringed species most commonly occurred in wheat straw-derived
biochars. The authors tested the total fraction of PAHs and their de-
rivatives in biochars. As some PAHs may be not bioavailable, the
number of bioavailable O-PAHs and N-PAHs in our studies (6) is lower.

5. Conclusions

It is known that PAHs (and consequently their derivatives) are pre-
sent in biochar samples. Some of them are bioavailable, so they can
migrate into the environment. It is associated with the potential of
biochar applications. Considerable interest is observed in the agricul-
tural use of biochar. Biochar is regarded as fertilizer and soil condi-
tioner. Its addition into soil improves their quality, accelerates the
degradation of organic pollutants like humic substances, and improves
crop productivity (applied with nitrogen fertilizer). Biochar plays an
important role in the amelioration, revegetation, and restoration of
contaminated soils.

The applied feedstock affected both the type and the amount of
bioavailable PAHs and their derivatives in BC. Generally, in the case of
SSL-derived BC, the higher temperature was applied, the higher content
of naphthalene and the lower content of 3-ring PAHs were detected. 3-
ring PAHs were predominant in plant-derived biochars. Interestingly, in
BCCH fraction of £16PAHg.. was predominant and constituted 98 %-99
% of all Cgee, whereas in BCKZ the percentage of X16PAHg. was
significantly lower (50 %-75 %). In BCS and BCW samples, increasing
pyrolysis temperature caused a decrease in the total concentration of
bioavailable 2PAHs and X16PAHs.

PAHs derivatives e.g. N-PAHs and O-PAHs were present in BC and
data indicated that the amount and type of PAHs derivatives were
connected both with the temperature of pyrolysis and applied feedstock.
The percentage of quantified PAHs derivatives in SSL-derived BC was
following 9.42 %-10.3 %, 2.60 %-9.4 % and 5.29 %-2.6 % for BC ob-
tained at 500 °C, 600 °C and 700 °C, respectively. Plant-derived BC were
enriched in PAHs derivatives as an increase of the pyrolysis temperature
of straw was connected with an increased percentage of PAHs de-
rivatives in comparison to their parent compounds from 5 % to 37.4 %
(500—700 °C). An increase in the temperature lowered the concentra-
tion of PAHs derivatives from 37 % to 15 %; however, the effect of
temperature was not linear. The presence of toxic compounds such as 1-
methyl-5-nitronaphthalene, 1-methyl-6-nitronaphthalene, or nitro-
pyrene in plant-derived BC and B[a]P and PAHs derivatives: nitro-
naphthalene, 9,10-anthracenedione in SSL-derived BC may significantly
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affect their agricultural applications.
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2. Materials and methods

2.2. Biochar preparation

Table S1. The feedstock and pyrolysis temperature of tested biochars.

Feedstock Pyrolysis Labels Feedstock Pyrolysis Labels

temperature [°C] temperature
[°C]

SSL Chelm 500 BCCHS500 Willow 500 BCW500
600 BCCH600 600 BCW600
700 BCCH700 700 BCW700

SSL Kalisz 500 BCKZ500 Straw 500 BCS500
600 BCKZ600 600 BCS600
700 BCKZ700 700 BCS700

2.3. The physico-chemical properties of biochar

The pH of 1g of biochar mixed with 10 mL of deionized water was determined by a digital
pH meter HQ430d Benchtop Single Input (HACH, USA). To quantified the elemental carbon
(C), hydrogen (H), and nitrogen (N), biochar was milled and EuroEA Elemental Analyser was
applied. ASAP 2420 (Micromeritics, USA) surface area and porosity analyzer was used for
adsorption measurements and biochars were outgassed at 200°C for 12 h under vacuum. FT-
IR/PAS spectra of the samples were recorded by Bio-Rad Excalibur 3000 MX spectrometer
provided with photoacoustic detector MTEC300 (in the helium atmosphere in a detector) at
RT over the 4000-400 cm ™' range at the resolution of 4 cm ™' and maximum source aperture.
X-ray photoelectron spectroscopy (UHV Prevac) was used for the determination of surface
functional groups of BC, whereas surface morphology was examined by scanning electron

microscopy (Quanta 3D FEG, FEI).

2.5. GC-MS/MS measurements

Qualitative and quantitative analyses of PAHs (Table S2) were conducted using a gas
chromatograph hyphenated with a triple quadruple tandem mass spectrometer detector
(GCMS-TQ8040; Shimadzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica capillary
column (30 m x 0.25 mm i.d., 0.25 pm film thickness; Phenomenex, Torrance, CA, USA).
Helium (grade 5.0) as a carrier gas and argon (grade 5.0) as collision gas were used. Column

flow was 1.56 mL min™, and 1 pL of the sample was injected by an AOC-20i+s type



autosampler (Shimadzu). The injector was working in high-pressure mode (250.0 kPa for 1.5

min; column flow at initial temperature was 4.90 mL min™") at the temperature of 310°C; the

ion source temperature was 225°C. For qualitative purposes, the full scan mode with range

40-550 m/z was employed and for quantitative analyses, the SIM mode was used (Table S3).

Table S2. Chemical characteristics of analyzed compounds.

No. Compound cAs? MW Formula
1 Naphthalene* 91-20-3 128.17 CioHg
2 Acenaphthylene* 208-96-8 152.20 CoHg
3 Acenaphthene* 83-32-9 154.20 CixHyo
4 Fluorene* 86-73-7 166.22 CisHio
5 Anthracene* 120-12-7 178.23 CisHyo
6 Phenanthrene* 85-01-8 178.23 CisHyo
7 3-Methylphenantrene 832-71-3 192.25 CisHin
8 2-Methylphenantrene 2531-84-2 192.25 CisHin
9 9-Methylphenantrene 883-20-5 192.25 CisHin
10 Fluoranthere* 206-44-0 202.25 CisHio
11 Pyrene* 129-00-0 202.25 Ci6Hio
12 2-Phenylnaphtalene 612-94-2 204.26 CigHin
13 3,6-dimethylphenantrene 1576-67-6 206.28 CisHia
14 Benzola]fluorene 238-84-6 216.27 Ci7Hn
15 2-Methylpyrene 3442-78-2 216.28 Ci7H»
16 4-Methylpyrene 3353-12-6 216.28 Ci7Hn
17 Benzo[a]anthracene* 56-55-3 228.29 CisHin
18 Chryzene* 218-01-9 228.29 CisHin
10 3-Methylchrysene 3351-31-3 242.30 CioHus

20 6-Methylchrysene 1705-85-7 242.30 CioHus
21 Benzola]fluoranthene 203-33-8 252.31 CooHin
22 Benzo[b]fluoranthene* 205-99-2 252.31 CooHin
23 Benzo[a]pyrene* 50-32-8 252.31 CooHin
24 Benzo[k]fluoranthene* 207-08-9 252.32 CooHin
25 Indenol[1,2,3-cd]pyrene* 193-39-5 276.33 CoHin
26 Benzo[ghi]perylene* 191-24-2 276.33 CxpHi»
27 Dibenzo[a,h]anthracene* 53-70-3 278.10 CpHyy

N- and O-PAHs




28
29
30
31
32
33

Nitronaphthalene

1-Methyl-5-nitronaphthalene

1-Methyl-6-nitronaphthalene
9,10-Anthracenedione

4H-cyclopenta(def)phenanthrene

Nitropyrene

86-57-7
91137-27-8
105752-67-8
84-65-1

203-64-5

5522-43-0

173.16
187.19
187.19
208.21
190.24
247.25

CioH/NO;
C11HgNO,
C11HoNO,
C14HgOy
CisHio
Ci6HoNO,

[eV)

@MW-molecular weight

numerical identifier assigned by the Chemical Abstracts Service (CAS)

* PAHs belonging to 16PAHs which have been classified by the United States Environmental
Protection Agency (USEPA) as priority pollutants [1]

Table S3. The qualitative and quantitative parameters of PAHs and O/N-PAHs analysis.

No Compound Quantii(filcation Confiigr;lation L OD_T Iﬁ:gQ;*
(m/z) oy  eeL 1T
1 Naphthalene 128 102 1.01 3.36
2 Acenaphthylene 152 76 2.10 6.99
3 Acenaphthene 153 76 2.30 7.66
4 Fluorene 166 82 1.10 3.66
5 Anthracene 178 89 1.30 4.33
6 Phenanthrene 178 89 1.34 4.36
7 3-Methylphenantrene 192 165 242 8.06
8 2-Methylphenantrene 192 165 242 8.06
9 9-Methylphenantrene 192 96 3.23 10.76
10 Fluorantherene 202 101 1.87 6.22
11 Pyrene 202 101 1.91 6.36
12 2-Phenylnaphtalene 204 101 1.90 6.33
13 3,6-dimethylphenantrene 206 191 2.20 7.33
14 Benzo[a]fluorene 216 107 1.30 4.33
15 2-Methylpyrene 216 108 1.92 6.39
16 4-Methylpyrene 216 108 1.92 6.39
17 Benzo[a]anthracene 228 114 1.30 4.33
18 Chryzene 228 113 2.20 7.33
19 3-Methylchrysene 242 121 1.02 3.40
20 6-Methylchrysene 242 119 1.02 3.40
21 Benzo[a]fluoranthene 252 126 2.10 6.99
22 Benzo[b]fluoranthene 252 126 2.10 6.99



23 Benzo[a]pyrene 252 126 2.11 7.03
24 Benzo[k]fluoranthene 252 126 2.10 6.99
25 Indeno[1,2,3-cd]pyrene 276 138 1.30 4.33
26 Benzo[ghi]perylene 276 138 1.33 4.43
27 Dibenzo[a,h]anthracene 278 139 2.21 7.36
N- and O-PAHs
28 Nitronaphthalene 173 127 241 8.03
29 1-Methyl-5-nitronaphtalene 187 115 1.21 4.03
30 1-Methyl-6-nitronaphtalene 187 115 1.21 4.03
31 9,10-Anthracenedione 208 180 1.44 4.80
32 4H-cyclopenta(def)phenanthrene 190 94 3.01 10.02
33 Nitropyrene 247 201 1.66 5.53

*-LOD — limit of detection; **-LOQ — limit of quantitation; LOD and LOQ were not

calculated via Kpom

Table S4. PAHs and their derivatives in SSL-derived BC samples (n=3; n-number of

replicates).



Sample description

BCCHS500 BCCH600 BCCH?700 BCKZ500 BCKZ600 BCKZ700
No. Compound
Analyte concentration
[ng L]

1 Naphthalene 3.17+0.15 4.69+0.22 5.49+0.27 2.02+0.09 5.05+0.23 5.33+0.25
2 Acenaphthylene 1.43 £0.06 1.54+0.10 1.90 +0.12 <LOD <LOD <LOD
3 Acenaphthene 4.39+0.20 2.34+0.18 1.49+0.07 1.22+0.06 1.21+0.06 1.98 +0.09
4  Fluorene <LOD <LOD <LOD 0.98 + 0.05 1.31+0.05 1.61 +0.06
5  Anthracene <LOD 0.35+0.03 0.34+0.02 <LOD <LOD <LOD
6  Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
7 3-Methylphenantrene <LOD <LOD <LOD 0.028 + 1.3:107 0.11+52-10° 0.24+0.01
8  2-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
9  9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
10  Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
11 Pyrene <LOD <LOD <LOD <LOD <LOD <LOD
12 2-Phenylnaphthalene <LOD <LOD <LOD 427+0.16 237+0.11 6.84+0.19
13 3,6-dimethylphenantrene <LOD <LOD 0.063 +3.7-10™ <LOD <LOD <LOD
14 Benzo[a]fluorene 9.2:10° +4.1-10*  8.1-10°+3.810%  8.010°+3.710*  9.2:10°+4.3-10* 9.7-10° +4.510° 0.011+5.010"
15 2-Methylpyrene <LOD 0.028 + 1.210° <LOD 0.027+1.5:10°  0.029+1.3:10” 0.018 +8.2-10™



16  4-Methylpyrene 0.041 +2.1-10° 0.071 +3.2:10” 0.093 + 4.0-10” <LOD <LOD <LOD

17  Benzo[a]anthracene <LOD <LOD <LOD 8.9:10°+4.1-10*  0.011+5.1-10* 28107 +1.3-10"
18  Chrysene <LOD <LOD <LOD 29-10°+1.410* 9.610°+£4.4-10*  4.510° £2.2:10*
19 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD

20  6-Methylchrysene 9.1-10° + 4.2-10™ 0.013+5.010*  4.1-10°£2.0-10*  84-10°+3.9-10* 7.810°+3.7-10* 4.810°+2.4-10*
21  Benzo[a]fluoranthene <LOD <LOD <LOD 3.7-10° £ 1.9-10*  4.7-10°£2.510*  6.0-10° +2.7-10*
22 Benzo[b]fluoranthene <LOD <LOD <LOD 48107 +£22:10* 5.610°+2.6:10*  7.0-10° +3.3-10*
23 Benzo[a]pyrene 9.0-10°+3.9-10*  6.0-10° £2.0-10*  7.5:10° +3.5:10" <LOD <LOD <LOD

24  Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

25 Indene[1,2,3-cd]pyrene 1.8:10*+8.1:10° 1.9-10*+8.0-10°  1.810%+82:10°  5.7-10°+3.0-10° 6.510*+3.3-10°  8.2:10* +4.6:107
26 Benzo[ghi]perylene 6.0-10*£2.410°  6.1-10°+£2.410°  4.1-110*+1.9-10°  1.810°£8.9-10° 1.6:10°+7.3-10°  2.0-10° +3.4-10”
27 Dibenzo[a,h]anthracene <LOD <LOD <LOD 2.0110°£9.3-10° 1.7-10°+7.810°  9.5-10*+4.4-10°

N- and O-PAHs

28  Nitronaphthalene <LOD <LOD <LOD 0.15+7.7-107 0.335+0.015 0.255+0.013
29  1-Methyl-5-nitronaphthalene 0.057 +2.8:10° 0.083 +2.8:107 0.129 +5.7-107 <LOD <LOD <LOD

30  1-Methyl-6-nitronaphthalene 0.071 +2.8:107 0.070 + 4.2-10™ 0.100 +2.9-10° <LOD <LOD <LOD

31  9,10-Anthracenedione <LOD <LOD <LOD 0.070 + 3.5-10™ 0.20+9.4-10° 0.13+5.810°
32 4H-cyclopenta(def)phenanthrene 0.27+0.01 0.78 £0.04 0.66 £ 0.05 <LOD <LOD <LOD



33 Nitropyrene <LOD <LOD <LOD <LOD <LOD 23107 £ 1.5-10”

Table S5. PAHs and their derivatives in plant-derived BC samples (n=3; n-number of replicates).

Sample description

No. Compound BCS500 BCS600 BCS700 BCW500 BCW600 BCW700

Analyte concentration [ng L]

1 Naphthalene <LOD <LOD <LOD <LOD <LOD <LOD

2 Acenaphthylene 1.36 + 0.07 0.86 + 0.04 0.49 + 0.02 1.64+0.12 0.77 + 0.04 0.38 +0.02
3 Acenaphthene 1.82+0.09 1.49+0.07 0.94 + 0.04 1.06 + 0.05 1.16 +0.05 1.72+0.08
4 Fluorene <LOD <LOD <LOD 0.62 +0.03 0.97 +0.05 1.19 + 0.06
5 Anthracene <LOD <LOD <LOD <LOD <LOD <LOD

6  Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

7 3-Methylphenantrene 0.31+0.02 0.134 £ 0.006 0.136 + 0.006 0.12+5.0-10” 0.17+7.410°  9.9-10%+4.5:10°
8  2-Methylphenantrene <LOD <LOD <LOD <LOD 0.03+1.2-10° <LOD

9  9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
10  Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
11 Pyrene <LOD <LOD <LOD <LOD <LOD <LOD

12 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD <LOD



13 3,6-dimethylphenantrene <LOD <LOD <LOD <LOD <LOD 0.086 + 4.0-10™
14 Benzo[a]fluorene 52:10°+£2410*  6.1-110°+3.1-10 0.012+5.6:10™ 6.2:10° £2.1-10* 9.7:10° £ 4.6:10* 7.6:10° £2.5-10™
15 2-Methylpyrene 0.024 = 0.001 0.023 + 0.001 <LOD 0.024+7.6:10*  0.027+1.3:10°  0.023+7.3:10*
16 4-Methylpyrene <LOD 0.030 + 0.002 0.078 + 0.003 <LOD <LOD <LOD

17 Benzo[a]anthracene 0.0062+2.9-10*  7.3-10°+3.4-10* 9.9-10° £ 4.6:10™ <LOD <LOD <LOD

18 Chrysene <LOD <LOD <LOD 6.5-10° +3.0-10* 5.6:10° £2.6:10* <LOD

19 3-Methylchrysene <LOD 3.9-10° £ 1.9-10™ 1.7.10° £ 8.1-10° 43107+ 1.9-10* 4.810°£1.9-10" 5.2:10°+2.5:10*
20 6-Methylchrysene 0.0036 + 1.6:10™ 7.6:10% £ 1.9-10"* 32-10°+£2.1-10"  7.6:10° £2.810* 8.9-10°+4.1-10* 4.3:10°+1.9-10*
21 Benzo[a]fluoranthene 4.9-10* +1.3:10° 1.5-10° £ 9.8:10° 8.4:10°£4.6:10°  3.910°+1810* 6.810°+2.7-10* 5.0:10°£2.4-10"
22 Benzo[b]fluoranthene <LOD <LOD <LOD 2.4-10°£7.0-10° 2.810°£9.9-10° 3.910°+1.810™
23 Benzo[a]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

24 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

25 Indene[1,2,3-cd]pyrene 0.0015 +6.9-10™ 2.2:10% + 1.0-10™ 6.3-10* +5.0-10° <LOD 2.2:10*+1.2-10° <LOD

26 Benzo[ghi]perylene <LOD 1.1-107% + 8.2:10° 3.1-10*+£22-10°  1.0-10°+£2.9-10° 2.3:10°48.0-10° 1.9-10° +5.2:107
27 Dibenzo[a,h]anthracene <LOD <LOD <LOD <LOD 2.010°+£9.1-10° 1.8:10° +5.0-107°

N- and O-PAHs
28 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
29 1-Methyl-5-nitronaphthalene 0.095 + 4.1-10™ 0.13 +4.0-10° 0.098 +2.8-10™ <LOD <LOD <LOD



30

31

32

33

1-Methyl-6-nitronaphthalene
9,10-Anthracenedione
4H-cyclopenta(def)phenanthrene

Nitropyrene

0.081 +2.7-10°
<LOD
<LOD

<LOD

0.12 +54-10°
<LOD
0.57 £ 0.02

<LOD

0.12+4.2:10°
<LOD
0.41 +0.02

<LOD

<LOD
<LOD
0.24 £0.01

8.2:10° +2.2:10™

<LOD
<LOD
0.47 +£0.02

0.013 + 6.9-10™

<LOD
<LOD
0.47 +£0.02

0.012 +5.9-10™

10
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ARTICLE INFO ABSTRACT

Keywords: In the last years, there is great progress in the field of studies on the thermal transformation of wastes into
Biochar valuable materials such as biochar. High-temperature processes, however, are connected with the formation of
Feedstock

polycyclic aromatic hydrocarbons (PAHs) with confirmed toxicity. However, during pyrolysis, some derivatives
containing oxygen, nitrogen, or sulfur can also be formed. Their toxicity is expected to be higher than parent
PAHs. However, the key parameter in the agricultural application of carbonaceous materials is PAHSs’
bioavailability. The aim of the presented studies was the determination of the effect of various feedstock (wheat
straw (Triticum L.), willow (Salix viminalis), sunflower, residues from softwood and hardwood, sewage sludges,
and residues from biogas production) on the formation of PAHs and their derivatives (O-, N-PAHs) in biochar and
their bioavailability. The results indicated that the content of total and bioavailable PAHs in obtained biochar
was rather low. The concentration of total PAHs in plant-derived biochar reached 57 + 3 ng g™* - 181 =+ 8 ng
g~ !, whereas sewage sludge-derived biochar contained from 121 + 6 ng g ' to 188 + 9 ng g~ ! of PAHs. The
highest concentration of PAHs was noted in biochar obtained from residues from biochar production — up to 202
+ 9 ng g~ 1. The total concentration of bioavailable PAHs was lower and reached 2-4.45 ng L™! for plant-derived
biochar, 3-40 ng L ™! for sewage sludge-derived biochar. The highest content of bioavailable PAHs was noted in
biochar obtained from residues from biogas production: 9-42 ng L™} indicating that increased attention should
be paid to using this type of biochar. Among PAHs derivatives, nitronaphthalene, 1-methyl-5-nitronaphthalene,
1-methyl-6-nitronaphthalene, 9,10-anthracenedione, 4H-cyclopenta(def)phenanthrene, nitropyrene were deter-
mined at various levels and their concentrations were from below the limit of detection (LOD) to 28 ng L ! for
plant-derived biochar, 3-16 ng L™ for biochar obtained from residues from biogas production, and 5-45 ng L™
for sewage sludge-derived biochar. The content of bioavailable PAHs derivatives was, generally, one order of
magnitude lower than parent PAHs derivatives, and reached from below LOD up to almost 1 ng L™! for plant-
derived biochar, from 0.5 to 2 ng L™ for biochar obtained from residues from biogas production, and from
0.2 to almost 5 ng L™! for sewage sludge-derived biochar confirming the safety of agricultural usage of biochar.

Polycyclic aromatic hydrocarbons (PAHs)
PAHs derivatives

1. Introduction (Keiluweit et al., 2012; Kloss et al., 2012; Pariyar et al., 2020; Singh
et al., 2010; Zhao et al., 2013), animal manure (Singh et al., 2010; Zhao

Biochar (BC) is a stable form of carbon material produced via the et al., 2013), agricultural wastes (wheat straw (Kloss et al., 2012), grass,
thermal decomposition of biomass under a reduced supply of oxygen or chlorella, peanut shell, waterweeds, shrimp hull, bone dregs (Zhao et al.,

entirely without it (Pariyar et al., 2020). The applied temperatures of 2013), poultry litter, pecan shell (Novak et al., 2009), rice husk (Pariyar
pyrolysis are generally below 700 °C (Lehmann and Joseph, 2009). BC et al., 2020)), biosolids (sewage sludge (Zhao et al., 2013; Zielinska
can be obtained from different types of feedstock, including wood et al., 2015), waste paper (Zhao et al., 2013), food waste (Pariyar et al.,
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2020), papermill sludge (Singh et al., 2010)) or residues from biogas
production (Stefaniuk and Oleszczuk, 2015). Pyrolysis temperature and
type of biomass are affecting BC properties. Simultaneously, pyrolysis
conditions such as heating rate, pressure, the flow rate of auxiliary gases
(air, steam, Ny, CO3), the residence time, and feedstock properties are
also important (Li et al., 2018; Yu et al., 2018; Zhao et al., 2013). The
influence of feedstock type on BC parameters was evident in the content
of total organic carbon, fixed carbon, mineral elements, and potential
total C sequestration (Zhao et al., 2013). The characteristic of the surface
area, pore volume, and average pore size that are connected with
sorption and water holding capacity of BC depended strongly on both
feedstock and pyrolysis temperature (Zhao et al., 2013). Moreover, the
results from differential scanning calorimetry and Fourier-transform
infrared spectroscopy pointed out that the content of unstable
aliphatic compounds decreased during pyrolysis and the formation of
more persistent aromatic structures was observed (Kloss et al., 2012).
Table 1 shows different physicochemical properties of biochar depend-
ing on applied feedstock.

BC addition into soil has great potential and has many undeniable
benefits. It causes an increase in pH, the content of C, N, and available P.
BC amendment resulted in higher nutrient retention and availability
which is directly connected with higher exchange capacity (Chan et al.,
2007; Glaser et al., 2002). It increases also the uptake of K, Ca, Zn, and
Cu but reduces the leaching of fertilizing N, Mg, and Ca (Lehmann et al.,
2003). However, some negative phenomena: soil compaction, easier
erosion, or soil contamination (by heavy metals, aromatic compounds)
may also occur (European Commission, 2010). Simultaneously, the
presence of polycyclic aromatic hydrocarbons (PAHs), formed during
pyrolysis (Hilber et al., 2012) may limit biochar application into the soil
(European Commission, 2010). PAHs are persistent organic aromatic
compounds with two or more aromatic rings (Mahler et al., 2012). As it
was suggested by Keiluweit et al. (2012) PAHs can be formed via two
pathways. At temperatures lower than 500 °C PAHs are produced due to
carbonization and aromatization during the conversion of raw material
into biochar (Bucheli et al., 2015). Whereas H,0, CO-, CH4, and H5S are
removed, the low molecular weight (LMW) PAHs are created predomi-
nantly (Wang et al., 2017). However, at temperatures higher than
500 °C, PAHs are created via a free radical pathway and pyrosynthesis
into greater structures (Bucheli et al., 2015). Organic compounds are
cracked (for instance into ethynyl, 1,3-butadiene radicals (Wang et al.,
2017)), next they are combined into thermodynamically more stable
PAHs. Sullivan et al. indicated that when the temperature and the
residence time increased, LMW PAHs may be transformed into high
molecular weight (HMW) ones (Sullivan et al., 1989).

Some latest papers indicate that during high-temperature treatment
of various materials but also in the environment (including photo-
chemical, and microbial reactions) PAHs and their O-, N-, S-containing
derivatives are formed (del Rosario Sienra, 2006; Ringuet et al., 2012;
Zhang et al., 2011). PAHs derivatives belong to a group of thermally
stable, organic compounds, while their water solubility is increasing
with decreasing number of rings (Hien et al., 2007). O-PAHs contain at
least 2 carbonyl oxygens (quinones and ketones) attached to the aro-
matics rings. The physicochemical characterization of N-PAHs depends
on molecular weight and the number of nitro-functional groups (Ban-
dowe and Meusel, 2017; Besis et al., 2022; Nowakowski et al., 2022).
PAHs derivatives should be thoroughly studied as they are regarded to
be more toxic than pristine compounds (Abbas et al., 2018). Moreover,
due to the polarity, O-PAHs are more bioavailable than pristine PAHs
and they can be transferred via groundwater and surface water being
more toxic to living organisms (including humans) and the environment
(Lundstedt et al., 2007).

The influence of the type of feedstock and pyrolysis temperatures on
the physicochemical properties of BC has been widely studied (Table 1).
But there are some research gaps, which have to be completed. There is
still insufficient information about the formation and presence of
potentially toxic and mutagenic compounds that remain or are formed in
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BC during pyrolysis. From an agricultural and environmental point of
view, there is still a need to monitor the physicochemical parameters
and the concentration of bioavailable PAHs and their derivatives in
biochars obtained from the different feedstock. In the studies of
Kusmierz et al. (2016), it was observed that PAHs in biochar-amended
soil are not bioaccessible. However, there is no data on the bio-
accessibility of PAHs derivatives. The aim of the presented studies was
the determination the effect of various feedstock (wheat straw (Triticum
L.), willow (Salix viminalis), sunflower, residues from softwood and
hardwood, sewage sludges, and residues from biogas production) on the
formation of PAHs and their derivatives (O-, N-PAHSs) in biochar and
their bioavailability.

2. Materials and methods
2.1. Feedstock and biochar preparation

For the preparation of biochars, several feedstocks were used
(Table 2). The studied BC were divided into 3 groups: sewage sludge-
derived BC labeled as SSL-BC, plant-derived biochar as PT-BC, and res-
idues biogas production-derived biochar labeled as RBP-BC. BCs ob-
tained from sunflower, and residues from softwood and hardwood were
acquired from the company Fluid S.A. (Sedziszéw, Poland). Pyrolysis of
wheat straw, willow, sewage sludges, or residues from biogas produc-
tion was carried out according to the protocol described in our previous
work (Krzyszczak et al., 2021). Biochars were produced via slow py-
rolysis in a furnace (Czylok, Poland) at 600 °C, with the heating rates: at
the first step 10 °C min !, and the second step 3 °C min~!, applied the
resident time: 3 h. The pyrolysis process was carried out in an
oxygen-free atmosphere, where the flow of nitrogen (N2) was constant
(630 cm? min’l) and was monitored by the mass flow controller
(BETA-ERG, Poland). Obtained biochars were grounded down to parti-
cles of about 2 mm and homogenized. Next, they were washed out using
distilled water (1:10, biochar: water) continuously for 24 h and dried at
40 °C for 6 h. Before analysis BC samples were stored at room temper-
ature in the absence of light.

2.2. The physicochemical properties of biochar

The physicochemical properties of BC e.g. pH, and ash content, were
performed by standard methods described in Supplementary Informa-
tion (SI). The other analyses and procedures: C, H, N, content, surface
area and porosity, surface characteristics by FT-IR, XPS spectroscopy,
and SEM-EDS were detailed in SI.

2.3. The total content of PAHs and their derivatives determination in
biochar

Pressurized liquid extraction (PLE) was applied to extract the total
content of PAHs and derivatives. The stainless steel cells were packed as
follows: the first layer with silica gel and copper, and the second, biochar
mixed with ethylenediaminetetraacetic acid. The internal standard (IS)
was added and the cells were completed with glass beads. Then, PLE was
performed with hexane at 150 °C. After extraction iso-octane was added
to an extract and obtained solution was concentrated. Then, GC-MS/MS
(gas chromatography with tandem mass spectrometry) analysis was
carried out. Further details are described in SI.

2.4. Freely dissolved (Cfree) PAH and their derivatives determination in
biochars

The qualitative and quantitative determinations of the bio-
accessibility of PAHs and their derivatives were carried out by the
protocol described in Oleszczuk et al. (2016) and Hale et al. (2012). The
procedure involved the use of 76-mm thick polyoxymethylene (POM)
passive samplers. Dried biochar, POM samplers, and the aqueous
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Table 1
The physicochemical properties of biochar depending on applied feedstock.
property The temperature of Biochar with the lowest Biochars are characterized by the values among the Biochar with the Ref.
pyrolysis [°C] value (and this value) lowest and the highest (in ascending order) highest value (and this
value)
Total carbon [%] 500 bone dregs waterweeds, wastewater sludge, chlorella, pig manure, sawdust Zhao et al.
24.2 cow manure, shrimp hull, waste paper, grass, wheat 75.8 (2013)
straw, peanut shell
Total carbon [g kg1 400 cow manure (non- poultry litter (non-activ®), E. saligna leaves (activ®), E. saligna wood (non- Singh et al.
activ®) E. saligna wood (activ®) activ®) (2010)
175.0 £ 1.5 697.4 + 4.3
550 cow manure (activ®) paper sludge (activ®), poultry litter (activ®), E. saligna E. saligna wood (non-
leaves (activ®), E. saligna wood (activ®), activ®)
165.3 £ 2.5 836.1 +7.6
pH 500 wastewater sludge bone dregs, waste paper, grass, wheat straw, cow chlorella Zhao et al.
8.82 manure, shrimp hull, waterweeds, pig manure, peanut 10.8 (2013)
shell, sawdust
400 Spruce Poplar straw Kloss et al.
6.9 9.1 (2012)
460 straw/spruce - poplar
8.7 9.2
525 spruce Poplar straw
8.6 9.2
350 sawdust paper sludge, poultry litter rice husk Pariyar
5.75 + 0.02 6.41 + 0.07 et al. (2020)
450 sawdust paper sludge, rice husk, food waste poultry litter
6.31 + 0.04 9.54 £ 0.01
550 sawdust rice husk, paper sludge, food waste poultry litter
6.66 + 0.08 9.99 + 0.06
650 sawdust rice husk, poultry litter, paper sludge
6.84 + 0.03 10.31 £+ 0.02
400 E. saligna wood (non- E. saligna wood (activ®), cow manure (non-activ®), poultry litter (non- Singh et al.
activ’) E. saligna leaves (activ") activ®) (2010)
6.93 + 0.02 9.20 + 0.02
550 E. saligna wood (non- cow manure (activ®), paper sludge (activ®), E. saligna poultry litter (activ®)
activ®) wood (activ®), E. saligna leaves (activ")
8.82 + 0.01 10.26 + 0.01
Electrical conductivity 400 spruce Poplar straw Kloss et al.
(EC) [mS m '] 42 108 (2012)
460 poplar Spruce straw
70 492
525 spruce Poplar straw
71 443
350 rice husk sawdust, paper sludge poultry litter Pariyar
0.44 + 0.05 9.31 + 0.04 et al. (2020)
450 rice husk paper sludge, sawdust, poultry litter food waste
0.76 £+ 0.02 12.29 £+ 0.09
550 rice husk paper sludge, sawdust, poultry litter food waste
0.99 + 0.03 20.06 + 0.10
650 rice husk paper sludge, sawdust poultry litter
1.40 + 0.03 12.73 £ 0.01
Ash content [%] 500 sawdust peanut shell, wheat straw, grass, pig manure, chlorella,  bone dregs Zhao et al.
9.94 waste paper, shrimp hull, wastewater sludge, 77.6 (2013)
waterweeds, cow manure
400 spruce Poplar straw Kloss et al.
1.9 9.7 (2012)
460 Spruce Poplar straw
3.0 12.0
525 spruce Poplar straw
4.7 12.7
cation exchange 500 sawdust peanut shell, pig manure, grass, bone dregs, wheat chlorella Zhao et al.
capacity (CEC) [cmol 41.7 straw, cow manure, wastewater sludge, shrimp hull, 562 (2013)
kg1 waterweeds, waste paper
350 rice husk paper sludge, sawdust poultry litter Pariyar
41.36 67.23 et al. (2020)
450 food waste rice husk, paper sludge, sawdust poultry litter
22.10 53.47
550 food waste rice husk, sawdust, paper sludge poultry litter
17.35 51.45
650 rice husk sawdust, paper sludge poultry litter
6.69 49.73
cation exchange 400 spruce Poplar straw Kloss et al.
capacity (CEC) [mmol 73.5+ 2.9 161.6 + 15.6 (2012)
kg1 460 Spruce Straw poplar
54.7 £ 6.0 128.3 £ 17.7
525 Spruce Straw Poplar
52.2 + 1.4 107.6 +7.6

(continued on next page)
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property The temperature of Biochar with the lowest Biochars are characterized by the values among the Biochar with the Ref.
pyrolysis [°C] value (and this value) lowest and the highest (in ascending order) highest value (and this
value)
BET-N, surface area (SA) 500 Chlorella Grass, waterweeds, shrimp hull, cow manure, wheat Sawdust Zhao et al.
[m?g1] 2.78 straw, peanut shell, pig manure, wastewater sludge, 203 (2013)
bone dregs, waste paper
400 spruce Poplar Straw Kloss et al.
1.8 +£0.1 4.8+ 0.5 (2012)
460 straw Poplar spruce
28+1.8 14.2 + 2.2
525 Straw Spruce Poplar
14.2 + 4.0 55.7 + 19.5
350 poultry litter Paper sludge, sawdust Rice husk Pariyar
1.75 + 0.02 11.61 + 0.31 et al. (2020)
450 Food waste Poultry litter, paper sludge, rice husk sawdust
0.17 + 0.04 179.77 + 2.35
550 Food waste Poultry litter, paper sludge, rice husk sawdust
2.07 + 0.06 431.91 + 5.46
650 Poultry litter Paper sludge, rice husk sawdust
25.33 +0.38 443.79 + 0.98

a

Table 2
Applied feedstock and obtained biochars.
Feedstock Location/supplier Biochar
label
PT-BC Wheat straw (Triticum L.) Mostostal Sp. z o.0. PT-S
(Wroctaw, Poland)
Willow (Salix viminalis) The southeastern part of PT-W
Poland
Sunflower Fluid S.A. (Sedziszéw, PT-A
Poland)
Residues from hardwood Fluid S.A. (Sedziszéw, PT-D
Poland)
Residues from softwood Fluid S.A. (Sedziszéw, PT-F
Poland)
RBP- Residues from biogas Uhnin (51°58'33"N, RBP-UH
BC production (RBP) 23°03'33"E, Poland)
Koczergi (51°63'33"N, RBP-KO
22°88/'33"E, Poland)
Piaski (51°61'07"N, RBP-PI
22°55'00"E, Poland)
SSL- Sewage sludge (SSL) Chetm (50°20'04"N SSL-CH
BC 23°29'49"E, Poland)
Kalisz (51°45'45"N SSL-KZ
18°05'23"E, Poland)
Suwatki (54°06'04”"N SSL-SI
22°55'57"E, Poland)
Zamos¢ (50°43'14"'N SSL-Z

23°15'31"E, Poland)

solution of sodium azide were placed in Erlenmeyer flasks. Then, they
were rolled for one month on a rotary shaker ROTAX 6.8 VELP Scien-
tifica (Italy) at 10 RCF. After this period, POM samplers were cleaned
with distilled water and extracted with an acetone/heptane (20/80, v/v)
mixture with the addition of IS. Finally, obtained extract was concen-
trated and GC-MS/MS analysis was carried out. Further details are
described in SI.

2.5. GC-MS/MS measurement

Qualitative and quantitative analyses of PAHs and derivatives were
conducted using a gas chromatograph hyphenated with a triple
quadruple tandem mass spectrometer detector (GCMS-TQ8040; Shi-
madzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica capillary
column (30 m x 0.25 mm i.d., 0.25 pm film thickness; Phenomenex,
Torrance, CA, USA). Helium (grade 5.0) as carrier gas and argon (grade
5.0) as collision gas were used. Column flow was 1.56 mL min ™, and 1
pL of the sample was injected by an AOC-20i + s type autosampler
(Shimadzu). The injector was working in high-pressure mode (250.0 kPa

activ-activated (biochar with stream activation); non-activ-non-activated (biochar without stream activation).

for 1.5 min; column flow at initial temperature was 4.90 mL min~!) at
the temperature of 310 °C; the ion source temperature was 225 °C. For
qualitative purposes, the full scan mode with a range of 40-550 m/z was
employed and for quantitative analyses, the SIM mode was used.

3. Results and discussion
3.1. Biochar characteristic

The applied feedstock affects the physicochemical properties of
tested materials (Fig. 1 and Table 3). Although, some similarities in
biochars obtained from different raw materials can be also observed.
The BCs were characterized by broad values of surface area (Sggt). The
lowest Sggr (<1 m? g’l) was noted for PT-A and PT-F, e.g. plant-derived
BC. Simultaneously, the highest Sggr (>70 m> g’l) was noted for PT-W,
SSL-CH, and SSL-Z, plant- and sewage sludge-derived BC. It was
observed that BC with a higher surface area was characterized by a
higher content of Cgee PAHs (Supplementary Information), which may
be associated with a greater amount of potential active sites capable of
binding PAHs (Zielinska and Oleszczuk, 2016). PT-BC were character-
ized by broad pH values: from 7.45 (PT-F) to 10.45 (PT-W). SSL-BC may
be divided into two groups: slightly basic (SSL-Z, SSL-SI) and basic
(SSL-CH, SSL-KZ), whereas RBP-BC were more basic (pH 10.80-12.60).

Ash content (Table 3) in SSL-BC, and RBP- BC was higher than in PT-
BC. The content of carbon in BC was combined with applied feedstock.
In general, in SSL-BC, up to 30% of C% was noted, whereas in RBP-BC
the content of C% reached 35-67%. PT-BC were enriched in C%:
61-83% (Table 3, Figure S2A). SSL-BC revealed the highest N% content
(2.24-3.76%) and lowest (2.29-8.84%) 0% content. In general, the
highest aromaticity (H/C ratio) was noted for RBP-BC. PT-BC were
characterized by higher polarity and hydrophilicity ((O + N)/C and O/C
ratios, respectively) except BCSW600 which was more aromatic (higher
H/C ratio) (Table 3, Supplementary Information). In general, SSL-KZ
revealed the highest ash content and the lowest C%, H%, 0%, and po-
larity. EDS mapping confirmed the presence of Ca (10.74 wt%), Si (4.96
wt%), Mg (0.72 wt%), P (3.51 wt%), Fe (2.35 wt%), and traces of K, S,
Ti, and Na on SSL-Z surface.

The surface of BC was tested by spectroscopic methods. FT-IR
spectra, presented in Fig. 1A, revealed the presence of the character-
istic peaks at 4000-3300 cm ™! indicating the presence of stretching O-H
and N-H structures on the BC surface. Aryl and vinyl functionalities (sp?
vibrations) were also noted (3100-3000 cm’l). The presence of peaks in
the 2500-2000 cm ™~ region indicated the stretching of C=C and C=N,
whereas at 1500-1680 cm™!; C=C (stretching). The presence of car-
bonyls was also evidenced (2000-1700 em™) (Chia et al., 2012). The
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Fig. 1. Physicochemical characteristics of tested biochars: A) FT-IR spectra of tested materials, B) XPS survey, C) SEM images of SSL-Z and PT-W.

Table 3

Physicochemical properties of tested biochar.
BC SBET pH Ash content [%] C [%] H [%] N [%] O [%] H/C (0 +N)/C o/C
PT-S 2.47 10.37 19.59 66.14 1.66 1.26 11.36 0.300 0.145 0.129
PT-W 145.02 10.45 7.09 82.77 2.24 1.68 9.53 0.027 0.135 0.115
PT-A 0.494 9.89 4.42 81.29 1.58 1.03 11.61 0.019 0.155 0.143
PT-D 1.149 8.03 10.77 61.50 3.11 1.18 23.41 0.051 0.400 0.381
PT-F 0.749 7.45 3.90 77.54 3.93 0.24 22.18 0.051 0.289 0.286
RBP-UH 6.80 11.20 35.40 51.25 1.27 1.97 10.11 0.300 0.180 0.150
RBP-KO 1.20 10.80 15.00 66.86 1.67 2.09 14.37 0.300 0.190 0.160
RBP-PI 1.80 12.60 44.30 34.95 1.06 2.10 17.57 0.360 0.430 0.380
SSL-CH 75.50 12.10 67.60 26.50 0.60 2.93 2.41 0.023 0.202 0.091
SSL-KZ 9.00 11.45 70.27 23.72 0.44 3.29 2.29 0.220 0.190 0.070
SSL-Z 79.56 7.79 63.58 24.45 0.86 2.24 8.84 0.035 0.453 0.362
SSL-SI 19.20 8.05 63.86 27.68 0.82 3.76 3.89 0.360 0.220 0.110

results were confirmed by XPS (the survey was presented in Fig. 1B).
XPS analysis revealed that the surface of tested BC was heterogeneous
with several functionalities. The general survey indicated the presence
of C, O, N and Ca mainly (91.84, 6.79, 0.78, 0.59 at.%) in PT-W, whereas
the BZC600 surface beside C (52.5 at.%), O (28.15 at.%), N (2.69 at.%),
Ca (5 at.%), was composed of Si (5.04 at.% peak at 102.7 eV), P (3.06 at.
%, 133.2eV), Al (2.16 at.% 74.7 €V), S (0.89 at.% 168.7eV) and Fe (0.49
at.%, 713.2eV). Closer analysis, however, revealed that the predominant

fraction of carbon (from 78 in SSL to 91 at.%) were C-C and C-H groups
(peak of C 1s at 284.7eV) however, some groups C-OH, C-O-C (286.2
eV), C=0 (287.6 eV), O-C=0 (288.2 eV) in plant-derived BC or
0O—=-C=0 (288.7 eV) in SSL derived BC were noted (Okpalugo et al.,
2005). Oxygen (from 36 at.% in SSL-Z to 46 at.% in PT-W) as O—C-N
(531.93 or 531.44 eV), O*-(C=0)-C (533.52 eV in PT-W) or
0-(C=07%)-C (532.92 eV SSL-Z). Nitrogen was present as C=N-C
(398.25-398.8 eV), N-(C=0)-O- (400.39-400.76 eV) however
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ammonium salt-derived peak was also noted (peak at 402.48-403.4 eV)
(Morant et al., 2006).

SEM images presented in Fig. 1C and D indicated the porous struc-
ture of BC. SSL-Z and PT-W revealed a highly porous structure. In SSL-Z,
the plate-like layer construction of sewage sludge was still observed
after pyrolysis. However, some plates are cracked and covered by tar
agglomerates, and fragmentation is observed (Zhang et al., 2015). In
PT-W pores were long and well defined suggesting that the original
porous structure of the willow had become distorted during BC pro-
duction (Hardie et al., 2014). In general, during pyrolysis voids were
created within the biochar matrix.

3.2. The total content of PAHs and their derivatives in BC

The first step of the studies was the determination of the total con-
centration of PAHs and their derivatives in BC samples. The applied
temperature (600 °C) was selected due to the results published in a
previous article (Krzyszczak et al., 2021) confirming that biochar ob-
tained at 600 °C was characterized by the highest concentration of
bioavailable fraction of PAHs derivatives. The presence of PAHs and
their derivatives in the currently tested BC was presented in Table 4,
Supplementary Information.

3.2.1. Pristine PAHs

The effect of feedstock on the total concentration of PAHs in biochar
was not noticed. In PT-BC the total content of PAHs (and Z16PAHs,
appointed by US EPA) varied between 57.36 + 2.63 pg g~ ! (PT-D) and
181.08 + 8.29 pg g~ ! (PT-W) (20.76 + 0.95 pg g~ (PT-D) and 171.36
+7.85 ug g~ ! (PT-W)) (Fig. 2A). In PT-S, PT-W, and PT-A the majority of
PAHs (50.91%, 36.81%, and 52.09%, respectively) were 3-ring species
followed by 2-rings compounds (PT-W — 44.36%) or 4-ring compounds
(PT-S (41.54%) and PT-A (37.66%)). The most abundant PAHs in tested
biochars were: 3-methylphenanthrene (PT-S), naphthalene (PT-W), and
acenaphthylene (PT-A). Moreover, in all PT-BC, the second-biggest
concentration was determined for acenaphthene. PT-D and PT-F differ
from those described above because 4-ring species were the most
abundant (53.69% and 37.69%) followed by 3-rings PAHs (32.86% and
36.59%), and 2-ring (8.90% PT-D) or 5-ring compounds (18.56% PT-F).
The highest content was determined for benzo[a]fluorene and 6-methyl-
chryzene (PT-D), or fluorene and 3,6-dimethylphenantrene (PT-F).

RBP-BC contained a higher PAHs concentration than PT-BC. The
total content of PAHs (and 216PAHs) varied between 180.18 + 8.25 g
g~ ! (RBP-KO) and 201.64 =+ 9.23 pg g~ ! (RBP-UH) (162.65 + 7.45 g
g~ (RBP-PI) and 184.93 + 8.47 pg g~ ' (RBP-UH)) (Fig. 2A). In RBP-KO
and RBP-PI the most abundant were 3-ring PAHs (62.76% and 63.70%),
4-ring (19.03% and 21.15%), 2-ring (7.74% and 6.76%), 5-ring (7.65%
and 5.83%), and 6-ring (2.82% and 2.56%) with anthracene as the most
abundant compound. Naphthalene and chrysene were the most preva-
lent compounds in RBP-UH described biochar. The total content of PAHs

Table 4
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(and 216PAHs) in SSL-BC varied from 120.70 + 5.53 pg g’1 (SSL-CH)
and 188.47 + 8.63 pg g~ (SSL-KZ) (77.70 =+ 3.56 pg g~ * (SSL-CH) and
107.16 + 4.91 pg g’1 (SSL-Z)) (Fig. 2A). The profile of PAHs (the dis-
tribution of a particular group of PAHs) differs in SSL-BC. In SSL-SI the
highest concentrations were obtained for benzo[a]antracene and benzo
[blfluoranthene. In SSL-CH and SSL-KZ the most prevalent were ace-
naphthene, naphthalene (SSL-CH), 2-phenylnaphtalene, fluorene (SSL-
KZ), and naphthalene, acenaphthylene (SSL-Z).

3.2.2. PAHs derivatives

During the experiment, some O- and N-PAHs were quantified in all
biochars. Their quality and quantity depended on applied feedstocks. All
tested BC differ in the amount of determined PAHs derivatives (Fig. 2B).
In PT-D (hardwood) there were no PAHs derivatives quantitatively
determined. In PT-S and PT-A, the presence of N- and O-PAHs was
confirmed. Straw-derived biochar contained 1-methyl-5-nitronaphta-
lene, 1-methyl-6-nitronaphtalene (cumulatively 14.77%), and 4H-cyclo-
penta(def)phenanthrene (85.23%), whereas sunflower-derived BC
contained nitroacenaphthene (17.28%) and 4H-cyclopenta(def)phenan-
threne (82.72%). In PT-W only the concentration of nitroacenaphthene
(1.92 + 0.09 pg g~ 1) was quantitatively determined, whilst in PT-F and
RBP-PI, only O-PAHs were found. In other RBP-BC N-and O-PAHs were
determined: nitroacenaphthene (28.47%, 1.60 + 0.07 pg g ') in RBP-
UH, 9,10-anthracenedione (71.53%, 4.02 + 0.18 pg g~1) in RBP-UH
and (43.27%, 1.48 + 0.07 pg g~ 1)) in RBP-KO, and nitropyrene
(56.73%, 1.94 + 0.09 pg g~ 1) in RBP-KO. In SSL-Z only N-PAHs were
determined (1-methyl-5-nitronaphtalene and 1-methyl-6-nitronaphta-
lene). In other SSL-BC O- and N-PAHs were quantified, however, the
concentrations of some compounds were below the limit of detection.
Among various N-PAHs, nitropyrene is one of the most prevalent N-
PAHs occurring in diesel exhaust particulate matter being (Laumbach
et al., 2008) revealing toxic, genotoxic, mutagenic, and inflammatory
properties due to the reactive oxygen species (Traversi et al., 2011).
1-nitropyrene was classified as possibly carcinogenic to humans
(Krzyszczak and Czech, 2021).

Significantly more researchers pay attention to the total fraction of
PAHs in biochar. The studies on PAHs derivatives in biochar are scarce
(Krzyszczak et al., 2021). Keiluweit et al. (2012) found that the highest
content of PAHs and their methylated derivatives were determined in
grass-derived biochar obtained at 500 °C (30.2 pg g~1) and softwood
derived BC produced at 400 °C (26.600 g g~ 1). Materials obtained at
600 °C contained significantly lower content of analytes (1.040 pg g~ !
and 0.801 pg g_l, respectively) (Keiluweit et al., 2012), which is still
definitely more than in our studies. Devi and Saroha (2015) presented
that biochar prepared from paper mill effluent treatment plant sludge by
pyrolysis at 600 °C contained 0.926 pg g~ PAHs.

The summarized concentration of total and bioavailable fraction of PAHs and their derivatives in biochar derived from different feedstocks.

Sample The concentration of The concentration of The concentration of The concentration of The concentration of The concentration of

description total PAHs + SD [ng total Z16PAHs + SD total PAHs derivatives bioavailable ZPAHSfree bioavailable Z16PAHs bioavailable PAHs
g1 [ng L71] +SD [ng L71] + SD [ng L71] +SD [ng L71] derivatives + SD [ng L™1]

PT-S 145.21 + 6.65 56.63 + 2.59 28.40 + 1.30 2.56 £+ 0.11 2.36 £ 0.10 0.83 +0.03

PT-W 181.08 + 8.29 171.36 +£ 7.85 1.92 + 0.09 3.17 £0.15 292 +£0.14 0.48 + 0.02

PT-A 151.47 + 6.94 75.01 + 3.43 7.64 + 0.35 4.45 + 0.24 4.24 +£0.23 0.51 + 0.02

PT-D 57.36 + 2.63 57.36 + 2.63 0 2.21 £0.11 212 +0.11 0

PT-F 134.01 £ 6.14 75.49 + 3.46 11.89 + 0.54 3.67 £0.17 3.53£0.17 0.32 4+ 0.02

RBP-UH 201.64 £+ 9.23 184.93 + 8.47 5.62 + 0.26 41.53 + 1.52 41.32 £1.51 0.88 + 0.03

RBP-KO 180.18 +8.25 164.06 + 7.51 3.42 £0.16 10.36 + 0.38 9.41 £+ 0.34 0.22+7.8x 1073

RBP-PI 187.31 + 8.58 162.65 + 7.45 16.19 £ 0.74 10.38 + 0.38 8.99 £ 0.33 4.64 +0.17

SSL-CH 120.70 £+ 5.53 77.70 + 3.56 44.58 + 2.04 9.04 £ 0.52 8.92 £+ 0.52 0.93 £+ 0.05

SSL-KZ 188.47 + 8.63 92.87 + 4.25 4.86 + 0.22 10.13 + 0.46 7.60 £ 0.34 0.54 + 0.02

SSL-SI 150.04 + 6.87 86.52 + 3.96 12.43 £ 0.57 3.33£0.15 3.16 £ 0.14 0.43 £+ 0.02

SSL-Z 125.83 £ 5.76 107.16 + 4.91 5.30 £ 0.24 39.98 £ 1.46 39.71 £ 1.45 1.90 £ 0.07
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Fig. 2. The total concentration of PAHs (A) and derivatives (B) in various biochars [pg g’l].

3.3. The bioavailable PAHs and their derivatives in BC

The most important from the environmental point of view is the
presence of a bioavailable fraction of PAHs and their derivatives. The
presence of this fraction is connected with increased environmental
hazard during BC application. The total concentration of bioavailable
PAHs and their derivatives in biochars obtained from plants, sewage
sludges, and RBP were measured and presented in Table 4 and Supple-
mentary Information.

3.3.1. Pristine PAHs

The results were quite similar to the total content of PAHs, and the
impact of applied plants on bioavailable PAHs concentrations was
negligible. The total content of bioavailable PAHs and the concentration
of 216PAHSs in straw-, willow-, hardwood-, sunflower-, and softwood-
derived biochar are shown in Fig. 3A and Table 4. In PT-S, PT-W, and
PT-D, there were no 2-rings PAHs detected quantitatively, but in these
samples (and PT-A sample) three-ring species were predominant
(96.78%, 97.78%, 98.64% (and 86.10%), respectively). The most
abundant PAHs in straw-derived biochar were: acenaphthene, ace-
naphthylene, and 3-methylphenanthrene (which constituted 58.00%,
33.54%, and 5.24% of the total PAHs concentration, respectively). But
amongst the 4-ring species relatively high concentrations were quanti-
fied for 4-methylpyrene and 2-methylpyrene (38.31% and 29.64% of all
four-rings PAHs, respectively). The most abundant PAHs in PT-W and

PT-D were acenaphthene, fluorene, and acenaphthylene (37.46%,
31.40%, 24.65%, and 68.56%, 15.34%, 11.17% of all 3-ring species),
and in PT-A acenaphthene, acenaphthylene, and anthracene. But the
most prevalent 4-ring compound was 2-methylpyrene in willow-derived
BC, 6-methylchrysene in hardwood residues-derived BC, and 4-methyl-
pyrene in sunflower-derived BC (48.57%, 57.54%, and 82.99% of all 4-
ring species). PT-F sample was characterized by quite different distri-
bution of analyte because two ring-PAH- naphthalene - was the most
abundant compound (54.07%). 3-ring species constituted 44.63% of all
PAHs (with the highest concentration for fluorene, acenaphthene, and
acenaphthylene).

The results obtained for RBP-derived biochars were inconclusive.
The total content of bioavailable PAHs in RBP-KO and RBP-PI samples
(10.36 + 0.38 ng L’l, 10.38 + 0.38 ng L, respectively) and their
percentage distribution followed a similar trend, but the data received
for RBP-UH were divergent (41.53 + 1.52 ng L1). In RBP-KO and RBP-
PI the most prevalent were 3-ring species (62.09% and 67.04%) (like in
plant-derived biochars). In both cases, the higher concentrations were
found for fluorene and anthracene (and they amounted to 43.37%,
23.27% for RBP-KO, and 60.70% and 22.26% for RBP-PI, respectively
(concerning all quantified 3-ring PAHs)). The second most commonly
occurred species were 2-ring PAHs. They accounted for 34.95% and
24.28% for RBP-KO and RBP-P], respectively. In both cases, the same
compounds were quantified: naphthalene, 1,3-di-iso-propylnaphtha-
lene, and 2-phenylnaphthalene, and in both cases, the first one has the

RBP-UH

M rBP-KO

Fig. 3. The total concentration of bioavailable PAHs (A) and derivatives (B) in various biochars [ng L™1].
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highest concentration (2.73 + 1.10 ng L™! and 1.22 + 0.045 ng L},
respectively). 4-, 5-, and 6-rings PAHs constituted 2.87%, 0.084%, and
0.004% for RBP-KO, 8.49%, 0.17%, and 0.012% for RBP-PI (the % of the
total PAHs concentration). The results for the third RBP-derived biochar
(RBP-UH) vary greatly from those described above. The total concen-
tration of all PAHs (and the total concentration of 216PAHs) equated to
41.53 £ 1.52ng L™! (and 41.32 + 1.51 ng L™!), which is more than four
times higher than in the case of biochars obtained from the same type of
feedstock (RBP-KO and RBP-PI). The 2-rings species were the most
prevalent compounds, but it was because of the enormous concentration
of naphthalene (32.88 + 1.20 ng L’l) which constituted 79.17% of all
quantified pristine PAHs. 3-rings compounds equated to 19.83% and
high concentrations were observed for acenaphthene, acenaphthylene,
and fluorene (46.46%, 32.85%, and 12.87% of all three rings species,
respectively). 4-rings PAHs were mostly represented by pyrene and
fluoranthene (40.44% and 33.10% of all 4-rings species). 5-, and 6-ring
measured compounds were a minority and constituted 0.012% and
8.201073% of all pristine PAHs.

The lowest concentration of bioavailable pristine PAHs (and
>16PAHs) was determined in SSL-SI: 3.33 + 0.15 ng L' (3.16 + 0.14
ng L™1). The concentration of identified 2-ring PAHs was below the limit
of detection and 3-ring species constituted 95.78% of all determined
PAHs. The concentration of acenaphthene was the highest, then ace-
naphthylene, fluorene, and 3-methylphenanthrene (51.57%, 22.10%,
18.94%, and 3.17%, respectively). 4-, 5-, and 6-rings PAHs represented
only 4.22% of all bioavailable PAHs. SSL-CH and SSL-KZ were charac-
terized by quite similar results: and the total concentration of bioavail-
able pristine PAHs (and X16PAHs) varied from 9.04 + 0.52 ng L' to
10.13 + 0.46 ng L1 (8.92 + 0.52 ng L ™! and 7.60 + 0.34 ng L™!) for
SSL-CH and SSL-KZ, respectively. In both cases, the majority were 2-ring
PAHs. But in the SSL-CH sample, among 2-ring species, only naphtha-
lene was determined quantitatively and constituted 51.84% of all PAHs.
In SSL-KZ, naphthalene, and 2-phenylnaphthalene represented 73.26%
of all PAHs (i.e. 2-ring PAHSs). 3-ring species also represented a signifi-
cant part of the total concentration of bioavailable compounds in SSL-
CH and SSL-KZ (46.76% and 25.94%). In SSL-CH the highest concen-
tration was determined for acenaphthene (55.42% of all 3-ring species),
while acenaphthylene and anthracene were detected at lower concen-
trations. In SSL-KZ, 3-rings PAHs were represented by fluorene, ace-
naphthene, and 3-methylphenanthrene, which constituted 49.84%,
45.97%, and 4.19%, respectively. 4-, 5-, and 6-ring species had a small
contribution to the total concentration\s of bioavailable PAHs, and
cumulatively accounted for 1.40% for SSL-CH and 0.80% for SSL-KZ. In
SSL-Z, the concentration of bioavailable PAHs with the number of rings
greater or equal to 4 was also a minority and constituted 0.68% of all
PAHSs. But this biochar is distinguished by the highest total concentra-
tion of bioavailable PAHs (and £16PAHSs), which amounted to 39.98 +
1.46 ng L1(39.71 £ 1.45 ng L~1). Moreover, 89.56% of them consti-
tuted 2-ring species. In addition, 99.55% of 2-ring PAHs were repre-
sented by naphthalene. PAHs with 3 aromatic rings equated to 9.77%, in
which acenaphthylene, acenaphthene, and fluorene were the most
abundant.

3.3.2. PAHs derivatives

During the experiment, some O- and N-PAHs were quantified in all
biochars. Their quality and quantity depend on applied feedstocks. For
all biochars, the total concentrations of PAHs derivatives are shown in
Table 4 and Fig. 3B. In PT-BC the quantified PAHs derivatives consti-
tuted 24.41% (PT-S), 13.19% (PT-W), 10.30% (PT-A), and 8.02% (PT-F)
of all quantified PAHs and their derivatives. In biochar obtained from
hardwood residues, the concentration of derivatives was below the limit
of detection. 4-rings PAHs derivatives were predominant, which is the
reversed situation in comparison to pristine compounds. In PT-S, 4H-
cyclopenta(def)phenanthrene, (the only representative of O-PAHs)
constituted 69.20% of all derivatives, whereas 30.80% represented N-
PAHs: 1-methyl-5-nitronaphthalene and 1-methyl-6-nitronaphthalene.
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In PT-W only 4-rings species were quantified, from which 97.29%
accounted for 4H-cyclopenta(def)phenanthrene. In PT-A and PT-F only
9,10-anthracenedione, 4H-cyclopenta(def)phenanthrene, and nitro-
naphthalene were quantitatively determined.

In RBP-BC, various PAH derivatives were also found. Unlike pristine
PAHs, the highest concentration of the total PAHs derivatives was
determined for RBP-PI (4.64 + 0.17 ng L~1) which constituted 30.89%
of all pristine PAHs and derivatives. In RBP-UH and RBP-KO signifi-
cantly lower concentrations were noted (0.88 + 0.03 ng L land 0.22 +
0.008 ng L7}, respectively) and constituted 2.08% and 2.05% of all
compounds. In RBP-PI, 2-rings N-PAHs (nitronaphthalene, 1-methyl-5-
nitronaphthalene, 1-methyl-6-nitronaphthalene) were the most abun-
dant and equated to 99.24% of all derivatives. Moreover, their per-
centages were quite comparable (and amounted to 33.44%, and 35.74%,
and 30.82%, respectively). The rest of all derivatives (0.76%) consti-
tuted nitropyrene. In the case of RBP-PI, there were no O-PAHs quan-
tified. In RBP-UH, the most abundant was 9,10-anthracenedione
(60.98% of all derivatives), followed by nitronaphthalene (38.54%) and
4H-cyclopenta(def)phenanthrene (0.48%). In RBP-KO only two com-
pounds were determined, i.e. 9,10-anthracenedione (77.36%) and
nitropyrene (22.64%).

1.90 =+ 0.07 ng L™! of PAHs derivatives were determined in SSL-Z
which constituted 4.54% of all quantified compounds. Next, in
descending order were SSL-CH (0.93 + 0.05 ng L’l), SSL-KZ (0.54 +
0.02 ng L™Y), and SSL-SI (0.43 + 0.02 ng L™Y), and they equated to
9.32%, 5.02%, and 11.35% of all PAHs and their derivatives. In all SS-
BC, N- and O-PAHs were determined. In SSL-Z and SSL-CH, N-PAHs
(1-methyl-5-nitronaphthalene  and  1-methyl-6-nitronaphthalene)
constituted 89.81% and 16.45% of all derivatives. The representative
of O-PAHs was 9,10-anthracenedione (in SSL-Z) and 4H-cyclopenta(def)
phenanthrene (in SSL-CH). In SSL-KZ, nitronaphthalene and 9,10-
anthracenedione constituted 62.59% and 37.41% of all derivatives.
However, 4H-cyclopenta(def)phenanthrene, 9,10-anthracenedione, and
nitropyrene were the only PAH derivatives determined quantitatively in
SSL-SI.

Our results clearly indicated that the quality and quantity of
bioavailable PAHs and their derivatives in biochars differ considering
applied feedstock (Hale et al., 2012; Koltowski and Oleszczuk, 2015;
Oleszczuk et al., 2013; Weidemann et al., 2018). Considering the con-
centrations of bioavailable PAHs and their derivatives, the comparison
of our data with the results obtained by other Researchers is quite
difficult because the studies about strictly this topic are very limited.
Only several groups of scientists deal with the bioavailability of PAHs
and derivatives. Hale et al. (2012) in their study presented the con-
centrations of bioavailable PAHs but also total PAHs in biochars ob-
tained from various feedstocks in a wide range of temperatures
(250 °C-900 °C). The lowest concentration was detected for
pine-derived biochar (0.17 + 0.04 ng L™) and the highest for food
waste-derived BC (10.0 + 1.1 ng LY (Hale et al., 2012). For BC ob-
tained from wheat straw at 450 °C, the concentration of X13PAHSs
amounted to 2.633 + 0.5498 ng L™ which is very similar to our results.
In the case of hardwood-derived BC, the data presented by Hale et al.
(2012) (1.904 + 0.2439 ng L~ ! for hardwood-derived BC obtained at
450°C-500 °C, and 0.281 =+ 0.1537 ng L~ for laurel oak-derived BC
obtained at 650 °C) were lower than ours. Only a few biochars from
Hale’s studies were obtained at 600 °C (BC produced from digested dairy
manure, food waste, paper mill waste, pinewood (0.831 + 0.231 ng
L™Y), and switchgrass (0.750 + 0.151 ng L™1)) (Hale et al., 2012). And
the last two results were lower than the concentrations of bioavailable
PAHs obtained in our studies (for plant-derived biochars).

Weidemann et al. (2018) found that the concentration of PAHSfee in
wheat straw-derived biochars was nearly seven times higher than pro-
duced from softwood. Moreover, BC produced from straw was charac-
terized by a higher content of 4-, 5-, and 6-rings PAHs than those
obtained from sewage sludge, pine, or spruce (Weidemann et al., 2018).
As in our results, the concentrations of PAHs derivatives in studied
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biochar were lower than pristine PAHs. Konczak et al. (2019) showed
that the concentration of 216PAHS¢ee in SS-derived biochars amounted
to 44.3-50.5 ng L1, while in another study the concentrations of the
same compounds were 81-126 ng L™} (Zielifiska and Oleszczuk, 2016).
As in our results, 2- and 3-ring compounds were predominant and
accounted for more than 90% and approximately 8% (Konczak et al.,
2019). The water solubility of PAHs derivatives is increasing when the
number of rings decreases (Hien et al., 2007). In our results in all cases,
there were no 5- and 6-rings PAHs derivatives detected. It can be caused
by the properties of this group of compounds. Considering possible in-
teractions of PAHs, and probably their derivatives, and biochar surface it
was estimated (de Jesus et al., 2017) that n-n interactions among similar
groups are the main driving force for adsorption of PAHs onto BC sur-
face. However, physical adsorption and hydrophobic interactions
cannot be excluded.

To associate the physicochemical parameters with PAHs and their
derivatives concentrations and to verify some dependences the r-Pear-
son test and One-Way Anova, (Statgraphics Plus) were performed. The
number of degrees of freedom was 10, and the statistical significance
level was 0.1. Statistical analysis revealed only a few important corre-
lations. PAHs total content in all tested materials was only connected
with the pH of obtained materials (p < 0.05). The increase of the surface
area of tested biochar induced the increase of the content of 2-rings
pristine PAHs (p < 0.02) and 3-rings PAHs derivatives (p < 0.05). An
increase in pH has induced the formation of 3-rings PAHs (p < 0.05). An
increase in BC aromaticity increased the bioavailability of 4-rings pris-
tine PAHs. The highest impact in the amount of determined PAHs
revealed 3-ring PAHs, whereas in PAHs derivatives — 4-rings compounds
(p < 0.05). A strong correlation was noted between the amount of
bioavailable PAHs and PAHs derivatives and 2-rings compounds (p <
0.01). One factorial analysis of variance (p < 0.05) was performed and
data revealed that the applied feedstock affected both the quality and
quantity of PAHs derivatives (0.6778) in BC.

4. Conclusions

During pyrolysis, PAHs and PAH derivatives are formed in biochar.
The highest total concentration of PAHs was determined in biochar
obtained from residues from biogas production (up to 201.64 pg g™ 1),
followed by sewage sludge-derived and plant-derived-BC. The
bioavailable fraction of PAHs in BC was low: 2%-5% (PT-BC), 5-21%
(SSL-BC) and 2-31% (RBP-BC). N-, O-PAHs constituted up to 2-10% of
all quantified PAHs in RBP-BC, 20% - in PT-BC, and 2-37% in SSL-BC
with bioavailability reaching 3-25% (PT-BC), 2-29% (RBP-BC), and
2-36% (SSL-BC) indicating that the lower environmental hazard of
plant-derived BC.
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2. Materials and methods

2.1. The physico-chemical properties of biochar

To determine the pH of biochars, 1.0 g of material mixed with 10 mL of deionized
water was used and a digital pH meter HQ430d Benchtop Single Input (HACH, USA) was
applied. To quantify the elemental carbon (C), hydrogen (H), and nitrogen (N), biochar was
milled and EuroEA Elemental Analyser was used. ASAP 2420 (Micromeritics, USA) surface
area and porosity analyzer were used for adsorption measurements and biochars were
outgassed at 200°C for 12 h under vacuum. FT-IR/PAS spectra of the samples were recorded
by Bio-Rad Excalibur 3000 MX spectrometer provided with photoacoustic detector
MTEC300 (in the helium atmosphere in a detector) at RT over the 4000-400 cm™' range at the
resolution of 4 cm ™' and maximum source aperture. X-ray photoelectron spectroscopy, XPS
(UHV Prevac), was used for the determination of surface functional groups of BC, whereas
surface morphology was examined by scanning electron microscopy (Quanta 3D FEG, FEI)

with an Energy Dispersive Spectroscopy system (SEM-EDS).

2.2. Freely dissolved (Cfree) PAH and their derivatives determination in biochars

The qualitative and quantitative determination of the bioaccessibility of PAHs and their
derivatives were carried out by the protocol described in Oleszczuk et al. (Oleszczuk et al.,

2016) and Hale et al. (Hale et al., 2012) presented in Fig S1.
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Fig. S1. Scheme of the determination of the bioavailable fraction of PAHs and their

derivatives.

Before the sample preparation step, 76-mm thick polyoxymethylene (POM) passive
samplers (4cm x 4cm, about 0.35 g each) were cleaned with methanol through shaking for 24
hours on a shaking machine (ELPIN 358A, Poland). Afterward, methanol was substituted
with n-heptane and Millipore water, and the same procedure was applied. Cleaned POMs
were stored in a glass bottle with Millipore water at 4°C until the extraction of the
bioavailable fraction of PAHs and their derivatives were carried out. 1g of dried biochar was
placed in 50 mL Erlenmeyer flasks with glass lids. Then, POM samplers and 40 mL of
sodium azide (200 mg/L) dissolved in water were added for the elimination of any possible
effect of residual microorganisms. Vials were tightly sealed to prevent leakage. Each sample
was prepared in triplicate. Flasks were rolled for one month on a rotary shaker ROTAX 6.8
VELP Scientifica (Italy) at 10 RCF. After this period, POM samplers were cleaned with
distilled water, placed in a 50 mL Erlenmeyer flask, and extracted with an acetone/heptane

(20/80, v/v) mixture with the addition of internal standard. Subsequently, iso-octane was



added to the extract, and the obtained solvent was concentrated on a rotary vacuum
concentrator RVC 2-25 CD plus (Martin Christ, Germany). Then, GC-MS/MS analysis was
carried out. The concentration of PAHs and their derivatives on POM passive samplers

(Cpom) was calculated according to the equation (1):

Mpyy

Cpom =
Mypom

where mpap (ng) (Or MpaH derivatives) - the mass of PAHs (or PAHs derivatives) determined by
GC-MS/MS and mapom (kg) - the mass of two used POM passive samplers.

Ciree concentrations were calculated using POM-water partitioning coefficients (Kpowm)
known from previous studies (Hawthorne et al., 2011; Josefsson et al., 2015). In the case of
certain PAHs derivatives, Kpom was adopted considering parent PAHs due to the lack of the
available data in the literature (Hans-Peter Schmidt, 2015; Hawthorne et al., 2011). Freely

dissolved (Cgee) PAHs and derivatives were measured according to equation (2):

KPOM—W
Cfree - T~

CPOM

where Cpee (ng L'l) is the bioavailable pollutant concentration, Kpom.w (L kg‘l) is the POM-

water partitioning coefficient and Cpoy (ng kg™) is the measured POM concentration.

2.3. The total content of PAHs and their derivatives determination in biochar

PAHs and their derivatives were extracted via pressurized liquid extraction (PLE) using
Dionex 350 system (Thermo Fisher Scientific) equipped with a 22 mL stainless steel cell. The
first layer with silica gel (activated at 300°C, 5h) and copper, and the second, i.e. 0.5g of each
biochar mixed with 0.1g ethylenediaminetetraacetic acid (EDTA), were loaded into the cell.
The IS were added and the cells were completed by glass beads. Then, PLE was performed
with hexane at 150°C using 2 extraction cycles and a flush volume at 60%. The static time
was set at 5 min and the purge time was the 60s 1 MPa with N,. After extraction 1 mL of iso-
octane was added to an extract and obtained solvent was concentrated to about 1 mL using a
rotary vacuum concentrator RVC 2-25 CD plus (Martin Christ, Germany). Then, GC-MS/MS

analysis was carried out.

24. GC-MS/MS measurement

Table S1. The qualitative and quantitative parameters of PAHs and O/N-PAHs analysis.



Quantification

Confirmation

No. Compound ion ion [thT] ﬁl?g?j;;
(m/z) (m/z)
1 Naphthalene 128 102 1.01 3.36
2 1,2-di-iso-propylnaphthene 212 124 1.44 4.79
3 2-Phenylnaphtalene 204 101 1.90 6.33
4 Acenaphthylene 152 76 2.10 6.99
5 Acenaphthene 153 76 2.30 7.66
6 Fluorene 166 82 1.10 3.66
7 Anthracene 178 89 1.30 4.33
8 Phenanthrene 178 89 1.34 4.36
9 3-Methylphenantrene 192 165 242 8.06
10 2-Methylphenantrene 192 165 242 8.06
11 9-Methylphenantrene 192 96 3.23 10.76
12 3,6-dimethylphenantrene 206 191 2.20 7.33
13 Fluorantherene 202 101 1.87 6.22
14 Pyrene 202 101 1.91 6.36
15 2-Methylpyrene 216 108 1.92 6.39
16 4-Methylpyrene 216 108 1.92 6.39
17 Benzo[a]fluorene 216 107 1.30 4.33
18 Benzo[a]anthracene 228 114 1.30 4.33
19 Chryzene 228 113 2.20 7.33
20 3-Methylchrysene 242 121 1.02 3.40
21 5-Methylchrysene 242 115 1.87 6.22
22 6-Methylchrysene 242 119 1.02 3.40
23 Benzo[a]fluoranthene 252 126 2.10 6.99
24 Benzo[b]fluoranthene 252 126 2.10 6.99
25 Benzo[k]fluoranthene 252 126 2.10 6.99
26 Benzo[j]fluoranthene 252 126 1.91 6.36
27 Benzo[a]pyrene 252 126 2.11 7.03
28 Indenol[1,2,3-cd]pyrene 276 138 1.30 4.33
29 Benzo[ghi]perylene 276 138 1.33 4.43
30 Dibenzo[a,h]anthracene 278 139 2.21 7.36
31 Dibenz[a,e]pyrene 302 151 2.04 6.79
32 Dibenz[a,h]pyrene 302 151 2.04 6.79
33 Dibenz[a,i]pyrene 302 151 2.05 6.82



34 Dibenz[a,l]pyrene 302 151 2.05 6.82
N- and O-PAHs
35 Nitronaphthalene 173 127 2.41 8.03
36 1-Methyl-5-nitronaphtalene 187 115 1.21 4.03
37 1-Methyl-6-nitronaphtalene 187 115 1.21 4.03
38 9,10-Anthracenedione 208 180 1.44 4.80
39 4H-cyclopenta(def)phenanthrene 190 94 3.01 10.02
40 Nitropyrene 247 201 1.66 5.53
*-LOD — limit of detection; **-LOQ — limit of quantitation; LOD and LOQ were not
calculated via Kpom
3. Results and discussion
3.1.Biochar physicochemical characteristics
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Fig. S2. (A) Physicochemical properites of tested materials, (B) aromaticity, polairy and
hydrophilicity of BC.

3.2.The total content of PAHs and their derivatives in BC



Table S2. The concentration of total PAHs and their derivatives in PT-BC.

Sample description

No. Compound PT-S PT-W PT-D PT-A PT-F
Analyte concentration [ng g”'|

1 Naphthalene 0.24 +0.01 62.28 +2.85 <LOD 2.88+0.13 9.37+0.43
2 1,3-di-iso-propylnaphthalene 4.43+0.20 0.88 £0.04 5.11+£0.23 0.22+0.01 <LOD

3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD

4 Acenaphthylene 16.62 £ 0.72 25.12+1.15 4.87+0.22 29.27 +1.34 2.34+0.11
5 Acenaphthene 18.27 £0.84 3734+ 1.71 9.31+043 20.28 +0.93 6.73+0.31
6 Fluorene <LOD 0.42 +0.02 4.43+0.20 12.30 + 0.56 19.46 + 0.89
7 Anthracene 1.48 +£0.07 332+0.15 <LOD 0.86 = 0.04 <LOD

8 Phenanthrene <LOD <LOD <LOD <LOD <LOD

9 3-Methylphenantrene 27.28+1.25 0.24 £ 0.01 <LOD 294+0.14 4.88+0.22
10 2-Methylphenantrene 19.96 + 0.50 0.22 +0.01 0.24 £ 0.01 0.92 +0.04 0.72 +0.03
11 9-Methylphenantrene <LOD <LOD <LOD 0.22+£0.01 0.22+0.01
12 3,6-dimethylphenantrene 0.32+0.02 <LOD <LOD 12.34 £ 0.57 14.91 £ 0.68
13 Fluoranthene 0.46 £ 0.02 1.98 £ 0.09 <LOD 1.38 + 0.06 <LOD
14 Pyrene <LOD 25.10+1.15 <LOD 2.28+0.10 1.24 +£0.06
15 2-Methylpyrene 6.33+0.29 0.24 + 0.01 0.32+0.02 228 +£0.10 <LOD
16 4-Methylpyrene 2.30=+0.11 0.30+0.01 0.82+0.04 13.98 = 0.64 <LOD
17 Benzo[a]fluorene 16.27 £0.75 6.02 +£0.28 12.21 £0.56 8.88 £0.41 16.28 £0.75
18 Benzo[a]anthracene 12.04 £ 0.55 5.14+0.24 <LOD <LOD 11.47 £0.53
19 Chrysene 2.24+0.10 0.92 +£0.04 <LOD <LOD <LOD
20 3-Methylchrysene 10.02 £ 0.46 <LOD 0.82 £ 0.04 548 £0.25 6.21 +0.28




21 5-Methylchrysene 8.85+0.41 <LOD 6.28 £0.29 8.32+0.38 4.98 £0.23
22 6-Methylchrysene 1.82 £0.08 <LOD 10.35+0.47 14.52 £ 0.67 10.33+£0.47
23 Benzo[a]fluoranthene <LOD 0.28 £0.01 0.22+0.01 430+0.12 0.24+0.01
24 Benzo[b]fluoranthene <LOD 0.22+0.01 <LOD 6.28 +£0.29 <LOD
25 Benzo[k]fluoranthene <LOD 0.34 +£0.02 <LOD 1.22 £0.06 <LOD
26 Benzol[j]fluoranthene <LOD 0.12+0.01 <LOD 0.12+0.01 <LOD
27 Benzo[a]pyrene 0.38 £0.02 7.34+0.34 1.94+0.09 <LOD 10.23 +£0.47
28 Indeno[1,2,3-cd]pyrene 4.03+0.19 1.10£0.05 <LOD <LOD <LOD
29 Benzo[ghi]perylene 1.88 £ 0.09 <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD 0.68 £ 0.03 <LOD 0.24 £0.01 14.41 £ 0.66
31 Dibenz[a,e]pyrene <LOD 1.16 £ 0.05 0.22+0.01 0.040 + 0.002 <LOD
32 Dibenz[a,h]pyrene <LOD 0.18 £0.01 0.24 £ 0.01 <LOD <LOD
33 Dibenz[a,i]pyrene <LOD 0.14+£0.01 <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD
N- and O-PAH

35 Nitronaphthalene <LOD 1.92 +0.09 <LOD 1.32+0.06 <LOD
36 1-Methyl-5-nitronaphthalene 1.88 £ 0.09 <LOD <LOD <LOD <LOD
37 1-Methyl-6-nitronaphthalene 2.32+0.11 <LOD <LOD <LOD <LOD
38 9,10-Anthracenedione <LOD <LOD <LOD <LOD 0.82 +0.04
39 | 4H-cyclopenta(def)phenanthrene 2420+ 1.11 <LOD <LOD 6.32+0.29 11.07£0.51
40 Nitropyrene <LOD <LOD <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection




Table S2. The concentration of total PAHs and their derivatives in RBP-BC.

Sample description
No. Compound RBP-UH RBP-KO RBP-PI
Analyte concentration [ng g |

1 Naphthalene 66.05 +3.02 8.83+0.40 6.24 +£0.29
2 1,3-di-iso-propylnaphthalene <LOD 2.88+0.13 6.44 £0.30
3 2-Phenylnaphtalene <LOD 4.02+0.18 2.30+0.11
4 Acenaphthylene 16.21 +£0.74 16.84 +0.77 7.93+0.36
5 Acenaphthene 14.89 + 0.68 6.31+0.29 2.30+0.11
6 Fluorene 3.92+0.18 3.12+0.14 48.84+2.24
7 Anthracene 12.21 +£0.56 82.80+3.79 53.42+£02.45
8 Phenanthrene <LOD <LOD <LOD

9 3-Methylphenantrene 1.34 + 0.06 <LOD 0.72 £ 0.03
10 2-Methylphenantrene 0.68 +0.03 <LOD 0.88 £0.04
11 9-Methylphenantrene <LOD 2.24+0.10 <LOD
12 3,6-dimethylphenantrene 0.84 +£0.04 <LOD 294+0.13
13 Fluoranthene 6.38 +0.29 10.09 + 0.46 3279+ 1.15
14 Pyrene 14.89 £ 0.68 21.90+£0.10 <LOD
15 2-Methylpyrene <LOD <LOD <LOD
16 4-Methylpyrene <LOD <LOD 0.88 =0.04
17 Benzo[a]fluorene 8.61 +£0.39 <LOD <LOD
18 Benzo[a]anthracene 11.07 £ 0.51 <LOD <LOD
19 Chrysene 27.30+ 1.25 2.30+0.11 1.94+0.09
20 3-Methylchrysene 244 £0.11 <LOD 2.04 +0.09
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21 5-Methylchrysene 2.06 £0.09 <LOD 1.96 £ 0.09
22 6-Methylchrysene 0.74 £0.03 <LOD <LOD
23 Benzo[a]fluoranthene <LOD 2.88 £0.13 6.88 £0.32
24 Benzo[b]fluoranthene <LOD 1.98 £0.09 4.04+£0.19
25 Benzo[k]fluoranthene <LOD 1.44 £0.07 <LOD
26 Benzol[j]fluoranthene <LOD 1.22 £ 0.06 <LOD
27 Benzo[a]pyrene 12.03 £0.55 6.27 £0.29 <LOD
28 Indeno[1,2,3-cd]pyrene <LOD <LOD 2.32+0.11
29 Benzo[ghi]perylene <LOD 1.28 + 0.06 <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD
31 Dibenz[a,e]pyrene <LOD 1.44 + 0.07 1.34 + 0.06
32 Dibenz[a,h]pyrene <LOD 0.88 =0.04 0.62 £0.03
33 Dibenz[a,i]pyrene <LOD 0.76 = 0.04 0.24 £0.01
34 Dibenz[a,l]pyrene <LOD 0.72 £ 0.03 0.28 +0.01
N- and O-PAHs
35 Nitronaphthalene 1.60 + 0.07 <LOD 324 +0.15
36 1-Methyl-5-nitronaphthalene <LOD <LOD 6.88 + 0.32
37 1-Methyl-6-nitronaphthalene <LOD <LOD 4.16+0.19
38 9,10-Anthracenedione 4.02+0.18 1.48 +0.07 <LOD
39 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD
40 Nitropyrene <LOD 1.94 £0.09 1.92 +£0.09

SD-standard deviation, <LOD- below the limit of detection
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Table S3. The concentration of total PAHs and their derivatives in SSL-BC.

Sample description
No. Compound SSL-CH SSL-KZ SSL-SI SSL-Z
Analyte concentration £ SD [ng g”']

1 Naphthalene 18.27 +0.84 12.23 £ 0.56 <LOD 54.80 +2.51
2 1,3-di-iso-propylnaphthalene <LOD 0.28 £0.01 <LOD <LOD
3 2-Phenylnaphtalene <LOD 36.27 + 1.66 <LOD 1.26 £ 0.06
4 Acenaphthylene 2524+ 1.16 <LOD 8.47+0.39 15.09 + 0.69
5 Acenaphthene 17.29+0.79 15.09 + 0.69 10.27 +£0.47 3.10+£0.14
6 Fluorene 0.28 £0.01 28.86 +1.32 12.23 £ 0.56 8.30+0.38
7 Anthracene 10.28 + 0.47 <LOD <LOD 0.42+£0.02
8 Phenanthrene <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD 9.33+0.43 8.29+£0.38 0.060 + 0.003
10 2-Methylphenantrene <LOD 2.30+0.11 2.88+0.13 0.12+0.01
11 9-Methylphenantrene <LOD <LOD <LOD 1.02 +£0.05
12 3,6-dimethylphenantrene <LOD <LOD <LOD 242 +0.11
13 Fluoranthene 1.48 £0.07 1.42 £ 0.07 4.87+0.22 <LOD
14 Pyrene 2.92+0.13 1.54 +£0.07 3.32+0.15 8.30+0.38
15 2-Methylpyrene 4.03+£0.19 5.04+0.23 12.23 £0.56 1.10 £ 0.05
16 4-Methylpyrene 14.27 £ 0.65 <LOD <LOD 1.96 +0.09
17 Benzo[a]fluorene 9.06+0.42 11.09+0.51 10.05 £ 0.46 0.56 £0.03
18 Benzo[a]anthracene <LOD 8.45+0.39 2425 +1.11 1.98 +0.09
19 Chrysene <LOD 5.92+0.27 14.90 + 0.68 0.24 +£0.01
20 3-Methylchrysene 3.33+0.15 1.52+0.07 1.22 +0.06 <LOD
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21 5-Methylchrysene 8.01+0.37 7.05+0.32 7.05+0.32 1.92+0.09
22 6-Methylchrysene 4.29+0.20 10.21 +0.47 0.52+0.02 0.66 +0.03
23 Benzo[a]fluoranthene 0.32+0.02 7.53+0.35 7.07+0.32 9.72 £0.45
24 Benzo[b]fluoranthene <LOD 12.23 £ 0.56 21.29+0.98 6.30 £ 0.29
25 Benzo[k]fluoranthene <LOD 1.12+0.05 0.92 £0.04 2.28 £0.10
26 Benzol[j]fluoranthene <LOD 0.28 £0.01 <LOD 0.26 £ 0.01
27 Benzo[a]pyrene 1.64 £0.08 <LOD <LOD 0.52+0.02
28 Indeno[1,2,3-cd]pyrene <LOD 0.88 £0.04 0.22+0.01 <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD 9.83+£0.45 <LOD 242 +0.11
31 Dibenz[a,e]pyrene <LOD <LOD <LOD 1.04 £0.05
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD 1.54 + 0.07 <LOD <LOD
36 1-Methyl-5-nitronaphthalene 2.34+0.11 <LOD <LOD 2.42+0.11
37 1-Methyl-6-nitronaphthalene 2.04 £0.09 <LOD <LOD 2.88+0.13
38 9,10-Anthracenedione <LOD 2.04+0.09 0.84 +£0.04 <LOD
39 | 4H-cyclopenta(def)phenanthrene 40.21+1.84 <LOD 10.91 £ 0.50 <LOD
40 Nitropyrene <LOD 1.28 £0.06 0.68 £0.03 <LOD

SD-standard deviation, <LOD- below the limit of detection
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3.3.The bioavailable PAHs and their derivatives in BC

Table S4. The content of bioavailable PAHs and their derivatives in PT-BC.

Sample description

No. Compound PT-S PT-W PT-D PT-A PT-F
Analyte concentration [ng L
1 Naphthalene <LOD <LOD <LOD 0.49 +0.02 1.98 + 0.09
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 0.86 + 0.04 0.77 + 0.04 0.24 +0.01 1.60+0.11 0.15+0.01
5 Acenaphthene 1.49 +0.07 1.16 £ 0.05 1.45 +0.08 1.89 +0.09 0.58 + 0.03
6 Fluorene <LOD 0.97 +0.05 0.33+0.02 <LOD 0.79 + 0.04
7 Anthracene <LOD <LOD (10.0 = 0.5)-10’2 0.25+£0.01 <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 0.130 + 6.2:10™ 0.170 + 74107 <LOD 0.059 +2.7-10” 0.045+2.1-10”
10 2-Methylphenantrene <LOD 0.030 + 1.210° <LOD <LOD <LOD
11 9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD
12 3,6-dimethylphenantrene <LOD <LOD 0.640 + 3.4-10” 0.059 +2.7-107 0.072+3.3-10”
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD
14 Pyrene <LOD <LOD <LOD <LOD <LOD
15 2-Methylpyrene 0.023 + 1.1-10™ 0.027 £ 1.3:10° <LOD <LOD <LOD
16 4-Methylpyrene 0.030 + 1.4-10™ <LOD 27107 £3.6-10° 0.073 +3.4:10” <LOD
17 Benzo[a]fluorene 6.1-10° £3.1-10™ 9.7-10° +4.5-10% | 8.310°+4.710* | 84-10°+3.810" 7.2-10° +3.4-10*
18 Benzo[a]anthracene 7.3-10° £3.4-10" <LOD <LOD <LOD 0.014£6.6:10™
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19 Chrysene <LOD 56107 £2.6:10™ <LOD <LOD <LOD
20 3-Methylchrysene 3.9-10° +1.9-10™ 4.810°+1.9-10* <LOD <LOD 4.0-10° + 1.8-107
21 5-Methylchrysene <LOD <LOD <LOD <LOD <LOD
22 6-Methylchrysene 7.6:10° +£3.6:10" 8.9-10° £4.1-10™ 0.015 + 8.0-10™ 6.3-10° +3.0-10™ 0.012 +5.4-10™
23 Benzol[a]fluoranthene 15107 +9.8:10° 6.8:10°£2.7-10* | 2810°+£1.310* |55:10°£2.710° | 2.0-10°£9.4:10°
24 Benzo[b]fluoranthene <LOD 2.8:107 £9.9-107 <LOD 64107 £2.9-10* <LOD
25 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene <LOD <LOD 7.2:10*+£3.1-10” <LOD 3.9-107 + 1.810™
28 Indeno[1,2,3-cd]pyrene 2.2:10% +1.0-10* 2.2:10%+1.2:10” 2.410*+1310° | 1.3-10%+4.7-10° 9.410* +5.0-10°
29 Benzo[ghi]perylene 1.1-107 + 8.2:10° 23107 £ 8.0-10” <LOD 1.6:10* +7.0-10° 6.4-10% +3.2-10”
30 Dibenzo[a,h]anthracene <LOD 2.0-10°+£9.1-10” <LOD <LOD 3.3:107 £ 1.5-10™
31 Dibenz[a,e]pyrene <LOD <LOD <LOD <LOD <LOD
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD

N- and O-PAH
35 Nitronaphthalene <LOD <LOD <LOD 0.26 £0.01 <LOD
36 1-Methyl-5-nitronaphthalene 0.13 £4.0-10” <LOD <LOD <LOD <LOD
37 1-Methyl-6-nitronaphthalene 0.12+54:107 <LOD <LOD <LOD <LOD
38 9,10-Anthracenedione <LOD <LOD <LOD <LOD 0.057 £5.7-10°
39 | 4H-cyclopenta(def)phenanthrene 0.58 £0.02 0.47 £0.022 <LOD 0.25 £ 0.01 0.27 £0.01
40 Nitropyrene <LOD 0.013+6.9-10” <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection
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Table S5. The content of bioavailable PAHs and their derivatives in RBP-BC.

Sample description
No. Compound RBP-UH RBP-KO RBP-PI
Analyte concentration [ng L]
1 Naphthalene 32.88+1.20 2.73+£0.10 1.22 £0.045
2 1,3-di-iso-propylnaphthalene 7.610° +7.6:10" 0.23 +8.3-10° 0.70 £ 0.025
3 2-Phenylnaphtalene <LOD 0.66 + 0.024 0.60 + 0.022
4 Acenaphthylene 2.71+£0.10 1.05+£0.039 0.72 £0.026
5 Acenaphthene 3.83+0.14 1.04 + 0.038 0.39+0.014
6 Fluorene 1.06 + 0.04 2.79+0.10 423+0.15
7 Anthracene 0.47 +£0.02 1.50 £ 0.055 1.55+£0.057
8 Phenanthrene <LOD <LOD <LOD
9 3-Methylphenantrene 0.093 + 3.4-10” <LOD 0.024 + 8.3-10™
10 2-Methylphenantrene 0.065 + 2.3-107 <LOD 0.026 +9.3-10™
11 9-Methylphenantrene <LOD 0.054 + 1.9-10” <LOD
12 3,6-dimethylphenantrene 0.013 +4.4-10™ <LOD 0.027 £9.9-10™
13 Fluoranthene 0.13+4.9:10” 0.089 +3.2:10” 0.87 +0.032
14 Pyrene 0.16 £5.9:107 0.20 £ 7.4:107 <LOD
15 2-Methylpyrene <LOD <LOD <LOD
16 4-Methylpyrene <LOD <LOD 7.0-10% +3.5:10°
17 Benzo[a]fluorene 0.014 +5.0-10™ <LOD 7.0-10* £2.3-10°
18 Benzo[a]anthracene 0.027 +£9.8:10™ <LOD <LOD
19 Chrysene 0.048 + 1.8-10” 5.4-10° +2.0-10™ 4.6:10° +1.7-10*
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20 3-Methylchrysene 6.2:107 £2.3-10™ <LOD 4.410° £ 1.6:10™

21 5-Methylchrysene 7.3-10° £2.7-10" <LOD 3.8:107 £ 1.410™

22 6-Methylchrysene 35107 +1.3-10™ <LOD <LOD

23 Benzol[a]fluoranthene 4.7-10° £4.7-10° | 2.9-10° £ 1.1-10™ 0.011+4.1-10™

24 Benzo[b]fluoranthene 14107+ 4.710° [ 1.6-10°+56:10° |  6.5-10° +2.4-10°

25 Benzo[k]fluoranthene <LOD 1.7-107 £ 6.3:10” 3.6:10* £ 1.2:107

26 Benzo[j]fluoranthene <LOD 3.5:10*+1.3-10” <LOD

27 Benzo[a]pyrene 47:10% +1.7-10* | 2.2:10° +7.7-107 <LOD

28 Indeno[1,2,3-cd]pyrene 3410+ 1.3-10” <LOD 1.2:10° £4.3-10”

29 Benzo[ghi]perylene 1.6:10° £7.3-10° | 2.9-10*£9.610° <LOD

30 Dibenzo[a,h]anthracene <LOD <LOD <LOD

31 Dibenz[a,e]pyrene <LOD 5.1-10° + 1.9-10° 3.1-10° £ 1.2-10°

32 Dibenz[a,h]pyrene <LOD 3.2:10° +£1.2:10° 4.0:10°+1.5:10°

33 Dibenz[a,i]pyrene <LOD 23107 +7.7-107 1.6:10° +5.9-107

34 Dibenz[a,l]pyrene <LOD 2.510°+£9.3-107 1.5:10° £5.9-107
N- and O-PAHs

35 Nitronaphthalene 0.34+0.014 <LOD 1.65 + 0.060

36 1-Methyl-5-nitronaphthalene <LOD <LOD 1.54 £ 0.056

37 1-Methyl-6-nitronaphthalene <LOD <LOD 1.42 £ 0.052

38 9,10-Anthracenedione 0.54+0.019 0.17 £ 6.0-107 <LOD

39 | 4H-cyclopenta(def)phenanthrene | 4.3:10°+2.1-10™ <LOD <LOD

40 Nitropyrene <LOD 0.049 + 1.8-10” 0.035+ 1.3-10”

SD-standard deviation, <LOD- below the limit of detection

Table S6. The content of bioavailable PAHs and their derivatives in SSL-BC.
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Sample description

No. Compound SSL-CH SSL-KZ SSL-SI SSL-Z
Analyte concentration + SD [ng L™']

1 Naphthalene 4.69+0.22 5.05+0.23 <LOD 35.65+ 1.30
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD
3 2-Phenylnaphtalene <LOD 2.37+0.11 <LOD 0.16+5.4:107
4 Acenaphthylene 1.54 +0.10 <LOD 0.74 £ 0.03 1.81 +£0.07
5 Acenaphthene 2.34+0.18 1.21 £ 0.06 1.72 £ 0.08 1.46 £ 0.05
6 Fluorene <LOD 1.31+0.05 0.63 +0.03 0.59 +0.02
7 Anthracene 0.35+0.03 <LOD <LOD 0.015 + 6.0-10™
8 Phenanthrene <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD 0.11+5.2:107 0.11+£4.9:107 3.0-107 +£9.9-10”
10 2-Methylphenantrene <LOD <LOD <LOD 2.010° +£9.9-10"*
11 9-Methylphenantrene <LOD <LOD <LOD 0.014+4.9-10"
12 3,6-dimethylphenantrene <LOD <LOD <LOD 0.016+5.6:10™
13 Fluoranthene <LOD <LOD <LOD <LOD
14 Pyrene <LOD <LOD <LOD 0.16 £ 6.0-10”
15 2-Methylpyrene 0.028 + 1.2:107 0.029 + 1.3:107 0.051 £2.2:107 0.025 +9.0-10™
16 4-Methylpyrene 0.071 +3.2:10” <LOD <LOD 0.036+ 1.3:10°
17 Benzo[a]fluorene 8.1:10° £3.810™ 9.7-107 £ 4.5-107 6.9-107 £3.2:10™ 2.1-107 £ 7.5:107
18 Benzo[a]anthracene <LOD 0.011+5.1-10" 0.037 £2.4-10° 0.012+4.2-10"
19 Chrysene <LOD 9.6:10° + 4.4-10™* 0.021 £ 1.0:10™ 1.5107% +5.5:10°
20 3-Methylchrysene <LOD <LOD <LOD <LOD
21 5-Methylchrysene <LOD <LOD <LOD 3.1-10° £ 1.1-10™
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22 6-Methylchrysene 0.013+5.0-10™ 7.9-10° +3.7-10™ 7.0-10° £3.3-10" 4.6:10° £ 1.7-107
23 Benzol[a]fluoranthene <LOD 47-10° £2.510™ 32107 +1.510™ 7.0-10° +2.6:10"
24 Benzo[b]fluoranthene <LOD 5.6:10° +2.6:10™ 0.013+9.1-10™ 9.7-10° +3.5-10™
25 Benzo[k]fluoranthene <LOD <LOD <LOD 3.2:107 +1.2:10™
26 Benzol[j]fluoranthene <LOD <LOD <LOD 3.810*+1.3-107
27 Benzo[a]pyrene 6.0-107 +£2.0-10™ <LOD <LOD 2.1-107 + 7.5-10”
28 Indeno[1,2,3-cd]pyrene 1.9-10* £ 8.0-10° 6.5:10" £3.3-10” 9.1-10* £ 4.2-10° <LOD
29 Benzo[ghi]perylene 6.1-10% £2.4-10° 1.6:10% +7.3-10° <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD 17107 + 7.8-10” <LOD 6.6:10% £2.4-107
31 Dibenz[a,e]pyrene <LOD <LOD <LOD 3.3:10°+1.2-10°
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD

N- and O-PAHs
35 Nitronaphthalene <LOD 0.34 £ 0.015 <LOD <LOD
36 1-Methyl-5-nitronaphthalene 0.083 +2.8:10° <LOD <LOD 0.94 +£0.03
37 1-Methyl-6-nitronaphthalene 0.070 +4.2:107 <LOD <LOD 0.77+0.03
38 9,10-Anthracenedione <LOD 0.20+9.4-10° 0.10 +4.6:10° 0.19+7.3-107
39 | 4H-cyclopenta(def)phenanthrene 0.78 £0.04 <LOD 0.32+0.015 <LOD
40 Nitropyrene <LOD <LOD 3.1-10° + 7.7-10° <LOD

SD-standard deviation, <LOD- below the limit of detection
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study highlight the importance of the bioavailable fraction of PAHs and their derivatives for evaluation of the

toxicity of aged biochar.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) (Oleszczuk et al., 2016), as
well as their derivatives containing nitrogen, oxygen, or sulfur (Now-
akowski et al., 2022), are considered as the soil (Krzyszczak and Czech,
2021; Tang et al., 2005) and air (Alves et al., 2016) contaminants. PAHs
have been listed as priority pollutants by the US Environmental Pro-
tection Agency (USEPA) and European Union (Bandowe and Nkansah,
2016). They possess two or more fused aromatic rings in linear, angular,
or cluster arrangement. PAHs may originate from incomplete combus-
tion of organic substances (coal, oil, gas, wood, garbage, and pet-
rochemical/oil refining industries), traffic emission (Yunker et al., 2002;
Gope et al., 2018), and geochemical formation of fossil fuels (Abbas and
Brack, 2006). They are toxic, carcinogenic, and mutagenic to living
organisms (Gope et al., 2018). The content of PAHs in soils varied
depending on soil properties and industrialization (Sushkova et al.,
2019). The soil from the fallow lands of the 20 km around the power
station contained 16PAHs up to 383.3-863.5 pg kg~! in 2016 and
600.3-2168.0 pg kg~ ! in 2017 indicating that the level of pollution
increased and PAHs accumulated in soils. Moreover, at monitoring sites
located in direction of predominant winds from the plant,
high-molecular-weight (HMW) PAHs concentrations were higher than
the low-molecular-weight (LMW) PAHs content. The opposite relation
was observed at sites situated around the power station (Sushkova et al.,
2019). PAHs derivatives are considered to accompany PAHs (Krzyszczak
etal., 2021). Although their presence was noted in airborne particles at a
rather low concentration (ng m3) (Cao et al., 2020), PAHs derivatives
revealed higher toxicity than parent compounds (Nowakowski et al.,
2022) and their hazardous properties should be considered when
applied to soil (Pranagal and Kraska, 2020).

In the last years, there is a great need to develop agents to improve
soil quality (Kamarudin et al., 2021; Chen et al., 2022; He et al., 2022).
Nowadays, many papers showed the great potential of biochar (BC)
application in soil remediation (Yi et al., 2020; Lin et al., 2023). BC is a
porous, carbon-enrich material obtained via thermal decomposition of
biomass under an oxygen-limited atmosphere (Lehmann and Joseph,
2009). Among various wastes, plants (Ahmed and Hameed, 2020) and
sewage sludge (Agrafioti et al., 2013) are getting attention as the feed-
stocks for biochar production. BC addition improves soil properties and
soil quality, increases crop productivity (Tang et al., 2013; Yang et al.,
2019), and enhances moisture, and nutrient retention (Lehmann et al.,
2006). The vast majority of papers have presented the effects of
short-term BC agricultural usage. After field application, plenty of
environmental factors affect biochar properties. The temperature dif-
ferences, microbial activities, and precipitation events triggered the
changes in BC physicochemical properties and structure (Wang et al.,
2020). For example, rainfall or freeze—thaw events can cause mechan-
ical fragmentation, surface oxidation, the release of dissolved organic
matter, and the dissolution of minerals. On the other hand, biological
and photochemical effects lead to oxidation and a decrease in labile
carbon content in BC (Wang et al., 2020). All these changes in BC
structure/composition can be accelerated experimentally by wet—dry
cycling, freeze—thaw cycling, chemical oxidation, microbial inocula-
tion, and UV irradiation (Wang et al., 2020).

The biochar-based papers are getting more numerous but very few of
them are focused on long-term environmental behavior and conse-
quences of BC application into the soil (Wang et al., 2020). The pre-
sented study aimed to i) estimate the effect of long-term, conducted for 6
months, chemical and physical aging of willow- and sewage
sludge-derived biochar on their physicochemical properties; ii) to
evaluate the aging effect on the content of total and bioavailable

(extractable by polyoxymethylene passive samplers) fraction of PAHs,
and their more toxic derivatives.

2. Material and methods
2.1. Feedstock and biochar preparation

The two widely tested feedstocks were chosen for the preparation of
the biochar: willow and sewage sludge. Willow (Salix viminalis) was
harvested in the south-eastern part of Poland and air-dried for a couple
of weeks. Before the pyrolysis process, the willow stems were cut into
small parts (<5 cm) and grounded with a mill (TESTCHEM, Poland).
Sewage sludge (SSL) was obtained from a municipal wastewater treat-
ment plant located in Zamos¢ (50°43'14”N 23°15'31”E, Poland). The
SSL was also dried, crushed, sieved (<2 mm), and homogenized before
the BC preparation.

Pyrolyses of prepared materials were carried out in a furnace (Czy-
lok, Poland). Biochars were obtained via slow pyrolysis at 500 °C,
600 °C, and 700 °C, and the following parameters were applied: the
heating rate at the first step was 10 °C min’!, and the second step - 3 °C
min’}, the resident time: 3 h. The atmosphere of the pyrolysis process
was oxygen-free with the constant flow of nitrogen (630 cm® min™)
which was monitored by the mass flow controller (BETA-ERG, Poland).
The biochars used in the experiment were named as follows: willow-
derived BC produced at 500 °C — BCW500, at 600 °C — BCW600, at
700 °C - BCW700, and sewage sludge-derived BC obtained at 500 °C —
BCZ500, at 600 °C — BCZ600, at 700 °C — BCZ700. BC was grounded to
particles of about 2 mm, homogenized, washed out using distilled water
(1:10, biochar: water) for 24 h, and dried at 40 °C for 6 h. Before all
experiments, BC was stored at room temperature in the absence of light.

2.2. The physical and chemical aging of biochars

Before aging, the water holding capacity of all studied biochars was
determined to maintain their 40 % value during the experiments.
Moreover, BC were sterilized with sodium azide solution (1 %) which
was diluted from the stock solution (200 mg/L) (Sigma-Aldrich, Poland)
and added to biochar to inhibit native microorganisms and remove the
influence of biotic factors. Physical aging (PA) was carried out by
exposure of the biochars to freeze-thaw cycles between +20 °C (7 days)
and —20 °C (7 days) during all physical aging processes (6 months).
Chemical aging was performed by the exposure of biochar to 60 °C
(CA60) and 90 °C (CA90) in airtight stainless steel containers during the
chemical aging process (6 months). The willow- and SSL- derived BC
after aging were labeled as follows: after physical aging: BCW500-PA,
BCW600-PA, BCW700-PA, BCZ500-PA, BCZ600-PA, BCZ700-PA, after
chemical aging at 60 °C: BCW500-CA60, BCW600-CA60, BCW700-
CA60, BCZ500-CA60, BCZ600-CA60, BCZ700-CA60, and at 90 °C:
BCW500-CA90, BCW600-CA90, BCW700-CA90, BCZ500-CA90,
BCZ600-CA90, BCZ700-CA90. Following previous studies (Siatecka
et al., 2021), 6 months of aging were used as the first 6 months are the
most significant considering BC oxidation and losses of volatile com-
pounds, affecting physicochemical parameters of biochar.

2.3. The physicochemical characterization of BC before and after aging
processes

The physicochemical analysis of the obtained BC (pH, ash, C, H, N
content, X-ray photoelectron spectroscopy, SEM imaging, and EDS
mapping) was performed according to the standard procedures
described in the Supplementary Material.
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2.4. Freely dissolved (Csree) PAHs and their derivatives determination in
biochars

The content of freely dissolved PAHs and their derivatives (Table S1,
Table S2) was performed using polyoxymethylene (POM) passive sam-
plers according to the procedure described in the Supporting Material.
The amount of total PAHs and their derivatives was determined using
pressurized liquid extraction (PLE) and GC-MS/MS analysis (Supple-
mentary material).

2.5. The statistical analysis

The statistical analysis was carried out to determine the statistical
significance of each parameter among the treatments by one-way
analysis of variance (one-way ANOVA) followed by a Duncan multiple
comparison test (p < 0.05). The results were presented as the mean
value of three replicates + standard deviation (SD). Pearson test was
applied for the estimation of linear correlations.

3. Results

3.1. The effect of physical and chemical aging on the physicochemical
properties of biochars

The aging affected some properties of tested biochars (Figs. 1-3).

Considering the porosity of tested biochars before and after aging
(Table 1), it can be observed that chemical (BCZ as the example pre-
sented in Fig. 1) and physical aging (Table 1) affected both surface area
(Fig. 1A), pore volume (Fig. 1B) and pore diameter (Fig. 1C), and the
highest changes were noted for CA at 90 °C. The increase of Sggr
reached 24 %. This indicated the oxidation of the biochar and removal of
the most labile components from the surface of BCZ that was cracked
and fragmented (Wang et al., 2020), and new narrow pores were formed
(Siatecka et al., 2021). On the other side, the lowered Sgrr changes after
aging (as observed for BCZ500-CA60) indicated the collapsing of inner
pores (thus lowered pore volume (Fig. 1B) but not reduced mean pore
diameter (Fig. 1C)). PA revealed also the impact on the porosity of tested
BC (Table 1): increased surface area of BCZ but lowered BCW. Simul-
taneously, the other parameters such as pH or ash content were lowered
for BCZ but increased for BCW (Table 1). Physically-aged sewage
sludged-derived biochars were more hydrophilic and polar than before
aging (increased O % and polarity and hydrophilicity related parame-
ters, (O+N/C) and O/C, respectively), in contrast to willow-derived BC,
where the observations were in contrary. These observations were
confirmed when SEM images were collected (Fig. 2). It can be seen that
the surface of BC was rougher than non-aged and full of pores, voids, etc.
have arisen after aging. The results implied that the surface of
SSL-derived BC was more sensitive to aging than willow-derived BC. In
general, the effect of aging was connected both with pyrolysis
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temperature and applied feedstock.

EDS mapping revealed that the surface of BCZ was composed mainly
of carbon, oxygen, and calcium, however, the presence of N, Si, P, Fe, K,
Mg, Al, and Zn was confirmed. Interestingly, the amount of carbon on
the BCZ500 and BCZ600 surface after CA aging at 60°C was reduced, in
contrast to BCZ700, where the amount of surface carbon increased after
aging, confirming that CA60 influenced surface functional groups. The
amount of O was similar after chemical aging, however, BCZ600-CA60
revealed higher O surface content than BCZ600 which may indicate
the increased oxidation of surface species (Wang et al., 2020). The
amount of N was also reduced due to aging. To verify the species formed
on the BC surface, X-ray photoelectron spectroscopic (XPS) studies were
performed (Fig. 3). XPS survey (Fig. 3A) of BCZ before and after physical
and chemical aging looked similar, however, some peaks were having
increased intensity confirming that aging did induce some changes on
the surface of BC. Firstly, the number of observed oxygen- and
carbon-containing species was increased (Fig. 3B, C).

For closer analysis, due to the highest effect of chemical aging on the
content of PAHs and their derivatives (Sections 3.2-3.5), XPS spectra of
BCZ before and after chemical aging were presented in Fig. 3B-D as the
example. The intensity of XPS peaks of BCZ-CA aged at 60 °C was
correlated with pyrolysis temperature and increased from 500 °C to
700 °C: the higher the pyrolysis temperature was applied the higher
intensity of the carbon peak was observed. After CA the shape of the
carbon peak was changed (Fig. 3B) and the deconvolution revealed the
presence of eight peaks in comparison to four peaks present in pristine
BCZ.

In general, the presence of carbon was evidenced by the presence of
the peak at 284.7 eV. Before CA aging, C was present mainly (up to
16 at. %) as aliphatic carbon (C-C, C-H) which was confirmed by the
presence of the peak at 285.25eV and 284.7 eV. Carbonyl groups
(C=0) were noted by the peaks at 287.31 eV and 288.7 eV (0.55 at. %
and 1.58 at. %, respectively). The other carbon species included hy-
droxyl (C-OH at 286 eV up to 15 %eat) and carboxyl (O-C=O0 at 288.2 eV
up to 2 %at.) groups (Rabchinskii et al., 2020). After aging, despite
aliphatic carbon (up to 39.5 %at), the surface of BC exposed more aro-
matic C=C sp2 carbonic structures (peak at 284.14 eV, 31.5 %at.),
increased content of carboxyl groups (up to 5 %at.) and some defective
carbon structures (C—C, C==C peak at 283.57 eV) (Chiang et al.,
2017). Aging was connected with oxidation of the BC surface (Fig. 3C).
Oxygen before aging was detected in the form of O-(C=0%)-C (532.4 eV
31.87 %at.), O—C-N (531.11eV 22at. %), and organic oxygen
(533.97 eV), however some amount (4.83 at. %) of water/adsorbed
oxygen was also noted (535.8 eV) (Wagstaffe et al., 2016). The process
of aging increased the amount and number of O-containing functional
groups. Carbonyl oxygen content increased above 40 %at., whereas
aromatic hydroxyl and carboxyl groups were noted at the level of above
7.4 %at. Nitrogen was present mainly in the form of amines (peak at
398.14 eV) and O—C-N structures (peak at 400 eV) (He et al., 2017).
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Fig. 1. Physicochemical properties of tested biochars A) Sggr (specific surface area), B) pore volume (PV), C) pore diameter (PD).
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Fig. 2. SEM images of BC before (A (BCZ500), B (BCZ600), C (BCZ700)) and after chemical aging (D (BCZ500-CA60), E (BCZ600-CA60), F (BCZ700-CA60)) or

physical aging G (BCZ500-PA), H (BCZ600-PA), I (BCZ700-PA).

The results clearly indicate that the aging was affecting the number of
both carbon and oxygen species on the BC surface. This was confirmed
when the bulk content of C and O was considered (Table 1). C % in BCZ
and BCW was generally lowered after aging, whereas the content of O %
increased. These changes were connected with aromaticity, hydrophi-
licity, and polarity of BC (expressed as the parameters H/C, O/C, and
(0O-+N)/C, respectively). The polarity of BCZ increased (up to 30 %), and
the hydrophilicity of BCZ and BCW after aging was also enhanced.
Among other parameters of BC that were affected by aging it can be
observed that the pH of BCZ and BCW was increased after CA, whereas
PA has induced pH lowering in BCZ. An increase in pH suggests biochar
lowers the environmental risk (Feng et al., 2022). The high stability of
biochars (the physicochemical characteristic of materials before and
after aging did not change significantly) is considered after aging (Sig-
mund et al., 2017; Cao et al., 2019). Cao et al (Cao et al., 2019). reported
that due to the physical aging (freeze-thawed cycling and dry-wet
cycling), the contents of acidic groups in BC increased, while the

contents of aromatic functional groups decreased with the consequence
that the pH values of pyrolyzed material also dropped (Cao et al., 2019).
Similar results were obtained in the study of Siatecka and Oleszczuk
(Siatecka and Oleszczuk, 2022), where the stability of SSL-derived
biochars lowered in the long term. Moreover, the stability of aged BC
depended on the contents and character of carbon (Siatecka and
Oleszczuk, 2022). SSL-derived materials with higher content of C and
aliphatic matter/carbon substances located in surface pores but lower
aromaticity were less stable than SSL-derived BC with lower content of
carbon/aliphatic matter/carbon substance and higher aromaticity
(Siatecka and Oleszczuk, 2022). Aging via oxidation also led to the di-
vision of BC into less stable (BC obtained at low temperature with lower
aromaticity) and more stable ones (obtained at high temperature with
higher aromaticity) (Siatecka et al., 2021; Siatecka and Oleszczuk,
2022). The intensity of the biochar oxidation and removal of the most
labile components from the pyrolyzed material increased with the
increasing aging temperature. Based on our study and the conclusions
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Fig. 3. XPS spectrum of tested BC, A) survey, B) carbon peaks, C) oxygen peaks, D) the content of C, O, and N on BCZ surface.

included in previous papers (Siatecka et al., 2021), the changes induced
by aging depend on both the type of feedstock and pyrolysis tempera-
ture. Furthermore, due to the biochar oxidation, the number of surface
oxygen functional groups, as well as the degree of hydrophilicity and
polarity of BC will increase but pH will decrease. Wang et al (Wang et al.,
2020). presented the mechanisms involved in BC aging and among them
are dissolution of mineral components (divided into two stages), frag-
mentation, interactions with soil minerals, biological degradation, and
abiotic oxidation.

3.2. The effect of the physical aging process on the total fraction of PAHs
and their derivatives in biochar

3.2.1. Pristine PAHs

The highest contents of pristine PAHs (as well as £16US-EPA PAHs)
before and after the physical aging, were found in BCW600 and
BCW600-PA, respectively (Table 2, Table S3 and S4). Moreover, the
content of the sum of quantified PAHs in aged biochar was higher than in
non-aged materials by up to 26.64 % (BCW500 vs. BCW500-PA) and
32.13 % (BCW600 vs. BCW600-PA). 3-ring PAHs were the most

abundant (except BCW700) and constituted from 35.20 % to 37.97 %
(34.08 % in BCW700). But 2-ring PAHs represented an almost equal
percentage (31.43 %—36.83 %) with naphthalene as the most prevalent
(constituted over 30 % of all BCW samples). Among 3-ring species,
acenaphthene and acenaphthylene constituted the majority. 4-ring
PAHs were in the range of 20.68 %—22.60 % with pyrene as the most
widespread. 5- and 6-ring species amounted to 4.49 %—6.65 % and 1.19
%—2.64 %, respectively. Despite the similar percentage distribution of
particular groups of PAHs, the concentration of 2-ring species increased
up to 25.73 % (BCW600-PA) (Table S4). It is worth stressing that the
content of 6-ring PAHs increased by at least 90 %; up to even 130 % after
aging. PAHs content increased disproportionately, and this led to the
conclusion that PA promoted the formation of compounds with higher
molecular weight. By comparing the changes in the concentration of
individual PAHs in BCW samples before and after aging, the noted
concentrations were usually less than two times higher. But in the case of
BCW500-PA, the concentration of 2-methylpyrene, indeno[1,2,3-cd]
pyrene, dibenz[a,hlpyrene, and dibenz[a,i]pyrene was even 4.5 times
higher than in BCW500.

Before aging, the highest content of pristine PAHs in SSL-derived
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Table 1
Physicochemical properties of pristine and aged biochars.
BC SBeT pH Ash content [%] C [%] H [%] N [%] O [%] H/C (O +N)/C o/C
[m® g™
BCZ500 78.04 7.84 61.53 24.96 1.35 3.38 8.78 0.054 0.487 0.352
BCZ600 79.56 7.79 63.58 24.45 0.86 2.24 8.84 0.035 0.453 0.362
BCZ700 94.00 7.73 67.76 24.14 0.76 1.39 5.95 0.031 0.304 0.246
BCZ500-CA60 72.81 8.21 60.87 23.15 1.29 2.79 11.90 0.056 0.634 0.514
BCZ600-CA60 74.36 7.99 63.98 24.06 0.92 2.22 8.82 0.038 0.459 0.367
BCZ700-CA60 85.91 8.34 68.12 23.29 0.77 1.39 6.44 0.033 0.336 0.276
BCZ500-CA90 69.95 8.13 61.48 22.98 1.35 2.85 11.35 0.059 0.618 0.494
BCZ600-CA90 95.32 8.22 65.07 23.25 1.03 2.32 8.33 0.044 0.458 0.358
BCZ700-CA90 116.36 7.89 69.20 21.77 0.67 1.32 7.04 0.031 0.384 0.324
BCZ500-PA 84.65 7.45 60.46 23.85 1.33 2.85 11.51 0.056 0.602 0.483
BCZ600-PA 86.59 7.34 62.25 23.84 0.95 1.74 11.22 0.040 0.544 0.471
BCZ700-PA 104.65 7.23 65.43 23.80 0.78 1.24 8.75 0.033 0.420 0.368
BCW500 119.50 10.18 8.18 75.18 2.52 2.47 11.65 0.034 0.188 0.155
BCW600 145.00 10.45 7.09 82.77 2.24 1.68 6.22 0.027 0.095 0.075
BCW700 13.23 11.39 5.64 82.38 1.46 1.67 8.85 0.018 0.128 0.107
BCW500-CA60 89.65 10.56 5.09 71.14 1.99 2.213 19.57 0.028 0.306 0.275
BCW600-CA60 76.56 10.4 6.82 81.77 1.46 1.05 8.90 0.018 0.122 0.109
BCW?700-CA60 25.64 10.2 5.12 69.85 1.23 0.89 2291 0.018 0.341 0.328
BCW500-CA90 75.55 11.19 6.23 84.40 2.53 1.10 5.73 0.030 0.081 0.068
BCW600-CA90 56.55 10.56 6.68 86.74 1.41 0.84 4.33 0.016 0.060 0.050
BCW?700-CA90 12.44 9.57 6.21 82.43 0.93 1.18 9.25 0.011 0.126 0.112
BCW500-PA 110.49 10.35 7.79 74.53 1.76 1.98 13.94 0.024 0.214 0.187
BCW600-PA 134.58 10.42 6.69 53.56 0.88 1.65 37.22 0.016 0.726 0.695
BCW700-PA 16.89 9.89 7.86 83.33 0.46 1.54 6.81 0.006 0.100 0.082
Table 2
The content of total and bioavailable PAHs and their derivatives in tested BC.
Sample The concentration of The concentration of The concentration of The concentration of The concentration of The concentration of
description total PAHs + SD [ng total £16PAHs + SD total PAHs derivatives bioavailable TPAHSce bioavailable £16PAHs bioavailable PAHs
g1l [ng g1 +SD [ng gl + SD [ng L] +SD [ng L] derivatives + SD [ng L]
BCW500 151.55 + 6.94 144.00 + 6.59 1.48 £ 0.07 3.51 £ 0.20 3.34 £ 0.20 0.25 £ 0.01
BCW600 181.08 + 8.29 171.36 + 7.85 1.92 +0.09 3.17 £0.15 2.92+0.14 0.48 + 0.02
BCW700 158.02 +7.23 148.27 + 6.79 4.31 £0.20 3.53+0.17 3.31 £0.16 0.48 £+ 0.02
BCW500-PA 191.92 + 8.35 180.66 + 7.86 2.42 £0.11 11.66 + 0.61 11.66 £+ 0.61 0.62 + 0.03
BCW600-PA 239.25 +£11.44 223.27 £10.67 2.23 +£0.11 14.16 + 0.73 14.15+£0.73 0.40 + 0.02
BCW700-PA 205.83 + 8.96 190.42 + 8.29 6.79 £+ 0.30 12.38 + 0.65 12.38 £ 0.65 0.55 £+ 0.03
BCW500- 17.38 £ 0.80 17.30 £ 0.79 0.42 + 0.02 10.11 £+ 0.50 10.11 £ 0.50 0.56 + 0.03
CA60
BCW600- 18.69 + 0.86 18.57 £ 0.85 0.52 + 0.02 15.22 £ 0.70 15.21 £0.70 0.27 £ 0.01
CA60
BCW700- 15.87 £0.73 15.87 £0.73 0.62 +0.03 13.07 + 0.69 13.06 £ 0.69 0.31 £ 0.02
CA60
BCW500- 13.14 £+ 0.60 13.14 £ 0.60 <LOD 11.68 &+ 0.60 11.67 £+ 0.60 0.97 £+ 0.05
CA90
BCW600- 14.71 £ 0.67 14.71 £ 0.67 <LOD 17.34 +£ 0.85 17.33 £0.85 1.18 £ 0.06
CA90
BCW700- 12.79 £+ 0.59 12.75 £ 0.58 <LOD 15.58 + 0.80 15.56 + 0.80 1.32 +£0.07
CA90
BCZ500 90.16 + 4.13 80.05 + 3.64 2.72+£0.12 33.50 + 1.22 33.45 +1.22 0.81 + 0.03
BCZ600 125.83 +5.76 103.74 + 4.96 5.30 £0.25 39.98 + 1.46 39.71 £ 1.45 1.90 + 0.07
BCZ700 110.04 + 5.04 93.41 + 4.42 4.01 £0.18 38.33 +£ 1.40 38.22+1.40 0.93 £ 0.03
BCZ500-PA 133.49 £+ 5.53 115.78 + 5.53 4.18 +£0.20 11.03 £ 0.51 11.01 £ 0.51 0.45 + 0.02
BCZ600-PA 203.08 £ 8.51 157.10 + 6.95 5.71 £ 0.24 13.43 £+ 0.69 13.36 £ 0.69 0.87 + 0.04
BCZ700-PA 209.17 £+ 10.00 168.81 + 8.33 9.27 £ 0.44 14.76 + 0.76 14.71 £0.75 0.99 £+ 0.05
BCZ500- 109.78 + 4.58 97.12 + 4.06 2.84 +£0.12 8.03 £ 0.41 8.03 £ 0.41 <LOD
CA60
BCZ600- 174.25 + 7.58 135.60 + 6.18 5.47 £0.24 9.17 £+ 0.42 9.13 £ 0.42 0.16 + 0.01
CA60
BCZ700- 176.17 + 8.02 141.79 + 6.69 6.38 + 0.29 10.84 4+ 0.57 10.80 £ 0.57 0.64 + 0.03
CA60
BCZ500- 126.35 + 5.27 111.65 + 4.68 3.12+0.13 6.63 = 0.30 6.61 £ 0.30 0.04 + 2.00107°
CA90
BCZ600- 198.13 + 8.62 152.39 + 6.97 5.85 +0.25 9.66 + 0.50 9.45 + 0.48 0.52 £+ 0.03
CA90
BCZ700- 193.91 + 8.83 152.95 +7.23 7.70 £ 0.35 10.67 £+ 0.55 10.63 £ 0.55 0.71 + 0.04
CA90

SD- standard deviation; LOD- limit of detection.
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Fig. 4. The percentage of the PAHs and their derivatives in pristine and aged BC, A) BCW500, B) BCW600, C) BCW700, D) BCZ500, E) BCZ600, F) BCZ700.
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biochar was found in BCZ600 (Table2, Fig. 4). After physical aging, the
content of PAHs increased 48-90 % up to 209.17 + 10.00 pg g™
(BCZ700-PA). 2-ring PAHs (predominantly naphthalene) were the most
abundant and constituted 45 %—49 % in BCZ, and 36 %—44 % in BCZ-
PA. Among 3-ring species (23 %—27 % in BCZ and 26-29 % in BCZ-PA),
acenaphthylene and pyrene were the most noted. 4- and 5-ring PAHs
constituted from 9.95 % to 16.20 % and from 10.95 % to 18.91 % of all
quantified PAHs, before and after PA, respectively. PAHs possessing 6
aromatic rings constituted the minority (0.80 %—2.95 %). Despite the
similar percentage of individual groups of PAHs, some of them increased
more than others. For example, the concentration of 2-ring species
increased by 32 %—59 %, whereas the content of 6-ring species
increased 2.3-3.3 times after PA. Artificial aging caused the reduction of
the relative content of LMW PAHs (compounds with <three aromatic
rings) (Sigmund et al., 2017). LMW PAHs are more susceptible to
desorption from biochar than HMW PAHs (with >four aromatic rings)
because of their lower lipophilicity and higher solubility (Sigmund et al.,
2017).

3.2.2. PAHs derivatives

Among all studied PAHs derivatives, in BCW samples only nitro-
naphthalene was quantified up to 4.31 + 0.20 pg g! in BCW700, and
6.79 & 0.30 pg g in BCW700-PA, respectively, indicating up to 64 %
increase. In BCZ samples only 2-ring N-PAHs (1-methyl-5-nitro-
naphthalene and 1-methyl-6-nitronaphthalene) were quantified. The
lowest increase in the total fraction of PAHs derivatives concentration
was observed in BCZ600 vs. BCZ600-PA (7.82 %). The highest increase
in the content of total PAHs derivatives was observed in BCZ700-PA -
130.97 %.

3.3. The effect of the chemical aging process on the total fraction of PAHs
and their derivatives in biochar

3.3.1. Pristine PAHs

The chemical aging affected the total fraction of PAHs in willow-
derived biochars (Table 2, Fig. 4). Considering the experiment at
60 °C (Table S5), the total concentration has dropped about 89-90 %
(simultaneously the X16PAHs decreased by 88-89 %). Similar results
were obtained in biochar aged chemically at 90 °C (PAHs content was
lower by approximately 90 %). In non-aged BC, 2- and 3-ring PAHs
accounted for comparable levels, e.g. 34.88 %—36.83 % and 34.08 %—
37.97 % in BCW samples, whereas 35.47-43.70 % and 35.39 %—44.55
% in BCW-CA60, and 41.95 %—46.72 % and 33.44 %—42.12 % in BCW-
CA90. But the contribution of 4-ring species decreased significantly from
21.73 % to 8.62 % in BCW-CA60, and 4.86 % in BCW-CA90. On the
other hand, the percentage of 5-ring PAHs increased from 4.95 % to
11.41 % and 13.30 %, respectively. The exposure of biochars at selected
temperatures (60 °C and 90 °C) caused a reduction in the content of 6-
ring species to the level below LOD. Considering the changes (in per-
centage) in individual groups of PAHs (regardless of the total values),
the decrease amounted to 70.96 %—100 % in BCW-CA60 and 67.15 %—
100 % in BCW-CA90. There was no significant difference in terms of the
reduction of the content of high/low molecular weight PAHs.

Considering SSL-derived biochar, the total fraction of PAHs
increased as a consequence of the chemical aging process. These mate-
rials have undergone some different transformations than willow-
derived BC. Probably, some changes in physicochemical parameters of
BCZ500, BCZ600, and BCZ700 resulted in PAHs formation. During
chemical aging at 60 °C and 90 °C (Table S5, Table S6), the total PAHs
content increased by 21.77 % and 40.15 % in BCZ500, 38.48 % and
57.46 % in BCZ600, 60.09 %, and 76.21 % in BCZ700. Chemical aging
did not affect the percentage share of individual groups of PAHs diver-
sified in terms of the number of aromatic rings. The BCZ500 and BCZ600
(as well as BCZ500-CA60, BCZ500-CA90, BCZ600-CA60, and BCZ600-
CA90) contained 38.11-48.98 % of 2-ring PAHs. Then, in descending
order were 3-, 5-, 4-, and 6-ring PAHs. Only in BCZ700 (and in BCZ700-
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CA60 and BCZ700-CA90), 4-ring species constituted a higher percentage
than 5-ring PAHs.

3.3.2. PAHs derivatives

In BCW samples the content of nitronaphthalene (as the only
representative of PAHs derivatives) decreased by 71.62 %, 72.95 %, and
85.61 % in BCW500-CA60, BCW600-CA60, and BCW700-CA60 during
CA process at 60 °C (Table S5). The application of a higher temperature
(90 °C) (Table S6) resulted in the total decomposition and elimination of
nitronaphthalene. In BCZ500 and BCZ600, the content of 1-methyl-5-
nitronaphthalene and 1-methyl-6-nitronaphthalene (which constituted
all quantified PAHs derivatives) increased by 4.27 % and 3.18 % during
CA at 60 °C, and 14.80 % and 10.37 % during CA at 90 °C. However, in
BCZ700 the content of derivatives increased by 58.94 % and 91.96 % in
BCZ700-CA60 and BCZ700-CA90, respectively.

Statistically, important correlations (p < 0.05) were noted between
feedstock type and total content of PAHs and content of PAHs after CA.
CA affected also the content of PAHs derivatives.

3.4. The bioavailable fraction of PAHs and their derivatives in biochar
before and after the physical aging process

3.4.1. Pristine PAHs

The PA affected the bioavailable fraction of pristine PAHs (Table 2,
Table S8). Considering willow-derived biochars, the concentration of
bioavailable PAHs increased up to 4.5 times. Although the total fraction
of PAHs in BCW samples increased by 26.64-32.13 % after 6 months of
physical aging, the bioavailability of analytes increased disproportion-
ately. The PA caused an increase in the bioavailability of studied con-
taminants. The processes occurring during PA facilitated the release of
higher amounts of PAHs into the environment. Moreover, physical aging
changed the percentage distribution of individual groups of PAHs
differing in the number of aromatic rings. Before aging, 3-ring PAHs
were the most abundant (and were in the range of 97.78 %—98.50 %),
while 4-, 5-, and 6- ring PAHs constituted 1.14 %—1.78 %, 0.18%—0.36
%, and 0.03 %—0.08 %, respectively. The concentration of 2-ring species
was below the limit of detection. However, after PA, PAHs with two
aromatic rings were the most prevalent (67.79 %—72.30 % of all
quantified PAHs). Then, in descending order were 3-ring (26.11 %—
30.25 %), 4-ring (<2 %), 5-ring (<0.04 %) and 6-ring species (<0.004
%). The temperature of pyrolysis affected the bioavailable fraction of
analytes. Before PA, willow-derived biochars obtained at 600 °C con-
tained the lowest amount of PAHsg.. However, after aging, the increase
in the concentration was the largest. Without long-term experiments,
biochar produced at 600 °C appeared to be the safest (considering PAHs
contamination), but the results obtained after PA showed that the
release of studied contaminants was enhanced.

In BCZ samples, physical aging caused a decrease in the bioavailable
fraction of PAHs by 67.08 %, 66.42 %, and 61.48 % in BCZ500-PA,
BCZ600-PA, and BCZ700-PA in comparison with biochar before aging
(the specific values were included in Table2, Fig. 5B). Despite PA
causing an increase in the total fraction of PAHs by 48.06-90.08 %, the
bioavailability of pristine compounds decreased significantly which is a
great advantage in terms of the environmental application of biochar. 2-
ring species were the most abundant in both BC (before and after PA)
ranging from 89.56 % to 90.64 % in BCZ, and from 77.29 % to 84.35 %
in BCZ-PA. 3-ring species constituted 8.97 %—9.77 % and 14.77 %—
21.16 %, respectively. The other pristine compounds together accounted
for less than 2 % in BC before and after PA.

3.4.2. PAHs derivatives

The changes in the concentration of PAHs derivatives in willow-
derived biochar did not show a clear trend. In BCW500-PA the sum of
quantified derivatives increased by almost 2.5 times (compared to non-
aged BC), while in BCW600-PA decreased by 15.56 %, but in BCW700-
PA increased by 15.61 %. Before PA, only 4-ring derivatives were
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Fig. 5. The concentration of total and bioavailable PAHs and their derivatives in pristine and aged BC derived from willow (A) and sewage sludge (B).
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quantified (4H-cyclopenta(def)phenanthrene and nitropyrene), while
after PA only the concentration of 2 —ring compound (nitronaphthalene)
was quantified. In BCZ500-PA and BCZ600-PA the contents of analytes
have halved, while in BCZ700-PA increased slightly (by 5.10 %). Before
aging, both N- and O-PAHs were quantified, but after aging, only N-
PAHs were determined. Generally aging affected (p < 0.05) total PAHs
and bioavailable PAHs derivatives.

3.5. The bioavailable fraction of PAHs and their derivatives in biochar
before and after the chemical aging process

3.5.1. Pristine PAHs

The chemical aging caused changes in the bioavailable content of
PAHs in biochars (Table S9, Table S10). After CA at 60 °C, the concen-
tration of bioavailable PAHs increased about 2.9, 4.8, and 3.7 times in
BCW500-CA60, BCW600-CA60, and BCW700-CA60. Application of
higher temperature (90 °C) caused even greater enhancement of
bioavailable PAHs content (3.3, 5.5, and 4.4 in BCW500-CA90,
BCW600-CA90, and BCW700-CA90, respectively). Before CA, the
smallest concentration of analytes was quantified in biochars obtained
at 600 °C, which was environmentally beneficial. However, the largest
increase in bioavailable PAHs concentration after CA was recorded also
in these materials. Biochar obtained at 600 °C revealed initially the
lowest environmental hazard, but after the long-term experiment, these
materials contained the highest amount of PAHs which may be released
into the environment. Another interesting finding is that CA caused a
huge drop in the content of the total fraction of PAHs. But on the other
hand, a major increase in the bioavailable fraction of analytes was
observed. This situation showed why the quantification of the
bioavailable fraction of PAHs and their derivatives (not only the total
fraction) is so important. CA (at both temperatures) led to changes in the
percentage distribution of individual groups of PAHs differing in the
number of aromatic rings (Fig. 4). Before CA, 3-ring PAHs were pre-
dominant; 4-, 5-, and 6-ring species constituted less or about 2, and the
concentration of 2-ring PAHs was below the limit of detection. But after
CA, PAHs with 2 aromatic rings were the most abundant (67.56-74.64
%). Then, in descending order were 3-ring species (23.66-30.34 %), 4-,
5-, and 6-ring PAHs (less than 3 %).

CA caused a decrease in the bioavailable fraction of PAHs in SSL-
derived biochars. The decrease was in the range of 71.71-77.06 %
during CA60 and 72.16-80.22 % during CA90. But the percentage dis-
tribution of PAHs with a different number of aromatic rings reminded
unchanged. 2-ring PAHs were the most prevalent (84.66-89.28 % CA at
60 °C and 82.17-91.28 % CA at 90 °C). 3-ring PAHs were in the range of
7.72-16.12 %, and the rest of PAHs constituted less than 2 % of all
quantified PAHs.

3.5.2. PAHs derivatives

The changes in the concentration of PAHs derivatives in willow-
derived biochar resulting from CA60 and CA90 did not show a clear
trend. In BCW500-CA60, BCW500-CA90, BCW600-CA90, and BCW700-
CA90 the sum of quantified derivatives increased by almost 2.3, 4.0, 2.5,
2.8 times (compared to non-aged BC), while in BCW600-CA60 and
BCW700-CA60 decreased by 43.31 %, and 34.38 %. CA60 and CA90
caused a drop in the concentration of bioavailable fraction of analytes
(by 91.49 % and 32.22 % in BCZ600-CA60 and BCZ700-CA60; in
BCZ500-CA60 the content of PAHs derivatives was below the limit of
detection), 24.14 % in BCZ700). As it was noted before, in the case of
bioavailable fraction of PAHs derivatives changed by PA, in non-aged BC
only 4-ring PAHs were quantified while in BC after CA60 and CA90 only
nitronaphthalene was determined.

4. Conclusions

Field natural aging is affected by various factors and can be very
slow. Artificial aging (physical and chemical) was selected for
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shortening the aging duration from years to days. Biochar applied in the
soil is subjected to many processes. These follow from some natural
phenomena, such as rainfall, and freeze-thaw events, as well as from the
interaction of BC and rich soil matrix. In our study, we focused on some
changes caused by abiotic factors (PA and CA at both temperatures
(60 °C and 90 °C)). It can be observed that chemical and physical aging
affected the porosity and chemical composition (C and O content) of
tested BC as the consequences of the oxidation of the biochar and
removal of the most labile components from the surface that was
cracked and fragmented. In general, the effect of aging was connected
both with pyrolysis temperature and feedstock. PA promoted the for-
mation of PAHs with higher molecular weight and increased total PAHs
concentration (up to 27 % in BCW and 90 % in BCZ) with increased 2-
ring (25-59 %) and 6-ring PAHs (130-330 %), simultaneously, the
concentration of PAHs derivatives was higher (130 %). It is worth
stressing that PA increased the bioavailability of PAHs (450 %) and
PAHs derivatives (64 %) in BCW and BCZ (7 %) to a lesser extent. On the
other hand, chemical aging was responsible for reduced total PAHs
content (90 %) in BCW but up to 76 % increased total PAHs content in
BCZ. Similar results were noted when PAHs derivatives were considered:
86 % reduction in BCW but 92 % increase in BCZ.

CRediT authorship contribution statement

Agnieszka Krzyszczak: Investigation, Writing — review & editing;
Michal P. Dybowski: Investigation, Methodology, Formal analysis,
Validation; Investigation; Robert Zarzycki: Investigation; Rafat Koby-
lecki: Investigation; Patryk Oleszczuk: Validation, Supervision Bozena
Czech: Investigation, Methodology, Visualization, Writing — review &
editing, Conceptualization, Validation, Supervision.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Bozena Czech reports financial support was provided by National Sci-
ence Centre Poland.

Data availability
Data will be made available on request.
Acknowledgments

The studies were supported by project No. 2018/31/B/NZ9/00317
funded by the National Science Centre, Poland. The research was
partially funded by the statute subvention of the Czestochowa Univer-
sity of Technology, Faculty of Infrastructure and Environment.

Environmental implication

In biochar, the toxic polycyclic aromatic hydrocarbons (PAHs) are
noted. However, in the environment or during pyrolysis, more toxic
PAHs derivatives are formed. Their environmental behavior was not
studied yet. Aged biochar may contain a lower amount of PAHs, but
their bioavailability may be enhanced. There is no data on the presence
of PAHs derivatives in the aged BC, both in the context of their total
content and most preferentially, on their bioavailability. The results
indicated that despite the lowered total concentration of PAHs their
bioavailability was significantly enhanced. The observed effect was
connected with applied feedstock and pyrolysis temperature.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2022.129795.
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2. Material and methods

2.3. The physico-chemical characterization of BC before and after aging processes

The physicochemical analysis of the obtained BC (pH, ash, C, H, N content, XPS X-ray
photoelectron spectroscopy, FT-IR spectroscopy, SEM imaging, and EDS mapping) was
performed according to the standard procedures. The pH of 1g of biochar mixed with 10mL
of distilled water was appointed by a digital pH meter HQ430d Benchtop Single Input
(HACH, USA). The ash content was determined by exposure of 1g of biochar to 760°C in a
furnace (MagmaTherm) for 6h. The difference in BC mass before and after heating was
calculated and expressed in percentage. The content of elemental carbon, hydrogen, and
nitrogen in milled biochar was specified by CHN/CHNS EuroEA3000 Elemental Analyser
(EuroVector). The surface functional groups were determined via X-ray photoelectron
spectroscope UHV (Prevac), whilst the surface morphology was investigated by Scanning
Electron Microscopy Quanta 3D FEG (FEI). The surface area and porosity were determined
via ASAP 2420 Analyzer (Micromeritics, USA). The technique required the biochar
outgassing at 200°C for 12 h under vacuum. To complement the BC characteristic, the FT-IR
technique was applied. FT-IR/PAS spectra were recorded via Bio-Rad Excalibur 3000 MX
spectrometer equipped with photoacoustic detector MTEC300 (operating in a helium
atmosphere). The 4000-400 cm’! range (with a resolution of 4 cmfl) and maximum source

aperture were utilized during measurements.

2.4. Freely dissolved (Cfree) PAHs and their derivatives determination in biochars

The bioavailability of PAHs and their derivatives was appointed by the protocol presented in
[1] and in our previous work [2]. Briefly, the bioavailable fraction of analytes was extracted
via 76-mm thick polyoxymethylene (POM) passive samplers (4cm x 4cm, about 0.35 g).
After appropriate preparation (cleaning in methanol, n-heptane, and Millipore water) POMs

were placed in Erlenmeyer flasks together with 1g of biochar and 40mL of sodium azide (200



mg/L) dissolved in water. Flasks were rolled on a rotary shaker ROTAX 6.8 VELP Scientifica
(Italy) for 1 month at 10 RCF. Subsequently, POMs were extracted via a mixture of
acetone/heptane (20:80, v/v) with the addition of 20 puL of deuterated PAHs for 48 hours on a
horizontal shaking machine ELPIN 358A (Poland). The obtained extract (with the addition of
1 mL of iso-octane) was concentrated to about 1 mL via rotary vacuum concentrator RVC 2-
25 CD plus (Martin Christ, Germany). Finally, GC-MS/MS analysis was carried out. The
concentration of the bioavailable fraction of PAHs and their derivatives was calculated

according to the equation presented in [2].

2.5. The total content of PAHs and their derivatives determination in biochars and soils

The total fraction of PAHs and their derivatives was extracted via pressurized liquid
extraction by applying the Dionex 350 system (Thermo Fisher Scientific). 22mL stainless
steel cells were packed as follows: silica gel (activated at 300°C for 5h) and copper, 0.5g of
biochar mixed with 0.1g ethylenediaminetetraacetic acid, the internal standard glass beads as
a fulfillment. The extraction was performed using hexane (at 150°C using 2 extraction cycles
with a flush volume at 60%). The static time was adjusted at 5 min and the purge time was -
60s 1 MPa with N,. The obtained extract (with the addition of iso-octane) was concentrated as

it was described in the previous subsection. The GC-MS/MS analysis was carried out.

2.6. GC-MS/MS measurement

Qualitative and quantitative measurements of PAHs and their derivatives were performed
using a gas chromatograph hyphenated with a triple quadruple tandem mass spectrometer
detector (GCMS-TQ8040; Shimadzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica
capillary column (30 m % 0.25 mm i.d., 0.25 pm film thickness; Phenomenex, Torrance, CA,
USA) and an AOC-20i+s type autosampler (Shimadzu). The helium (grade 5.0) and argon
(grade 5.0) were applied as a carrier and collision gas, respectively. The chromatographic

conditions were adjusted as follows: column flow -1.56 mL/min, the volume of injection - 1



pL. The injector was working in high-pressure mode (250.0 kPa for 1.5 min; column flow at
initial temperature was 4.90 mL/min) at the temperature of 310°C; the ion source temperature
was 225°C. The qualitative and quantitative analyses were conducted with full scan mode

(range 40-550 m/z) and SIM (Single Ion Monitoring) mode, respectively.



Table S1. Chemical characteristics of analyzed compounds.

No. Compound CAS" MW® Formula
1 Naphthalene* 91-20-3 128.17 CioHg
2 1,3-di-iso-propylnaphthalene 57122-16-4 212.33 CisHao
3 2-Phenylnaphtalene 612-94-2 204.26 Ci¢Hi2
4 Acenaphthylene* 208-96-8 152.20 CoHg
5 Acenaphthene* 83-32-9 154.20 CioHyo
6 Fluorene* 86-73-7 166.22 Ci3sHyo
7 Anthracene* 120-12-7 178.23 CuHyo
8 Phenanthrene* 85-01-8 178.23 CuHyo
9 3-Methylphenantrene 832-71-3 192.25 CisHp,
10 2-Methylphenantrene 2531-84-2 192.25 CisHypn
11 9-Methylphenantrene 883-20-5 192.25 CisHypn
12 3,6-dimethylphenantrene 1576-67-6 206.28 CieHis
13 Fluoranthere* 206-44-0 202.25 Ci6Hio
14 Pyrene* 129-00-0 202.25 Ci6Hio
15 2-Methylpyrene 3442-78-2 216.28 Cy7Hpz
16 4-Methylpyrene 3353-12-6 216.28 C7Hy,
17 Benzo[a]fluorene 238-84-6 216.27 Ci7H;»
18 Benzo[a]anthracene* 56-55-3 228.29 CisHp»
19 Chryzene* 218-01-9 228.29 CisHpz

20 3-Methylchrysene 3351-31-3 242.30 CioHy4



21 5-Methylchrysene 3697-24-3 242.30 CioHys
22 6-Methylchrysene 1705-85-7 242.30 CioHy4
23 Benzo[a]fluoranthene 203-33-8 252.31 CyoHi2
24 Benzo[b]fluoranthene* 205-99-2 252.31 CyoHi2
25 Benzo[k]fluoranthene* 207-08-9 252.32 CyoHi2
26 Benzol[j]fluoranthene* 205-82-3 252.31 CyoHi2
27 Benzo[a]pyrene* 50-32-8 252.31 CyoHi2
28 Indenol[1,2,3-cd]pyrene* 193-39-5 276.33 Cx»Hi,
29 Benzo[ghi]perylene* 191-24-2 276.33 CpH»
30 Dibenzo[a,h]anthracene* 53-70-3 278.10 CpHu
31 Dibenz[a,e]pyrene 192-65-4 302.37 CxuHiy
32 Dibenz[a,h]pyrene 189-64-0 302.37 CyuHiy
33 Dibenz[a,i]pyrene 189-55-9 302.37 CoyHys
34 Dibenz[a,l]pyrene 192-65-4 302.37 CyHy4
N- and O-PAHs

35 Nitronaphthalene 86-57-7 173.16 CoH;NO,
36 1-Methyl-5-nitronaphthalene 91137-27-8 187.19 C,;1HoNO,
37 1-Methyl-6-nitronaphthalene 105752-67-8 187.19 C1HgNO,
38 9,10-Anthracenedione 84-65-1 208.21 C4H50,
39 4H-cyclopenta(def)phenanthrene 203-64-5 190.24 CisHyo
40 Nitropyrene 5522-43-0 247.25 C,cHoNO,

(1)

@MW-molecular weight

numerical identifier assigned by the Chemical Abstracts Service (CAS)

* PAHs belonging to 16PAHs which have been classified by the United States Environmental Protection Agency (USEPA) as priority pollutants [3]



Table S2. The qualitative and quantitative parameters of PAHs and O/N-PAHs analysis.

Quantification

Confirmation

No. Compound ion ion [Iud(g?ll?ﬂ;] ﬁg%*;;
(m/z) (m/z)
1 Naphthalene 128 102 1.01 3.36
2 1,3-di-1so-propylnaphthalene 197 212 1.41 4.69
3 2-Phenylnaphtalene 204 101 1.90 6.33
4 Acenaphthylene 152 76 2.10 6.99
5 Acenaphthene 153 76 2.30 7.66
6 Fluorene 166 82 1.10 3.66
7 Anthracene 178 89 1.30 4.33
8 Phenanthrene 178 89 1.34 4.36
9 3-Methylphenantrene 192 165 242 8.06
10 2-Methylphenantrene 192 165 242 8.06
11 9-Methylphenantrene 192 96 3.23 10.76
12 3,6-dimethylphenantrene 206 191 2.20 7.33
13 Fluoranthene 202 101 1.87 6.22
14 Pyrene 202 101 1.91 6.36
15 2-Methylpyrene 216 108 1.92 6.39
16 4-Methylpyrene 216 108 1.92 6.39
17 Benzo[a]fluorene 216 107 1.30 4.33
18 Benzo[a]anthracene 228 114 1.30 4.33
19 Chryzene 228 113 2.20 7.33



20 3-Methylchrysene 242 121 1.02 3.40

21 5-Methylchrysene 242 120 1.55 5.16
22 6-Methylchrysene 242 119 1.02 3.40
23 Benzo[a]fluoranthene 252 126 2.10 6.99
24 Benzo[b]fluoranthene 252 126 2.10 6.99
25 Benzo[k]fluoranthene 252 126 2.10 6.99
26 Benzo[j]fluoranthene 252 126 1.39 4.63
27 Benzo[a]pyrene 252 126 2.11 7.03
28 Indenol[1,2,3-cd]pyrene 276 138 1.30 4.33
29 Benzo[ghi]perylene 276 138 1.33 4.43
30 Dibenzo[a,h]anthracene 278 139 2.21 7.36
31 Dibenz[a,e]pyrene 302 151 1.89 6.29
32 Dibenz[a,h]pyrene 302 151 1.89 6.29
33 Dibenz[a,i]pyrene 302 151 1.89 6.29
34 Dibenz[a,l]pyrene 302 151 1.89 6.29
N- and O-PAHs
35 Nitronaphthalene 173 127 241 8.03
36 1-Methyl-5-nitronaphtalene 187 115 1.21 4.03
37 1-Methyl-6-nitronaphtalene 187 115 1.21 4.03
38 9,10-Anthracenedione 208 180 1.44 4.80
39 4H-cyclopenta(def)phenanthrene 190 94 3.01 10.02
40 Nitropyrene 247 201 1.66 5.53

*-LOD — limit of detection; **-LOQ — limit of quantitation; LOD and LOQ were not calculated via Kpoym; LOD and LOQ were considered to be
signal-to-noise ratios equal to 3 and 10, respectively.



Table S3. PAHs and PAHs derivatives total content in non-aged biochars.

Sample description

No. Compound BCZ500 BCZ600 BCZ700 BCWS500 BCW600 BCW700
Analyte concentration + SD [ug g
1 Naphthalene 44.08 £2.02 54.80 +2.51 50.22 +£2.30 52.75+2.42 62.28 £2.85 56.96 £2.61
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD 0.72 +£0.03 0.88 = 0.04 1.24 £ 0.06
3 2-Phenylnaphtalene <LOD 1.26 + 0.06 <LOD <LOD <LOD <LOD
4 Acenaphthylene 12.47 £ 0.57 15.09 £ 0.69 16.01 £ 0.73 22.17+£1.02 2512+ 1.15 20.13+£0.92
5 Acenaphthene 2.14£0.10 3.10+0.14 2.68 +0.12 32.30 +1.48 3734+ 1.71 31.12+1.43
6 Fluorene 444 +£0.20 8.30+0.38 10.00 £ 0.46 <LOD 0.42+£0.02 0.66 +0.03
7 Anthracene <LOD 0.42 +0.02 <LOD 3.08+0.14 332+0.15 1.94 +0.09
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 0.080 = 0.004 0.060 £ 0.003 0.080 £ 0.004 <LOD 0.24 £0.01 <LOD
10 2-Methylphenantrene <LOD 0.12 +0.01 <LOD <LOD 0.22+£0.01 <LOD
11 9-Methylphenantrene 0.52+0.02 1.02 £ 0.05 0.28+0.01 <LOD <LOD <LOD
12 3,6-dimethylphenantrene 1.28 £0.06 242 +0.11 0.86 +£0.04 <LOD <LOD <LOD
13 Fluoranthene <LOD <LOD 0.24 + 0.01 1.48 £0.07 1.98 £ 0.09 1.70 £ 0.08
14 Pyrene 5.92+0.27 8.30+0.38 8.09+0.37 20.79 £ 0.95 25.10+1.15 22.11 £ 1.01
15 2-Methylpyrene 0.82 +0.04 1.10+0.05 1.48 £0.07 0.20 £+ 0.01 0.24 + 0.01 0.32+0.02
16 4-Methylpyrene 0.28 +0.01 1.96 + 0.09 4.07 £0.19 0.24 +0.01 0.30+0.01 0.42 +£0.02
17 Benzo[a]fluorene 0.24 +0.01 0.56 +0.03 0.22 £0.01 5.47+£0.25 6.02+0.28 5.93+0.27
18 Benzo[a]anthracene 1.24 £ 0.06 1.98 +£0.09 0.62 +£0.03 3.32+0.15 5.14+0.24 3.08+0.14
19 Chrysene <LOD 0.24 +£0.01 <LOD 0.44£0.02 0.92 + 0.04 1.48 =0.07




20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD
21 5-Methylchrysene 1.08 = 0.05 1.92 £0.09 1.22 £0.06 <LOD <LOD <LOD
22 6-Methylchrysene <LOD 0.66 + 0.03 <LOD <LOD <LOD <LOD
23 Benzo[a]fluoranthene 498 £0.23 9.72 +£0.45 6.21 +£0.28 <LOD 0.28 £0.01 <LOD
24 Benzo[b]fluoranthene 5.56 £0.26 6.30+0.29 298 £0.14 <LOD 0.22 £0.01 <LOD
25 Benzo[k]fluoranthene 222 +0.10 228 £0.10 1.52+£0.07 <LOD 0.34 £0.02 <LOD
26 Benzol[j]fluoranthene 0.100 + 0.005 0.26 +£0.01 0.180 + 0.008 <LOD 0.12+0.01 <LOD
27 Benzo[a]pyrene <LOD 0.52+0.02 <LOD 6.29 +£0.29 7.34+0.34 8.25+0.38
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD 0.88 +£ 0.04 1.10+0.05 0.52+0.02
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene 1.98 +0.09 242 +0.11 1.06 £ 0.05 0.52+0.02 0.68 £ 0.03 0.30+0.01
31 Dibenz[a,e]pyrene 0.72 £0.03 1.04 £0.05 2.04 +£0.09 0.82+0.04 1.16 £ 0.05 1.22 £0.06
32 Dibenz[a,h]pyrene <LOD <LOD <LOD 0.060 £ 3-10° 0.18+0.01 0.24 +£0.01
33 Dibenz[a,i]pyrene <LOD <LOD <LOD 0.040 + 0.002 0.14 £0.01 0.38 £0.02
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD 1.48 £0.07 1.92 +0.09 4.31+0.20
26  1-Methyl-5-nitronaphthalene 1.28 £0.06 242 +0.11 2.10+£0.10 <LOD <LOD <LOD
30  1-Methyl-6-nitronaphthalene 1.44 £ 0.07 2.88+0.13 1.92+0.09 <LOD <LOD <LOD
31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene 40.21 +1.84 <LOD 10.91 £0.50 <LOD <LOD <LOD
33 Nitropyrene <LOD <LOD 0.68 + 0.03 <LOD <LOD <LOD
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Table S4. PAHs and PAHs derivatives total content in physically aged biochars.

Sample description

No. Compound BCWS500-PA BCW600-PA BCW700-PA BCZ500-PA BCZ600-PA BCZ700-PA
Analyte concentration + SD [ug g"']

1 Naphthalene 59.28 £2.58 77.52+£3.71 66.91 £2.91 58.59 + 2.80 72.27 +3.06 79.97 £3.82
2 1,3-di-iso-propylnaphthalene 1.04 £0.05 1.89 +£0.09 1.26 £0.06 0.121 + 0.006 0.040 + 0.002 0.040 + 0.002
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD 1.95+0.08 <LOD
4 Acenaphthylene 28.28 £ 1.23 33.40 + 1.60 28.00 + 1.22 19.12+ 091 24.36 +1.02 2323+ 1.11
5 Acenaphthene 3936+ 1.71 51.16 £2.45 42.61 +1.85 5.31+£0.25 9.07+£0.38 6.17+0.30
6 Fluorene <LOD 0.72+0.04 0.56 +0.02 5.97+0.29 12.45+0.52 17.84 £ 0.85
7 Anthracene 5.10+0.22 3.18+0.15 1.28 £0.06 <LOD 2.23+£0.09 2.05+0.10
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD 0.68 +0.03 <LOD 0.62 +0.03 2.53+0.11 2.11+0.10
10 2-Methylphenantrene <LOD 0.52+0.03 <LOD <LOD 0.42+£0.02 0.24 £0.01
11 9-Methylphenantrene <LOD <LOD <LOD 1.39+0.07 3.06£0.13 0.78 £ 0.04
12 3,6-dimethylphenantrene <LOD <LOD <LOD 1.95+0.09 597+0.25 4.00+0.19
13 Fluoranthene 1.94 +£0.08 2.25+0.11 2.33+0.10 <LOD <LOD 0.89 + 0.04
14 Pyrene 26.72 £ 1.16 29.14 £ 1.40 27.40+1.19 8.26+0.40 13.38 £ 0.56 16.21 £0.78
15 2-Methylpyrene 1.10+0.05 0.89 £ 0.04 0.70 £ 0.03 0.24 + 0.01 3.00+0.13 1.95 +0.09
16 4-Methylpyrene 0.26 =0.01 0.52+0.03 0.62+0.03 0.121 £ 0.006 1.95 +0.08 2.33+0.11
17 Benzo[a]fluorene 7.10+£0.31 8.14+0.39 8.10+0.35 0.86 £0.04 1.35+0.06 0.42 £0.02
18 Benzo[a]anthracene 4.58 +0.20 6.82 +0.33 5.39+0.24 1.55 +0.07 2.92+0.12 3.10+0.15
19 Chrysene 0.82 £ 0.04 1.71 £ 0.08 1.98 +0.09 <LOD 0.74 £ 0.03 0.97 +0.05
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD 0.76 + 0.04
21 5-Methylchrysene <LOD <LOD <LOD 225+0.11 6.20 £ 0.26 3.60+0.17
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22 6-Methylchrysene <LOD <LOD <LOD <LOD 1.99 +£0.08 3.66 £0.18
23 Benzo[a]fluoranthene 0.060 £ 0.003 0.52+0.03 0.020 + 0.001 7.98 +0.38 14.96 + 0.62 13.45 £ 0.64
24 Benzo[b]fluoranthene 0.180 £ 0.008 0.68 +0.203 0.040 £ 0.002 8.06 £0.39 7.42+£0.31 8.14+0.39
25 Benzo[k]fluoranthene 0.120 £ 0.005 0.89+0.04 0.120 + 0.005 4.24+£0.20 3.78£0.16 5.57+0.27
26 Benzo[j]fluoranthene <LOD 0.161 £ 0.008 0.020 + 0.001 0.28 +£0.01 1.17 £ 0.05 0.82 £ 0.04
27 Benzo[a]pyrene 11.58 £ 0.50 12.19+£0.58 12.41 £0.54 <LOD 1.29 +0.05 0.22 +0.01
28 Indeno[1,2,3-cd]pyrene 1.88 £ 0.08 225+0.11 0.74 £ 0.03 <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene 0.82 £ 0.04 1.37 £ 0.07 0.66 +0.03 4.68 +0.22 6.09 +0.25 446 +0.21
31 Dibenz[a,e]pyrene 1.38 £ 0.06 1.89 + 0.09 2.16 +0.09 1.89 £ 0.09 2.39+£0.10 6.17 £0.30
32 Dibenz[a,h]pyrene 0.180 + 0.008 0.44 +£0.02 0.88 £ 0.04 <LOD <LOD <LOD
33 Dibenz[a,i]pyrene 0.140 + 0.006 0.32+0.02 1.64 £ 0.07 <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs

35 Nitronaphthalene 242 +0.11 2.23+0.11 6.79 +0.30 <LOD <LOD <LOD
26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD 2.23+0.11 2.60+0.11 527+0.25
30  1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 1.95+0.09 3.12+0.13 4.00+0.19
31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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Table S5. The total content of PAHs and their derivatives in BC after chemical aging at 60°C.

Sample description

No. Compound BCW500-CA60 BCW600- CA60 BCW700- CA60 BCZ500- CA60  BCZ600- CA60 BCZ700- CA60
Analyte concentration + SD [ug g"']

1 Naphthalene 6.65 +0.31 6.51+0.30 6.94 +0.32 5141 +2.14 66.70 £ 2.90 73.30£3.34
2 1,3-di-iso-propylnaphthalene 0.080 £ 0.004 0.120 £ 0.005 <LOD 0.060 + 0.002 0.120 £ 0.005 0.100 £+ 0.005
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD 1.32 £0.06 <LOD

4 Acenaphthylene 4.02+0.18 3.92+0.18 2.72+0.12 16.15+0.67 19.06 + 0.83 20.30+£0.92
5 Acenaphthene 3.02+0.14 4.03+0.19 2.68 £0.12 4.41+0.18 6.43 £0.28 4.59+0.21
6 Fluorene <LOD <LOD <LOD 4.68 +£0.20 10.31+£0.45 15.01 +£0.68
7 Anthracene 0.28 £0.01 0.38 £0.02 0.22 +0.01 <LOD 0.84 +0.04 0.72 +0.03
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

9 3-Methylphenantrene <LOD <LOD <LOD 0.24 + 0.01 1.82 +0.08 1.71 £ 0.08
10 2-Methylphenantrene <LOD <LOD <LOD <LOD 0.160 = 0.007 0.181 £ 0.008
11 9-Methylphenantrene <LOD <LOD <LOD 0.71 +£0.03 1.88 +0.08 0.28 £0.01
12 3,6-dimethylphenantrene <LOD <LOD <LOD 1.31 £0.06 4.03+0.18 2.99+0.14
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD 0.56 £0.03
14 Pyrene 1.10+0.05 1.44 +£0.07 1.82+0.08 7.22+0.30 11.55+0.50 12.92 £ 0.59
15 2-Methylpyrene <LOD <LOD <LOD 0.77 £ 0.04 2.34+0.10 245+0.11
16 4-Methylpyrene <LOD <LOD <LOD 0.30+0.01 4.45+0.19 6.08 £ 0.28
17 Benzo[a]fluorene <LOD <LOD <LOD 0.30+0.01 0.88 £0.04 0.140 £ 0.006
18 Benzo[a]anthracene <LOD <LOD 0.060 + 0.003 1.21 £ 0.05 1.78 £ 0.08 2.35+0.11
19 Chrysene <LOD <LOD <LOD <LOD 0.32+0.01 0.66 +0.03
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD 0.24 +0.01



21 5-Methylchrysene <LOD <LOD <LOD 1.21 £0.05 4.13+0.18 2.25+0.010
22 6-Methylchrysene <LOD <LOD <LOD <LOD 1.22+0.05 2.79+0.13
23 Benzo[a]fluoranthene <LOD <LOD <LOD 6.61 £0.28 13.40 £ 0.58 11.17+0.51
24 Benzo[b]fluoranthene <LOD <LOD <LOD 6.27+0.26 8.23 £0.36 5.94+0.27
25 Benzo[k]fluoranthene <LOD <LOD <LOD 3.06+0.13 4.17+£0.18 4,11 +£0.19
26 Benzol[j]fluoranthene <LOD <LOD <LOD 0.139 +0.006 0.68 +=0.03 0.26 £0.01
27 Benzo[a]pyrene 2.24+0.10 2.30+0.11 1.44 +0.07 <LOD 0.88 +0.04 <LOD
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD 2.72+0.11 5.33+0.23 1.32+£0.06
31 Dibenz[a,e]pyrene <LOD <LOD <LOD 1.01 £0.04 2.22+0.10 3.75+0.17
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs

35 Nitronaphthalene 0.42 +0.02 0.52+0.02 0.62 +0.03 <LOD <LOD <LOD
26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD 1.53+0.06 2.18+0.10 4.05+0.18
30  1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 1.31 £0.06 3.28+0.14 2.33+£0.11
31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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Table S6. The total content of PAHs and their derivatives in BC after chemical aging at 90°C.

Sample description

No. Compound BCW500-CA90 BCW600- CA90 BCW700- CA90 BCZ500- CA90  BCZ600- CA90 BCZ700- CA90
Analyte concentration + SD [ug g"']

1 Naphthalene 5.51+0.25 6.22 +£0.29 5.93+0.27 59.81+£2.49 73.41 £3.19 80.06 + 3.64
2 1,3-di-iso-propylnaphthalene <LOD <LOD 0.040 +0.002 0.080 + 0.003 0.160 + 0.007 0.140 £ 0.006
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD 1.94 +£0.09 <LOD

4 Acenaphthylene 3.08+0.14 3.24+0.15 242 +0.11 18.66 +0.78 20.26 + 0.88 22.38+1.02
5 Acenaphthene 1.98 +0.09 2.82+0.13 1.74 £ 0.08 4.99+0.21 8.06 +0.35 4.61+0.21
6 Fluorene <LOD <LOD <LOD 533+0.22 11.91+0.52 13.91 +0.63
7 Anthracene 0.080 = 0.004 0.140 £ 0.006 0.120 £ 0.005 <LOD 1.02 £ 0.04 0.82+0.04
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

9 3-Methylphenantrene <LOD <LOD <LOD 0.26 £ 0.01 1.98 £ 0.09 2.22+0.10
10 2-Methylphenantrene <LOD <LOD <LOD <LOD 0.24 £0.01 0.24+0.01
11 9-Methylphenantrene <LOD <LOD <LOD 0.88 +£0.04 2.64£0.12 1.96 +0.09
12 3,6-dimethylphenantrene <LOD <LOD <LOD 1.48 £0.06 5.37+0.23 3.55+0.16
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD 0.66 +0.03
14 Pyrene 0.52+0.02 0.62 +0.03 0.82+0.04 8.03+0.34 13.32 £ 0.58 14.63 £ 0.67
15 2-Methylpyrene <LOD <LOD <LOD 0.88 £ 0.04 244 +0.11 323+0.15
16 4-Methylpyrene <LOD <LOD <LOD 0.44 +£0.02 4.19+0.18 6.17 £0.28
17 Benzo[a]fluorene <LOD <LOD <LOD 0.32+0.01 1.26 £ 0.06 0.180 £ 0.008
18 Benzo[a]anthracene <LOD <LOD <LOD 1.42 +£0.06 1.88 £0.08 2.70+£0.12
19 Chrysene <LOD <LOD <LOD <LOD 0.38+£0.02 0.76 £ 0.04
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD 0.28 £0.01



21 5-Methylchrysene <LOD <LOD <LOD 1.32 + 0.06 4.89+£0.21 2.60+0.12
22 6-Methylchrysene <LOD <LOD <LOD <LOD 1.48 £0.06 321+£0.15
23 Benzo[a]fluoranthene <LOD <LOD <LOD 7.69 £0.32 16.06 £ 0.70 12.79 £ 0.58
24 Benzo[b]fluoranthene <LOD <LOD <LOD 7.13+0.30 10.19 £0.44 6.85+0.31
25 Benzo[k]fluoranthene <LOD <LOD <LOD 3.54+0.15 477 +£0.21 4,07 £0.19
26 Benzol[j]fluoranthene <LOD <LOD <LOD 0.120 + 0.005 0.84 +0.04 0.22£0.01
27 Benzo[a]pyrene 1.98 £0.09 1.68 £0.08 1.72+0.08 <LOD 1.12 £ 0.05 <LOD
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD 274 £0.11 6.07 £0.26 1.52+0.07
31 Dibenz[a,e]pyrene <LOD <LOD <LOD 1.22 £0.05 2.24+0.10 4.17+0.19
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD 1.56 £ 0.07 248 £0.11 4.43+£0.20
30  1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 1.56 £0.07 3.36+0.15 327+0.15
31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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Table S7. PAHs and PAHs derivatives bioavailable content in non-aged biochars.

Sample description

No. Compound BCZ500 BCZ600 BCZ700 BCW500 BCW600 BCW700
Analyte concentration + SD [ng L]
1 Naphthalene 3036+ 1.11 35.65 % 1.30 34.51+1.26 <LOD <LOD <LOD
2 1,3-di-iso-propylnaphthalene <LOD <LOD 77107 £ 9.9-107 <LOD <LOD <LOD
3 2-Phenylnaphtalene <LOD 0.16 +£5.4:10° <LOD <LOD <LOD <LOD
4 Acenaphthylene 1.55 +0.06 1.81 +0.07 1.91+0.07 1.64 +0.12 0.77 £ 0.04 0.38 £ 0.02
5 Acenaphthene 1.02 £0.04 1.46 £0.05 0.97 £0.04 1.06 £ 0.05 1.16 +0.05 1.72+£0.08
6 Fluorene 0.41 £0.02 0.59 +0.02 0.67 £ 0.02 0.62 +0.03 0.97 £ 0.05 1.19 £ 0.06
7 Anthracene <LOD 0.015 +6.0-10™ <LOD <LOD <LOD <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 2.810° +9.4:10° 3.0-10° +£9.9-10°7 3.9-10° +9.9-10° 0.12+5.0-10°  0.17+7.4:10° 99102+ 4.5-10"
10 2-Methylphenantrene 2.8107° +£9.4-107 2.0-10° +£9.9-10™ <LOD <LOD 0.03+1.2:10° <LOD
11 9-Methylphenantrene 5.6:10° + 1.9-10™ 0.014 £4.9-10"* 3.0-10°+£9.9-107 <LOD <LOD <LOD
12 3,6-dimethylphenantrene 43-10%+£1.410* 0.016 +5.6:10* 6.0-10° £ 2.2-10™ <LOD <LOD 0.086 + 4.0-10°
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
14 Pyrene 0.085+£3.1:10 0.16 £ 6.0-10° 0.16 £5.8:10° <LOD <LOD <LOD
15 2-Methylpyrene 0.016 +5.7-10"* 0.025 +9.0-10™ 0.034 +1.3-10° 0.024+7.6:10%  0.027+1.3-10°  0.023 +7.3-10™
16 4-Methylpyrene 0.010 +3.9-10* 0.036 +1.3:10° 0.045 +1.7-107 <LOD <LOD <LOD
17 Benzo[a]fluorene 5310+ 1.8-10° 2.1-10% + 7.5-10° 1.610° £ 5.6:10° 6.2:10° +£2.1-10* 9.7-10° £ 4.6-10* 7.6:10° £2.5-10™
18 Benzo[a]anthracene 4.510% +1.7-10™ 0.012 £4.2-10* 40107 £1.410° <LOD <LOD <LOD
19 Chrysene <LOD 1.6:107 +£5.5:10” 6.6:10* +2.2:10° 6.5:10° £3.0-10" 5.6:10° £2.6:10™ <LOD
20 3-Methylchrysene <LOD <LOD <LOD 43107 +1.9-10* 4.810°£1.9-10" 52-10°£2.5:10"
21 5-Methylchrysene 7.1-10*£2.8-107 3.1-10° £ 1.1-10* 9.0-10*£3.0-10° <LOD <LOD <LOD

17



22 6-Methylchrysene 1.4-10% £ 7.1-10° 4.6:10° £ 1.7-10* 4510%+1510°  7.6:10° £2.810" 8.9-10°+4.1-10* 4.3:10°+1.9-10*
23 Benzo[a]fluoranthene 46107 +1.7-10* 7.010% £ 2.6:10* 12107 £ 4.2:10° 3.9-10° +1.8-10* 6.8:10°£2.7-10* 5.0-10° +2.4-10*
24 Benzo[b]fluoranthene 6.61107 +2.4-10* 9.7-10% +3.5:10* 52:10°+1.910% 24107 +7.010° 2.8:10°+9.9-10° 3.9-10° +1.8:10"
25 Benzo[k]fluoranthene 2.8:10° +1.0-10* 3.2:10% + 1.2-10™ 2.0102 £7.0-107 <LOD <LOD <LOD
26 Benzol[j]fluoranthene 1.2:10* £3.0-10°° 3.8:10*+1.3-107 4.810"£1.6:10° <LOD <LOD <LOD
27 Benzo[a]pyrene 3.7-10* +£1.2:107 2.1-107 £ 7.5-107 6.5:10° +3.3-10°° <LOD <LOD <LOD
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD <LOD 2.2:10*+1.2-10° <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD 1.0-10° £2.9-10° 2.3-10° £8.0-10° 1.9:107 +5.2:107
30 Dibenzo[a,h]anthracene 6.0-10* +2.1-10” 6.6:10* +2.4:10”° <LOD <LOD 2.0-10°+9.1-10° 1.810°+£5.0-107
31 Dibenz[a,e]pyrene 24107 +8.9-107 3.3-10°+1.2:10° 5.2:10° +1.9-10°° <LOD <LOD <LOD
32 Dibenz[a,h]pyrene 4510°+1.5107 <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
26 1-Methyl-5-nitronaphthalene 0.35+£0.01 0.94+0.03 0.33+0.01 <LOD <LOD <LOD
30 1-Methyl-6-nitronaphthalene 0.42 +0.01 0.77 +£0.03 0.36 £ 0.01 <LOD <LOD <LOD
31 9,10-Anthracenedione 0.035 +1.2:107 0.19+7.3-10° 0.25+£9.7:10° <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD 0.24 +£0.01 0.47 +£0.02 0.47 +£0.02
33 Nitropyrene <LOD <LOD <LOD 8.2:10°£2.2:10* 0.013+6.9-10*  0.012+5.9-10*
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Table S8. The bioavailable content of PAHs and their derivatives in BCW and BCZ after physical aging.

Sample description

No. Compound BCW500-PA BCW600-PA BCW700-PA BCZ500-PA BCZ600-PA BCZ700-PA
Analyte concentration + SD [ng L]

1 Naphthalene 7.91+0.42 10.12£0.52 8.95+0.47 9.30+£0.43 10.65 +0.55 11.41 +0.59
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 0.81+0.04 0.98 +0.05 0.86 + 0.05 0.75 +0.03 0.87 £ 0.04 0.91 +0.05
5 Acenaphthene 2.63+0.14 2.74+0.14 236+0.12 0.44 +0.02 0.76 + 0.04 0.60 +0.03
6 Fluorene <LOD <LOD <LOD 0.42 +0.02 0.88 +0.05 1.50 +0.08
7 Anthracene 0.088 £4.6:10° 0.045 £2.3:10° 7.1-103 £3.7-10™ <LOD 0.023 +1.2:10° 0.072 +3.7-107
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD <LOD <LOD <LOD 0.018 £9.2:10* 0.014 +£7.0-10*
10 2-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
11 9-Methylphenantrene <LOD <LOD <LOD 7.5:10% +3.5-10™ 0.023 £1.2:1073 6.4:107 +3.3-10™
12 3,6-dimethylphenantrene <LOD <LOD <LOD 5.7-10% £ 2.6-10™ 0.017 =£8.7-10* 0.019£9.8-10*
13 Fluoranthene 0.015+7.9-10* 0.027 £ 1.4-10° 0.025 £ 1.3:10° <LOD <LOD <LOD
14 Pyrene 0.20 £0.01 0.23 +0.01 0.16 +8.2:10° 0.081+3.7-107 0.16 +8.2:10° 0.20 +0.01
15 2-Methylpyrene 2910°+1.410*  2.1-110° £ 1.1-10*  1.8:10%+8.8:107 <LOD 4.0-10° +2.0-10™ 28107+ 1.4-10*
16 4-Methylpyrene <LOD <LOD <LOD <LOD <LOD 42-10%+2.1-10*
17 Benzol[a]fluorene 42:10%£22:10*  5.010°£26-10*  5.2:10°+2.7-10" <LOD <LOD <LOD
18 Benzo[a]anthracene 4410%£2310*  8.1-10°+£4.1-10*  3.810° £2.0-10* 5310% £2.4:10* 6.8:10° £3.5-10* 7.1-107 £3.6:10*
19 Chrysene 2.1-10%£1.1-110°  42:10%+£22:10°  84:10*+£4.4:107 <LOD <LOD <LOD
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD
21 5-Methylchrysene <LOD <LOD <LOD 1.510° +6.9-10° 3.9-10° £2.0-10* 2.3:10% + 1.2-10*
22 6-Methylchrysene <LOD <LOD <LOD <LOD <LOD 45107 +2.310*
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23 Benzo[a]fluoranthene <LOD <LOD <LOD 41107 £1.9-10* 6.2:107 +£3.2-10™ 43-10°+2.2:10*
24 Benzo[b]fluoranthene <LOD <LOD <LOD 2.6:107 £ 1.2-10* 24107 £ 1.3-10* 27107 £ 1.4-10™
25 Benzo[k]fluoranthene <LOD <LOD <LOD 1.1-107% £5.0-10° 9.8:10* £5.0-107 9.7-10* £ 5.0-10°
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

27 Benzo[a]pyrene 32:10°+£1.7-10*  4.7:10%£2410%  4.610°£24-10* <LOD <LOD <LOD

28 Indeno[1,2,3-cd]pyrene 2410*+£1310°  3.910%+2.010°  4.010%+2.1-107 <LOD <LOD <LOD

29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD

30 Dibenzo[a,h]anthracene 8.710° £4.6:10°  1.1-110*+5810°  4.3-10°£2.2:10° 6.410* £2.9-107° 8.7-10* £4.5-107 7.6:10*£3.9-107
31 Dibenz[a,e]pyrene 3.0.10°+£1.6:107  4.510°+23107  1.310°+£7.0-107 1.3-10° £ 6.2:107 2.2-10°+1.2-10°° 6.6:10° +3.4-10°°
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

33 Dibenz[a,i]pyrene <LOD <LOD 5.9:10°+3.1-107 <LOD <LOD <LOD

34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

N- and O-PAHs

35 Nitronaphthalene 0.62 £0.03 0.40+0.02 0.55+0.03 <LOD <LOD <LOD

26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD 0.29 +0.01 0.40 +£0.02 0.45+0.02

30 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 0.16 £ 8.1-10° 0.48 +0.02 0.54 +0.03

31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD

32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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Table S9. The bioavialable content of PAHs and their derivatives in BC after chemical aging at 60°C.

Sample description

No. Compound BCW500-CA60 BCW600-CA60 BCW700-CA60 BCZ500-CA60 BCZ600-CA60 BCZ700-CA60
Analyte concentration + SD [ng L]
1 Naphthalene 6.93 +0.34 11.36 +0.52 9.30 +0.49 7.17£0.37 7.77+0.36 9.24 +0.49
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 0.71 +0.04 1.08 +0.05 0.91 £0.05 0.47 £ 0.02 0.62 +0.03 0.79 + 0.04
5 Acenaphthene 221+0.11 2.46+0.11 2.53+0.13 0.20 = 0.01 0.40 £ 0.02 0.28 +0.01
6 Fluorene <LOD <LOD <LOD 0.15+7.7-10° 0.28 +0.01 0.41 +0.02
7 Anthracene 0.071 +£3.5:107 0.061 +2.8:107 0.046 +2.4:107 <LOD <LOD <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
10 2-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
11 9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
12 3,6-dimethylphenantrene <LOD <LOD <LOD 1.1110% £ 5.4-107 0.011£5.1-10* 7.910° + 4.1-10™
13 Fluoranthene 0.012+6.0-10™ 0.020£9.1-10"* 0.016 £ 8.9-10"* <LOD <LOD <LOD
14 Pyrene 0.16 +8.1-10° 0.22 +0.01 0.24 +0.01 0.034 +1.7-10° 0.52£2.4-10° 0.67 £3.5:10°
15 2-Methylpyrene 41107 +2.1-10*  3.1-110°+1.6:10*  5.5:10% +2.7-10" 7.1:110* £3.5107 0.013 £6.5-10* 9.6:107 + 4.8-10™
16 4-Methylpyrene <LOD <LOD <LOD <LOD 0.014 +£6.9-10* 0.021 +1.0-107
17 Benzo[a]fluorene 3.310°+£1.7-10* 5.410°+2510*  6.4-10°+3.3-10* <LOD 3.510*+£1.6:10° <LOD
18 Benzo[alanthracene 3.7-10° £ 1.810*  4.2:10°+£1.9-10*  6.510° £3.4-10" <LOD 6.8:10*£3.1-10° 8.8:10* £4.6-107
19 Chrysene 3.1-10*+£1.510°  5.1-10*+£2410°  6.1-10*+£3.21107 <LOD <LOD <LOD
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD
21 5-Methylchrysene <LOD <LOD <LOD 3.510* £ 1.8-10° 2.2:10° + 1.0-10™ 1.610° £ 8.2:10°
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22 6-Methylchrysene <LOD <LOD <LOD <LOD <LOD 0.001 +5.210"*
23 Benzo[a]fluoranthene <LOD <LOD <LOD 24107 £ 1.3-10* 42-10%£1.9-10* 4.0-10% £2.1-10*
24 Benzo[b]fluoranthene <LOD <LOD <LOD 20107 £ 1.0-10™* 3.1-10° £ 1.4-10™* 1.7-107 £ 8.7-10°
25 Benzo[k]fluoranthene <LOD <LOD <LOD 17107 £ 8.5:10° 20107 £9.3-107 3.010° + 1.6:10"
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene 3.610°+£1.810*  3.310°+1.510%  6.1-10°£3.2:10* <LOD <LOD <LOD
28 Indeno[1,2,3-cd]pyrene 2.710%£1.3-10° 3310*+1.510°  5810%+£3.1-107 <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene 6.910°£3.4-10°  1.210°+£1.0-10°  3.410* + 1.8107 3.1'10* £ 1.6:10° 9.510* £ 4.3-10° 1.8:10*£9.7-10°
31 Dibenz[a,e]pyrene 8.610°+£4.7107  5.810°+2.7107  4.3-10°+2.2:10” <LOD 1.8:10° + 8.2:107 2.410°+1.3-10°°
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD 1.3:10° £ 6.7-107 <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

N- and O-PAHs
35 Nitronaphthalene 0.56 £0.03 0.27+£0.01 0.31+0.02 <LOD <LOD <LOD
26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD <LOD 0.12£0.01 0.45 +0.02
30 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD <LOD 0.04 £2.0-10° 0.19 £9.4-10°
31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD
32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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Table S10. The bioavialable content of PAHs and their derivatives in BC after chemical aging at 90°C.

Sample description

No. Compound BCW500-CA90 BCW600-CA90 BCW700-CA90 BCZ500-CA90 BCZ600-CA90 BCZ700-CA90
Analyte concentration + SD [ng L]

1 Naphthalene 7.89 +0.40 12.91 £0.64 10.95 £0.56 5.61£0.26 7.79 £ 0.40 9.74 £ 0.50
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD 7.3:10% + 3.8-10™ <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD 0.14 £7.4-10° <LOD
4 Acenaphthylene 0.92 +0.05 1.35+0.07 1.09 +0.06 0.55 +0.03 0.66 +0.03 0.31+0.02
5 Acenaphthene 2.50+£0.13 2.67+0.13 3.05+0.16 0.31£0.01 0.58 +£0.03 0.27 +0.01
6 Fluorene 8.310% + 4.3-10"* 0.021 +1.0-107 0.048 +£2.5:107 0.067 £3.1-107 0.29 +0.01 0.22 +0.01
7 Anthracene 0.12+6.2:10° 0.082 +4.1-107 0.084 +4.3:107 <LOD 7.2:10° +3.7-10™ 28103+ 1.4-10*
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD <LOD <LOD 9.410* £ 4.3-107 7.6:10° £3.9-10 8.2:10° £ 4.2-10™
10 2-Methylphenantrene <LOD <LOD <LOD <LOD 9.510* £ 4.9-10° <LOD
11 9-Methylphenantrene <LOD <LOD <LOD 28107 +1.3-10* 1.9-10%£9.710° <LOD
12 3,6-dimethylphenantrene <LOD <LOD <LOD 5.010% +2.3-10™ 0.012+6.1-10* 7.6:107 +3.9-10™
13 Fluoranthene 0.019+£9.9-10* 0.026 £ 1.3:10° 0.036 £ 1.9:10° <LOD <LOD 46107 £2.3-10™
14 Pyrene 0.20 +0.01 0.25 +0.01 0.27 +0.01 0.074 +3.4-10° 0.12+6.0-10° 0.68 £3.5:10°
15 2-Methylpyrene 8.8-10° £ 4.5-10* 0.012+6.1:10* 0.017 £ 8.5:10* <LOD 0.015 +7.6-10* 8.7-10° £4.3-10™
16 4-Methylpyrene <LOD <LOD <LOD <LOD 0.013+6.510* 0.014 +7.1-10*
17 Benzo[a]fluorene 3.810°+1.9-10*  7.010°+3.410%  8.6:10° +4.4-10* <LOD 1.810* +9.2:10° <LOD
18 Benzo[alanthracene 4.610°£2.310*  5810°£2810*  9.1-110° +£4.7-10" 1.7-10% £7.710° 2.6:107 £ 1.3-10* 1.3:107% £ 6.9-107
19 Chrysene 13-10%+£6.410°  1.2:10°+£57-10°  3.810°+£2.0-10* <LOD 2.1-10% £ 1.1-10° 8.2:10% +4.2-10°
20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD
21 5-Methylchrysene <LOD <LOD <LOD 1.1-10° £ 4.9-10° 3.2:10°% £ 1.6-10™ 15107 £7.5:10°
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22 6-Methylchrysene <LOD <LOD <LOD <LOD 5.010* £2.6:10° 4.2:10* +2.1-10°
23 Benzo[a]fluoranthene <LOD <LOD <LOD 35107 £ 1.6-10™* 8.9-10° £4.6-10* 44107 £2.3-10*
24 Benzo[b]fluoranthene <LOD <LOD <LOD 3.7-10% £ 1.7-10* 4.510%£2.3-10" 1.7-107 £ 8.810°
25 Benzo[k]fluoranthene <LOD <LOD <LOD 1.510° + 6.8:107 1.1'10° £ 5.710° <LOD

26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD 1.2:10% £ 6.3-10° <LOD

27 Benzo[a]pyrene 46:10°£2410%  3.910°+£1.910*  8.610°+4.410* <LOD 2.2:10*+1.1-107 <LOD

28 Indeno[1,2,3-cd]pyrene 5510%+£2810° 58104+2810°  7.6:10*+£3.9-107 <LOD <LOD <LOD

29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD

30 Dibenzo[a,h]anthracene 1.7-10*£8.7-10°  4.4-10*£22:10°  5310*+2.7-10° 3.1-10% £ 1.4-10° 6.6:10* +£3.4:10° 1.2:10* £ 6.4-10°
31 Dibenz[a,e]pyrene 4.610°£2.310%  7.010°£3.410°  4.510°+2.3:10° 1.3:10° £ 6.110” 3.1-10° + 1.6-10°® 4.510° £2.3-10°
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

33 Dibenz[a,i]pyrene <LOD <LOD 2.7-10° £ 1.410°° <LOD <LOD <LOD

34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

N- and O-PAHs

35 Nitronaphthalene 0.97 £0.05 1.18 £ 0.06 1.32+0.07 <LOD <LOD <LOD

26 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD 0.027 £ 1.4-107 0.22+£0.01 0.46 £0.02

30 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 0.014£6.7-10* 0.30 +0.02 0.25 +0.01

31 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD

32 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
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HIGHLIGHTS

During pyrolysis or under the environ-
mental pressure in biochar toxic PAHs
and derivatives can be formed.

The experiments differentiate the effect of
soil microorganisms and their activity,
and the enzymes alone.

The enzymatic aging usually lowered the
content of PAHs and their derivatives in
biochar.

The biological aging reduced the bioavail-
ability of tested compounds.

There was no correlation between the
PAHs bioavailability and the type of feed-
stock.
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ABSTRACT

Toxic polycyclic aromatic hydrocarbons (PAHs) and more toxic N- and O-containing derivatives can be determined in
biochar. However, their fate in the environment and bioavailability depends on many parameters and was not studied
yet. In the presented studies a set of biochars obtained from various feedstock at the same pyrolysis temperature
(600 °C) subjected to environmental pressure e.g. soil microorganisms and enzymes was described. Presented study
aimed to determine the effect of biological agents on the physicochemical characteristic and the content of PAHs
and their derivatives in biochars after long-term treatment (6 months). The results indicated that enzymatic aging
usually lowered (up to 94 %) the content of PAHs and their derivatives in biochar. Simultaneously, biological aging
reduced the bioavailability of tested compounds. Considering the total fraction of PAHs and their derivatives, biochars
treated with nutrients and microbial inoculum were characterized by the lowest content of analytes (even in compar-
ison to biochars treated with nutrients alone). To complement the obtained results, the content of C, H, N, O, and ash as
well as specific surface area, aromaticity, polarity, and hydrophilicity in biochar before and after modifications were
determined. In general, enzymatic aging increased, and biological aging decreased the content of C% and H% in
biochar. Both aging processes lowered the H/C ratio which indicated the decrease of the aromatization degree for
artificially altered biochar.

* Corresponding author.

E-mail address: bozena.czech@mail.umcs.pl (B. Czech).

http://dx.doi.org/10.1016/j.scitotenv.2023.163966

1. Introduction

Biochar (BC) is a charred material obtained via pyrolysis, e.g. thermo-
chemical decomposition of biomass at elevated temperatures in the absence
or reduced content of oxygen (Bolan et al., 2022). The application potential
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of biochar is very broad. One of the most important from the environmental
point of view is BC's addition to the soil which results in the improvement of
soil properties (structure, increased pH, water and nutrient retention, re-
duced N,O and CH,4 emissions as well as lowered leaching of inorganic ni-
trogen, adsorption of organic and inorganic contaminants) and quality
(improved soil fertility, vegetation yield, stimulated bacteria growth)
(Atkinson et al., 2010; Beesley et al., 2011; Cao et al., 2009; Inyang and
Dickenson, 2015; Lipczynska-Kochany, 2018; Spokas et al., 2009).

Soil microorganisms play an essential role in soil nutrient cycling, fertil-
ity maintenance, carbon sequestration, and crop production (Dai et al.,
2021). Relatively little work has focused on understanding how biochar ap-
plication to soil affects bacterial community structure and biogeochemical
function (Anderson et al., 2011; Yao et al., 2017) and the topic is not
fully understood yet. But published studies presented for example that the
bacterial abundance in soil increased significantly with biochar enrich-
ment, especially when the BC dosage was sufficiently high (Yao et al.,
2017). The biochar addition changed the composition and alpha diversity
of the bacterial community (Fan et al., 2020; Yao et al., 2017). Among all
dominant bacterial phyla and bacterial communities found in the black
soil of northeast China, after the BC addition, the relative abundances of
Acidobacteria and Bradyrhizobium decreased, whereas abundances of
Chloroflexi, Bacillus, and Pedomicrobium increased (Yao et al., 2017).
Anderson et al. (2011) found that the biochar addition into soil had a pos-
itive effect (which means higher than 5 % changes in bacterial family
abundances) on Bradyrhizobiaceae, Hyphomicrobiaceae, Streptosporangineae,
and Thermomonosporaceae. In this case, the addition leads to an increase in
the abundance or reduces losses. On the other hand, the biochar addition
resulted in a negative effect on the bacterial family abundance of
Streptomycetaceae and Micromonosporacea (Anderson et al., 2011). In BC-
amended soil, an increased relative abundance of Nitrospirae and
Verrucomicrobia phylum was noted in the studies of Fan et al. (Fan et al.,
2020). On the other hand, a significant decrease in the Acidobacteria phylum
was observed. The addition of BC also enhanced soil with some bacterial
genera (uncultured Nitrosomonadace, uncultured Nitrospiraceae, uncultured
Gemmatimonadac, and Magnetovibrio) (Fan et al., 2020). The presence of
biochar in soil affects nitrogen cycling due to the enhancement of the abun-
dance of bacteria that participated in this process (for example above-
mentioned Bradyrhizobiaceae and Hyphomicrobiaceae) and promotes
phosphate-solubilizing bacteria (Anderson et al., 2011). BC addition
also increased the abundance of bacterial families that can modify
more recalcitrant C compounds (Anderson et al., 2011). The effect of
long-term biochar addition on the soil bacterial community is connected
with the changes in soil physiochemical properties (Fan et al., 2020; Yao
et al., 2017), such as pH, total N, C, and K content (Yao et al., 2017). BC
affects soil microbial growth, diversity, and community compositions
by delivering growth promoters for soil biota or shifting soil basic prop-
erties (Dai et al., 2021).

Biochar addition into soil modifies the quantitative and qualitative
composition of biotic factors, and the changes are highly related to
the modification of the physicochemical properties of soil. In biochar-
amended soil, both soil and pyrolyzed material are affected by environmen-
tal factors. Several parameters of biochars (e.g. large surface area, pore
volume, surface charge, density, and pore size distribution) provide
indirectly suitable habitats and environmental conditions for microbes. In
a 3 yr-lasted experiment proceed by Quilliam et al. (2013), due to the
stability, unavailability, recalcitrant properties of biochar, and lack of labile
carbon, it was noted that changes in soil physicochemical characteristics
and the implementation of metabolically available labile compounds into
the soil by BC may stimulate and modify soil microbial structure and
activity. But on the other hand, how does the soil microbial community af-
fect biochar composition, structure, and properties? Soil microorganisms
participate in biochar surface oxidation which leads to an increase in the
oxygen-containing functional groups (Quan et al., 2020). Microbes
decreased the content of labile carbon and dissolved organic matter
(Quan et al., 2020). Moreover, they are involved in biochar solubilization
(Quan et al., 2020).
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During biochar production, PAHs and their derivatives may be formed.
PAHs belong to a group of persistent organic pollutants sourced from natu-
ral phenomena (forest fires, volcanic eruptions) and anthropogenic activi-
ties (Zheng et al., 2019). Furthermore, they are also produced through
the incomplete combustion of biomass (Buss et al., 2016). Together with
PAHS, their O-, N-, and S-containing derivatives may be formed during bio-
char production (namely pyrolysis) (Krzyszczak et al., 2021). PAHs belong
to a group of toxic and mutagenic compounds. Thus, International Biochar
Initiative and the European Biochar Certificate established a range of per-
mitted levels for the sum of the 16 US Environmental Protection Agency's
(EPA) PAHSs in BC (6-300 mg kg-1 d.w. and 4-12 mg kg_; d.w., respec-
tively) (Schmidt, 2015). Several papers reveal the bioavailability of PAHs
(Oleszczuk and Kottowski, 2018). Thus, the information about the extent
of PAHs derivatives' bioavailability is very limited.

Due to the literature data and research gaps, our study aimed to
establish how biological and enzymatic aging affect the content of total
and bioavailable fractions of polycyclic aromatic hydrocarbons (PAHs)
and their N- and O-containing derivatives in biochars. We have assumed
that biotic factors had significantly influenced the content, and mostly,
the bioavailability of studied analytes. The selected analytes are toxic muta-
genic and carcinogenic, and they can be formed during pyrolysis but also
under environmental conditions. The physicochemical characterization of
pristine and modified materials was also performed to associate the ob-
tained data with the changes in analyte content. It is worth mentioning
that only a few articles deal with the topic of biochar aging and its effect
on the physicochemical parameters of pyrolyzed material. Some of them
presented the changes in the content of PAHs. But none of them introduced
the effect of aging processes on the content of total, and the most important,
bioavailable fraction of PAHs derivatives. Moreover, most of the results
available in the literature consider short-term experiments. Thus, our
study aimed to determine the effect of biological agents on the physico-
chemical characteristic and the content of PAHs and their derivatives in
biochars after long-term treatment (6 months). Previous research revealed
that during this period the most significant changes in biochar characteris-
tics took place (Siatecka et al., 2021) and continued aging did not affect the
physicochemical parameters of BC significantly. Due to the nature of en-
zymes, enzymatic aging lasted only 11 days. Moreover, the experiments
were led in two tracks to differentiate the effect of soil microorganisms
and their activity, and the enzymes alone. It has been proven that the bio-
char physicochemical characteristics and the effect of aging depend on
the type of feedstock and the pyrolysis temperature (Krzyszczak et al.,
2022b; Siatecka et al., 2021). It was also demonstrated in our previous re-
search that biochar obtained at 600 °C stand out from other (produced at
500 °C and 700 °C), and both the measured physicochemical parameters
and the content of bioavailable and total fraction of PAHs and their
derivatives often did not change linear but the biochar (obtained at
600 °C) was characterized by the highest/ lowest values (boundary values)
(Krzyszczak et al., 2021, 2022a, 2022b), e.g. the highest content of total
fraction and the lowest content of bioavailable fraction of PAHs in
willow-derived BC; the lowest surface area in biochars obtained from resi-
dues from biogas production and the highest in willow-derived materials.
Thus, we presented the results considering biochar obtained from various
feedstocks at the same pyrolysis temperature of 600 °C.

2. Material and methods
2.1. Feedstock and biochar preparation

For the BC preparation, several feedstocks were used (Table 1). Among
all feedstocks, ash-rich materials (A-rich) (e.g. sewage sludge), lignin-rich
(L-rich) (e.g. hardwood/softwood), cellulose-rich (C-rich) (e.g. wheat
straw, willow), and residues from biogas production-derived BC (RBP)
can be distinguished (Table 1). Wheat straw-derived biochar (BCS-initial)
was collected from Mostostal Sp. z 0.0. (Wroctaw, Poland). The other bio-
chars (from willow (BCW-initial), sewage sludge (BCZ-initial), softwood
(BCD-initial) and hardwood residues (BCF-initial), and RBP (BCUHS-initial,
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Table 1
Applied feedstock and the labeling of studied biochars.
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Feedstock Location/supplier Initial biochar name
Type Detail
Corich Wheat straw (Triticum L.) Mostostal Sp. z 0.0. (Wroctaw, Poland) BCS-initial
Willow (Salix viminalis) The southeastern part of Poland BCW-initial
Lerich Residues from hardwood Fluid S.A. (Sedziszéw, Poland) BCD-initial
Residues from softwood Fluid S.A. (Sedziszéw, Poland) BCF-initial
Uhnin (51°58’33”N, 23°03’33”E, Poland) BCUHS-initial
RBP Residues from biogas production (RBP) Koczergi (51°63’33”N, 22°88’33”E, Poland) BCKOS-initial
Piaski (51°6107”N, 22°55’00”E, Poland) BCPIL-initial
A-rich Sewage sludge (SSL) Zamo$¢ (50°43’14”N 23°15’31”E, Poland) BCZ-initial

BCKOS-initial, BCPIL-initial)) were produced according to the protocol de-
scribed in our previous papers (Krzyszczak et al., 2021, 2022a). The feed-
stocks were carefully maintained (air-dried, fragmented, grounded with a
mill (TESTCHEM, Poland), and homogenized) before pyrolysis.

Detailed information on pyrolysis conditions is presented in Supple-
mentary Information (SI). Before all experiments, BC was stored at room
temperature in the absence of light.

2.2. The biological aging of biochars

Biological aging (BA) was designed to expose the biochar to a microbial
inoculum and nutrient solution (BAi samples) or only nutrient solution
(BAn) following the protocol described by Oleszczuk and Kottowski
(2018). The microbial inoculum was extracted from soil acquired from
farmland in Podborcze, Poland (50°42’21”N 22°50’58”E). The soil was in-
cubated for 18 days at 30 °C. Then, the deionized water was added and
the system was rolled on a rotary shaker ROTAX 6.8 VELP Scientifica
(Italy) for 2 days at 10 RCF. Subsequently, the mixture was filtered via
2.7 pm paper. The composition of the nutrient solution (NS) was as follows:
6.38 g L™ ! glucose, 40.66 g L~ ! NH,Cl, 4.67 g L~ ! KH,PO,4, 10.00 mg L™ *
peptone, 24.00 mg L™ ! CaCl,, 4.00 mg L™ MnSOy, 4.00 mg L.~ ! ZnCl,,
4.00 mg L™ CuSO,, 16.00 mg L™ MgCl, and a glucose supplement
40 mg mg ' BC. The volume of added microbial inoculum and nutrient so-
lution (BAi samples) or only nutrient solution (BAn) amounted to 40 % of
BC water holding capacity (WHC) and this level of WHC was maintained
during 6 months of the experiment. The period was selected because, as it
was presented in previous studies (Siatecka et al., 2021), the extension of
the aging process (e.g. to 12 months) did not significantly affect the physi-
cochemical characteristics of BC. Biologically-aged biochars were named
by substitution the word “initial” from biochars names (Table 1) with
“BAi” (biochars aged with microbial inoculum and nutrient solution) or
“BAn” (BC aged with nutrient solution), for example before aging: BCW-
initial, BCD-initial, after aging with inoculum and NS: BCW-BAi, BCD-
BAI, after aging with NS: BCW-BAn, BCD-BAn.

Table 2
Methods applied for BC characterization.

2.3. The enzymatic aging of biochars

Biochars were aged by enzymatic oxidation using horseradish peroxidase,
according to a protocol described by Sigmund et al. (2017). Biochar (1 g) was
suspended in an aqueous solution consisting of 0.01 mol L™ ! phosphate-
buffered saline adjusted to a pH = 6 and 600 enzyme units of horseradish per-
oxidase (Sigma Aldrich, Poland). The system was incubated for 24 h. Then, the
enzyme was activated with 500 pmol L™ H,0,. The slurry was mixed on a
magnetic stirrer (IKA, Poland) (300 rpm) for 10 days. The suspension was fil-
tered and aged BC was dried at 105 °C for 2 h. Enzymatically-aged biochars
were named by substitution the word “initial” from biochars names
(Table 1) to “EA”, for example before aging: BCW-initial, BCZ-initial, after
aging with horseradish peroxidase: BCW-EA, BCZ-EA.

2.4. The physicochemical characterization of BC before and after aging processes

The physicochemical characteristics of biochars involved several
methods presented and described in Table 2.

2.5. The determination of the total and bioavailable fraction of PAHs and their
derivatives in biochar

The total fraction of PAHs and their derivatives were extracted and de-
termined via the protocol described in our previous paper (Krzyszczak
et al., 2022b). Briefly, analytes were isolated using pressurized liquid ex-
traction (Dionex 350 system, Thermo Fisher Scientific). The obtained ex-
tract (enriched with isooctane) was concentrated (to 1.0 mL) and gas
chromatography with tandem mass spectrometry (GC-MS/MS) analysis
was performed. The details of GC-MS/MS are specified in SI.

The bioavailable fraction of PAHs and their derivatives was determined
via the protocol described in our previous studies (Krzyszczak et al., 2021,
2022a, 2022b) using polyoxymethylene (POM) passive samplers and
30 days-interaction. The second step included the extraction of analytes
with a mixture of acetone/heptane (20:80, v/v) with the addition of

Technique Measured parameter Apparatus

Selected parameters

pH measurement PH of studied biochars

ash content ash content [%)]

The content of basic C, H, N content [%]

elements

X-ray photoelectron surface composition and functional UHV (Prevac)
spectroscope groups

Scanning Electron surface morphology Quanta 3D FEG (FEI)
Microscopy

N, adsorption surface area and porosity
FT-IR technique

groups detector MTEC300

digital pH meter HQ430d Benchtop Single Input (HACH, USA).
furnace (MagmaTherm)

CHN/CHNS EuroEA3000 Elemental Analyzer (EuroVector)

ASAP 2420 Analyzer (Micromeritics, USA)

Surface characterization functional ~Bio-Rad Excalibur 3000 MX spectrometer equipped with photoacoustic

1 g of biochar/10 mL of distilled
water

exposure of 1 g of biochar to 760 °C
for6 h

milled biochar

milled biochar
milled biochar
outgassing at 200 °C for 12 h under

vacuum
Milled biochar
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Table 3
Physicochemical properties of pristine and aged biochar.

BC Spgr [m? g 1 Ash content [%] C [%] H [%] N [%] O [%] H/C (O + N)/C 0/C

BCS-initial 2.47 19.59 66.14 1.66 1.26 11.36 0.300 0.145 0.129
BCS-EA 34.89 11.11 70.58 1.66 1.53 15.12 0.024 0.236 0.214
BCW-initial 145.02 7.09 82.77 2.24 1.68 9.53 0.027 0.135 0.115
BCW-BAn 2.96 3.58 81.40 1.43 1.11 12.47 0.018 0.167 0.153
BCW-BAi <LOD 3.74 82.41 0.98 1.16 11.71 0.012 0.156 0.142
BCW-EA <LOD 2.84 82.65 1.61 1.17 11.73 0.020 0.156 0.142
BCD-initial 1.15 10.77 61.50 3.11 1.18 23.41 0.051 0.400 0.381
BCD-BAn 1.65 11.85 59.89 2.61 1.07 24.57 0.044 0.428 0.410
BCD-BAi 1.65 11.96 56.95 2.41 1.23 27.45 0.042 0.504 0.482
BCF-initial 0.75 3.90 77.54 3.93 0.24 22.18 0.051 0.289 0.286
BCF-BAn 14.03 0.87 74.66 3.22 0.64 20.62 0.043 0.285 0.276
BCF-BAi <LOD 0.78 75.30 2.31 <LOD 21.62 0.031 0.287 0.287
BCUHS-initial 6.80 35.40 51.25 1.27 1.97 10.11 0.300 0.180 0.150
BCUHS-EA 13.36 20.84 63.01 1.81 1.86 12.48 0.029 0.228 0.198
BCKOS-initial 1.20 15.00 66.86 1.67 2.09 14.37 0.300 0.190 0.160
BCKOS-EA 0.43 9.90 72.21 1.76 2.01 14.12 0.024 0.223 0.196
BCPIL-initial 1.80 44.30 34.95 1.06 2.10 17.57 0.360 0.430 0.380
BCPIL-EA 199.50 26.71 52.12 1.84 3.19 16.14 0.035 0.371 0.310
BCZ-initial 79.56 63.58 24.45 0.86 2.24 8.84 0.035 0.453 0.362
BCZ-BAn 56.25 64.74 23.75 0.52 2.52 8.48 0.022 0.463 0.357
BCZ-BAi 47.08 64.10 25.42 0.88 2.43 7.18 0.035 0.378 0.282
BCZ-EA 66.92 58.75 29.09 1.03 2.21 8.92 0.035 0.383 0.307

Sper — the specific surface area of adsorbents;
O-oxygen, C-carbon, N-nitrogen, H-hydrogen;

O content is calculated by subtracting ash, C, H, and N content from the total mass of the sample;

0/C, (N + 0)/C, H/C = molar ratios;
<LOD - below the limit of detection.

20 pL of deuterated PAHs for 48 h on a horizontal shaking machine ELPIN
358A (Poland). The obtained extract (enriched with isooctane) was concen-
trated and the GC-MS/MS analysis was carried out.

2.6. Statistical analysis

The statistical analysis was carried out to determine the statistical signif-
icance of each parameter (both physicochemical parameters of biochars
and the total and bioavailable fraction of PAHs and their derivatives in py-
rolyzed materials) affected by aging processes by one-way analysis of vari-
ance (one-way ANOVA). The level of statistical significance was considered
at p < 0.05. The Statgraphics Plus 3.0 software was used for these calcula-
tions. The results were presented as the mean value of three replicates +
standard deviation (SD). Pearson test was applied for the estimation of lin-
ear correlations.

3. Results and discussion

3.1. The effect of the biological and enzymatic aging on the physicochemical
properties of biochar

The physicochemical properties of biochar derived from several feed-
stocks at 600 °C are shown in Table 3.

BCZ-initial

The type of feedstock as well as the aging processes did not affect signif-
icantly the Sgrr (p > 0.05) as no clear correlations were noted. However, in
almost all cases EA increased and BA decreased the content of C% and H%
in BC. There was no clear trend considering the content of N% and O%.
Cellulose-rich biochars were characterized by the highest content of C
whereas the ash-rich ones had the lowest C%. EA decreased the content
of ash in all cases, whereas BA caused a drop only in 50 % of samples. In
the other ones, biological aging increased the percentage of ash content.
Both aging processes lowered the H/C ratio which indicated the decrease
of the aromatization degree for artificially altered biochar. Moreover, the
correlation between the H/C ratio and the aging processes was found to
be statistically significant (p < 0.05). It means that both enzymatic and bi-
ological aging affects significantly the H/C ratio. Considering lignin- and
cellulose-rich biochar, and RBP-derived BC, EA caused an increase in
their polarity ((O + N)/C) and hydrophilicity (O/C). Only in BCZ and
BCPIL samples, these parameters were reduced. In the case of biochars
aged biologically, the trend was not so obvious. It is worth mentioning,
that the content of ash, C%, H%, N%, and 0% were affected by the type
of feedstock (p < 0.05). H/C ratio and polarity were also significantly influ-
enced by the type of raw material. This observation is consistent with the
literature data. It was evidenced that biochar obtained at a lower tempera-
ture (350 °C) was more susceptible to biological degradation by soil mi-
crobes (Streptomyces isolate) than that obtained at 550 °C (Zeba et al.,

Fig. 1. SEM images of BCZ samples before and after biological and enzymatic aging.
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2022). The lower total C and higher total O content than initial materials
(Zeba et al., 2022), and thus an increase in O/C ratios (Cheng et al.,
2006; Quan et al., 2020; Zeba et al., 2022) in aged biochar may indicate
that formation and transformation of PAHs and derivatives in BC in the en-
vironment may be altered.

The morphology of the BC after aging was changed (with BCZ as the ex-
ample presented in Fig. 1), however, the changes in the morphology were
subtle. In general, before aging the structure was more compact, and after
aging several heterostructures were observed. After contact with microbial
inoculum, the structure was disordered and resembles seeds and flowers.
Due to the action of the enzyme, horseradish peroxidase, the structure of
BC was crushed and more powdered.

Aging affected the BC structure and surface composition. In the XPS
spectrum, it was noted that although the general survey was not changed
(Fig. 2a.) the closer analysis revealed that the amount of C and O changed
whereas the character of the surface groups also was altered (Fig. 2 b, c,
d). The surface of BCZ600 before aging was composed mostly of C in the
form of carbonyl, hydroxyl, and carboxylic groups, and aliphatic carbons
(Koinuma et al., 2013; Rabchinskii et al., 2020); O in the form of bonds:
0-(C=0%)-C, 0=C-N, and organic C—O (Oh et al., 2014), with the addi-
tion of N, Ca, P, Si, Fe, S (below 5at.%). In the case of BCZ600 samples,
the content of C% (from initial 52.5 at.%) increased to 55.9 at.% of C
after BA and lowered to 55.2 at.% after EA. At the same time, the content
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of 0% (starting from 28.15 at.%) was lowered to 25.5 at.% after BA and
to 25.1 at.% after EA. It is worth mentioning that the character of the func-
tional groups was changed. In general, the XPS peak of C in aged BC
(Fig. 2b) after deconvolution revealed the presence of different species
such as aliphatic carbon (C—H sp3, Cc—C sps), aromatic carbon (C=C
sp?), hydroxyl, epoxy, carbonyl and carboxyl groups, and defective carbon
structures (C—C C= =C) (Koinuma et al., 2013).

3.2. The effect of the biological aging process on the total content and character-
istics of PAHs and their derivatives in biochar

The aging of biochar, occurring naturally in the environment, can be ac-
celerated with the aid of microorganisms. The microbial activity can be am-
plified through the addition of labile organic compounds (in our case
glucose and several different components) or fresh biomass (Hamer et al.,
2004; Mia et al., 2017; Pietikdinen et al., 2000). After the biological aging
of BCW (BCW-initial, BCW-BAn, BCW-BAi) and BCZ (BCZ-initial, BCZ-
BAn, BCZ-BAi), the identical trend is observed: the highest content of the
total fraction of PAHs, X16PAHs, and PAHs derivatives was in the sample
before aging (initial BC). Then, in descending order were samples with nu-
trient solution (BAn), and the lowest content was quantified for biochar
aged with nutrient solution and microbial inoculum (BAi) (Table 4). Biolog-
ical aging with NS and microorganisms extracted from soil resulted in the
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Fig. 2. XPS studies of the BC samples, A) survey, B) Carbon peak after enzymatic aging, C) Carbon peaks in aged BCZ, D) Oxygen peaks.
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Table 4
The content of total and bioavailable PAHs and their derivatives in tested BC.
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Sample The concentration of ~ The concentration of ~ The concentration of total ~ The concentration of The concentration of The concentration of
description total PAHs + SD total X16PAHs = SD  PAHs derivatives = SD bioavailable PAHs = SD  bioavailable X16PAHs bioavailable PAHs derivatives
hg gl [ng g~ g g 'l [ng L™ + SD [ng L7] +SD[ngL7"]
BCWe-initial 181.08 + 8.29 171.30 = 7.85 1.92 = 0.09 3.17 £ 0.15 292 + 0.14 0.48 + 0.02
BCW-BAn 140.25 += 6.59 134.55 + 6.32 1.76 = 0.08 4.02 = 0.21 4.02 = 0.21 <LOD
BCW-BAi 99.18 = 4.14 96.14 = 4.01 1.38 = 0.06 7.35 £ 0.39 7.33 £ 0.39 0.18 = 0.01
BCW-EA 10.14 + 0.46 9.86 + 0.45 0.120 = 0.005 2.00 = 0.07 1.99 = 0.07 1.21 = 0.04
BCD-initial 57.36 + 2.63 20.54 = 0.95 <LOD 2.21 = 0.11 212 + 0.11 <LOD
BCD-BAn 66.47 + 3.12 24.75 = 1.20 <LOD 0.28 + 0.01 0.124 = 0.006 <LOD
BCD-BAi 57.61 *+ 2.56 21.13 = 0.96 <LOD 1.12 = 0.06 0.81 + 0.04 <LOD
BCF-initial 134.01 + 6.14 75.24 = 3.46 11.89 + 0.54 3.67 £ 0.17 3.53 £ 0.17 0.32 + 0.02
BCF-BAn 165.93 + 7.93 94.20 + 4.59 12.70 = 0.61 2.87 + 0.15 2.77 = 0.15 0.127 = 0.007
BCF-BAi 140.80 + 6.26 81.35 = 3.67 11.58 + 0.52 4.40 = 0.23 4.24 + 0.22 0.24 += 0.01
BCZ-initial 125.83 + 5.76 103.74 = 4.96 5.30 = 0.24 39.98 = 1.46 39.71 = 1.45 1.90 = 0.07
BCZ-BAn 96.42 + 4.53 81.17 = 3.94 1.35 = 0.06 5.28 + 0.27 5.28 + 0.27 0.013 = 0.001
BCZ-BAi 43.05 = 2.02 36.72 = 1.76 0.82 + 0.04 6.59 + 0.35 6.49 + 0.34 0.109 = 0.005
BCZ-EA 15.03 + 0.69 12.65 + 0.59 0.74 + 0.03 3.08 = 0.11 3.04 = 0.11 1.19 = 0.04
BCS-initial 145.21 + 6.65 56.63 = 2.59 28.39 = 1.30 2.56 = 0.11 2.36 = 0.10 0.83 + 0.03
BCS-EA 30.40 + 1.39 8.35 + 0.38 4.62 + 0.21 0.35 = 0.01 0.29 = 0.01 0.35 = 0.01
BCUHS-initial ~ 201.64 *= 9.23 184.93 + 8.47 5.62 *+ 0.26 41.53 = 1.52 41.32 = 1.51 0.88 + 0.03
BCUHS-EA 39.85 + 1.82 35.01 = 1.60 1.14 = 0.05 4.00 = 0.15 3.97 £ 0.15 0.195 = 0.006
BCKOS-initial 180.18 + 8.25 163.16 = 7.70 3.42 = 0.16 10.36 = 0.38 9.41 += 0.34 0.217 = 0.008
BCKOS-EA 14.98 + 0.69 14.98 + 0.69 0.68 + 0.03 1.87 = 0.07 1.87 = 0.07 0.038 = 0.001
BCPIL-initial 187.31 + 8.58 159.81 + 7.55 16.19 + 0.74 10.38 + 0.38 8.99 + 0.33 4.64 = 0.17
BCPIL-EA 25.63 = 1.17 20.50 = 1.03 4.87 = 0.22 1.07 = 0.04 0.91 + 0.03 2.40 = 0.09

LOD- limit of detection.

highest ratio between LMW (low-molecular-weight compounds with <3
aromatic rings) and HMW (high-molecular-weight compounds with =4 ar-
omatic rings) PAHs.

The total fraction of PAHs derivatives dropped by 8 % and 28 % in BCW,
as well as 74 % and 85 % for BCZ after BA with NS alone and both NS and
microbial inoculum, respectively. In all cases (BCW-initial, BCW-BAn, BCW-
BAi, BCZ-initial, BCZ-BAn, BCZ-BAi) only two-ring derivatives: 1-methyl-5-
nitronaphthalene, 1-methyl-6-nitronaphthalene, and nitroacenaphthalene
were identified. In BCW samples, the content of 2- and 3-ring PAHs were in
majority (~75 %) with naphthalene, acenaphthylene, and acenaphthene as
the most widespread (Fig. 3a). In BCZ samples, compounds with two rings
(mostly naphthalene) accounted for nearly two times higher values than
those with 3 rings (mostly acenaphthylene, fluorene, and acenaphthene)
(45 %—49 % for 2-rings, and 24 %-25 % for 3-rings). Moreover, 5-ring species
constituted a majority in comparison to 4-ring ones (15 %-17 %, and 11 %-—
13 %, respectively) (Fig. 3b). The first group was mainly represented by
benzo[a]fluoranthene and benzo[b]fluoranthene, while the second one was
by pyrene. As the presence of microbial inoculum in biochar caused the
highest drop in the content of analytes, thus the organisms acquired from
the soil play a significant role in PAHs and their derivatives' degradation
and modification.

In softwood and hardwood-derived biochar, the highest content of total
PAHs (and £16PAHs) was quantified in the sample subjected to the effect of
the nutrient solution alone (Table 4). In hardwood-derived biochar (BCD),
4-ring species constituted >50 % of all quantified PAHs, and benzo[al]
fluorene and 6-methylchryzene were predominant. Among 3-, 2-, 5- and
6-ring compounds (Fig. 3c), acenaphthene, 1,3-di-isopropylnaphthalene,
benzo[a]pyrene, and both dibenz[a,e]pyrene and dibenz[a,h]pyrene were
determined. In BCF, fluorene, 3,6-dimethylphenanthrene, benzo[a]
fluorene, and benzo[a]anthracene were representing 3- and 4-ring PAHs,
whereas, 2- (only naphthalene) and 5-ring (mostly dibenz[a,h]anthracene
and benzo[a]pyrene) compounds were in minority (6 %7 % and 19 %-—
22 %, respectively). There were no 6-ring species quantified. It is worth
mentioning that the content of the total fraction of PAHs derivatives in
hardwood-derived biochar was below the limit of detection. In BCD and
BCF, the highest percentages of LMW PAHs were detected in initial samples
(41.76 % and 43.75 %, respectively), and aging lowered the content of
LMW PAHs. In softwood-derived BC both 3- and 4-ring species were quan-
tified (9,10-anthracenedione and 4H-cyclopenta(def)phenanthrene), and
PAHs derivatives constituted up to 8 % of all quantified compounds. The

highest content of derivatives (considering all BCF samples) was found in
BCF-BAn and the lowest in BCF-BAi.

The changes in the content of bioavailable and total fraction of PAHs
and their derivatives before and after biological aging, however, were not
statistically significant considering the type of feedstocks applied in the ex-
periment. Biological aging (conducted on two tracks: biochar with NS and
biochar with NS and microbial inoculum) also did not affect significantly
the sum of bioavailable and total PAHs and derivatives (p > 0.05). As was
presented in Siatecka et al. (2021), biochar with a higher mineral content
(for example obtained from SSL) was less stable during abiotic aging than
the other BC (willow-derived BC). In the case of our results, the conclusions
were not evident. The range of changes in the content of bioavailable and
total fraction of PAHs and their derivatives depended on the type of biochar
and aging conditions. They also concluded that this type of aging-triggered
modification was governed by the type of feedstock and the pyrolysis tem-
perature (Siatecka et al., 2021). But it is worth pointing out that abiotic fac-
tors caused biochar oxidation, an increase in the amount of surface oxygen
functional groups, degree of hydrophilicity, polarity, and pH decrease. Ac-
cording to the literature (Oleszczuk and Kottowski, 2018), biological aging
(with microbial inoculum and nutrient solution as well as with nutrients
alone) caused the greatest reduction in the content of bioavailable and
total fraction of PAHs (12 % - 100 % and 30 % - 100 %, respectively) in
comparison to chemical and physical aging. The addition of nutrients
and/or providing a suitable amount of water to achieve saturated
conditions constitute an important factor influencing PAHs degradation
(Oleszczuk and Kottowski, 2018; White et al., 1999; White and
Alexander, 1996).

3.3. The effect of the enzymatic aging process on the total content and characteristics
of PAHs and their derivatives in biochar

Enzymatic aging decreased the content of the total fraction of PAHs
(Z16PAHSs) and their derivatives (Table 4). The decrease in the PAHs con-
centration amounted to 79 %-94 %, whereas the content of PAHs deriva-
tives dropped by 67 %-94 %. EA changed also the content of individual
groups of PAHs differing in the number of aromatic rings. In almost all
cases (except BCPIL), EA reduced the percentage of 2-ring species and in-
creased 4-ring PAHs, for example, the contribution of the first-mentioned
group in BCW decreased from 35 % to 23 %, and the second-mentioned in-
crease from 22 % to 31 % (Fig. 3a). Naphthalene was the most abundant 2-
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ring PAHs (except BCS and BCPIL - 1,3-di-isopropylnaphthalene) in biochar
before enzymatic aging and the only representative of 2-ring species in bio-
char after EA. Among 4-ring compounds, the highest content was deter-
mined for pyrene (in BCW-initial, BCW-EA, BCZ-initial, and BCZ-EA),
benzo[a]fluorene, and benzo[a]antracene (in BCS-initial and BCS-EA),
chrysene, pyrene, and fluoranthene (in BCUHS, BCKOS, and BCPIL sam-
ples, respectively). In half of the samples, EA increased the content of 3-
(in BCW, BCZ, and BCPIL) and 5-ring compounds (in BCW, BCUHS, and
BCPIL) (Fig. 3 a, b, and c¢). Among 3-ring PAHs, the most abundant were
acenaphthylene and/or acenaphthene (in BCW, BCUHS, and BCZ samples),
3-methylphenanthrene (in BCS-initial and 2-methylphenanthrene in BCS-
EA), and anthracene (in BCKOS, and BCPIL samples). In the other biochars,
the effect of EA was the opposite. In most cases, enzymatic aging decreased
the percentage of the 6-ring compounds, even to a level below the limit of
detection. EA caused a decrease in the percentage share of LMW PAHs in
comparison to HMW PAHs (except BCPIL-initial and BCPIL-EA). The de-
cline was between 7 % (for BCZ-initial vs. BCZ-EA) and 25 % (for
BCUHS-initial vs. BCUHS-EA).

EA did not change the qualitative analysis of PAHs derivatives in stud-
ied biochars. Only their concentration declined (Table 4). 2-, 3-, and 4-
ring PAHs derivatives were determined. In BCW-initial and BCZ-EA only
nitronaphthalene was determined, whereas, in other plant-derived BC
(BCS-initial and BCS-EA), 1-methyl-5-nitronaphthalene, 1-methyl-6-
nitronaphthalene, and 4H-cyclopenta(def)phenanthrene were identified.
In BCZ-initial and BCZ-EA only 2-ring N-PAHs were measured (1-methyl-
5-nitronaphthalene, 1-methyl-6-nitronaphthalene). The findings concern-
ing RBP-derived BC were also not tendentious and both N- and O-PAHs
were quantified. Thus, the type of feedstock does not affect the qualitative
and quantitative analysis of PAHs derivatives in BC. The changes in the con-
tent of the total fraction of PAHs and their derivatives before and after en-
zymatic aging are not statistically significant considering the type of
feedstocks applied in the experiment. But EA affects significantly the total
fraction of PAHs (p < 0.05) and their derivatives (p ~ 0.05). Sigmund
et al. (2017) found that the properties of biochar such as surface areas,
pore volumes, and elemental compositions were resilient to HyO, thermal
oxidation or horseradish peroxidase enzymatic oxidation of biochar. This
indicated the high biochar stability. The concentrations of total and bio-
available X16PAHs ranged from 4.4 to 22.6 mg kg~ ' and 0.0 to
9.7 mg kg~ !, respectively (Sigmund et al., 2017). Their results considering
the effect of enzymatic aging on the content of the total fraction of PAHs
showed the same trend as it can be found in our data: EA significantly de-
creased the content of PAHs. Artificial aging (H,O, thermal oxidation or
horseradish peroxidase enzymatic oxidation) resulted in a decrease in the
relative content of LMW PAHs (with <3 aromatic rings). It can be caused
by lower lipophilicity and higher solubility of LMW PAHs which lead to
their facilitated desorption from biochar (in comparison to HMW PAHs
(with =four aromatic rings)) (Sigmund et al., 2017). In general, agricul-
tural application of biochar with low initial PAHs concentration (with
amounts that meet the requirements of European Biochar Certificate
(EBC) and International Biochar Initiative (IBI) quality thresholds for total
PAHs concentrations) can be assumed to be safe. Otherwise, pyrolyzed ma-
terials require more critical evaluation because their addition to soil may be
associated with the risk (especially in high doses) (Sigmund et al., 2017).

3.4. The bioavailable fraction of PAHs and their derivatives in biochar before and
after the biological aging process

The most important from an environmental point of view is the bio-
availability of PAHs and their derivatives. In each plant-derived BC sub-
jected to biological aging, the trend was different. Particularly, in BCW
samples the lowest amount of bioavailable PAHs were found in the initial
material (3.17 = 0.15 ng L™Y), while the highest was in BCW-BAi
(7.35 + 0.39 ng ™) (Table 4). In this case, biological aging caused a sig-
nificant increase in PAHs bioavailability. In all other cases, BCD, BCF, BCZ,
the lowest amount was quantified in the BAn sample (biochar with NS:
BCD-BAn, BCF-BAn, BCZ-BAn) (Fig. 4a). In BCD and BCZ, the higher
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content was found in BAi samples (BCD-BAi: 1.12 + 0.06 ng L™ ! and
BCZ-BAi: 6.59 = 0.35 ng L™ 1Y) and the highest in initial BC (Table 4),
which indicated that the presence of inoculum inhibits the decomposi-
tion/transformation of PAHs compared to blank samples. In BCF the con-
tent of the bioavailable fraction of analytes increased in the following
order: BCF-BAn< BCF-initial < BCF-BAi, which indicated that biological
aging without inoculum caused the decrease in analyte bioavailability
and the presence of inoculum increased the content of studied fraction of
PAHs. In the case of the content of Z16PAHs, the trends were identical.
The biological aging slightly affected the percentage of 2- and 3-ring
PAHs in BCZ (2-ring: 90 % (BCZ-initial) -92 % (in BCZ-BAn), 3-ring: 8 %
(BCZ-BAn)- 10 % (BCZ-initial) and BCF samples (2-ring: 49 % (BCF-BAn)
- 54 % (BCF-BAi), 3-ring: 44 % (BCF-BAi)-49 % (BCF-BAn)) (Fig. 3d),
where the most dominant were naphthalene, acenaphthylene, and
fluorene. In the other biochar (BCD and BCW), the content of 2-ring species
in biochar before aging was below the limit of detection (Fig. 3d) and after
BA, their level increased to 72 % in BCW-BAi, BCW-BAn, 24 % in BCD-BAI,
and 54 % in BCD-BAn. The highest percentages of 3-ring compounds
(mostly acenaphthene) were found in initial samples: BCD-initial —99 %
and BCW-initial 98 %, then in biologically aged BC. In the case of 4-, 5-
and 6-ring species, the changes in the percentage were not tendentious
and significant. In certain cases, biological aging caused a decrease in the
percentage of the 6-ring group, even to a level below the limit of detection.
In all biochars (aged and non-aged) the percentage share of LMW PAHs was
in the range of 97 %-9 %, respectively, while HMW constituted <3 % of all
quantified PAHs. Biological aging did not significantly affect the ratio be-
tween LMW and HMW PAHs.

The content of the bioavailable fraction of PAHs derivatives in residues
from hardwood-derived biochar before and after biological aging was
below the limit of detection. In the other biochars (BCF, BCW, and BCZ)
the content of PAHs derivatives decreased in the following order: initial
biochars, biochar treated with microbial inoculum and NS (a decline of
26 % in BCF-BAi, 62 % in BCW-BAI, and 94 % in BCZ-BAi), and biochar
contacted only with NS (a drop of 61 % in BCF-BAn, 99 % in BCZ-BAn
and below the limit of detection in BCW-BAn) (Fig. 4a). Biological aging
also caused the changes in the PAHs derivatives profile in the case of
BCW samples. In BCW-initial there were 4H-cyclopenta(def)phenanthrene
and nitropyrene quantified, whereas in BCW-BAi only nitronaphthalene
was determined. In BCZ-initial, both 3- and 4-ring PAHs derivatives were
noted (1-methyl-5-nitronaphthalene, 1-methyl-6-nitronaphthalene, and
9,10-anthracenedione), whereas, in BCZ-BAi and BCZ-BAn, only the 4-
ring PAHs derivatives were represented. In BCF samples, only O-PAHs
were determined (9,10-anthracenedione and 4H-cyclopenta(def)phenan-
threne in BCF-initial and BCF-BAi.

The changes in the content of both fractions of PAHs and their deriva-
tives before and after BA are not statistically significant considering the
type of feedstocks. Biological aging also did not affect significantly the
sum of bioavailable and total PAHs and derivatives (p > 0.05). However,
some positive correlations (Pearson test, p < 0.05) considering PAHs and
their derivatives were observed, e.g. i) between the total fraction of PAHs
derivatives in biochar after treatment with NS and both NS and microbial
inoculum; ii) the bioavailable fraction of PAHs derivatives in biochar
treated with microbial inoculum and the total fraction of PAHs in biochar
treated with NS; bioavailable fraction of PAHs derivatives in biochar after
treatment with NS and total fraction of PAHs derivatives after treatment
with NS and both NS and microbial inoculum,; iii) total fraction of PAHs
(initial samples) and the bioavailable fraction of PAHs derivatives (initial
samples).

3.5. The bioavailable fraction of PAHs and their derivatives in biochar before and
after the enzymatic aging process

In almost all studied BC, enzymatic aging caused a significant decrease
in the content of the bioavailable fraction of PAHs (X16PAHSs) and their de-
rivatives (Table 4 and Fig. 4b) except for the content of the derivatives in
BCW (Table 4). The smallest decrease was recorded for BCW-initial vs.
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Fig. 4. The bioavailable and total PAHs and their derivatives in biochar before and after: A) biological aging; B) after enzymatic aging. The error bars mean the standard

deviation of obtained results (number of replicates, n = 3).

BCW-EA (37 %). In the other biochars, the decline amounted from 82 %
(BCKOS-initial vs. BCKOS-EA) to 92 % (BCZ-initial vs. BCZ-EA). Enzymatic
aging resulted in changes in the ratios between particular groups of PAHs
differing in the number of aromatic rings. In BCW-EA (compared to initial
biochars), the percentage of 2-ring species increased from <LOD to 66 %
(naphthalene as the only representative) (Fig. 3d). In BCS-initial (as well
as in BCS-EA) the content of 2-ring PAHs was below the limit of detection.
In the other biochars, EA reduced the content of 2-ring compounds (from
90 % to 70 % in BCZ, from 79 % to 60 % in BCUHS, from 35 % to 15 %
in BCKOS, and from 24 % to 14 % in BCPIL) (Fig. 3d) with naphthalene
as the most abundant compound in almost all BC. The content of 3-ring
PAHs decreased from 98 % in BCW-initial even up to 33 % in BCW-EA
and from 97 % to 86 % in BCS (initial vs. after EA) (with the highest quan-
tified content mostly for acenaphthylene and acenaphthene) (Fig. 3d). EA
caused an increase of 3-ring PAHs in other BC. In almost all biochars (except
BCW and BCPIL samples), enzymatic aging increased the percentage of
4-ring compounds from 2 to almost 5 times. In the case of willow-derived
biochars, SSL-derived BC, and BCUHS, EA caused the total decomposi-
tion of 6-ring species. In BCZ, BCUHS, BCPIL, and BCKOS EA lowered
significantly the content of 2-ring species and increased 3- and 4-ring
PAHs. There was no clear trend proving the correlation between the
content of the bioavailable fraction of PAHs and its changes influenced
by EA and the type of feedstock. In two-thirds of all samples, enzymatic
aging caused a decrease in the percentage share of LMW PAHs in com-
parison to HMW PAHs (except BCW and BCPIL samples where an in-
crease was negligible). The drop was in the range of 2 % (for BCKOS
samples) - 11 % (for BCS samples). The highest percentage share of
HMW PAHs in biochar before EA was in the BCPIL-initial (9 %), while
after EA in BCS-EA (14 %).

Enzymatic aging caused a significant decrease (except BCW-EA) in the
content of the bioavailable PAHs derivatives (from 37 % in BCZ-initial vs.
BCZ-EA to 83 % in BCKOS-initial vs. BCKOS-EA) (Fig. 4b). 4H-cyclopenta
(def)phenanthrene and nitropyrene were quantified in BCW-initial,
whereas in BCW-EA there was only nitronaphthalene. Enzymatic aging
did not affect the qualitative analysis of a bioavailable fraction of PAHs
derivatives in BCS samples (1-methyl-5-nitronaphthalene, 1-methyl-6-
nitronaphthalene, and 4H-cyclopenta(def)phenanthrene), BCZ samples (1-
methyl-5-nitronaphthalene, 1-methyl-6-nitronaphthalene, and 9,10-
anthracenedione), and BCPIL-initial and BCPIL-EA (2- and 4-ring O and
N-PAHS).

The changes in the content of bioavailable fraction of PAHs and their de-
rivatives before and after enzymatic aging are not statistically significant
considering the type of feedstocks applied in the experiment. However,
EA affects significantly the bioavailable fraction of PAHs (p ~ 0.05). More-
over, considering the Pearson test, there is a statistically significant (posi-
tive) correlation between the total fraction of PAHs derivatives in biochar
before and after EA as well as between the bioavailable fraction of PAHs be-
fore and after EA (p < 0.05).

4. Conclusions

Aging processes (both biological and enzymatic) affected the physico-
chemical characteristic of biochars, especially considering the content of
C, H, and ash as well as aromatization, polarity, and hydrophilicity. Biolog-
ical aging reduced the content of the total fraction of PAHs and PAHs
derivatives in ash-rich and willow-derived biochar, however, PAHs
bioavailability in willow-derived BC increased, whereas, in most other
biochars, significantly decreased. Thus the organisms acquired from the

Fig. 3. The percentage of the PAHs (total fraction) differing in the number of aromatic rings in pristine and enzymatically aged BC, A) BCW, B) BCZ; C) BCD, BCF, BCS,
BCUHS, BCKOS, and BCPIL); D). The percentage of bioavailable fraction of the PAHs differing in the number of aromatic rings (only 2- and 3-ring species) in pristine and

aged BC.
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soil play a significant role in PAHs and their derivatives' degradation and
modification. Enzymatic aging decreased the total and bioavailable PAHs
and derivatives in almost all cases (except the bioavailability of PAHs deriv-
atives in biochar obtained from willow).
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2.1. Feedstock and biochar preparation

The slow pyrolysis of raw materials was carried out in a furnace (Czylok, Poland) under the
following conditions: the heating rate at the first step was 10°C min™', and the second step -
3°C min™, the resident time: 3h, and the constant flow of nitrogen (630 cm’ min™") monitored
by the mass flow controller (BETA-ERG, Poland). All studied biochars were obtained at
600°C. Collected biochars were grounded (<2 mm), homogenized, washed out using distilled
water (1:10, biochar: water) continuously for 24 h, and dried at 40°C for 6 h. Before all

experiments, BC was stored at room temperature in the absence of light.

2.7. GC-MS/MS measurement

Qualitative and quantitative measurements of PAHs and their derivatives were performed
using a gas chromatograph hyphenated with a triple quadruple tandem mass spectrometer
detector (GCMS-TQ8040; Shimadzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica
capillary column (30 m % 0.25 mm 1.d., 0.25 pm film thickness; Phenomenex, Torrance, CA,
USA) and an AOC-20i+s type autosampler (Shimadzu). The helium (grade 5.0) and argon
(grade 5.0) were applied as a carrier and collision gas, respectively. The chromatographic
conditions were adjusted as follows: column flow -1.56 mL/min, the volume of injection - 1
pL. The injector was working in high-pressure mode (250.0 kPa for 1.5 min; column flow at
initial temperature was 4.90 mL/min) at the temperature of 310°C; the ion source temperature
was 225°C. The qualitative and quantitative analyses were conducted with full scan mode

(range 40-550 m/z) and SIM (Single Ion Monitoring) mode, respectively.



Table S1. Chemical characteristics of analyzed compounds.

No. Compound cAS®" Mw®? Formula
1 Naphthalene* 91-20-3 128.17 C,oHs
2 1,3-di-iso-propylnaphthalene 57122-16-4 212.33 CisHao
3 2-Phenylnaphtalene 612-94-2 204.26 Ci¢Hi2
4 Acenaphthylene* 208-96-8 152.20 Ci,Hg
5 Acenaphthene* 83-32-9 154.20 CioHyo
6 Fluorene* 86-73-7 166.22 CisHyo
7 Anthracene* 120-12-7 178.23 Ci:Hyo
8 Phenanthrene* 85-01-8 178.23 Ci:Hyo
9 3-Methylphenantrene 832-71-3 192.25 CisHy,
10 2-Methylphenantrene 2531-84-2 192.25 CisHypn
11 9-Methylphenantrene 883-20-5 192.25 CisHin
12 3,6-dimethylphenantrene 1576-67-6 206.28 CisHis
13 Fluoranthere* 206-44-0 202.25 CisHio
14 Pyrene* 129-00-0 202.25 Ci6Hio
15 2-Methylpyrene 3442-78-2 216.28 Cy7Hpp
16 4-Methylpyrene 3353-12-6 216.28 C7Hz
17 Benzo[a]fluorene 238-84-6 216.27 Ci7Hy»



18 Benzo[a]anthracene* 56-55-3 228.29 CisHipz
19 Chryzene* 218-01-9 228.29 CisHipz
20 3-Methylchrysene 3351-31-3 242.30 CioHy4
21 5-Methylchrysene 3697-24-3 242.30 CioHys
22 6-Methylchrysene 1705-85-7 242.30 CioHy4
23 Benzo[a]fluoranthene 203-33-8 252.31 CyoHiz
24 Benzo[b]fluoranthene* 205-99-2 252.31 CyoHiz
25 Benzo[k]fluoranthene* 207-08-9 252.32 CyH»
26 Benzo[j]fluoranthene 205-82-3 252.31 CyHi,
27 Benzo[a]pyrene* 50-32-8 252.31 CyoHi2
28 Indeno[1,2,3-cd]pyrene* 193-39-5 276.33 CpHi»
29 Benzo[ghi]perylene* 191-24-2 276.33 CyH,
30 Dibenzo[a,h]anthracene* 53-70-3 278.10 CpHu
31 Dibenz[a,e]pyrene 192-65-4 302.37 CuHiy
32 Dibenz[a,h]pyrene 189-64-0 302.37 CoHyy
33 Dibenz|[a,i]pyrene 189-55-9 302.37 CuHiy
34 Dibenz[a,l]pyrene 192-65-4 302.37 CyHy4
N- and O-PAHs
35 Nitronaphthalene 86-57-7 173.16 C,0H-NO,
36 1-Methyl-5-nitronaphthalene 91137-27-8 187.19 C,1HyNO,



37 1-Methyl-6-nitronaphthalene 105752-67-8 187.19 C1HosNO,

38 9,10-Anthracenedione 84-65-1 208.21 C4H50,
39 4H-cyclopenta(def)phenanthrene 203-64-5 190.24 CisHyo
40 Nitropyrene 5522-43-0 247.25 C,cHoNO,

Dnumerical identifier assigned by the Chemical Abstracts Service (CAS)

@MW-molecular weight

* PAHs belonging to 16PAHs which have been classified by the United States Environmental Protection Agency (USEPA) as priority pollutants [1].

Table S2. The qualitative and quantitative parameters of PAHs and O/N-PAHs analysis.

Quantification ~ Confirmation .., LOQ**
No. Compound ion on
(m/z) () [ugL'l  [pgL™]
1 Naphthalene 128 102 1.01 3.36
2 1,3-di-1so-propylnaphthalene 197 212 1.41 4.69
3 2-Phenylnaphtalene 204 101 1.90 6.33
4 Acenaphthylene 152 76 2.10 6.99
5 Acenaphthene 153 76 2.30 7.66
6 Fluorene 166 82 1.10 3.66
7 Anthracene 178 89 1.30 4.33
8 Phenanthrene 178 89 1.34 4.36
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6.99
6.99
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28 Indeno[1,2,3-cd]pyrene 276 138 1.30 4.33

29 Benzo[ghi]perylene 276 138 1.33 4.43
30 Dibenzo[a,h]anthracene 278 139 2.21 7.36
31 Dibenz[a,e]pyrene 302 151 1.89 6.29
32 Dibenz[a,h]pyrene 302 151 1.89 6.29
33 Dibenz[a,i]pyrene 302 151 1.89 6.29
34 Dibenz[a,l]pyrene 302 151 1.89 6.29
N- and O-PAHs
35 Nitronaphthalene 173 127 2.41 8.03
36 1-Methyl-5-nitronaphtalene 187 115 1.21 4.03
37 1-Methyl-6-nitronaphtalene 187 115 1.21 4.03
38 9,10-Anthracenedione 208 180 1.44 4.80
39 4H-cyclopenta(def)phenanthrene 190 94 3.01 10.02
40 Nitropyrene 247 201 1.66 5.53

*-LOD — limit of detection; **-LOQ — limit of quantitation; LOD and LOQ were not calculated via Kpoym; LOD and LOQ were considered to be
signal-to-noise ratios equal to 3 and 10, respectively.

Table S3. PAHs and PAHs derivatives total content in non-aged PT-derived biochars.

Sample description
No. Compound

BCS-initial BCWe-initial BCD-initial BCF-initial




Analyte concentration [pug g™']

1 Naphthalene 0.24 +£0.01 62.28 +2.85 <LOD 9.37+0.43
2 1,3-di-iso-propylnaphthalene 4.43+0.20 0.88 =0.04 5.11+£0.23 <LOD

3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD

4 Acenaphthylene 15.62+0.72 2512+ 1.15 4.87+0.22 2.34+£0.11
5 Acenaphthene 18.27 +0.84 3734+ 1.71 9.31+0.43 6.73 £0.31
6 Fluorene <LOD 0.42+0.02 4.43+0.20 19.46 +£ 0.89
7 Anthracene 1.48 £0.07 3.32+0.15 <LOD <LOD

8 Phenanthrene <LOD <LOD <LOD <LOD

9 3-Methylphenantrene 27.28 £1.25 0.24 £0.01 <LOD 4.88 £0.22
10 2-Methylphenantrene 10.96 = 0.50 0.22+£0.01 0.24+0.01 0.72+0.03
11 9-Methylphenantrene <LOD <LOD <LOD 0.22+0.01
12 3,6-dimethylphenantrene 0.32+£0.02 <LOD <LOD 14.91 £ 0.68
13 Fluoranthene 0.46 £0.02 1.98 £ 0.09 <LOD <LOD
14 Pyrene <LOD 25.10+ 1.15 <LOD 1.24 £ 0.06
15 2-Methylpyrene 6.33+£0.29 0.24 +£0.01 0.32+0.02 <LOD
16 4-Methylpyrene 230+£0.11 0.30+0.01 0.82+0.04 <LOD
17 Benzo[a]fluorene 16.27 £0.75 6.02 £0.28 12.21 £0.56 16.28 £0.75
18 Benzo[a]anthracene 12.04 £ 0.55 5.14+0.24 <LOD 11.47+0.53
19 Chrysene 2.24+0.10 0.92£0.04 <LOD <LOD
20 3-Methylchrysene 10.02 + 0.46 <LOD 0.82 +£0.04 6.21 £0.28
21 5-Methylchrysene 8.85+0.41 <LOD 6.28 £0.29 4.98+0.23
22 6-Methylchrysene 1.82 £0.08 <LOD 10.35 + 0.47 10.33 £ 0.47
23 Benzo[a]fluoranthene <LOD 0.28 £0.01 0.22+0.01 0.24 £0.01
24 Benzo[b]fluoranthene <LOD 0.22+0.01 <LOD <LOD




25 Benzo[k]fluoranthene <LOD 0.34 £0.02 <LOD <LOD
26 Benzol[j]fluoranthene <LOD 0.12+0.01 <LOD <LOD
27 Benzo[a]pyrene 0.38 £0.02 7.34+0.34 1.94 +0.09 10.23 £ 0.47
28 Indeno[1,2,3-cd]pyrene 4.03+0.19 1.10+0.05 <LOD <LOD
29 Benzo[ghi]perylene 1.88 £0.09 <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD 0.68 +0.03 <LOD 14.41 £ 0.66
31 Dibenz[a,e]pyrene <LOD 1.16 = 0.05 0.22+£0.01 <LOD
32 Dibenz[a,h]pyrene <LOD 0.18£0.01 0.24+0.01 <LOD
33 Dibenz[a,i]pyrene <LOD 0.14 £0.01 <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD 1.92 +£0.09 <LOD <LOD
36 1-Methyl-5-nitronaphthalene 1.88 =0.09 <LOD <LOD <LOD
37 1-Methyl-6-nitronaphthalene 2.32+0.11 <LOD <LOD <LOD
38 9,10-Anthracenedione <LOD <LOD <LOD 0.82+0.04
39 | 4H-cyclopenta(def)phenanthrene 2420+ 1.11 <LOD <LOD 11.07£0.51
40 Nitropyrene <LOD <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S4. The concentration of total PAHs and their derivatives in RBP-BC and SSL-BC.

Sample description
No. Compound BCUHS-initial BCKOS-initial BCPIL-initial BCZ-initial
Analyte concentration [pg g”']
1 Naphthalene 66.05 + 3.02 8.83 +0.40 6.24 £ 0.29 54.80 £2.51
2 1,3-di-iso-propylnaphthalene <LOD 2.88+0.13 6.44 +0.30 <LOD




3 2-Phenylnaphtalene <LOD 4.02+0.18 2.30+0.11 1.26 £ 0.06
4 Acenaphthylene 16.21 +0.74 16.84 +0.77 7.93+£0.36 15.09 + 0.69
5 Acenaphthene 14.89 £ 0.68 6.31+0.29 230+0.11 3.10+0.14
6 Fluorene 3.92+0.18 3.12+0.14 48.84 +2.24 8.30+0.38
7 Anthracene 12.21 £0.56 82.80+3.79 53.42 £ 02.45 0.42+0.02
8 Phenanthrene <LOD <LOD <LOD <LOD

9 3-Methylphenantrene 1.34 £0.06 <LOD 0.72 +£0.03 0.060 + 0.003
10 2-Methylphenantrene 0.68 £0.03 <LOD 0.88 £ 0.04 0.12+0.01
11 9-Methylphenantrene <LOD 2.24+0.10 <LOD 1.02 +£0.05
12 3,6-dimethylphenantrene 0.84 £0.04 <LOD 294 +£0.13 242 +0.11
13 Fluoranthene 6.38 £0.29 10.09 £ 0.46 3279+ 1.15 <LOD
14 Pyrene 14.89 + 0.68 21.90 £ 0.10 <LOD 8.30+0.38
15 2-Methylpyrene <LOD <LOD <LOD 1.10 £ 0.05
16 4-Methylpyrene <LOD <LOD 0.88 £ 0.04 1.96 +0.09
17 Benzo[a]fluorene 8.61 £0.39 <LOD <LOD 0.56 +0.03
18 Benzo[a]anthracene 11.07 £0.51 <LOD <LOD 1.98 £0.09
19 Chrysene 27.30 £ 1.25 2.30+0.11 1.94 +0.09 0.24 +£0.01
20 3-Methylchrysene 2.44+0.11 <LOD 2.04 £ 0.09 <LOD
21 5-Methylchrysene 2.06 +£0.09 <LOD 1.96 +0.09 1.92+0.09
22 6-Methylchrysene 0.74 £ 0.03 <LOD <LOD 0.66 + 0.03
23 Benzo[a]fluoranthene <LOD 2.88+0.13 6.88 +0.32 9.72 £0.45
24 Benzo[b]fluoranthene <LOD 1.98 +0.09 4.04+0.19 6.30+0.29
25 Benzo[k]fluoranthene <LOD 1.44 £ 0.07 <LOD 228 £0.10
26 Benzo[j]fluoranthene <LOD 1.22 +0.06 <LOD 0.26 £ 0.01
27 Benzo[a]pyrene 12.03 + 0.55 6.27£0.29 <LOD 0.52+0.02




SD-standard deviation, <LOD- below the limit of detection

Table S5. PAHs and PAHs derivatives total content in biologically aged biochars (samples with nutrient solution).

28 Indeno[1,2,3-cd]pyrene <LOD <LOD 2.32+0.11 <LOD
29 Benzo[ghi]perylene <LOD 1.28 £0.06 <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD 242 +0.11
31 Dibenz[a,e]pyrene <LOD 1.44 £0.07 1.34 £0.06 1.04 +0.05
32 Dibenz[a,h]pyrene <LOD 0.88 £0.04 0.62 £0.03 <LOD
33 Dibenz[a,i]pyrene <LOD 0.76 £ 0.04 0.24+0.01 <LOD
34 Dibenz[a,l]pyrene <LOD 0.72 +£0.03 0.28 £0.01 <LOD
N- and O-PAHs
35 Nitronaphthalene 1.60 + 0.07 <LOD 324 +0.15 <LOD
36 1-Methyl-5-nitronaphthalene <LOD <LOD 6.88 £0.32 242 +0.11
37 1-Methyl-6-nitronaphthalene <LOD <LOD 4.16+0.19 2.88+0.13
38 9,10-Anthracenedione 4.02+0.18 1.48 £0.07 <LOD <LOD
39 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD
40 Nitropyrene <LOD 1.94 + 0.09 1.92 + 0.09 <LOD

Sample description
No. Compound BCW-BAn BCD-BAn BCF-BAn BCZ-BAn
Analyte concentration [pg g™']
1 Naphthalene 53.24+£2.50 <LOD 9.91+£0.47 42.89 +£2.02
2 1,3-di-iso-propylnaphthalene 0.72+0.03 4.16+0.20 <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD 1.02+0.05
4 Acenaphthylene 20.22 +£0.95 4.00£0.19 3.01+£0.14 11.88 £ 0.56




5 Acenaphthene 28.80 + 1.35 8.78 £ 0.41 6.00+0.29 2.63+0.12
6 Fluorene 0.22 +£0.01 5.74+0.27 24.16 = 1.16 6.41+0.30
7 Anthracene 1.82+0.09 <LOD <LOD 0.32+0.02
8 Phenanthrene <LOD <LOD <LOD <LOD

9 3-Methylphenantrene <LOD 0.42+0.02 6.00 £0.29 0.040 + 0.002
10 2-Methylphenantrene <LOD 0.72+0.03 1.34 +£0.06 0.080 + 0.004
11 9-Methylphenantrene <LOD 0.88 £0.04 0.98 £0.05 0.82 +£0.04
12 3,6-dimethylphenantrene <LOD 1.10+0.05 15.59 +0.75 1.85+0.09
13 Fluoranthene 1.10+£0.05 <LOD <LOD <LOD
14 Pyrene 19.92 £ 0.94 <LOD 2.01+0.10 6.01 +0.28
15 2-Methylpyrene <LOD 0.32+0.02 <LOD 0.90 +0.04
16 4-Methylpyrene <LOD 0.82+0.63 <LOD 1.19+0.06
17 Benzo[a]fluorene 4.10+£0.19 13.32 £ 0.63 26.58 £ 1.27 0.26 £0.01
18 Benzo[a]anthracene 3.34+0.16 2.21+£0.10 15.57+£0.75 1.47 £0.07
19 Chrysene 0.66 = 0.03 <LOD <LOD 0.12+0.01
20 3-Methylchrysene <LOD 1.25 +0.06 6.44 + 0.31 <LOD
21 5-Methylchrysene <LOD 6.75+0.32 3.93+0.19 0.70 £ 0.03
22 6-Methylchrysene <LOD 9.94 +0.47 9.07+0.43 0.30+0.01
23 Benzo[a]fluoranthene <LOD 0.72 +0.02 1.81 £0.09 7.22+0.34
24 Benzo[b]fluoranthene <LOD <LOD <LOD 5.59+0.26
25 Benzo[k]fluoranthene 0.100 + 0.005 <LOD <LOD 2.01 +£0.09
26 Benzo[j]fluoranthene <LOD <LOD <LOD 0.18 £ 0.01
27 Benzo[a]pyrene 444 +0.21 4.02+0.19 14.27 +0.68 0.32+0.02
28 Indeno[1,2,3-cd]pyrene 0.32+£0.02 <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD




30 Dibenzo[a,h]anthracene 0.38 £0.02 <LOD 19.26 £0.92 1.53+£0.07
31 Dibenz[a,e]pyrene 0.88 £0.04 0.46 +£0.02 <LOD 0.70 +£0.03
32 Dibenz[a,h]pyrene <LOD 0.88 £0.04 <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene 1.76 £ 0.08 <LOD <LOD <LOD
36 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD <LOD
37 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 1.35+0.06
38 9,10-Anthracenedione <LOD <LOD 1.10£0.05 <LOD
39 | 4H-cyclopenta(def)phenanthrene <LOD <LOD 11.60 £ 0.56 <LOD
40 Nitropyrene <LOD <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S6. PAHs and PAHs derivatives total content in biologically aged biochars (with microbial inoculum and nutrient solution).

Sample description

No. Compound BCW-BAi BCD-BAi BCF-BAi BCZ-BAi
Analyte concentration [pg g']

1 Naphthalene 40.06 + 1.67 <LOD 9.15+ 041 21.03+£0.99
2 1,3-di-iso-propylnaphthalene 0.26 £0.01 4.00+0.18 <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD 0.22+0.01
4 Acenaphthylene 16.67 = 0.70 3.60+0.16 1.99 £ 0.09 5.26+0.25
5 Acenaphthene 19.35+0.81 7.38 +£0.33 5.13+0.23 1.34+0.06
6 Fluorene 0.040 = 0.002 521+£0.23 20.32+0.90 2.01+0.10
7 Anthracene 1.82 £0.08 <LOD <LOD <LOD




8 Phenanthrene <LOD <LOD <LOD <LOD

9 3-Methylphenantrene <LOD 0.020 + 0.001 5.21+0.23 <LOD

10 2-Methylphenantrene <LOD 0.28 £0.01 0.93 £0.04 <LOD

11 9-Methylphenantrene <LOD 0.24 +£0.01 0.26 £0.01 0.50+0.02
12 3,6-dimethylphenantrene <LOD 1.03 +£0.05 14.05 + 0.62 1.24 £0.06
13 Fluoranthene 0.74 +£0.03 <LOD <LOD <LOD

14 Pyrene 13.31+0.56 <LOD 1.59 +0.07 2.29+0.11
15 2-Methylpyrene <LOD 0.62 +0.03 0.24 +0.01 0.50+0.02
16 4-Methylpyrene <LOD 1.11 £0.05 0.22+£0.01 0.66 +0.03
17 Benzo[a]fluorene 2.28 £0.10 11.16 £ 0.50 22.05+0.98 0.060 + 0.003
18 Benzo[a]anthracene 1.94 £ 0.08 2.05 +£0.09 13.17 £0.59 1.16 £0.05
19 Chrysene 0.060 + 0.003 <LOD <LOD 0.020 + 0.001
20 3-Methylchrysene <LOD 0.72 +£0.03 541+0.24 <LOD

21 5-Methylchrysene <LOD 6.29 +£0.28 2.89+0.13 0.38+£0.02
22 6-Methylchrysene <LOD 9.93£0.44 6.98 £0.31 0.060 + 0.003
23 Benzo[a]fluoranthene <LOD 0.32+£0.01 1.23 +£0.05 2.71+£0.13
24 Benzo[b]fluoranthene <LOD <LOD <LOD 2.17+0.10
25 Benzo[k]fluoranthene <LOD <LOD <LOD 1.16 £0.05
26 Benzo[j]fluoranthene <LOD <LOD <LOD <LOD

27 Benzo[a]pyrene 1.98 +£0.08 2.89+£0.13 13.05 +0.58 <LOD

28 Indeno[1,2,3-cd]pyrene 0.12 £0.01 <LOD <LOD <LOD

29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD

30 Dibenzo[a,h]anthracene 0.040 = 0.002 <LOD 16.97 £0.75 0.28 £0.01
31 Dibenz[a,e]pyrene 0.50+0.02 0.32+£0.01 <LOD 0.020 +£ 0.001
32 Dibenz[a,h]pyrene <LOD 0.44 +£0.02 <LOD <LOD




33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene 1.38 £0.06 <LOD <LOD <LOD
36 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD <LOD
37 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 0.82+0.04
38 9,10-Anthracenedione <LOD <LOD 1.39+0.06 <LOD
39 | 4H-cyclopenta(def)phenanthrene <LOD <LOD 10.19 £0.45 <LOD
40 Nitropyrene <LOD <LOD <LOD <LOD
SD-standard deviation, <LOD- below the limit of detection
Table S7. PAHs and PAHs derivatives total content in enzymatically-aged biochars.
Sample description
No. Compound BCS-EA BCW-EA BCUHS-EA BCKOS-EA BCPIL-EA BCZ-EA
Analyte concentration [pg g”']
1 Naphthalene <LOD 2.30+0.11 6.17+£0.28 0.62 +0.03 1.48 +0.07 4.06 +0.19
2 1,3-di-iso-propylnaphthalene 0.12+0.01 <LOD <LOD <LOD 1.32 £0.06 <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD 0.040 + 0.002 <LOD
4 Acenaphthylene 2.82+0.13 1.70 £ 0.08 242 +0.11 2.10+0.10 1.64 + 0.08 242 +0.11
5 Acenaphthene 1.92 +£0.09 230+0.11 2.10£0.10 0.24£0.01 <LOD 1.24 + 0.06
6 Fluorene <LOD <LOD 0.44 £ 0.02 1.92+0.09 6.83 +£0.31 0.88 £ 0.04
7 Anthracene 0.040 +0.002 | 0.120 + 0.005 2.04+0.09 2.30+0.11 8.31+0.38 <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 4.30+0.20 <LOD <LOD <LOD <LOD <LOD
10 2-Methylphenantrene 4.82+0.22 <LOD <LOD <LOD <LOD <LOD




11 9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
12 3,6-dimethylphenantrene <LOD <LOD <LOD <LOD 0.26 = 0.01 0.66 +0.03
13 Fluoranthene <LOD <LOD 1.06 £0.05 1.30 + 0.06 1.10+0.05 <LOD
14 Pyrene <LOD 2.88 +0.13 4.06 +0.19 6.08 £ 0.28 <LOD 1.92+0.09
15 2-Methylpyrene 348 +£0.16 <LOD <LOD <LOD <LOD 0.18+0.01
16 4-Methylpyrene 0.22+£0.01 <LOD <LOD <LOD <LOD 0.66 +0.03
17 Benzo[a]fluorene 5.08 £0.23 0.28 £0.01 4.16 £0.19 <LOD <LOD <LOD
18 Benzo[a]anthracene 2.64+£0.12 <LOD 2.44 +£0.11 <LOD <LOD 0.38 +0.02
19 Chrysene 0.30+0.01 <LOD 8.11+0.37 <LOD 0.060 + 0.003 <LOD
20 3-Methylchrysene 1.82 +£0.08 <LOD 0.24 £0.01 <LOD 0.24 +£0.01 <LOD
21 5-Methylchrysene 1.94 +0.09 <LOD 0.44+0.02 <LOD <LOD <LOD
22 6-Methylchrysene 0.26 £0.01 <LOD <LOD <LOD <LOD <LOD
23 Benzo[a]fluoranthene <LOD <LOD <LOD <LOD 3.04+£0.14 0.76 £ 0.04
24 Benzo[b]fluoranthene <LOD <LOD <LOD <LOD 1.08 £0.05 0.52+0.02
25 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD 0.14 £ 0.01
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene <LOD 0.52+0.02 6.17 +0.28 <LOD <LOD <LOD
28 Indeno[1,2,3-cd]pyrene 0.62 +0.03 <LOD <LOD <LOD <LOD <LOD
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD 0.22+0.01
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD 0.34+£0.02 <LOD 0.86 £ 0.04
31 Dibenz[a,e]pyrene <LOD <LOD <LOD <LOD 0.22+0.01 0.12+0.01
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

N- and O-PAHs




35 Nitronaphthalene <LOD 0.12+0.01 0.060 £ 0.003 <LOD 0.88 £ 0.04 <LOD
36 1-Methyl-5-nitronaphthalene 0.26 £0.01 <LOD <LOD <LOD 2.30+0.11 0.62 +£0.03
37 1-Methyl-6-nitronaphthalene 0.30+0.01 <LOD <LOD <LOD 1.38 £0.06 0.12+0.01
38 9,10-Anthracenedione <LOD <LOD 1.08 £ 0.05 0.22+0.01 <LOD <LOD
39 | 4H-cyclopenta(def)phenanthrene | 4.06 = 0.19 <LOD <LOD <LOD <LOD <LOD
40 Nitropyrene <LOD <LOD <LOD 0.46 + 0.02 0.30+0.01 <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S8. The content of bioavailable PAHs and their derivatives in PT-BC.

Sample description

No. Compound BCS-initial BCW-initial BCD-initial BCF-initial
Analyte concentration [ng L]

1 Naphthalene <LOD <LOD <LOD 1.98 +£0.09

2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD

3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD

4 Acenaphthylene 0.86 + 0.04 0.77+£0.04 0.24 + 0.01 0.15+0.01

5 Acenaphthene 1.49 £0.07 1.16 £ 0.05 1.45+0.08 0.58 £0.03

6 Fluorene <LOD 0.97 £ 0.05 0.33+£0.02 0.79 £ 0.04

7 Anthracene <LOD <LOD (10.0 £ 0.5)-10” <LOD

8 Phenanthrene <LOD <LOD <LOD <LOD

9 3-Methylphenantrene 0.130 £ 6.2:10” 0.170 = 7.4-10” <LOD 0.045 +2.1:107
10 2-Methylphenantrene <LOD 0.030 + 1.2:10° <LOD <LOD

11 9-Methylphenantrene <LOD <LOD <LOD <LOD

12 3,6-dimethylphenantrene <LOD <LOD 0.640 + 3.4-10™ 0.072 + 3.3-10™




13 Fluoranthene <LOD <LOD <LOD <LOD
14 Pyrene <LOD <LOD <LOD <LOD
15 2-Methylpyrene 0.023 + 1.1:10™ 0.027 £ 1.3-10° <LOD <LOD
16 4-Methylpyrene 0.030 + 1.4:10™ <LOD 27107 £3.6:10” <LOD
17 Benzola]fluorene 6.1-10° +3.1-10™ 9.7-10° + 4.5-10™ 8.3:10° + 4.7-10™ 7.2-10° +3.4-10*
18 Benzo[a]anthracene 73107 £3.4-10™ <LOD <LOD 0.014+6.6:10™
19 Chrysene <LOD 5.6:107 +2.6:10™ <LOD <LOD
20 3-Methylchrysene 3.9:10° £ 1.9-10™ 4.810°+1.9-10* <LOD 40107 +1.810*
21 5-Methylchrysene <LOD <LOD <LOD <LOD
22 6-Methylchrysene 7.6:10° £ 3.6:10" 8.9-10° £ 4.1-10™ 0.015+8.0-10™ 0.012+5.4-10™
23 Benzo[a]fluoranthene 1.5-10° £9.8:10” 6.810° £2.7-10™ 2.8:107 £ 1.3-10™ 2.010° £9.4-107
24 Benzo[b]fluoranthene <LOD 2.8:10°+£9.9-10” <LOD <LOD
25 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene <LOD <LOD 7.2:10* £3.1-107° 3.9-107 + 1.8-10™
28 Indeno[1,2,3-cd]pyrene 2.2:10° + 1.0-10™* 2.2:10*+1.2-10° 2.410*+1.3-10” 9.4:10*£5.0-10°
29 Benzo[ghi]perylene 1.1-107 + 8.2:10” 2.3-107° + 8.0-10” <LOD 6.4:10"+£3.2:10”
30 Dibenzo[a,h]anthracene <LOD 2.0-10°£9.1-107 <LOD 3.310°+1.510™
31 Dibenz[a,e]pyrene <LOD <LOD <LOD <LOD
32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD

N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD <LOD
36 1-Methyl-5-nitronaphthalene 0.13 +4.0-10° <LOD <LOD <LOD




37 1-Methyl-6-nitronaphthalene 0.12+5.4:10” <LOD <LOD <LOD

38 9,10-Anthracenedione <LOD <LOD <LOD 0.057 £5.7-10”
39 | 4H-cyclopenta(def)phenanthrene 0.58 +£0.02 0.47 £0.022 <LOD 0.27+0.01
40 Nitropyrene <LOD 0.013 £ 6.9-10” <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection




Table S9. The content of bioavailable PAHs and their derivatives in RBP-BC.

Sample description
No. Compound BCUHS-initial BCKOS-initial BCPIL-initial BCZ-initial
Analyte concentration [ng L]
1 Naphthalene 32.88+1.20 2.73+£0.10 1.22 £0.045 35.65+1.30
2 1,3-di-iso-propylnaphthalene 7.610°+7.6:10" 0.23 + 83107 0.70 £ 0.025 <LOD
3 2-Phenylnaphtalene <LOD 0.66 +£0.024 0.60 £ 0.022 0.16 £ 5.4:10°
4 Acenaphthylene 2.71+£0.10 1.05+£0.039 0.72 £0.026 1.81 £0.07
5 Acenaphthene 3.83+0.14 1.04 +0.038 0.39+0.014 1.46 £ 0.05
6 Fluorene 1.06 + 0.04 2.79+0.10 423+0.15 0.59 +0.02
7 Anthracene 0.47 +0.02 1.50 +0.055 1.55 +0.057 0.015+6.0-10™
8 Phenanthrene <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 0.093 + 3.4-10” <LOD 0.024 + 8.3-10™ 3.0-10° +£9.9-10”
10 2-Methylphenantrene 0.065 +2.3:10° <LOD 0.026 £ 9.3-10™ 2.0-10° +9.9-10*
11 9-Methylphenantrene <LOD 0.054 + 1.9:107 <LOD 0.014+4.9-10™
12 3,6-dimethylphenantrene 0.013 +4.4-10™ <LOD 0.027 +£9.9-10™* 0.016 +5.6:10™
13 Fluoranthene 0.13£4.9:10” 0.089 +3.2:10” 0.87 +0.032 <LOD
14 Pyrene 0.16 £5.9-10” 0.20 +7.4-10” <LOD 0.16 = 6.0-10”
15 2-Methylpyrene <LOD <LOD <LOD 0.025+9.0-10™
16 4-Methylpyrene <LOD <LOD 7.0-10% +3.5:10° 0.036 = 1.3-10°
17 Benzo[a]fluorene 0.014 +5.0-10™ <LOD 7.0-10* £2.3:10” 21107 £7.5:10”
18 Benzo[a]anthracene 0.027 +9.8:10* <LOD <LOD 0.012 +4.2:10™
19 Chrysene 0.048 + 1.8:10° 5.4-10° £2.0-10™ 4.6:10°+1.7-10* 1.510% +5.5:10°




20 3-Methylchrysene 6.2:107 +£2.3-10™ <LOD 4.410° £ 1.6:10™ <LOD
21 5-Methylchrysene 7.3-10° £2.7-10™ <LOD 3.8:10° +1.4-10™ 31107+ 1.1-10™
22 6-Methylchrysene 35107 +1.3-10™ <LOD <LOD 4.6:10° + 1.7:10™
23 Benzol[a]fluoranthene 4.7-10° £4.7-10° | 2.9-10° £ 1.1-10™ 0.011+4.1-10™ 7.0-10° £2.6:10™
24 Benzo[b]fluoranthene 14107+ 4.710° [ 1.6-10°+56:10° |  6.5-10° +2.4-10° 9.7-10° + 3.5-10™
25 Benzo[k]fluoranthene <LOD 1.7-10° £ 6.3:10” 3.6:110% £ 1.2:107 3.2:107 £ 1.2:10™
26 Benzo[j]fluoranthene <LOD 3.5:10% £ 1.3-10” <LOD 3.8:10% £ 1.3-10”
27 Benzo[a]pyrene 4710% +1.7-10* | 2.2:10° +7.7-107 <LOD 2.1-10° £ 75107
28 Indeno[1,2,3-cd]pyrene 3410+ 1.3-10” <LOD 1.2:10° £4.3-10” <LOD
29 Benzo[ghi]perylene 1.6:10° +7.3-10° | 2.910°£9.6:10° <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD 6.6'10* +£2.4-107
31 Dibenz[a,e]pyrene <LOD 5.1-10° + 1.9-10° 3.1-10° £ 1.2:10° 3.3:10° +1.2-10°
32 Dibenz[a,h]pyrene <LOD 3.2:10° £ 1.2-10° 4.0-10° +1.5-10° <LOD
33 Dibenz[a,i]pyrene <LOD 2.3-10° £7.7-107 1.6:10° +5.9-107 <LOD
34 Dibenz[a,l]pyrene <LOD 2.510°+£9.3-107 1.5:10° £5.9-107 <LOD

N- and O-PAHs
35 Nitronaphthalene 0.34+0.014 <LOD 1.65 + 0.060 <LOD
36 1-Methyl-5-nitronaphthalene <LOD <LOD 1.54 £ 0.056 0.94 £0.03
37 1-Methyl-6-nitronaphthalene <LOD <LOD 1.42 +£0.052 0.77 £0.03
38 9,10-Anthracenedione 0.54+0.019 0.17 +6.0-10” <LOD 0.19+7.3:10°
39 | 4H-cyclopenta(def)phenanthrene | 4.3-10°+2.1:10* <LOD <LOD <LOD
40 Nitropyrene <LOD 0.049 + 1.8-10” 0.035+ 1.3-10” <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S10. The content of bioavailable PAHs and their derivatives in biologically aged biochars (samples with nutrient solution).




Sample description

No. Compound BCW-BAn BCD-BAn BCF-BAn BCZ-BAn
Analyte concentration [ng L]
1 Naphthalene 2.88 £0.15 <LOD 1.41 £0.07 4.86 +0.25
2 1,3-di-iso-propylnaphthalene <LOD 0.15+7.8-107 <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD <LOD
4 Acenaphthylene 0.38+£0.02 <LOD 0.103 + 0.005 0.188 +0.010
5 Acenaphthene 0.69 + 0.04 0.045 £ 2.3-10° 0.39+0.02 0.079 £ 0.004
6 Fluorene <LOD 0.079 £ 4.1-10° 0.84 £ 0.04 0.13+0.01
7 Anthracene <LOD <LOD <LOD <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD <LOD 0.037 + 1.9-10” <LOD
10 2-Methylphenantrene <LOD <LOD 47-10% £2.510™ <LOD
11 9-Methylphenantrene <LOD <LOD 7.510° £3.9-10" 9.2:10% +4.7-10°
12 3,6-dimethylphenantrene <LOD <LOD 0.030 + 1.5-10” 3.8:10° £2.0-10™
13 Fluoranthene <LOD <LOD <LOD <LOD
14 Pyrene 0.067 + 3.5-10™ <LOD 0.011+5.6:10" 0.024 + 1.2:107
15 2-Methylpyrene <LOD 3.5:10% £ 1.8-10° <LOD 7.0-10* £ 3.6:10”
16 4-Methylpyrene <LOD 2.8-10°+1.510™ <LOD <LOD
17 Benzo[a]fluorene 9.410*+4.810° | 2.4-10*+1.2-10° 0.012+6.4-10™ <LOD
18 Benzo[a]anthracene 1.1-107 £5.5:10° <LOD 9.510° £5.0-10™ 29107+ 1.5:10°
19 Chrysene <LOD <LOD <LOD <LOD




20 3-Methylchrysene <LOD <LOD 261107 + 1.3-10™ <LOD

21 5-Methylchrysene <LOD 2.810° + 1.4-10™* 1.6:10° £8.2-107 <LOD

22 6-Methylchrysene <LOD 1.510° +7.6:10° 4.1-10° +2.1-10* <LOD

23 Benzo[alfluoranthene <LOD <LOD 5.810"+3.1:107 5.3-10%+2.7-107
24 Benzo[b]fluoranthene <LOD <LOD <LOD 1.3:10° £ 6.8107
25 Benzo[k]fluoranthene <LOD <LOD <LOD 2.410*+1.2-107
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD

27 Benzo[a]pyrene <LOD 5.9-10*+£3.0-10° 3.2:10% + 1.7-10* 3.0-10° + 1.6-10°
28 Indeno[1,2,3-cd]pyrene 4310%+2.2-107 <LOD <LOD <LOD

29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD

30 Dibenzo[a,h]anthracene <LOD <LOD 2.310° £ 1.2:10 6.9-107 £3.6:10°
31 Dibenz[a,e]pyrene <LOD <LOD <LOD <LOD

32 Dibenz[a,h]pyrene <LOD 3.0-10° + 1.5-107 <LOD <LOD

33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD

34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD

N- and O-PAHs

35 Nitronaphthalene <LOD <LOD <LOD <LOD

36 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD <LOD

37 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 0.013 £ 6.8-10™
38 9,10-Anthracenedione <LOD <LOD <LOD <LOD

39 4H-cyclopenta(def)phenanthrene <LOD <LOD 0.127 £ 0.007 <LOD

40 Nitropyrene <LOD <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S11. The content of bioavailable PAHs and their derivatives in biologically aged biochars (with microbial inoculum and nutrient solution).



Sample description

No. Compound BCW-BAi BCD-BAi BCF-BAi BCZ-BAi
Analyte concentration [ng L]

1 Naphthalene 5.28+0.28 <LOD 2.38+0.12 5.86+0.31
2 1,3-di-iso-propylnaphthalene 0.015+7.8-10™ 0.265+0.014 <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD 0.078 + 0.004
4 Acenaphthylene 0.47 +0.02 0.090 + 0.005 0.16+0.01 0.29 +0.02
5 Acenaphthene 1.44 +0.08 0.53+0.03 0.59 +0.03 0.135 £ 0.007
6 Fluorene 43107 £2.2:10" 0.19+0.01 1.07 £ 0.05 0.173 £ 0.009
7 Anthracene 0.010+5.3-10™ <LOD <LOD 29107 £ 1.5-10™
8 Phenanthrene <LOD <LOD <LOD <LOD
9 3-Methylphenantrene <LOD 3.8:10° +1.9-10™ 0.062 + 0.003 <LOD
10 2-Methylphenantrene <LOD 5.7-10° £2.9-10™ 8.5-10° +4.3-10™ <LOD
11 9-Methylphenantrene <LOD 7.6:10° +3.9-107 0.0122 +6.3:10" 4.710° +2.510"
12 3,6-dimethylphenantrene <LOD 32107 +1.7-10™ 0.0415+2.1-10"* 3.9-10° +2.1-10™
13 Fluoranthene 7.1-10° £ 3.7-10™ <LOD <LOD <LOD
14 Pyrene 0.122 + 6.4-10° <LOD 0.0168 £ 8.6:10™ 0.027 + 0.001
15 2-Methylpyrene <LOD 14107 +7.4-10° <LOD 2.2:10° + 1.1-10™
16 4-Methylpyrene <LOD 3.2:107 +1.7-10™ <LOD 3.9-10° £2.0-10™
17 Benzol[a]fluorene 23107 +£12:10* | 5.0-10° £2.6:10" 0.0149 +7.6:10™ 1.2:10% £ 6.2:10°
18 Benzo[a]anthracene 2.8:10° £ 1.5-10* | 3.2:10° £ 1.6:10™ 0.0159 £8.1-10* 7.9-10% £4.1-10°
19 Chrysene 1.1:110* £ 5.6:10° <LOD <LOD <LOD
20 3-Methylchrysene <LOD 6.5:10" +3.3-10” 5.3-10° £2.7-10™ <LOD




21 5-Methylchrysene <LOD 7.1-10° £3.6:10™ 28107 + 1.4-10™ 3.6:10" £ 1.9-107
22 6-Methylchrysene <LOD 5.7-10° £2.9-10™ 6.1-10° +3.1-10™* <LOD

23 Benzol[a]fluoranthene <LOD 23-10%+1.2:10° | 9.910*+5.1-10° 2.0-10° + 1.0-10™
24 Benzo[b]fluoranthene <LOD <LOD <LOD 1.7-10° £9.0-10”
25 Benzo[k]fluoranthene <LOD <LOD <LOD 4,610 +2.4-10°
26 Benzo[j]fluoranthene <LOD <LOD <LOD <LOD

27 Benzo[a]pyrene 1.1110° £ 5.8:10° | 1.2:10° £ 6.3-10” 43107 +22:10° 9.4:10° +4.9-10°
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD <LOD

29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD

30 Dibenzo[a,h]anthracene 1.4:10° £ 7.6:107 <LOD 3.0.10° +1.510™ 1.1-110* £ 6.0-10°
31 Dibenz[a,e]pyrene 4510°+24107 | 4.510°+2.3107 <LOD 6.0-10°+3.1-107
32 Dibenz[a,h]pyrene <LOD 7.5:10°+3.9-107 <LOD <LOD

33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD

34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD

N- and O-PAHs

35 Nitronaphthalene 0.179 + 0.009 <LOD <LOD <LOD

36 1-Methyl-5-nitronaphthalene <LOD <LOD <LOD <LOD

37 1-Methyl-6-nitronaphthalene <LOD <LOD <LOD 0.109 + 0.005
38 9,10-Anthracenedione <LOD <LOD 0.0578 £2.9:10° <LOD

39 4H-cyclopenta(def)phenanthrene <LOD <LOD 0.181 = 0.009 <LOD

40 Nitropyrene <LOD <LOD <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection

Table S12. The content of bioavailable PAHs and their derivatives in enzymatically-aged biochars.




Sample description

No. Compound BCS-EA BCZ-EA BCKOS-EA BCPIL-EA BCUHS-EA BCW-EA
Analyte concentration [ng L]
1 Naphthalene <LOD 2.15+0.08 0.28 +0.01 <LOD 2.38+0.09 1.31+0.05
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD 0.122 +0.004 <LOD <LOD
3 2-Phenylnaphtalene <LOD <LOD <LOD 0.025 +1.3-10° <LOD <LOD
4 Acenaphthylene 0.119 + 0.004 0.47 +0.02 0.55+0.02 0.056 + 1.9-10” 0.39 +0.01 0.235 + 0.009
5 Acenaphthene 0.165 + 0.006 0.29 +0.01 0.56 £ 0.02 8.8:10° + 1.2-10™ 0.71 +0.03 0.41+0.01
6 Fluorene <LOD 0.074 + 0.003 0.228 + 0.008 0.46 + 0.02 0.29 +0.01 <LOD
7 Anthracene <LOD <LOD 0.145 + 0.005 0.30 £ 0.01 0.078 £ 0.003 0.0145 +5.8:10°
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenantrene 0.019 +7.3-10™ <LOD <LOD <LOD 0.010 £4.0-10™ <LOD
10 2-Methylphenantrene <LOD <LOD <LOD <LOD 0.0194 £7.0-10™ <LOD
11 9-Methylphenantrene <LOD <LOD <LOD <LOD <LOD <LOD
12 3,6-dimethylphenantrene <LOD <LOD <LOD 9.5-10° + 4.0-10™ <LOD <LOD
13 Fluoranthene <LOD <LOD 0.0173 £6.0-10™ 0.075 £ 0.003 0.0253 £9.0-10™ <LOD
14 Pyrene <LOD 0.052 + 0.002 0.091 = 0.003 <LOD 0.0689 +2.5-10° | 0.0202+7.0-10"
15 2-Methylpyrene 0.016 +5.9-10* | 9.6:10° +3.3-10" <LOD <LOD <LOD <LOD
16 4-Methylpyrene 0.027 +1.0-10° | 0.0229 +8.5-10™ <LOD <LOD <LOD <LOD
17 Benzol[a]fluorene 1.3:10° £4.6:10” <LOD <LOD <LOD 3.1-10° £ 1.0-10" | 1.9-10° £ 6.6:10”
18 Benzo[a]anthracene 1.1110° £3.810° | 4.3-10° +1.5:10" <LOD <LOD 45107 £2.0-10* | 3.0-10* £ 1.0-10”
19 Chrysene <LOD <LOD <LOD 2.0-10* £ 1.0-10° 0.0104 +4.0-10™ <LOD
20 3-Methylchrysene <LOD <LOD <LOD 29107+ 1.0-10* | 1.5:107 £6.0-10” <LOD




21 5-Methylchrysene <LOD 2.2:10%+£7.4-10° <LOD 2.6:10° £1.0-10* | 8.0-10%£3.0-107 <LOD
22 6-Methylchrysene 1.6:10° +5.5:10° | 8.1-10” +£3.0-10° <LOD <LOD 4.010*+1.0-10° <LOD
23 Benzol[a]fluoranthene 1.3:10* +£4.4-10° | 4.4-10° £ 1.6:10™ <LOD 5.1-10° +2.0-10™ <LOD <LOD
24 Benzo[b]fluoranthene <LOD 49-10° + 1.8-10™ <LOD 4.1-10° £ 2.0-10™* <LOD <LOD
25 Benzo[k]fluoranthene <LOD 5.4:10° £ 1.9-107 <LOD <LOD <LOD <LOD
26 Benzo[j]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene <LOD 4510%+1.6:10° | 3.010% £ 1.0-10” <LOD 29107 +1.0-10* | 3.8:10% £ 1.3-10”
28 Indeno[1,2,3-cd]pyrene 1.5:107% + 5.6:10° <LOD <LOD <LOD <LOD <LOD
29 Benzo[ghi]perylene 1.6:10" £ 6.7-10° <LOD 7.0-10° £2.0-10° <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD 2.9-10° £ 1.5-10° <LOD <LOD <LOD <LOD
31 Dibenz[a,e]pyrene <LOD <LOD 4.0-10°+ 1.0-107 1.0-10°+ 1.2:107 <LOD <LOD
32 Dibenz[a,h]pyrene <LOD <LOD <LOD 4.0-10°+ 1.0-107 <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD 3.0-10° £ 1.0-107 3.0-10° + 1.0-107 <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD 4.0-10° + 1.0-107 <LOD <LOD <LOD
N- and O-PAHs

35 Nitronaphthalene <LOD <LOD <LOD 0.52+0.02 0.025 + 0.001 1.21+0.04
36 1-Methyl-5-nitronaphthalene 0.118 + 0.004 0.58 +0.02 <LOD 1.24 +0.05 <LOD <LOD
37 1-Methyl-6-nitronaphthalene 0.105 + 0.004 0.59 +0.02 <LOD 0.63 +0.02 <LOD <LOD
38 9,10-Anthracenedione <LOD 0.024 + 0.001 <LOD <LOD 0.170 + 0.001 <LOD
39 4H-cyclopenta(def)phenanthrene 0.127 £0.005 <LOD <LOD <LOD <LOD <LOD
40 Nitropyrene <LOD <LOD 0.038 + 0.001 45107 £2.0-10™ <LOD <LOD

SD-standard deviation, <LOD- below the limit of detection
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ARTICLE INFO ABSTRACT

Keywords: The recent studies indicated that the biochar (BC) may be a source of polycyclic aromatic hydrocarbons (PAHs)
Oxidative stress as well as their oxygen, nitrogen, or sulfur-containing derivatives that are considered as more toxic pollutants
N-PAHSs than their parent compounds. Here, the assessment of the impact of various biochars addition (1% wt.) to soil on
E\):zﬁ)ilisdative enzymes barley Hordeum vulgare L. growth was presented. The concentrations of bioavailable PAHs and their derivatives
MDA in biochar were determined. PAHs increased reactive oxygen species generation resulting in oxidative stress in

organisms. In this study, the response of soil-grown plants was examined in terms of the activity of the anti-
oxidative enzymes (superoxide dismutase, catalase, peroxidase), lipid peroxidation, and the expression of genes
related to oxidative stress. The results indicate that despite low content of a bioavailable fraction of parent
compounds and their derivatives (up to 4.45 + 0.24 ng gbiochafl and 0.83 + 0.03 ng L’l, respectively) the
biochemical response of plant was present, the activity of superoxide dismutase increased up to 2 times, but the
activity of the other enzymes was lowered. The transcript level values support the studies on enzymatic activity.
The presence of PAHs and their derivatives induced oxidative stress slightly but the plant was able to mitigate it.

1. Introduction feedstock and pyrolysis conditions (mainly temperature): total O-PAHs
and N-PAHs concentrations amounted to 34-3100 ng gbiochar’l and
0.4-477 ng gbiochar’l, respectively. Our studies indicated that these

values may be lower (Table 1). Lower content, however, does not

Polycyclic aromatic hydrocarbons (PAHs) derivatives belong to a
large group of organic contaminants. PAHs consist of two or more aro-

matic rings, whereas their derivatives possess carbonyl-, nitro-,
hydroxyl-functional groups (in a place of hydrogen), or sulfur, oxygen,
and nitrogen atom (in a place of carbon in the aromatic ring) (Wei et al.,
2015). Therefore, O-PAHs, N-PAHs, OH-PAHs, PASHs, and AZAs
(azaarenes) can be distinguished. PAHs derivatives are widespread and
occur in various matrices, e.g. air (Alves et al., 2017; Souza et al., 2014),
soil (Lundstedt et al., 2014; Musa Bandowe et al., 2019, 2010; Wilcke
et al., 2014), sediments (Han et al., 2019) or rivers (Qiao et al., 2014).
Weidemann et al. (2018) reported the formation of selected PAHs de-
rivatives in biochar-carbon material obtained from the pyrolysis of
biomass. The content of PAHs derivatives was governed by the applied

* This paper has been recommended for acceptance by Dr. Da Chen.
* Corresponding author.
E-mail address: bezech@hektor.umes.lublin.pl (B. Czech).

https://doi.org/10.1016/j.envpol.2021.118664

exclude the higher hazard. It was noted that N-PAHs exhibit higher
polarity and water solubility than parental PAHs, thereby their
bioavailability and toxicity are expected to be also increased (Paskova
et al., 2006).

PAHs are considered as abiotic stressors that induce oxidative stress
by excessive generation of reactive oxygen species (ROS) (Demidchik,
2015). Further, oxidative stress may entail cell damage and death
(Kordrostami et al., 2019). A few studies confirmed the overproduction
of ROS under the presence of PAHs derivatives. 1-nitropyrene (1-NP, at a
concentration of <10 pM) caused DNA damage and induced the for-
mation of ROS in human umbilical vein endothelial cells (Andersson
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et al., 2009) and a cultured human lung epithelial cell line (Kim et al.,
2005). Sklorz et al. (2007) found that some O-PAHs can participate in
the formation of ROS and oxygen-free radicals. Biochar can stimulate
soil microflora and increase the accumulation of carbon in soil. Yun et al.
suggested that the radicals Oy~ and Hy05 formed upon N-PAHs (espe-
cially 1-nitropyrene) exposure caused the genotoxicity in barley (Yun
et al.,, 2019). Some studies have already proved that derivatives are
much more toxic than parent PAHs inducing lipid peroxidation, DNA
damage (Chatel et al., 2014). The study by Buryskova et al. (2006)
revealed higher embryonic mortality in Xenopus laevis preceded by
oxidative stress under N-heterocyclic derivatives of PAHs exposure than
parent PAHs. Little is known about the toxicity of O-PAHs (Abbas et al.,
2018). In response to the imbalance of ROS content, the defense system
involving enzymatic and non-enzymatic systems is activated (Racchi,
2013). So far, only the effect of parental PAHs on antioxidant defense
responses was investigated (Ahammed et al., 2012; Li et al., 2008; Liu
et al., 2009a). Phenanthrene increased peroxidase (POD) and ascorbate
peroxidase (APX) activity in Arabidopsis thaliana at 0.25 mM and
declined at higher concentrations (Liu et al., 2009a). Superoxide dis-
mutase (SOD) activity in Oryza sativa L. was the most sensitive to the
presence of phenanthrene and pyrene (Li et al., 2008). There is a
knowledge gap in the antioxidant effects induced by PAHs derivatives.

The addition of biochar into soil results in an increase in crop growth
and yield (Rawat et al., 2019). It also improves soil quality, retains
nutrients (Bonanomi et al., 2017). BC amendment to the soil affects the
physicochemical properties of modified soil: increased pH,
moisture-holding capacity, electric conductivity, organic carbon, total
nitrogen, available phosphorus, potassium, zinc, calcium, copper, and
the cation-exchange capacity (Dume et al., 2016; Lehmann et al., 2003;
Mensah and Frimpong, 2018). Biochar can stimulate soil microflora and
caused an increase in the accumulation of carbon in soil (Rawat et al.,
2019). The BC addition into soil increased maize yield (Major et al.,
2010), the higher grain yield of upland rice (Oryza sativa) (Asai et al.,
2009), increased proportion of the nitrogen fixed by bean plants (Pha-
seolus vulgaris), production of biomass and bean yield (Rondon et al.,
2007). From practical point of view a 1% addition of BC is often applied
that corresponds to 30 t per ha in the field (Oleszczuk et al., 2016). In the
context of the application of biochar to soil, there is a pressing need to
evaluate the antioxidant response of plants, crucial components of the
agroecosystem, in biochar-amended soil.

To narrow the above-mentioned knowledge gaps, here we deter-
mined the bioavailability of PAHs and their derivatives in biochars
applied to the soil with different properties as well as their phytotox-
icity. The antioxidant enzymes activity, lipid peroxidation, and the
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expression of genes (Zn/Cu SOD, CAT (catalase), APX, GPX (glutathione
peroxidase)) related to oxidative stress in barley, Hordeum vulgare L were
investigated. Due to its importance for food, feed, and brewing (Mayer
et al., 2011), it is crucial to test the impact of PAHs derivatives intro-
duced with biochar on barley. The study provides new insights into the
fate of PAHs derivatives in the BC-soil-plant system.

2. Materials and methods
2.1. Biochar preparation and characterization

Slow pyrolysis of biomass in an oxygen-poor atmosphere (<2% O3)
was applied using feedstock or temperatures presented in Table 1. The
abbreviations of studied biochars mean as follows: BCS500, BCS600,
and BCS700 - straw-derived biochars obtained at 500 °C, 600 °C, and
700 °C, respectively; BCA600, BCD600, and BCF600 — biochars obtained
at 600 °C from sunflower, hardwood, and softwood wastes, respectively.
The chemical properties of biochar were determined by standard
methods (Hale et al., 2012; Oleszczuk et al., 2016). The characteristic of
biomass included elemental analysis (C, H, N analysis in CHN analyzer
2400 PerkinElmer), surface area estimation (nitrogen
adsorption-desorption in ASAP 2420, Micromeritics Inc. USA), surface
characterization (FT-IR spectra collected in FTIR iN10 MX, Thermo
Scientific). The content of total and bioavailable PAHs and PAHs de-
rivatives was performed using GCMS-TQ8040 (Shimadzu) according to
the procedure described in SI. The main physicochemical parameters of
tested biochar were presented in Table 1.

2.2. Soil experiment

Three soils characterized at different properties (Table S1) were used
in the experiment. Air-dried soils (65 g) were placed in the polyethylene
probes, then the different biochars at 1% wt. were added. Next, the
samples were homogenized. 5 g of soil samples were taken for the
chemical extraction of PAHs bioavailable fraction content. The rest of
the soil samples (60 g) were watered with MQ-water to reach 40% of
water holding capacity and used for plant growth. As a blank sample e.g.
soil without BC was applied.

2.3. Plant growth conditions and response to the presence of PAHs and
their derivatives

The procedure of H. vulgare (cultivar Ella) cultivation was described
in the Supporting Information. The studies on the antioxidant enzyme

Table 1
The characteristics of the applied materials (n = 3; n-number of replicates).
Biochar Feedstock Tp [°C] SBET TOC C [%] H N (6] H/C O + 0/C T-PAHs DT- TB- DTB
label [%] [%] [%] [%] N)/C + SD [ng PAHs + PAHs + -PAHs
g1 SD [ng SD [ng +SD [ng
gl L L]
BCS500 Wheat straw 500 24.32 21.85 65.79 2.20 1.43 8.73 0.033 0.154 0.133 124.53 22.81 + 3.53 + 0.177 +
(Triticum L.) + 5.70 1.04 0.18 6.8 x
1072
BCS600 600 2.47 19.59 66.14 1.66 1.26 11.36 0.025 0.191 0.172 145.21 28.40 + 2.56 + 0.83 +
+ 6.65 1.30 0.11 0.03
BCS700 700 0.37 14.73 68.39 1.20 1.22 14.48 0.018 0.230 0.212 65.37 + 19.16 + 1.67 + 0.62 +
2.99 0.88 0.07 0.03
BCA600 Sunflower 600-650 °C 0.494 4.42 81.29 1.58 1.03 11.61 0.019 0.155 0.143 151.47 7.64 + 4.45 + 0.51 +
(Helianthus + 6.94 0.35 0.24 0.02
L)
BCD600 Hardwood 600-650 °C 1.149 10.77 61.50 3.11 1.18 23.41 0.051 0.400 0.381 57.36 £ < LOD 222 + < LOD
wastes 2.63 0.11
BCF600 Softwood 600-650 °C 0.749 3.90 77.54 3.93 0.24 22.18 0.051 0.289 0.286 134.01 11.89 + 3.67 + 0.32 +
wastes + 6.14 0.54 0.17 0.02

TP- Pyrolysis temperature, Sgpr- BET specific surface area [m? g '], TOC - total organic content [%], C, H,N,O — content [%], T-PAHs - the total PAHs content [ng g~ '],
SD - standard deviation, DT-PAHs - The total PAHs derivatives content [ng g’l], TB-PAHs - The total bioavailable PAHs concentration [ng L1, DTB -PAH:s - The total

bioavailable PAHs derivatives concentration [ng L.
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activity were conducted using plant tissues extract. The activities of
superoxide dismutase and catalase were measured using SOD Assay Kit®
and Catalase Assay Kit® (Merck, Germany), whereas the activity of
peroxidase was determined by the procedure described in (Ziotek et al.,
2019), measuring the absorbance at 470 nm. The protein content in
samples was determined according to Bradford (1976). The tissue
malondialdehyde (MDA) levels were analyzed according to the protocol
described in (Wessely-Szponder et al., 2015). The mean values were
obtained from three different plants.

For the expression of genes (Zn/Cu SOD, CAT, APX, GPX) related
with oxidative stress isolation of the total RNA from leaves modified
TRIzolTM reagent (Thermo Fisher Scientific Inc.) was applied (Wang
et al., 2012). RNA concentration and purity were determined spectro-
photometrically (NanoDrop 2000, Thermo Fisher Scientific Inc.). Elec-
trophoresis in 2% agarose gel stained with ethidium bromide was
applied for the determination of the integrity of RNA samples. Genomic
DNA was removed by DNase I (Thermo Fisher Scientific Inc.) treatment.
The reaction of reverse transcription was performed on 1 pg RNA with
NG dART RT kit (EURx Sp. z 0.0.). Obtained cDNA was used as a tem-
plate in the qPCR analysis. Seven commonly used candidate reference
genes (ADP, ACT, GAPDH, RNABP, TUB, UBI, EF) were tested in three
replicates per treatment. geNorm algorithm was used to analyze the
stability of the candidate reference genes under test conditions. The two
most stable genes (ACT, ADP) were selected as reference genes sufficient
to normalize gene expression data. The transcript levels of Cu/Zn-SOD,
CAT, APX, GPX genes were determined by real-time PCR analysis. The
ACT (GenBank Accession No. GQ339780.1) and ADP (GenBank Acces-
sion No. EF405961.1) genes were used for data normalization (an in-
ternal control). The used primers are provided in Table 2. Real time-PCR
was carried out according to the cycling program described in Supple-
mentary Information. Each sample was analyzed in two technical rep-
licates. The results were analyzed using the dedicated relative
quantification software module from ThermoFisher Cloud (Thermo-
Fisher Scientific).

2.4. Statistical analysis

Significant differences between treatments were tested by one-way
analysis of variance (ANOVA) followed by the least significant differ-
ence (LSD) test (for the chemical and biochemical results) and Dunnett’s
post hoc test (for the gene expression analysis) at a significance level of
0.05. Two-tailed Pearson correlation analysis was performed to test
variables. The significance of the correlation factors was evaluated at a
significance level of 0.01 and 0.05.

3. Results
3.1. Physicochemical properties of tested biochar

The composition of biochars varied greatly with the feedstock and
pyrolysis temperature (Table 1). The tested biochar was characterized

Table 2
Sequences of primers and internal reference used for RT-PCR.
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by low specific surface area (Sggr) and it can be seen that when straw
was used as a feedstock, the increase of the pyrolysis temperature low-
ered the Sggr significantly. Among BC obtained at 600 °C, the highest
Sper revealed BCS600 and the other biochars possessed a significantly
lower surface area. The chemical composition of tested materials indi-
cated the predominance of carbon and the highest percentage of C was
noted in sunflower-derived biochars - 81.29% and the lowest — in BC
obtained from hardwood 61.50%. At the same time, the content of H was
the highest in wood-derived BC (3.11% and 3.93%, for hard- and soft-
wood as the feedstock, respectively). The presence of N in biochars was
related to the presence of lignins in the feedstock.

The ratios of H/C, (O + N)/C, and O/C were calculated to charac-
terize the aromaticity, hydrophilicity, and polarity of biochar, respec-
tively. The H/C ratio is used for predicting the sorption of hydrophobic
organic contaminants (HOCs) such as PAHs onto biochars (Xiao et al.,
2016): an increase in the H/C ratio will lower the adsorption of HOCs.
The highest hydrophilicity revealed BCD600 and BCF600 being at the
same time the most polar biochar. It may result from the presence of
many surface functional groups (presented in Fig. S1A) e.g. -OH in
polymeric compounds representing dehydration of cellulose and
ligneous compounds (3465 em ! O-H stretching) (Rafiq et al., 2016),
C-O in alcohols, esters, or ethers (1100 em~! C-O stretching). Biochar
surface is enriched in alkanes (1397 cm~ ! C-H deformation) and alkenes
(1635 ecm™! C=C stretching). Van Krevelen diagram presented in
Fig. S1B showed that an increase of the pyrolysis temperature reduced
the aromaticity of BCS biochars. Overall, the hydrogen content
decreased whereas the content of oxygen increased with increasing
temperature suggesting greater hydrophilicity of the biochars (Rafiq
et al., 2016).

To verify the effect of the presence of PAHs and their derivatives on
the grown Hordeum vulgare L. the amount of total (T-) and bioavailable
(B-) PAHSs and their derivatives (D-PAHs) (Table 1; Table S2; Table S3;
Fig. S1) was estimated. Firstly, the amount of PAHs determined in all BC
samples was in the range of 57.36-151.47 ng g~ (for BCD600 and
BCA600, respectively). The low content of O-, N-PAHs derivatives was
noted in biochars but their amounts varied from 5.04% (BCA600) to
29.31% (BCS700). The environmental hazard of PAHs, however, may be
excluded if their bioaccessibility is low. Therefore, the concentrations
fraction of bioavailable PAHs and their derivatives were estimated. The
concentrations of bioavailable PAHs did not differ significantly
(1.67-4.45 ng L7!, for BCS700 and BCA600, respectively), and the
percentage of bioavailable PAHs in the total PAHs content reached
1.46-3.87%, for BCS600 and BCD600, respectively. It may indicate that
only a small fraction of PAHs is mobile and can affect the cultivated
plant (Oleszczuk et al., 2016). BCS600 was characterized by the highest
concentration of bioavailable PAHs derivatives 0.83 + 0.03 ng L. In
the case of BCD600 biochar, there were no quantified derivatives. The
highest percentage of PAHs derivatives compared to the total concen-
tration of bioavailable parent PAHs and derivatives was determined for
BCS700 and BCS600 (27.22% and 24.49%, respectively) (Fig. S2).

The effect of physicochemical parameters on the amount of PAHs

Gene Primer Primer (5' — 3') sequence NCBI/Phytozome Acc. number
Cu/Zn SOD SODCuZn-F CTGGAAATGCTGGTGGAA U69536.1
SODCuZn-R GAGAATGGCGTCGTTACA
CAT Cat-F TCACCACAACAACCATCAT X94352.1
Cat-R GGCAGCCAGATAGAACAC
APX APX-F AAGATGCCACAAGGAGAG Traes_2AS_007D8F7BD.1
APX-R GCTCAGTGAAGTAAGAGTTG
GPX GPX-F CCTATACAAGTTCCTGAAGTCT KP844737.1
GPX-R GGCATAGCGGTCTACAAC
ADP ADP-F AGGTTCTTGATGCTGATGTG EF405961.1
ADP-R CGGAGTCCAACTACTGAATG
ACT ACT-F GGACGCACAACAGGTATC GQ339780.1
ACT-R CGAGGTCAAGACGAAGGA
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and their derivatives both in the total and bioavailable forms was noted.
The Pearson correlation between physicochemical parameters of bio-
chars revealed that with increased C content in BC the amount of total
PAHs was statistically significant (R = 0.92 p < 0.01). The fraction of the
bioavailable PAHs and bioavailable PAHs derivatives was negatively
correlated (p < 0.05) with the extension of the surface area. As it can be
expected, the increased surface area will sorb PAHs more efficiently, and
lower bioavailable PAHs and their derivatives can be observed.
Considering BCS, it can be noted that an increase of the H content and
related to its aromaticity, increases the amount of free PAHs (p < 0.01).
An increase of O content lowered the amount of bioaccessible PAHs.

3.2. Oxidative stress response

3.2.1. Antioxidant enzymes activity

The addition of BC affected the plant growth (Fig S3). It can be noted
that BC obtained from pyrolysis of straw at highest temperature was the
most efficient. However, all noted increases in the barley dry mass were
above 300% (Fig S3A). Considering the type of the BC applied, it also
was seen that independently from applied feedstock a fertilizing effect
was noted (Fig. S3B). The dry mass of obtained plants were enhanced up
to 160% (BCF600) and 304% (BCS600). Only when soil from Chwato-
wice (Model Organic Farm) was used for barley cultivation (Fig. S3C),
no statistically important changes in plant dry mass were noted. The
data confirm that BC addition to soil increase plant growth.

The levels of enzymes activity were presented in Fig. 1 and grouped
considering the effect of pyrolysis temperature (Fig. 1A), feedstock
(Fig. 1B), and the effect of the soil matrix (Fig. 1C).

Several studies indicated the phytotoxicity of PAHs and their de-
rivatives towards different plant species (Paskova et al., 2006; Sverdrup
et al., 2003; Yun et al., 2019). PAHs induced oxidative stress in plants,
presented damages on wheat leaf organelle and subcellular structure,
furthermore plasmolized and distorted these structures under the in-
fluence of phenanthrene (Shen et al., 2018).

The oxidative stress response occurs the overproduction of ROS and
antioxidants leading to the destruction of redox homeostasis in the plant
(Ahmad, 2014). The high reactivity of ROS with proteins, lipids, car-
bohydrates, or nucleic acids is responsible for the changes in the
morphological system of plants: reduced growth of the root and shoot,
the decreased leaves number and size, chlorosis, deformed trichomes,
reduced root hairs, late flowering, necrosis and cell death caused by
produced Hy05 (Alkio et al., 2005). The most important enzymatic ROS
scavengers in plant cells are SOD, CAT, and APX (Liu et al., 2009b), and
their activity was strictly connected with the presence of bioavailable
PAHs. SOD is the first line against ROS catalyzing the dismutation of
05"~ to Oy and Hy05 (Alscher, 2002; Sharma et al., 2012). After this
reaction, at a high concentration of substrate, CAT destroys the peroxide
product: two molecules of HyO5 combine resulting in the formation of
water and molecular oxygen, therefore CAT and SOD act in tandem
(Racchi, 2013). CAT differs from the other HyO, degrading enzymes
because it conducts this reaction without consuming cellular reducing
equivalents, thus in an energy-efficient manner (Scandalios, 2005). POD
also degrades hydrogen peroxide to the water molecule but with the
help of a reducing substrate (Willekens et al., 1995). This system is very
effective in the removal of ROS from cell organelles. To determine and
evaluate lipid peroxidation, a low-molecular-weight aldehyde, malon-
dialdehyde (MDA) was assigned to be the most suitable product for this
purpose and the best biomarker (Grotto et al., 2009). The presence of a
double bond between two carbons in polyunsaturated fatty acids results
in a decrease in the strength of the carbon-hydrogen bond. Then in
sequence, hydrogen as a free radical, lipid-free radical, peroxyl radical,
and lipid peroxide can be formed (Grotto et al., 2009).

As Fig. 1A shows, the addition of BCS to soil increased the activity of
SOD in plants compared to the control sample. No effect of the pyrolysis
temperature was observed. The amount of MDA in barley growing in
BCS-amended soil was lower than in untreated soil (without BC)
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preserving membrane integrity. 1.5-2 times higher SOD activity may
imply that the introduction of biochar to soil may improve the mitiga-
tion of oxidative stressors. The activity of CAT and POD decreased in
barley exposed to BCS in comparison to control. The reduction of CAT
activity was inversely correlated with temperature pyrolysis — from
63.21 to 54.99% for BCS500 and BCS700, respectively. Among obtained
POD values, the highest reduction (64.3%) was observed after amend-
ment BCS6000. CAT and POD detoxify HoO, to HoO (Ma et al., 2015). A
drop of activity of CAT and POD in plants treated with BCS may indicate
that another antioxidant path was involved in the HyO, detoxication.

Regardless of feedstock (Fig. 1B), the SOD activity was increased
1.2-1.7 times after BC addition in comparison to control. BC-
amendment resulted in the reduction of CAT activity in a wide range —
from 5% for BCA600 to 85% for BCF600. The dual effect of BC appli-
cation on POD activity was observed: BCD600, BCS600 reduced the
enzyme activity (up to 64%), while BCF600 and BCA600 increased (up
to 46%) the level of POD activity. MDA content was increased only in the
case of BCA600 (7.85%), whereas the addition of another BC resulted in
a drop in MDA content (30-35%). PAH-induced lipid peroxidation can
be considered only to a small extend.

The antioxidant enzyme activity and lipid peroxidation were evalu-
ated in plants growing in the different soil amended with BCS600
(Fig. 1C). The SOD activity was prompted in treated B and K soils,
whereas it was unaffected in C soil. Regardless of soil type, BCS600
decreased CAT accumulation (61.29%) as well as POD (64.32%) activ-
ity. The percentages of decrease in the activities of individual enzymes
and the concentrations of MDA amounted: for BCS600-amended Bezek
soil 30.27% (MDA), 61.29% (CAT), and 64.32% (POD), for BCS600-
amended Konstantynéw soil 14.23%, 73.63%, and 6.74%: for BCS600-
amended Chwatowice soil: 27.29%, 66.77%, and 1.70%, respectively.

Previous studies have revealed that the presence of PAHs and their
derivatives in soil and biochar amended soil might exert a negative ef-
fect on plants. Zhan et al. (2012) reported damage of wheat (Triticum
aestivum L.) growing in the soil amended with biochar containing PAHs.
Some PAHs and the N-, S-, O-substituted analogs of fluorene (fluo-
ranthene, fluorene, phenanthrene, and pyrene) were toxic to terrestrial
plants (Sinapsis alba, Trifolium pratense, and Lolium perenne) (Sverdrup
et al., 2003). The mechanisms of wheat root uptake of PAHs involve
active (mediated by phenanthrene (PAH)/H+ symporter) and passive
processes (glycerol mediated) (Zhan et al., 2012).

Generally, the molecular mechanisms leading to the expression of
SOD genes exposed to the presence of PAHs and their derivatives are
poorly understood but the expression is independently regulated and
concentrated in the place of ROS concentration in the cell (Scandalios,
2005). APX metabolizes HyO5 and catalyzes the initial stage of the
ASC-GSH (ascorbate-reduced glutathione) cycle (Grene, 2002). Gluta-
thione peroxidase (GPX) can also detoxify HyO» but via directly GSH and
catalyzed the degradation of hydrogen peroxide or organic and lipid
peroxides into water or alcohols (Margis et al., 2008). As GPX synthesis
occurs in response to the stress factor, the noted presence of GPX may
imply oxidative stress after the application of biochars with a bioavail-
able fraction of PAHs and their derivatives. The statistically important
correlation was noted for POD activity and the amount of total deter-
mined PAHs, however, the amount of the bioavailable fraction of PAHs
derivatives lowered the level of POD using BCS-amendment. The frac-
tion of bioavailable PAHs affected positively the transcription of genes
encoding APX, CAT, and SOD enzymes. It was established that phyto-
toxicity induced by N-PAHs was generally higher than the effects of
parent PAHs. Furthermore, the influence of PAHs with nitrogen in the
aromatic ring significantly differed concerning the structure of the in-
dividual compound. PAHs and N-PAHs affected the germination and
growth of Sinapis alba, Triticum aestivum, and Phaseolus vulgaris plants.
They also induced activities of detoxification and antioxidant enzymes
(GR, GPX, and glutathione-S-transferase) and caused an increase in lipid
peroxidation (Paskova et al., 2006). The data indicate that the produc-
tion of ROS due to biochar-amendment soil was noted. The increased
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Fig. 1. The effect of BC addition on Hordeum vulgare L.
production of oxidative stress enzymes, A) effect of py-
rolysis temperature, B) effect of feedstock, C) effect of
soil; MDA - malondialdehyde, SOD - superoxide dis-
mutase, POD - peroxidase, CAT - catalase, B- Bezek soil,
K- Konstantynow soil, C- Chwalowice soil. 500, 600, 700
corresponds to the BC pyrolysis temperature [°C]. Values
of each enzyme level were means of three replicates with
standard deviations (n = 3). Different alphabetical let-
ters on the bars indicate significant differences among
the treatments (p < 0.05), FW- fresh weight.
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activity of SOD indicated the overproduction of O,*~ decomposed to
H20,, that was however not requiring the other enzymes for its
decomposition. This may imply that the presence of bioavailable frac-
tion of PAHs and their derivatives in biochar during cultivation of barley
was slightly inducing oxidative stress but the plant was able to mitigate
it probably due to low amount of produced Hy0> or application of other
detoxifying mechanisms. Increased SOD activity was generally consid-
ered as the positive response of the plant to the stressor (PAHs and their
derivatives) actuating the effective detoxification.

In the study of the effect of phenanthrene on the mechanism of
oxidative stress on Arabidopsis thaliana (Liu et al., 2009b), like in our
studies, SOD enzyme activity increased under the influence of selected
in our studies PAHs and derivatives. CAT activity did not change
significantly (Liu et al., 2009b), whilst in our experiments, the content of
CAT was affected by the addition of biochar into soils. POD and APX
content increased initially but at the higher concentrations of phenan-
threne, the enzyme activities decreased. Phenanthrene inhibited the
germination rates and root lengths, and the roots were deformed (Liu
et al.,, 2009b). Also, MDA levels increased significantly (Liu et al.,
2009b). It implied lipid peroxidation, but this effect in our studies was
noted only in one sample: MDA content increased only for
BCA600-amended soil Bezek. One of the representatives of AZAs (PAH
derivative with a nitrogen atom embedded in the aromatic ring) is ac-
ridine. The phytotoxicity of acridine was also confirmed in the previous
studies (Gissel-nielsen and Nielsen, 1996; Paskova et al., 2006). Acridine
affected the seed production of navew (Brassica campestris L.) at a lower
concentration by the inhibition of seed germination and led to death at a
higher content (Gissel-nielsen and Nielsen, 1996). The rate of growth of
Italian ryegrass (Lolium multiflorum L.) was reduced and the condition of
the germinated barley seeds (Hordeum vulgare L.) was affected but these
effects were overcome over the growth period. The authors suggested
that acridine was degraded by microorganisms during the experiment
(Gissel-nielsen and Nielsen, 1996).

3.2.2. The gene expression

The gene expression pattern in barley differed regarding biochar
properties and soil type. The influence of temperature on biochar pro-
duction was noted. The transcript level values of APX, CAT, and SOD
decreased with the increased pyrolysis temperature of BCS biochars
(Fig. 2A).

The results are supported by the studies on enzymatic activity. The
lowest levels of genes expression were obtained for soil-BCS700
(13.89% reduced APX, 32.06% CAT, and 16.99% SOD). Only in the
case of GPX, the trend was reversed. Moreover, the obtained values in
some cases were below the transcript level of the soil. The highest results
obtained for SOD were nearly 14.5 times higher than for soil (and the
lowest almost 2.5 times higher). The relative expression level of SOD
was significantly increased after the addition of biochar (Fig. 2A) indi-
cating that the plant was affected by oxidative stress and the over-
production of 0"~ was noted. Increased expression of APX confirmed
that HoO5 produced by SOD after O,°~ dismutation are needed to be also
removed from barley tissues. APX requires additional ascorbate for HyO»
decomposition (Josko et al., 2021). The transcripts of SOD and APX were
lowered with increased pyrolysis temperature.

The effect of biochar feedstock on gene expression was also observed
(Fig. 2B). The transcript level of APX was higher for BC-amended soil
with the highest vale noted for BCS600-amended soil (35.5% increase).
BCF600 significantly (81.4%) caused down-regulation of APX in relation
to control. The transcripts of CAT and GPX were lower than noted in the
untreated sample. The distribution of SOD Cu Zn values was depended
on the applied feedstock.

The effects of different soils and soils with the addition of BCS600 on
the on gene expression in Hordeum vulgare L. were determined (Fig. 2C).
The transcript levels of APX for the samples with straw-derived biochars
were over 4 times higher for Konstantynéw soil, nearly 1.4 times higher
for Bezek, and almost identical to soil alone for Chwatowice. In the case
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Fig. 2. The effect of BC addition on gene expression in Hordeum vulgare L., A)
effect of pyrolysis temperature, B) effect of feedstock, C) effect of soil; APX-
ascorbate peroxidase, CAT - catalase, GPX-glutathione peroxidase, SOD - su-
peroxide dismutase, B- Bezek soil, K- Konstantynow soil, C- Chwatowice soil.
500, 600, 700 corresponds to the BC pyrolysis temperature [°C]. Values of each
enzyme level were means of three replicates with standard deviations (n = 3).
Different alphabetical letters on the bars indicate significant differences among
the treatments considering individual measured parameters (p < 0.05).
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of CAT values, the highest value was also received for Konstantynéw
s0il-BCS600 (1.503). The remaining data constituted 34.13% of the
above for Chwatowice and 13.24% for Bezek. The highest GPX content
was obtained for BCS600-soil Chwatowice and the lowest for BCS600-
soil Bezek. The distribution of the SOD results was the opposite of the
above. Moreover, the Rf value for biochar-amended Chwatowice soil
was almost 1.3 times higher than for soil alone, for BCS600
Konstantynéw soil-2.4, and straw-derived BC-Bezek soil- 6.7.

4. Conclusions

The results indicate that the addition of biochar to the soil was
connected with the increment of oxidative stress in the barley leaves.
Increased levels of SOD activities confirmed that the ROS-induced stress
occurred in plants growing in biochar-amended soil. The influence of
pyrolysis temperature of biochar on the transcriptional response of
barley was observed. One of the most important enzymatic ROS scav-
engers in plant cells are CAT and APX and their transcripts were strictly
connected with the presence of bioavailable PAHs indicating that the
presence of a bioavailable fraction of PAHs and their derivatives (but to
a lower extend) may induce the overproduction of O,*~ and H30, and
the oxidative stress. The transcript levels of SOD were lowered with
increased pyrolysis temperature and depended on applied feedstock.
However, lower MDA concentration and lower activity of other enzymes
involved in ROS detoxification imply that the addition of biochar con-
taining the bioavailable fraction of PAHs and their derivatives is an
environmentally safe solution.
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2. Materials and methods
2.1. The physico-chemical properties of biochar

The pH of 1g of biochar mixed with 10 mL of deionized water was determined by a
digital pH meter HQ430d Benchtop Single Input (HACH, USA). To quantified the elemental
carbon (C), hydrogen (H), and nitrogen (N), biochar was milled and EuroEA Elemental
Analyser was applied. ASAP 2420 (Micromeritics, USA) surface area and porosity analyzer
were used for adsorption measurements and biochars were outgassed at 200°C for 12 h under
vacuum. Total organic carbon (TOC) and dissolved organic carbon (DOC) were quantified
via TOC-VCSH (SHIMADZU). FT-IR/PAS spectra of the samples were recorded by Bio-Rad
Excalibur 3000 MX spectrometer provided with photoacoustic detector MTEC300 (in the
helium atmosphere in a detector) at RT over the 4000-400 cm 1 range at the resolution of 4
cm ' and maximum source aperture. X-ray photoelectron spectroscopy (UHV Prevac) was
used for the determination of surface functional groups of BC, whereas surface morphology
was examined by scanning electron microscopy (Quanta 3D FEG, FEI).

2.2. The total content of PAHs and their derivatives determination in biochar

PAHs and their derivatives were extracted via pressurized liquid extraction (PLE)
using Dionex 350 system (Thermo Fisher Scientific) equipped with a 22 mL stainless steel
cell. The first layer with silica gel (activated in 300°C, 5h) and copper, and the second, i.e.
0.5g of each biochar mixed with 0.1g ethylenediaminetetraacetic acid, were loaded into the
cell. The internal standard (IS) e.g. deuterated mix of US EPA-X16 PAHs, were added and the
cells were completed by glass beads. Then, PLE was performed with hexane at 150°C using 2
extraction cycles and a flush volume at 60%. The static time was set at 5 min and the purge
time was 60 s 1 MPa with N,. After extraction 1 mL of iso-octane was added into an extract
and obtained solvent was concentrated to about 1 mL using rotary vacuum concentrator RVC
2-25 CD plus (Martin Christ, Germany). Then, GC-MS/MS analysis was carried out.
2.3. Freely dissolved (Cfree) PAHs and their derivatives determination in biochars

The determination of bioaccessibility of PAHs and their derivatives was carried out by
the protocol described in Oleszczuk et al. (Oleszczuk et al., 2016) and Hale et al. (Hale et al.,
2012). Before the sample preparation procedure, 76-mm thick polyoxymethylene (POM)
passive samplers (4cm x 4cm and about 0.35 g each) were cleaned and submerged in
methanol, shaken for 24 hours on a shaking machine (ELPIN 358A, Poland). Subsequently,
methanol was substituted with n-heptane and Millipore water (in each solvent POM samplers
were shaken for 24). Next, sheets were rinsed with Millipore water, placed in a glass bottle
with water, and stored at 4°C. Biochar (1 g) dried at 40°C for 24 hours were placed in 50 mL
Erlenmeyer flasks with glass lids. 40 mL of sodium azide (200 mg/L) dissolved in water was
added for the elimination of any possible effect of residual microorganisms. POM samplers
were added to Erlenmeyer flasks (all carried out in triplicates) and vials were tightly sealed to
prevent leakage. Flasks were rolled on a rotary shaker ROTAX 6.8 VELP Scientifica (Italy)
for 1 month at 10 RCF. After this period, POM samplers were cleaned with distilled water.
The remaining visible impurities were removed using a tissue. Treated POM samplers were
placed in a 50 mL dry Erlenmeyer flask. Then, they were extracted in 20 mL of 20/80
acetone/heptane (v/v) with the addition of 20 pL of deuterated PAHs (naphthalene, pyrene,
and phenanthrene with a concentration of 10 ng uL™") and shaken in horizontal shaking
machine ELPIN 358A (Poland) for 48 hours. After this time 1 mL of iso-octane was added
and obtained solvent was concentrated to about 1 mL using rotary vacuum concentrator RVC
2-25 CD plus (Martin Christ, Germany). Then, GC-MS/MS analysis was carried out. The
concentration of PAHs and their derivatives on POM passive samplers (Cpom) Was calculated
according to the equation (1):



—1y _ Mpan (ng)

Crou(ng kg ™) Mapom(kg)
where mpay (ng) (Or MpaH derivatives) 15 the mass of PAHs (or PAHs derivatives) determined by
GC-MS/MS and mapom (kg) is the mass of two used POM passive samplers.

Ctree concentrations were calculated using POM-water partitioning coefficients (Kpowm)
known from previous studies (Josefsson et al., 2015). In the case of some PAHs derivatives,
Kpom was adopted considering parent PAHs due to the lack of the available data in literature:
nitronaphthalene, 1-methyl-5-nitronaphthalene, 1-methyl-6-nitronaphthalene, nitropyrene, 2-
phenylnaphtalene (Hawthorne et al., 2011), benzo[a]fluorene, and benzo[a]fluoranthene
(Hans-Peter Schmidt, 2015). Kpoym constitutes an individual value to each compound. Freely
dissolved (Cgee) PAHSs and derivatives were measured according to equation (2):

Kpom-w (Lkg™)
L) =
Crree (g L) Crom(ng kg™")

where Cgee (ng L'l) is the bioavailable pollutant concentration, Kpom.w (L kg'l) is the POM-
water partitioning coefficient and Cpom (ng kg’l) is the measured POM concentration.

The physicochemical analysis of biochar, detailed information on GC-MS/MS
measurements, chemical characteristics of analyzed compounds (Table S2), and the
qualitative and quantitative parameters of PAHs and O/N-PAHs analysis (Table S3) were
presented in Supporting Information.

2.4. Freely dissolved (Cfree) PAH and their derivatives determination in biochars
The qualitative and quantitative determinations of bioaccessibility of PAHs and their

derivatives were carried out by the protocol described in Oleszczuk et al. (Oleszczuk et al.,
2016) and Hale et al. (Hale et al., 2012).

2.5. GC-MS/MS measurement

Qualitative and quantitative analyses of PAHs were conducted using a gas
chromatograph hyphenated with a triple quadruple tandem mass spectrometer detector
(GCMS-TQ8040; Shimadzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica capillary
column (30 m x 0.25 mm 1.d., 0.25 pm film thickness; Phenomenex, Torrance, CA, USA).
Helium (grade 5.0) as carrier gas and argon (grade 5.0) as collision gas were used. Column
flow was 1.56 mL min-1, and 1 pL of the sample was injected by an AOC-20i+s type
autosampler (Shimadzu). The injector was working in high-pressure mode (250.0 kPa for 1.5
min; column flow at initial temperature was 4.90 mL min-1) at the temperature of 3100C; the
ion source temperature was 225°C. For qualitative purposes, the full scan mode with range
40-550 m/z was employed and for quantitative analyses, the SIM mode was used.



Table S1. Properties of tested soils.

Total
organic
. . Niotal P K
soil location type carbon pHkcr o1 1 1 Ref.
content [gke] [mg kg [mg ke
[gke']
51°12'N; 23°17'E _ Podzol (Pranagal
Agricultural originating from and
Bezek & glaciofluvial 5.3 4.9 3.05 18.84 78.92
Experimental Farm fine-erained Kraska,
in Bezek— & 2020)
loamy sand
brown soil
50°45'S7"N (CAM.B ISOLS
21°5310"E according to the (Kraska et
Chwatowice . World 14.11 6.15 - 73.9 1430 al., 2019)
Model Organic Farm
. . Reference Base
in Chwatowice .
for Soil
Resources 2014)
52°12721" N, .
Konstantynow 23°05'02" E on Luvisol ! 5.14 ! 52.80 150,76 ~ (Kraskaet
farm (loamy sand) al., 2019)

2.6. Plant growth conditions

H. vulgare (cultivar Ella) seeds were soaked in Mili-Q® water for 2 h. The seeds were surface
sterilized with 2% calcium hypochlorite for 15 min and then 70% ethanol for 1 min. The
seeds were then rinsed 3 times with Mili-Q® water. The sterilized seeds were transferred to
Petri dishes containing filter paper soaked with Mili-Q™ water. The Petri dishes were placed
in a growth chamber in darkness at 23°C. The 4-day seedlings were transplanted into tubes
filled with soil samples. The plants were placed in a growth chamber (Conviron GEN1000)
with a relative humidity of 60% and a 16h light/8h dark cycle at 23°C (day time) and 18°C
(night time). Every day 1 mL of Mili-Q® water was added to each tube to maintain the
moisture content. After 12 days of exposure, plants were harvested and part of the leaves
(around 500 mg) was immediately ground in liquid nitrogen for RNA isolation, and the
remaining leaves were frozen at -80°C for biochemical analysis.

2.7. Antioxidant enzyme activity

The plant tissues (around 250 mg of frozen leaves) were homogenized in 5 mL of
0.1M phosphate buffer (pH 7.5) and shaken for 15 min at 4°C. The plant extract was further
centrifuged at 17,000g for 15 min at 4°C. The supernatant was used to measure the activities
of SOD (superoxide dismutase), POD (peroxidase), CAT (catalase) in 96-well microplates.
The POD activity was determined at 25°C in a reaction mixture (270 pL of 100 mM
phosphate buffer pH 7.5 with ImM EDTA, 10uL of 0.15% H,0,, 10 pL of 0.73% guaiacol
with 10 pL of plant extracts). The absorbance was recorded at 470 nm using a BioTek
Microplate Reader. The activity of POD was expressed as U, where 1U is defined as activity
oxidizing pmol guaiacol per minute in the assay conditions (Ztotek et al., 2019). The SOD
and CAT activities were determined using SOD Assay Kit® (Cat. No. 19160-1KT-F, Merck,
Germany) and Catalase Assay Kit® (Cat. No. 219265-1KIT, Merck, Germany) according to
the protocols provided by the manufacturer. One unit of SOD activity inhibits the rate of
reduction of cytochrome ¢ by 50% in a coupled system, using xanthine and xanthine oxidase.
One unit of CAT activity is defined as activity converting umol H,O, per min. in the assay
conditions. The protein content in samples was determined according to Bradford using
bovine serum albumin as the standard (Bradford, 1976). Results were expressed a specific
activity in U per mg of protein.



2.8. Lipid peroxidation

The tissue malondialdehyde (MDA) level was analyzed to monitor oxidative damage
of lipid membranes. Frozen leaf tissue was homogenized in 80% cold ethanol and centrifuged
to pellet debris. The aliquots of supernatants were mixed with tri-chloroacetic acid (TCA) and
thiobarbituric acid and thereafter heated for 20 min in a boiling water bath. After cooling to
room temperature, 2 mL of n-butanol was added and the mixture was shaken vigorously for 3
min and centrifuged for 10 min at 1500%g. After the transfer of the upper n-butanol layer to a
glass cuvette, its absorbance was measured at 532 nm. Concentrations of MDA were
estimated based on the standard curve obtained by using malondialdehyde bis-dimethylacetal
(Wessely-Szponder et al., 2015).

2.9. Gene expression

500 mg fresh leaves were ground into a fine powder in liquid nitrogen using mortar
and pestle. Total RNA from seeds was isolated using TRIzolTM reagent (Thermo Fisher
Sientific Inc.) following Wang et al. (Wang et al., 2012) with two modifications: (i)
phenol:chloroform: isoamyl alcohol (25:24:1) mixture saturated with 100 mM TRIS pH 8.0
was used instead of citrate buffer saturated phenol (pH 4.3): chloroform (1:1); (ii) pH of used
3M sodium acetate was adjusted to the level of 5.3. Isolation of RNA was performed for 3
biological replicates. The concentration and purity of RNA were determined
spectrophotometrically with NanoDrop 2000 (Thermo Fisher Scientific Inc.). The integrity of
RNA samples was analyzed using electrophoresis in 2% agarose gel stained with ethidium
bromide. Genomic DNA was removed by DNase I (Thermo Fisher Scientific Inc.) treatment.
The reaction of reverse transcription was performed on 1 pg RNA with NG dART RT kit
(EURX Sp. z 0.0.) following the manufacturer's instructions. Obtained cDNA was used as a
template in the qPCR analysis.

The transcript levels of Cu/Zn-SOD, CAT, APX, GPX genes were determined by real-
time PCR analysis. The ACT (GenBank Accession No. GQ339780.1) and ADP (GenBank
Accession No. EF405961.1) genes were used as an internal control to normalize the data.
Standard curves were generated from five dilution points for each primer pair. The primers
were provided in Table 2. Real time-PCR was carried out according to the following cycling
program: initial denaturation with UNG pre-treatment for 2 min at 50 °C, 10 min at 95 °C
followed by 40 cycles of 15 s at 94 °C, 30 s at 60 °C and 30 s at 72°C in the total reaction
volume of 25 pL containing 1x SG/ROX qPCR Master Mix (EURx Sp. z 0.0.), 500nM of
each primer and 10 ng of cDNA. For qPCR analyses, the Quant Studio3 system (Thermo
Fisher Scientific Inc.) was used. Relative gene expression was assessed using the 2—AACt
method. Each sample was analyzed in two technical replicates. The melting curves of the
PCR products were analyzed to confirm the uniqueness of the product. To determine the
specificity of qPCR reaction NTC (No Template Control) was applied for each reaction. The
results were analyzed using the dedicated relative quantification software module from
ThermoFisher Cloud (ThermoFisher Scientific).
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Table S2. The concentrations of PAHs and their derivatives in BC samples (n=3; n-number of replicates).

Sample description

BCS500 BCS600 BCS700 BCD600 BCF600 BCA600
No Compound
Analyte concentration = SD*
[ng L]

1 Naphthalene <LOD <LOD <LOD <LOD 1.98 + 0.093 0.49 + 0.023

2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD <LOD <LOD <LOD

3 2-Phenylnaphthalene <LOD <LOD <LOD <LOD <LOD <LOD

4 Acenaphthylene 1.36+0.07 0.86 + 0.04 0.49 + 0.02 0.24+0.012 0.15+8.4:10° 1.60+0.11

5 Acenaphthene 1.82+0.09 1.49 +0.07 0.94 + 0.04 1.45+0.076 0.58 £ 0.028 1.89 + 0.086
6 Fluorene <LOD <LOD <LOD 0.33+0.015 0.79 + 0.037 <LOD

7 Anthracene <LOD <LOD <LOD 1.10+ 5107 <LOD 0.25+0.012

8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

9 3-Methylphenanthrene 0.31£0.02 0.13 £ 6.2:107 0.136 + 6.0-107 <LOD 0.045+2.1-10° 0.059 £2.7-10°
10 2-Methylphenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

11 9-Methylphenanthrene <LOD <LOD <LOD <LOD <LOD <LOD

12 3,6-dimethylphenanthrene <LOD <LOD <LOD 0.064 +3.4-107 0.072 £3.3:10° 0.059 +2.7:10°
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

14 Pyrene <LOD <LOD <LOD <LOD <LOD <LOD

15 2-Methylpyrene 0.024 + 1.0-107 0.023+1.1:107 <LOD <LOD <LOD <LOD

16 4-Methylpyrene <LOD 0.030 + 1.4:10° 0.078 + 3.4-10° 2.9-10° £3.6:10” <LOD 0.073 £3.4-10°
17 Benzo[a]fluorene 5.2:10° £ 2410 6.1-10° £ 3.1-10™ 0.012+5610% 83107 +4.7-10" 7.2:10° +3.4-10* 8.4-10° £3.8:10™



18 Benzo[a]anthracene 6.2:10° £2.9-10™ 73107 £3.410% 99107 +4.6:10* <LOD 0.014+6.6:10™ <LOD

19 Chryzene <LOD <LOD <LOD <LOD <LOD <LOD

20 3-Methylchrysene <LOD 3.9-10°+1.9-10*  1.7-10° +8.1-10° <LOD 4.010% +1.8-10* <LOD

21 5-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD

22 6-Methylchrysene 3.6:10° £ 1.6:10™* 7.610°£3.6:10%  3.2-10°+2.1-10*  0.015+8.0-10* 0.012+5.4-10™ 6.4-10° £ 3.0-10™
23 Benzol[a]fluoranthene 4.9-10* +1.3:10° 1.510°+9.810°  8410*+4.610° 2.810°+1.3-10* 2.0-10° +9.4-10° 5.510*+2.7-10°
24 Benzo[b]fluoranthene <LOD <LOD <LOD <LOD <LOD 6.4103 £2.9-10™
25 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD

27 Benzo[a]pyrene <LOD <LOD <LOD 7.2:10* +3.1-107 3.9-10° + 1.8-10™* <LOD

28 Indeno[1,2,3-cd]pyrene 1510°£6910*  2210°£1.010°  6310%£5010° 24107+13107 9.4:10+5.0-10° 13107 +4.710°
29 Benzo[ghi]perylene <LOD 1.1-10° £ 82:10°  3.1-10*+2.2-107 <LOD 6.4:10* +3.2:10” 1.6:10* £7.0-10°°
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD <LOD 3.3-10° +1.5-10* <LOD

31 Dibenz[a,e]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

32 Dibenz[a,h]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD

N- and O-PAHs

35 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD 0.26 +0.013
i26  1-Methyl-5-nitronaphthalene  0.095 + 4.1-10°> 0.13+4.0-10° 0.098 +2.8:10° <LOD <LOD <LOD

30  1-Methyl-6-nitronaphthalene  0.081 +2.7-10™ 0.12+5.410° 0.12+4.2-10° <LOD <LOD <LOD

31 9,10-Anthracenedione <LOD <LOD <LOD <LOD 0.057 +5.7:10° <LOD

32 4H-cyclopenta(def)phenanthrene <LOD 0.58 £0.02 0.41+0.02 <LOD 0.27+0.012 0.25+0.011



33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD
*SD — standard deviation
Table S3. The concentrations of PAHs and their derivatives in BC samples (n=3; n-number of replicates).
Sample description
BCS500 BCS600 BCS700 BCD600 BCF600 BCA600
No Compound
Analyte concentration = SD*
1 Naphthalene <LOD 0.24 £ 0.01 <LOD <LOD 9.47+0.43 2.88+0.13
2 1,3-di-iso-propylnaphthalene 3.22+0.15 4.43+0.20 0.92 + 0.04 5.11+0.23 <LOD 0.22 +0.01
3 2-Phenylnaphthalene <LOD <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 13.48 £0.62 15.62+£0.72 7.09 £0.33 4.87+0.22 2.34+0.11 29.27+1.34
5 Acenaphthene 14.01 £0.64 18.27 £0.84 7.99 £0.37 9.31+043 6.73 £0.31 20.28 £0.93
6 Fluorene <LOD <LOD <LOD 4.43+0.20 19.46 + 0.89 12.30+0.56
7 Anthracene 1.04 £0.05 1.48 +0.07 0.44 +£0.02 <LOD <LOD 0.86 £0.04
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenanthrene 2429+ 1.11 27.28 £1.25 10.99 £ 0.50 <LOD 4.88+0.22 2.94+0.14
10 2-Methylphenanthrene 12.04 +0.55 10.96 + 0.50 2.05+0.09 0.24+0.01 0.72+£0.03 0.92 + 0.04
11 9-Methylphenanthrene <LOD <LOD <LOD <LOD 0.22 +£0.01 0.22+0.01
12 3,6-dimethylphenanthrene 0.34 £ 0.02 0.32+0.02 0.24 £0.01 <LOD 1491 £0.68 12.34 £ 0.57
13 Fluoranthene 0.28 £0.01 0.46 +0.02 0.22 +£0.01 <LOD <LOD 1.38+0.06
14 Pyrene <LOD <LOD <LOD <LOD 1.24 +0.06 2.28 £0.10
15 2-Methylpyrene 9.10+£0.42 6.33+£0.29 4.46 +0.20 0.32+0.02 <LOD 2.22+0.10



16 4-Methylpyrene 3.02+0.14 2.30+0.11 <LOD 0.82+0.04 <LOD 13.98 + 0.64
17 Benzol[a]fluorene 12.88 £ 0.59 16.27+0.75 10.26 = 0.47 12.21 + 40.56 16.28 £ 0.75 8.88+0.41
18 Benzo[a]anthracene 9.06 + 0.42 12.04 £ 0.55 6.73+£0.31 <LOD 11.47+0.53 <LOD
19 Chryzene 1.94 +£0.09 2.24+0.10 1.27+0.06 <LOD <LOD <LOD
20 3-Methylchrysene 6.04 £0.28 10.02 £ 0.46 327+0.15 0.82+0.04 6.21+0.28 548 +£0.25
21 5-Methylchrysene 6.84+0.31 8.85+0.41 4.28+0.20 6.28 +0.29 498 +0.23 8.32+0.38
22 6-Methylchrysene 1.26 + 0.06 1.82 +£0.08 0.82 +£0.04 10.35+£0.47 10.33 £ 0.47 14.52 £0.67
23 Benzo[a]fluoranthene <LOD <LOD <LOD 0.22+0.01 0.24 +0.01 4.30 £0.20
24 Benzo[b]fluoranthene <LOD <LOD <LOD <LOD <LOD 6.28 £ 0.29
25 Benzo[k]fluoranthene <LOD <LOD <LOD <LOD <LOD 1.22 £0.06
26 Benzol[j]fluoranthene <LOD <LOD <LOD <LOD <LOD 0.120 + 5.0-10°
27 Benzo[a]pyrene 0.32+0.02 0.38+0.02 0.24 +£0.01 1.94 + 0.09 10.23 £0.47 <LOD
28 Indeno[1,2,3-cd]pyrene 3.8640.18 4.03+0.19 2.87+0.13 <LOD <LOD <LOD
29 Benzo[ghi]perylene 1.54 + 0.07 1.88 +0.09 1.25 +0.06 <LOD <LOD <LOD
30 Dibenzo[a,h]anthracene <LOD <LOD <LOD <LOD 14.41 £ 0.66 0.24+0.01
31 Dibenz[a,e]pyrene <LOD <LOD <LOD 0.22+0.01 <LOD 0.040 +2.0-10°
32 Dibenz[a,h]pyrene <LOD <LOD <LOD 0.24 £ 0.01 <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD 1.32+0.06
j26  1-Methyl-5-nitronaphthalene 1.70 £ 0.08 1.88 % 0.09 1.31£0.06 <LOD <LOD <LOD
30 1-Methyl-6-nitronaphthalene 2.24+0.10 232+0.11 1.67 £0.08 <LOD <LOD <LOD



31 9,10-Anthracenedione <LOD <LOD <LOD <LOD 0.82 +0.04 <LOD
32 4H-cyclopenta(def)phenanthrene  18.87 £ 0.86 2420+ 1.11 16.17+0.74 <LOD 11.07 £ 0.51 6.32+0.29
33 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD

*SD — standard deviation
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Environmental Implication (maximum limit:100 words)

During preparation or application of biochar polycyclic aromatic hydrocarbons (PAHs) and
more toxic derivatives are formed. The limitations of the PAHs content aim to monitor their
fate but there is no information on the derivatives in biochar. Pot experiment revealed that in a
short time content of PAHs and their derivatives was reduced. Similarly, in biochar-amended
soil in long-term experiments, the amount of derivatives was below the LOD but the total
amount of PAHs increased with time. When a natural organic fertilizer was added, both contents
of PAHs and their derivatives increased indicating potential environmental hazards due to their

presence.
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The fate of PAHs derivatives in biochar-amended soil was monitored.

In pot experiment the content of PAHs and their derivatives was reduced.
In long-term field experiment PAHs persistence was confirmed.

In biochar-amended soil the content of PAHs derivatives was lowered.

Co-addition of sewage sludge and biochar increased PAHs and their derivatives in soil.
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Abstract

During biochar preparation or application some toxic substances may be formed. The
established limitations of the content of polycyclic aromatic hydrocarbons (PAHs) aim to
monitor the fate of PAHs in the life cycle of biochar. The latest studies have revealed that
besides PAHs, some of their derivatives with confirmed toxicity are formed. There has been no
policy regards PAHs derivatives in biochar yet. The aim of the presented studies was the
estimation the changes in the content of PAHs and their derivatives during the agricultural

application of biochar. A pot experiment with grass revealed that in a short time, both the
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content of PAHs and their derivatives was reduced. Similarly, when biochar was added to soil
in a long-term experiment, the content of determined derivatives was below the limit of
detection, whereas interestingly, the content of pristine PAHs increased with time. Co-addition
of biochar and sewage sludge increased the content of PAHs and their derivatives indicating
potential environmental hazard due to their presence. However, the key point is the estimation
of the bioavailability of PAHs and their derivatives as only the bioavailable fraction is revealing

the environmental hazard.

Environmental Implication

During preparation or application of biochar polycyclic aromatic hydrocarbons (PAHs) and
more toxic derivatives are formed. The limitations of the PAHs content aim to monitor their
fate but there is no information on the derivatives in biochar. Pot experiment revealed that in a
short time content of PAHs and their derivatives was reduced. Similarly, in biochar-amended
soil in long-term experiments, the amount of derivatives was below the LOD but the total
amount of PAHs increased with time. When a natural organic fertilizer was added, both contents
of PAHs and their derivatives increased indicating potential environmental hazards due to their

presence.

Keywords: soil, biochar-amended soil, PAHs, PAHs derivatives; bioavailability

1. Introduction
An environmentally friendly attitude should be accompanied by all people in the world
in their personal and business life. Nowadays, sustainable techniques and methods for waste

treatment and disposal are searching. Biochar (BC) is a carbon material that can be obtained
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during for example pyrolysis (fast and slow), gasification, and hydrothermal carbonization of
various feedstock [1,2]. In recent years the number of studies on biochar, its physicochemical
characteristics, composition, and application have increased. Despite the material was known
for centuries [3], the areas in which it can be applied are constantly expanding. Depending on
chosen precursor material, the properties and composition of obtained BC vary [4]. Biochars
can be produced from various types of feedstock, e.g. biomass (rice husk, cacao shell [5],
willow, wheat straw [6], amur silver grass residue, paddy straw, umbrella tree [7]), sewage
sludge [6], animal manure [8,9]. Thus, biochar has gained increased interest, recently. Biochar
production from wastes and utilization in agriculture and environmental protection are the
examples of implementation of a circular economy and sustainable development and enable the
realization of several SDGoals [sdgs.un.org].

There are some advantages and disadvantages of biochar’s addition to soil. The
indisputable benefits of applying biochar in soil include mitigation of greenhouse gas emissions
by carbon storage in the ground, remediation of soils, and enhanced fertility [1,10]. The further
consequences of BC addition are stimulation of plant growth (which also reduces carbon
dioxide in the atmosphere), increase in crop productivity, and soil sustainability [1,11]. Adekiya
et al. [11] found that biochar addition improved the porosity of the soil, moisture content, mean
weight diameter, and infiltration rate. On the other hand, the enrichment reduced bulk density
and soil loss. The addition of biochar into soil affects also the chemical characteristics of the
soil. The enrichment increased in organic matter, N, P, K, Ca, Mg contents, and soil cation
exchange capacity (CEC) [11]. Similar results were obtained by another Researcher. Many of
them confirm that BC addition into soil improves soil porosity [12,13], pH [2,12,14], plant-
available phosphorus [12,14], soil water-holding capacity [12,13], CEC [2,14,15], electrical
conductivity, organic carbon, total nitrogen contents [14], soil microbial activity, nutrient

retention [16] and reduces soil bulk density [15]. Moreover, Herath et al. [17] suggested that
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BC application significantly enhanced aggregate stability, volumetric water content,
macroporosity, mesoporosity, and saturated hydraulic conductivity. The beneficial effect of
biochar addition to soil improves with time [18,19]. Another benefit of BC application in the
soil is the high stability of pyrolyzed material in the soil (compared to other organic matter
components) which results in an accumulation of soil organic carbon [20]. Moreover, the effect
of adding biochar to soil persisted over 10 years [12].

Despite all of the benefits associated with the use of biochar in agriculture, pyrolyzed
material (being obtained during a high-temperature process) can be a source of toxins
introduced to the environment or BC application can cause unintended consequences [2].
Toxicants may originate from feedstock - waste materials that may contain some contaminants
or their precursors, or they can also be derived during biochar production [2]: polycyclic
aromatic hydrocarbons (PAHs), PAHs derivatives, volatile organic compounds (VOCs),
chlorinated hydrocarbons, dioxins, furans, metals [9,21-26]. Toxins entering the environment
can cause adverse effects on plant growth and microbial community in soil [21]. VOCs (mostly
ethylene) can induce ‘soil volatilomics’ - plant and microbial responses which cause mimicking
plant hormones [27]. PAHs are mutagenic, toxic, and carcinogenic for living organisms [28,29].
The content of the total fraction of PAHs in biochar varied widely and the values depend mainly
on types of feedstock, pyrolysis temperature, and the resident time [6,23,25]. The total and
bioavailable fraction of contaminants (PAHs and their derivatives) can be determined. The total
fraction of toxins does not show the real threat to living organisms and does not fully
demonstrate an actual environmental quality but the bioavailable fraction does [25,30].
Bioavailable compounds can be defined as compounds that are freely available to go through
an organism’s cellular membrane from a medium (in which it is currently located) [31].
Moreover they are more labile as well as able to leach to the ambience [25]. Oleszczuk et al.

[23] found that the content of the sum of PAHs in biochars derived from elephant grass
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(miscanthus), coconut shell, wicker, and wheat straw amounted in the range from 1124 to
28,339 ug/kg [23]. Hale et al. [25] presented the range of the total fraction of PAHs (in BC
obtained via slow pyrolysis) from 70 pg kg ! to 3270 pg kg ! and the range of the bioavailable
fraction of PAHs from 0.17 ng L ™! to 10.0 ng L.

Our previous studies have proven that in BC besides PAHs, their toxic derivatives
containing O- or N- in the PAHs molecule are noted [32]. As was described in the case of PAHs
amount and bioavailability are dependent on the feedstock type and pyrolysis conditions [6].
According to our knowledge, this is the first study describing the formation and bioavailability
of PAHs derivatives in biochar-amended soil. What is worth stressing, the results from the pot
and field experiment are presented, and the conclusions for future perspective and BC
application in the context of PAHs derivatives safety and persistence and bioavailability. Thus,
the study aimed to investigate how the concentration of the bioavailable and total fraction of
PAHs and their derivatives changes during the agricultural application of biochar, both in pot
and field experiments. The content of individual PAHs and derivatives was quantified in initial
biochars, biochar-amended and biochar-amended soil fertilized with sewage sludge.

2. Material and methods

2.1. Feedstock and biochar preparation

For the biochar preparation, several feedstocks were used: willow (Salix viminalis), two sewage
sludges (from municipal wastewater treatment plants in Zamos¢ (50°43'14"N 23°15'31"E,
Poland, labeled as SSLZ, and Chelm, labeled as SSLCH). Slow pyrolysis was applied for the
preparation of biochar (Czylok, Poland, applied temperatures: 500°C, 600°C, and 700°C at
heating rates at the first step 10°C min’!, and the second step 3°C min’!, the resident time: 3h
with the constant flow of nitrogen at 630 cm® min™!). The other biochars were pyrolyzed at
600°C using hardwood, softwood wastes or wheat straw. Thus, biochars used in the experiment

were named as follows: willow-derived BC produced at 500°C — BCW500, at 600°C —
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BCW600, at 700°C — BCW700, sewage sludge-derived BC produced at 500°C — BCZ500, at
600°C — BCZ600, at 700°C — BCZ700, BC obtained from residues from hardwood at 600°C —
BCD600, from residues from softwood at 600°C — BCF600, and BC obtained from wheat straw-
BCS600. The biochar samples were grounded to particles of about 2 mm. All BC were
homogenized, washed out using distilled water (1:10, biochar: water) for 24 h, and dried at
40°C for 6 h. Before the experiment BCs were stored at room temperature, in the absence of
light.

2.2. Soil experiments (preparation, enrichment with biochars)

Experiment 1 — pot experiment

The soil was collected from the Polish village of Podborcze, Poland (50°41'47.5"N 22°50'41.3"
E). The top soil samples (0-20 cm, classified as acidic brown soil developed from deep loess)
were air-dried, sieved (<2 mm), homogenized, and divided into several groups. Almost every
portion (except the control one) was enriched with specified biochar (0.5%) (Fig. 1), and
thoroughly mixed. Then, soil alone (control) and biochar-amended soils were transferred to
special propylene containers (size 19/12/7cm) and tap water was added to reach 40% of the
water-holding capacity of the soil. The 30 grass seeds (Lollium multiflorum) were placed in
each container. The samples were exposed to a regular light/dark cycle resulting from day/night
changes. After harvest, the soil alone as well as biochar-amended soils were air-dried, sieved

(<2 mm), homogenized, and analyzed as described in captions 2.3 and 2.4.

Experiment 2 — a field experiment 1

In experiment 2, the effect of BC doses was established by considering the amount and quality
of PAHs in BC-amended soil in a long-term experiment. Field experiment 1 was conducted in
the growing season at the Experimental Station located in Bezek village in the South-East part
of Poland (50°20'04"N 23°29'49"E). Simultaneously, it was an agricultural area with limited

anthropogenic pressure. In this case, the experiment was carried out in triplicate in a randomized
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block design with an area of 15 m? each. The biochar obtained from wheat straw (BCS) was
applied into the soil in the following doses: 30 t ha! (30BCS - X) and 45 t ha™! (45BCS - Y)
(Fig. 1). The soil without fertilization (as a control sample) was also prepared. Biochar was
distributed by hand on the field and mixed with soil through a cultivator and plow (10 cm deep).
Soil without amendment was proceeded the same way. Thereafter, barley (Hordeum sativum
L.) in the first year and oat (Avena sativa L.) in the second year of Experiment 2 were sown.
The representative samples for analyses were collected immediately after the experiment was
started and then, after 21, 105, and 474 days. The samples were transported to the laboratory,
air-dried in an air-conditioned room (20-23°C) in the absence of light, manually crushed, sieved

(<2mm), and analyzed as described in captions 2.3 and 2.4.

Experiment 3 — a field experiment 1

Experiment 3 was performed to verify the effect of fertilizing effect of SSL and SSL-
derived BC on PAHs behavior in a long-term study. Field experiment 3 was carried out also at
the Bezek Experimental Station (Poland) (as described above). The experiment was carried out
in triplicate in a randomized block design with an area of 18.5 m? each. The soil was enriched
with BCW700 and/or SSLCH which act as fertilizers (Fig. 1). The spring wheat (Triticum
aestivum L.) was selected as the tested crop. The details considering technical issues about the
amendment and sowing were presented in Supporting Information. The following variants were
used in this field experiment: (A) control soil (without amendments) (S); (B) soil with the
addition of SSLCH (10 taw ha™) (S + SSLCH); (C) soil with the addition of SSLCH and a 2.5%
of BCW700 (S + SSLCH + 2.5% BCW700); (D) soil with the addition of SSLCH and a 10.0%
of BCW700 (S + SSLCH + 10.0% BCW700). Thus in Figure 4 the following descriptors: B, C,
and D were used. The representative soil samples were collected at the beginning of the

experiment (labeled as 0), as well as 6, 12, and 18 months after the application of amendments
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to the soil. The samples were transported to the laboratory, air-dried in an air-conditioned room

(25°C), manually crushed, sieved (<2mm), and analyzed as described in captions 2.3 and 2.4.
Experiment 3 — a field experiment 2

In experiment 3 the effect of BC doses was established considering the amount and quality of
PAHs in BC-amended soil in the long-term experiment. Field experiment 3 was carried out also
at the Bezek Experimental Station (Poland) (as described above). In this case, the experiment
was carried out in triplicate in a randomized block design with an area of 15 m? each. The
biochar obtained from wheat straw (BCS600) was applied into the soil in the following doses:
30 t ha! (30BCS600 — labeled as X in Figure 1) and 45 t ha! (45BCS600 — labeled as Y) (Fig.
1). The soil without fertilization (as a control sample) was also prepared. Biochar was
distributed by hand on the field and mixed with soil through a cultivator and plow (10 cm deep).
Soil without amendment was proceeded the same way. Thereafter, barley (Hordeum sativum
L.) in the first year and oat (Avena sativa L.) in the second year of Experiment 3 were sown.
The representative samples for analyses were collected immediately after the experiment was
started and then, after 21, 105, and 474 days. The samples were transported to the laboratory,
air-dried in an air-conditioned room (20-23°C) in the absence of light, manually crushed, sieved

(<2mm), and analyzed as described in captions 2.3 and 2.4.
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Fig. 1. Scheme of conducted research.

2.3. The total fraction of PAHs and their derivatives determination in biochar and

soil

The total fraction of PAHs and their derivatives in biochar was determined via protocols
described in our previous studies [32,33]. The same group of compounds was also extracted
from soil samples using a similar procedure with slight modifications. PAHs and their
derivatives were extracted via pressurized liquid extraction (PLE) using Dionex 350 system
(Thermo Fisher Scientific, USA). 22 mL stainless steel cells were packed as follows: activated
silica gel mixed with copper, biochar (or soil sample) with ethylenediaminetetraacetic acid, the
internal standard, and glass beads as a fulfillment. PLE was carried out with hexane at 150°C
(2 extraction cycles; flush volume - 60%, the static time - 5 min, purge time - 60s, 1 MPa with
N>). After extraction, iso-octane was added to the extract. The obtained solvent was

concentrated and analyzed via GC-MS/MS (Supporting Information: caption 2.5, Table S1,

Table S2).

D
SELCH+

10% BCWT0O |

0,6, 12, 18 months
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2.4. The bioavailable fraction of PAHs and their derivatives determination in biochar

The bioavailable fraction of PAHs and their derivatives in biochar was determined via protocols
described in our previous studies [6,32—34]. Briefly, the experiment required the application of
polyoxymethylene (POM) passive samplers (4 cm x 4cm, .35 g) which were cleaned,
submerged, and shaken (shaking machine (ELPIN 358A, Poland)) for 24 h in methanol, then
in n-heptane, and Millipore water. Prepared POMs were rinsed with Millipore water and stored
in a glass bottle at 4°C. Biochar, the aqueous solution of sodium azide, and POMs were placed
in Erlenmeyer flasks. Flasks were rolled on a rotary shaker (ROTAX 6.8 VELP Scientifica
(Italy)) for 30 days at 10 RCF. Then, POM samplers were cleaned with distilled water and
extracted via 1/4 acetone/heptane (v/v) with the addition of deuterated 16 USEPA PAHs for 48
hours. After this period, iso-octane was added, and the extract was concentrated using a rotary
vacuum concentrator (RVC 2-25 CD plus (Martin Christ, Germany)). Then, GC-MS/MS
analysis was conducted (Supporting Information, caption 2.5). The concentration of the
bioavailable fraction of PAHs and their derivatives was calculated according to the calculation

described in [6].

3. Results and discussion

3.1. The content of total fraction and bioavailable of PAHs and their derivatives in
biochar

3.1.1. The total fraction of PAHs and their derivatives in biochar

The obtained biochars were characterized by a very diverse content of PAHs (Table 1); but the
presence of PAHs derivatives in BC was confirmed (Table 1, Table S3). In BCZ samples the
total content of PAHs varied between 90.16 + 4.13 ug g'! (BCZ500) and 125.83 +5.76 ug g’
(BCZ600). The percentage distribution of compounds differing in the number of aromatic rings
is very similar in BCZ samples. 2-ring species constituted 44.36%-49.47% (for BCZ500 and

BCZ700) with the west majority of naphthalene (form 44.08 +2.02 ug ¢! to 54.80 + 2.51 ug

10
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g'! for BCZ500 and BCZ600, respectively). 3-ring species accounted for 22.64% (BCZ500) —
26.93% (BCZ700), and the most abundant were acenaphthylene, acenaphthene, and fluorene.
4-, 5-, 6-ring PAHs were in the range 10.63%- 14.48%, 10.85%-17.08%, and 0.80%-1.85%.
Pyrene and benzo[a]fluoranthene were the most prevalent. In all SSLZ-derived BCs, only 2-
rings N-PAHs were quantified (1-methyl-5-nitronaphthalene and 1-methyl-6-nitronaphthalene)
and they were in the range of 2.72 + 0.13 pug g'! (BCZ500) and 5.30 + 0.24 ug g"! (BCZ600)
(Supporting Information, Table S3). It is worth stressing that PAHs derivatives were determined

at a significantly lower (generally 2 orders of magnitude lower (Table 1)) concentration range.

Table 1. The concentration of the total and bioavailable fraction of PAHs and their derivatives

in biochar used during the experiments.

<LOD- below the limit of detection; red highlight— the highest level, blue highlight — the lowest level

The The The The
The The concentration | concentration | concentration | concentration
Sample concentration | concentration of of total of of of bioavailable
description | of total PAHs | total X16PAHs PAHs bioavailable | bioavailable PAHs
+SD [ugg'] +SD [ugg'] | derivatives £ | ZPAHs+SD | Z16PAHs= | derivatives %
SD [ug g'] [ng L] SD [ng L''] SD [ng L'']
BCZ500 90.16 £4.13 79.47 +3.64 272+£0.13 | 33.50+1.22 | 3345+1.22 0.81 £0.03
BCZ600 125.83 £5.76 107.16 £4.91 530+£024 | 3998+1.46 | 39.71 £1.45 1.90 £ 0.07
BCZ700 110.04 £5.04 96.65 +4.43 4.01+£0.18 | 38.33+1.40 | 38.22+1.40 0.94 £ 0.03
BCW500 | 151.55+6.94 144.00 + 6.59 1.48 +£0.07 3.51 £0.20 3.34£0.20 0.25 £ 0.01
BCW600 | 181.08 +8.29 171.36 +7.85 1.92 +0.09 3.17+0.15 292 +0.14 0.48 £0.02
BCW700 | 158.02+7.24 148.27 £ 6.79 431 +0.20 3.53+£0.17 3.30£0.16 0.48 +£0.02
BCD600 57.36 £2.63
BCF600 134.01 £6.14 75.49 +3.46 11.89+0.54 | 3.67+0.17 3.53+£0.17 0.32 £0.02
BCS600 145.21 £ 6.65 2840+ 1.30 | 2.56+0.11 236 +£0.10 0.83 £0.03

In willow-derived BC the total fraction of PAHs was higher than in SSLZ-derived BC

(and amounted to 181.08 + 8.29 ug ¢! (BCW600) (Table 1). The biochar obtained at 600°C
was distinguished by the highest content of PAHs, thus it was chosen in Experiment 2.
Generally, 2- and 3-ring PAHs accounted for 34.08% - 37.97% with naphthalene,

acenaphthylene, and acenaphthene as the most abundant. 4-ring PAHs constituted 21.07%-
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22.18% of all PAHs with the west majority of pyrene (13.72% - 13.99% of all PAHs). The rest
of the PAHs accounted for 5.68%-6.91% of all quantified PAHs. Among PAHs derivatives,
only nitroacenaphthalene was quantified and amounted to 1.48 +0.07 pg g, 1.92+0.09 pg g
I and 4.31 £0.20 ug g'1 for BCW500, BCW600, and BCW700 (Supporting Information, Table
S3). Although the BCW contained a higher amount of total PAHs than BCZ, the content of
their derivatives was lower, thus the amount of determined PAHs derivatives cannot be directly
connected with the content of pristine PAHs.

In the BCD600 sample (as well as in BCF600) 4-ring PAHs were the most abundant,
then in descending order were 3-rings (32.86%), 2-rings (8.90%), 5-rings (3.76%), and 6-ring
PAHs (0.80%) (Table 1). Among determined PAHs, benzo[a]fluorene (4 rings), 6-
methylchrysene (4 rings), acenaphthene (3 rings), and 5-methylchrysene (4 rings) were noted
at the highest level. The concentration of PAHs derivatives was below the limit of detection. In
BCF600 there were no 6-ring PAHs quantified. 2-, 3-, 4-, and 5-ring compounds constituted
7.16%, 36.59%, 37.69%, and 18.56%. Among them, the most abundant were (in descending
order) fluorene, benzo[a]fluorene, 3,6-dimethylphenanthrene, dibenz[a,h]anthracene, and
benzo[a]antracene. In the case of PAHs derivatives, only O-PAHs were quantified (4H-
cyclopenta(def)phenanthrene — 93.11% and 9,10-anthracenedione — 6.89%) (Supporting
Information, Table S3). It is worth stressing that N-PAHs were not noted in wood-derived
material.

In BCS600 (Table 1), the content of the total fraction of PAHs amounted to 145.21 +
6.65 ug g!'. The value was rather in the middle of all plant-derived BC, but the content of
Y16PAHs was the lowest. Thus, the majority constituted the compounds outside the USEPA -
listed PAHs. It indicated that the determination of only 16 PAHs is insufficient in some cases.
2- and 3-ring PAHs accounted for 50.91% and 41.54%, whereas other PAHs constituted the

minority. As it was in the case of the bioavailable fraction, among all plant-derived biochars,
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the highest content of PAHs derivatives was detected in BCS600 — being the same compounds
as quantified in the bioavailable fraction (Supporting Information, Table S3).

3.1.2. The bioavailable fraction of PAHs and their derivatives in biochars

Biochars were obtained from two types of feedstock: sewage sludge (BCZ500, BCZ600,
and BCZ700) and plants (willow (BCW500, BCW600, and BCW700), residues from hardwood
(BCD600) and softwood (BCF600)). Moreover, in the case of SSLZ-derived and willow-
derived BC, three pyrolysis temperatures were applied. Therefore, both the effects of feedstock
and the temperature of pyrolysis on the total and bioavailable fraction of PAHs and their
derivatives in soil enriched with biochar can be investigated.

SSL-derived BC was characterized by the highest content of bioavailable PAHs and
their derivatives (Table 1). The concentration of bioavailable PAHs in sewage sludge-derived
BC amounted to 33.50 + 1.22 ng L1,39.98 + 1.46 ng L' and 38.33 + 1.40 ng L for BCZ500,
BCZ600, and BCZ700, respectively (Table 1, Table S3). No obvious effect of pyrolysis
temperature on the bioavailability of PAHs and their derivatives was noted. In described
samples, 2-ring PAHs were the most abundant and accounted for about 90% of all PAHs with
the vast majority of naphthalene (90.64%, 89.15%, and 90.02% of all PAHs). The 3-ring species
constituted =9% of all PAHs with such representatives as acenaphthylene, acenaphthene, and
fluorene (8.92%, 9.64%, and 9.26% of all PAHs). The sum of 4-, 5-, and 6-ring analytes
constituted a minority (0.39%, 0.68%, and 0.66%, respectively). It should be highlighted that
the content of pyrene was higher than other 4-, 5-, and 6-ring species. In all samples (BCZ500,
BCZ600, BCZ700), two and three-rings PAHs derivatives were quantified (1-methyl-5-
nitronaphthalene, 1-methyl-6-nitronaphthalene, 9,10-anthracenedione (in BCZ700 additionally
4H-cyclopenta(def)phenanthrene-as the only respresentative of 4-ring species)). The total
content of derivatives amounted to 0.81 £ 0.03 ng L', 1.90 + 0.07 ng L', and 0.94 + 0.03 ng L-

' for BCZ500, BCZ600, and BCZ700, respectively, and derivatives with 2 aromatic rings were
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prevalent (95.71%, 89.81%, and 72.70% of all derivatives) (Supporting Information Table S3).
It can be seen that the increase in the pyrolysis temperature did not result in increased
bioavailability of PAHs and their derivatives in biochar. However, the derivatives concentration
was as low as 2.4% - 4.75% of the content of bioavailable pristine PAHs in BCZ.

In willow-derived biochar, the bioavailable fraction of PAHs amounted to 3.51 + 0.20
ng L1, 3.17 + 0.15 ng L'}, and 3.53 + 0.17 ng L"! for BCW500, BCW600, and BCW700,
respectively (Table 1). The contents of the 2-ring species were below the limit of detection.
However, 3-ring PAHs were the most prevalent (almost 98% of all PAHs), and the majority of
them were acenaphthylene, acenaphthene, and fluorene (94.90%, 91.44%, and 93.29% of all
PAHs in BCW500, BCW600, and BCW700, respectively). The rest of the PAHs constituted
1.58%, 2.22%, and 1.50%. The total contents of derivatives are presented in Table 1. Only 4-
ring derivatives (nitropyrene and 4H-cyclopenta(def)phenanthrene) were quantified with the
vast majority (approximately 97% of all derivatives) constituting O-PAHs derivatives
(Supporting Information, Table S3).

Although the BCD600 and BCF600 samples were obtained from wood (softwood-
BCD600 and hardwood-BCF600), the concentration of PAHs and their derivatives as well as
the distribution of analytes varies (Table 1, Table S3). The bioavailable fraction of PAHs
amounted to 2.21 +0.11 ng L' (BCD600) and 3.67 +0.17 ng L' (BCF600). The concentration
of 2-ring PAHs was below the limit of detection in BCD600, while in BCF600 naphthalene (as
the only representative of 2-ring PAHs) constituted the majority (54.07% of all PAHs).
BCD600 was characterized by the highest concentration of 3-ring species (98.64% of all
quantified PAHs), while in BCF600 they constituted 44.63% (with the highest contents for
acenaphthylene, acenaphthene, and fluorene for both biochars). The rest of the PAHs accounted

for less than 1.5%. In BCD600 any of the PAHs derivatives were quantified. While in BCF600
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only O-PAHs were (9,10-anthracenedione and 4H-cyclopenta(def)phenanthrene) (Supporting
Information Table S3).

In Experiment 3, wheat straw-derived biochar was also applied. Among all plant-
derived biochars, BCS600 was distinguished by the highest content of PAHs derivatives
(bioavailable fraction - 0.83 + 0.03 ng L'!). Whereas the content of pristine PAHs was rather
low, but the ratio determined PAHs derivatives to pristine PAHs was 0.32 indicating high
content of PAHs derivatives. Among parent PAHs, 3-ring species constituted the majority
(96.78% of all PAHs). Then in descending order were 4-, 6-, and 5-ring compounds (3.03%,
0.13%, and 0.06%, respectively). There were no 2-ring PAHs detected. Considering PAHs
derivatives, both N- and O-PAHs were detected, namely 1-methyl-5-nitronaphthalene, 1-
methyl-6-nitronaphthalene, and 4H-cyclopenta(def)phenanthrene. Among them, 4-ring species
constituted 69.20%, and 2-ring derivatives 30.80% (Supporting Information Table S3). It can
be concluded that the presence and bioavailability of PAHs derivatives in biochar cannot be
directly related to the pyrolysis temperature or content of pristine PAHs.

3.2. The content of PAHs and their derivatives in biochar-amended soil
3.2.1. Experiment 1 — a pot experiment

Applied soil (without amendment) as well as soil alone after grass cultivation did not
contain any of PAHs and their derivatives e.g. the concentrations were below the limit of
detection (Figure 2, Table S4). The soil enriched with biochar contained a small amount of
PAHs (0.022 — 0.062 pg g') but did not contain any PAHs derivatives. In biochar-amended
soil, 2-, 3-, and 4-ring PAHs were quantified and in all enriched samples the concentration of
naphthalene was above the limit detection with the highest content in soil+BCD600 sample
(0.015 £ 7.2:10* ug g, and the lowest in so0il+BCW500 sample and soil+BCF600 sample
(7.5:10°% £ 3.5-10* ug g™1). In soils enriched with SSL-derived and willow-derived biochar also

acenaphthylene, acenaphthene (except soil+BCZ700), and pyrene were determined. The
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qualitative analysis of the other two samples (soil+BCD600 and soil+BCF600) differs from
described above. In soil mixed with BCD600 acenaphthylene, anthracene, benzo[a]anthracene
and 6-methylchrysene were quantified, while in soil with BCF600, the concentration of 2-
phenylnaphthalene, acenaphthene, fluorene, and pyrene were determined (Supporting

Information Table S5).
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Fig. 2. The expected content of the total fraction of PAHs in BC-amended soils (model system
calculated as 0.5% of the content of particular PAHs in initial biochars) vs. the quantified

content of the total fraction of PAHs in samples.

The concentration of the total fraction of PAHs in biochar amounted to 90.16-125.83
ug g for BCZ samples and 57.46 — 181.08 ug g' for plant-derived biochars (BCW500,
BCW600, BCW700, BCD600, BCF600). Considering the total concentrations of PAHs and
their derivatives in studied biochars and the fact that soils were enriched with 0.5% biochar
(w/w), the concentration of total PAHs should bring down to 0.45-0.63 pug g and 0.29-0.91 ug
gl respectively. However, the obtained concentration of PAHs in soils with additions
constitutes only 4.00%-4.88%, 3.53%-4.05%, 21.62%, and 5.67% of model/expected value (i.e.
0.5% of initial contents in biochars) for BCZ, BCW, BCD600, and BCF600 samples. The
results obtained in Experiment 1 indicate clearly that the BC addition to soil may lead to an
increase in the content of PAHs. But the content of PAHs derivatives was below LOD.

The studies on PAHs and derivatives content in the soil indicated that besides pristine

PAHs, N-PAHs, O-PAHs, and N/S/O-heterocyclic PAHs in soil samples from residential,
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recreational, smoking, and industrial areas of Newcastle (Australia) were noted [35]. In the
recreational soils, the total concentrations of Y9 heterocyclic-PAHs ranged from 37 ng g!' —
216 ng g’!, 3 70-PAHs: from 357 — 2790 ng g!, Y3NPAHs: from 60— 890 ng ¢! and PAHs:
5567 — 100931 ng g'. However, soil collected from industrial areas was characterized by a
higher concentration of Y9 heterocyclic-PAHs: 52.9 ng g'! — 6240 ng g!, > 70-PAHs: 377 —
11536 ng g, Y3NPAHs: max. value 3795 ng g! and PAHs: 2509 — 392932 ng g'!. Considering
all results (total and individual concentrations) they also presented the most likely sources of
contamination, e.g. road coal tar abrasions, vehicular emission, coal contamination, and
gaswork activities [35]. In surface soil samples collected from the Yangtze River Delta region,
the total concentration of PAHs, N-PAHs, and O-PAHs ranged from 21.0-3563.2 ng g’!, 0.4-
4.6 ng g!, and 2.1-834.1 ng g’!, respectively [36]. Moreover, the most abundant derivatives
were 9-fluorenone, anthraquinone, and 1-nitronaphthalene [36]. Wilcke et al. [37] studied the
concentration of PAHs and their derivatives (oxygenated PAHs, azaarenes) in soils along a
2100-km north—south transect in Argentina. They found that the concentrations of X29PAHs,
~150PAHSs, and Z4AZAs ranged from 2.4-38 ng g !, 0.05-124 ng ¢!, and <LOD to 0.97 ng
g !, respectively [37]. On the other hand, Bandowe et al. [38] found that along a 20-km transect
from a metal mining and metallurgical industrial complex in Uzbekistan, the contents of X29
PAHs and X16 US-EPA PAHs were in the range 41-2670 ng g' and 29-1940 ng g,
respectively. The highest content was noted in the location close to the copper smelting factory.
They compared their results with the limit values set in the regulations of Switzerland and
Germany, and the content of PAHs in only one soil exceeded these guidelines [38].
Nevertheless, the obtained results were generally low even though they originated from
locations affected by several decades-long heavy industrial activities [38].

Considering our previous work (corresponding to the biological (BA) and enzymatic
(EA) aging of biochar — the model experiments) [39], microorganisms present in the soil as
well as the enzymatic processes affect the content of the total fraction of PAHs and their
derivatives. In most cases, the content of the total fraction of analytes in biochars aged with
microbial inoculum or model enzyme (horseradish peroxidase) decreased significantly (approx.
2-5 times considering PAHs and even 16 times considering PAHs derivatives in BCW600)
(except in biochars obtained from residues from softwood and hardwood). The results obtained
from Experiment 1 can be compiled with those obtained after biological and enzymatic aging,
and it could be an explanation for the low content of analytes. The results from the model
experiments proceeded earlier [39] closely correspond with those obtained during short-term

biochar application into the soil. Moreover, enzymatic and biological aging affects the
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physicochemical characteristic of biochar. The EA increased whereas the BA decreased the
content of C% and H% in BC. And both of the artificial agings decrease the H/C ratio, which
means a drop in the aromatization of pyrolyzed materials [39]. The changes were statistically

significant. Both agings affect the morphology, structure, and surface composition of biochars.
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Fig. 3. The percentage distribution of PAHs (differing in the number of aromatic rings) in initial

biochars vs. in biochar-amended soils in Experiment 1.

Moreover, the percentage distribution of PAHs in biochar and biochar-amended soils
changed. In initial biochars, all groups of PAHs (2-, 3-, 4-, 5-, and 6-rings species) were
detected. Whereas, after the pot experiment, only 2-, 3, and 4-ring PAHs were quantified. In
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the case of soils enriched with BCW500, BCW600, BCZ500, and BCZ700, the content of 2-
ring compounds decreased (Fig. 3). While in other examples, the content increased. The soil
fertilization with biochar increased the content of 3-ring PAHs in all cases. In the case of 4-ring
species, an increase was observed in soil enriched with BCW700, BCZ500, and BCZ600. The
results indicated that biochar addition into soil increased the content of PAHs in biochar-
amended soils. Moreover, the amount of PAHs depends on the type of feedstock and the
temperature of pyrolysis. Thus, the agricultural and environmental safety of biochars depends

mostly on these two parameters.
3.2.3. Experiment 2 — a field experiment

The content of BC in soil may affect the concentration of PAHs and their derivatives.
Thus, during Experiment 2 various levels (30 t ha™! and 45 t ha!) of BCS into the soil were
added. At the beginning of the Experiment, PAHs content was below LOD in all samples. But
during the Experiment, the content of analytes increased in both control and enriched soils

(Figure 4, Table S6).

0.16 —

I control
0.12 —| | [N soil+30BCS600
[ soil+45BCS600

0.08 —

PAHSs content [ug g-']

0.04 —

<LOD
0 days 21 days 107 days 474 days

Fig. 4. The changes in PAHs content in soil and biochar-amended soil during Experiment 2.

In the case of control samples, the content of PAHs increased from <LOD to
0.082+0.005 pg g' (474 days) (Table S5). The majority constituted 3-ring species (66.67%,
76.19%, and 57.58% after 21, 107, and 474 days). Then, in descending order were 2-ring PAHs
(from 19.05% to 27.27%), and 4-ring PAHs. The concentration of 5- and 6-ring compounds
was below LOD. The addition of BCS600 increased the content of PAHs. The lower level of
enrichment increased the concentration from 0.033+0.002 pg g! to 0.112+0.006 ug ¢!, and the
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higher from 0.057+0.003 pg g to 0.160+0.008 pg g!. But the distribution of the particular
groups of PAHs differing in the number of aromatic rings remained similar (as in the case of
the control samples). Among two-ring species, only naphthalene and 1,3-di-iso-
propylnaphthalene were detected, thus, among 3-ring PAHs only acenaphthene, anthracene,
and 9-methylphenanthrene were quantified. The greatest increase was observed during the
initial stages of the Experiment. The total fraction of PAHs increased significantly from the
level <LOD to 0.022 +0.001 pg g!, 0.033+0.002 ug g, and 0.057+0.003 pg ¢! in control, X,
and Y. Then, after 104 days the contents increased by 133.40%, 199.63%, and 180.56% for
control, X, and Y samples. The continuation of Experiment 2 increased the content of PAHs by

57.06%, 15.04%, and 63.39%, respectively.

3.2.3. Experiment 3— a field experiment

The content of the total fraction of PAHs and their derivatives in control samples
(without amendment) (A-see Fig.1)) was below the LOD. In all cases, the extension of the time

of the experiment increases the content of studied groups of compounds (Figure 5, Table S7).
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Fig. 5. The changes in the PAHs and their derivatives content during a field experiment

(Experiment 3). * below the limit of detection (LOD). B, C, D — as in Fig. 1.

The total fraction of PAHs in sewage sludge-enriched soils (B) amounted to 0.055 ug g’!

(0 months) to 0.115 pg g' (18 months). Only 2- and 3-ring PAHs were quantified. The
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percentage content of 2-ring species decreases whereas, the content of 3-ring PAHs increases
during the experiment. There were no quantified PAHs derivatives. The soil fortified with
SSLCH and biochar (2.5%) contained from 0.023 pg g (0 months) to 0.065 pg g! (18 months)
of PAHs. The changes in the percentage content of 2-, 3, and 4-ring PAHs were not tendentious
and correlated (5- and 6-ring species did not quantified). They constituted from <LOD to
11.54%, from 30.77% to 50.00%, and from 43.75% to 57.69%, respectively. Among the two-
ring species, only naphthalene was quantified. The experiment did not affect straight the
percentage distribution of PAHs. Some additional mechanisms (e.g. including the
microorganism's activity, enzymatic processes, or physical and chemical factors [33,39]) must
be considered. The biochemical processes occurring in soil may change the physicochemical
properties of biochar which consequently may lead to the release of blocked PAHs. On the
other hand, the content of PAHs derivatives in initial sample C (soil with SSLCH and 2.5%
BCW700-0 months) was below the limit of detection. Whereas after 6, 12, and 18 months, it
increased from 0.0025 ug g! (6 mths) to 0.0075 ug g (18 mths). Among them, both N-and O-
PAHs were quantified (namely nitroacenaphthalene and 9,10-anthracenedione). The higher
dose of biochar (soil + SSLCH and 10% biochar) caused an increase in the content of the total
fraction of PAHs from 0.048 ug ¢! (0 mths) to 0.092 pg ¢! (18 mths). Naphthalene (as the only
representative of 2-ring PAHs) constituted from <LOD to 3.70% of all PAHs, whereas 3- and
4-ring accounted for 15.79-22.22% and 74.07-84.21%, respectively. There were no 5- and 6-
ring species quantified. The content of PAHs derivatives also increased through Experiment 2
from 0.010 pg g' (0 mths) to 0.027 pg g' (18 mths). In initial samples (0 months) only
nitroacenaphthalene, 9,10-anthracenedione, 2-methylpyrene were quantified. Whereas in the
last samples (18 months) nitroacenaphthalene, 1-methyl-5-nitronaphthalene, 1-methyl-6-
nitronaphthalene, 9,10-anthracenedione, 2-methylpyrene, and 4-methylpyrene were determined
with the first one as the most abundant. The increase in the mass of added biochar as well as
the time of biochar application increased the content of PAHs and their derivatives. Moreover,
the increase of PAHs was directly proportional to the amount of added biochar.

Several papers presented the effect of biochar addition into soils. The addition affects the
physical, chemical, and biological parameters of enriched soils. But significantly fewer
Researchers focus on the contaminants which may be introduced into soils when biochar is
added. Rombola et al. [40] studied the changes in PAHs contents in soil alone and soil enriched
with biochar obtained from orchard pruning biomass (Pirus communis, Malus domestica,

Persica vulgaris, Vitis vinifera) via slow pyrolysis process at 500°C. The content of analyte in
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the control sample has remained stable (24 + 3 ng g ' at the beginning and 23 + 3 ng g ! after
35 months), whereas in biochar-amended soil the concentration of PAHs decreased (153 + 38
ng g !initially and 78 + 20 ng g ! after almost 3 years) [40]. Ku$mierz et al. [41] also studied
the effect of biochar addition into the soil on PAHs contents. The straw-derived biochar was
introduced in the following doses: soil without fertilization, soil with 30 t ha'!, and soil with 45
t ha'! of biochar. Control soil contained 0.239 pg g”' PAHs when the biochar addition resulted
in an increase in the analyte contents to 0.526 ug g'and 1.310 ug g''in 30 and 45 t ha'! biochar-
amended soil. Moreover, during a 2.5-year experiment, PAHs contents decreased significantly
even to the lever of control soil. In BC-amended samples, a significant increase in the contents
of the PAHs (fluorene, phenanthrene, and pyrene) was observed, and these PAHs
concentrations in the biochar were also high [41].

Researchers found that in soil systems the concentration of 2- or 3-ring PAHs decreases
faster than the concentration of PAHs with four to six rings [42]. In our case, the content of 5-
and 6-ring species, decreased to the level below LOD. Moreover, some plant root exudates
facilitate the release of PAHs from BC [43,44]. The changes in PAHs and their derivatives
content in biochar-amended soils can be closely related to the changes in physicochemical
characteristics of biochars caused by microbial activity, enzymes [39], or physical and chemical
factors [33].

During Experiment 1, various factors affected the biochar (its physicochemical
composition and PAHs and derivatives content), such as soil matrices, day/night sun cycle, the
constant water content, the grass cultivation. But the temperature remained constant (room
temperature), thus obtained results were strictly related to the data obtained during the artificial
biological and enzymatic aging. However, during Experiments 2 and 3, in addition to the above-
mentioned, also the changes in the temperature (large temperature fluctuation), in the water
content (drought/rainfall), freezing and thawing events, and unregular day/night cycles
occurred. Moreover, live plant and animal organisms' activity and rich soil matrix affect the soil
as well as biochar. Thus, the results obtained during Experiments 2 and 3 can be related to the
data obtained after the artificial physical aging [33]. The freeze-thaw cycles (which lasted 6
months) increased the content of the total fraction of PAHs and derivatives in willow- and
sewage sludge-derived biochar (whether the pyrolysis temperature was, 500°C, 600°C or
700°C) [33]. The chemical aging increased the content of analytes in sewage-sludge-derived
biochar and decreased it in willow-derived biochar. Both, physical and chemical aging affects

the physicochemical characteristics of biochar (e.g. porosity, the content of some base elements
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(C, O)). The changes led to the biochar oxidation and removal of the labile components from

the crushed and fragmented surface [33].

Conclusions

The results indicate that during biochar production besides PAHs, their more toxic derivatives
are formed. The problem is that the application of biochar into the soil may be connected with
the introduction of PAHs and their derivatives. It was established that initial biochar was
characterized by low (up to 28.4+1.3 ug g') content of derivatives and the amount of
determined PAHs derivatives cannot be directly connected with the content of pristine PAHs
in biochar. The increase in the pyrolysis temperature did not result in increased bioavailability
of PAHs and their derivatives in biochar. During soil amendment, the concentration of PAHs
(originating from biochars) decreased during the short-term agricultural application of
pyrolyzed material, however, increased in long-term field experiments. Moreover, the amount
of PAHs depends on the type of feedstock and the temperature of pyrolysis. Thus, the
agricultural and environmental safety of biochars depends mostly on these two parameters. A
significant increase in the content of PAHs and their derivatives (N-and O-PAHs) was noted
when biochar was applied simultaneously with sewage sludge as fertilizer up to 0.092 pg g!

(18 mths).
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2.2. Soil experiments (preparation, enrichment with biochars)

Experiment 2 — a field experiment

SSLCH and BCW700F were mixed with soil with the usage of a rotatory tiller with an
operating depth of 22 + 2 cm and a width - 185 cm. The prepared mixtures of SSLCH and
BCW700F or SSLCH alone were applied to the soil during spring tillage operations before
sowing. The spring wheat (Triticum aestivum L.) was planted from the third week of March to
the first week of April, depending on the weather. The seeding rate was 450 seeds per m?, due
to the low class of the soil. The certified seeds with a germination rate of 97.2% were used.
Before the experiment, the soil was amended without using any pesticides, chemicals, or other

mineral fertilizers.

After the experiment, all soil samples were taken according to the PN-ISO 10381-
2:2007P (2002). From each plot, the 10 sub-samples were taken from the entire length of the
arable layer of soil (25 - 30 cm) using a stainless steel corer (2 cm in diameter). Next, the 10

sub-samples from each plot were mixed to obtain a representative sample.

2.5. GC-MS/MS measurement

Qualitative and quantitative measurements of PAHs and their derivatives were performed
using a gas chromatograph hyphenated with a triple quadruple tandem mass spectrometer
detector (GCMS-TQ8040; Shimadzu, Kyoto, Japan) equipped with a ZB5-MSi fused-silica
capillary column (30 m % 0.25 mm i.d., 0.25 pm film thickness; Phenomenex, Torrance, CA,
USA) and an AOC-20i+s type autosampler (Shimadzu). The helium (grade 5.0) and argon
(grade 5.0) were applied as a carrier and collision gas, respectively. The chromatographic
conditions were adjusted as follows: column flow -1.56 mL/min, the volume of injection - 1
uL. The injector was working in high-pressure mode (250.0 kPa for 1.5 min; column flow at
initial temperature was 4.90 mL/min) at the temperature of 310°C; the ion source temperature
was 225°C. The qualitative and quantitative analyses were conducted with full scan mode

(range 40-550 m/z) and SIM (Single Ion Monitoring) mode, respectively.

Table S1. Chemical characteristics of analyzed compounds.

No. Compound CAS™ MwW® Formula

1 Naphthalene* 91-20-3 128.17 CoHs

2 1,3-di-iso-propylnaphthalene 57122-16-4 212.33 Ci6Hao
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28 Indenol[1,2,3-cd]pyrene* 193-39-5 276.33 CpH»

29 Benzo[ghi]perylene* 191-24-2 276.33 CxpHi»
30 Dibenzo[a,h]anthracene* 53-70-3 278.10 CypHi4
31 Dibenz[a,e]pyrene 192-65-4 302.37 CuHis
32 Dibenz[a,h]pyrene 189-64-0 302.37 CyuHi4
33 Dibenz[a,i]pyrene 189-55-9 302.37 CyHyy
34 Dibenz[a,l]pyrene 192-65-4 302.37 CyuHi4
N- and O-PAHs
35 Nitronaphthalene 86-57-7 173.16 C,0H/NO,
36 1-Methyl-5-nitronaphthalene 91137-27-8 187.19 C1HyNO,
37 1-Methyl-6-nitronaphthalene 105752-67-8 187.19 C,;HoNO,
38 9,10-Anthracenedione 84-65-1 208.21 C.Hz0O,
4H-
39 203-64-5 190.24 CisHyo

cyclopenta(def)phenanthrene

40 Nitropyrene 5522-43-0 247.25 Ci6HoNO,

Onumerical identifier assigned by the Chemical Abstracts Service (CAS)

@MW -molecular weight

* PAHs belonging to 16PAHs which have been classified by the United States Environmental
Protection Agency (USEPA) as priority pollutants [1].

Table S2. The qualitative and quantitative parameters of PAHs and O/N-PAHs analysis.

Confirmati OD* 00+
o e LOD L
Quantification ion .
No. Compound (v onion
Z) [ LE] -1
ngL7] [mgL']
(m/z)

1 Naphthalene 128 102 1.01 3.36
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29 Benzo[ghi]perylene 276 138 1.33 4.43
30 Dibenzo[a,h]anthracene 278 139 2.21 7.36
31 Dibenz[a,e]pyrene 302 151 1.89 6.29
32 Dibenz[a,h]pyrene 302 151 1.89 6.29
33 Dibenz[a,i]pyrene 302 151 1.89 6.29
34 Dibenz[a,l]pyrene 302 151 1.89 6.29
N- and O-PAHs
35 Nitronaphthalene 173 127 241 8.03
36 1-Methyl-5-nitronaphthalene 187 115 1.21 4.03
37 1-Methyl-6-nitronaphthalene 187 115 1.21 4.03
38 9,10-Anthracenedione 208 180 1.44 4.80
39 4H-cyclopenta(def)phenanthrene 190 94 3.01 10.02
40 Nitropyrene 247 201 1.66 5.53

*-LOD — limit of detection; **-LOQ — limit of quantitation; LOD and LOQ were not

calculated via Kpop; LOD and LOQ were considered to be signal-to-noise ratios equal to 3

and 10, respectively.



Table S3. The total fraction of PAHs and their derivatives in biochars (n=3; n-number of replicates).

Sample description

No. Compound BCZ500 BCZ600 BCZ700 BCW500 BCW600 BCW700 BCD600 BCF600 BCS600
Analyte concentration [pg g

1 Naphthalene 44.08 £2.02 54.80 +£2.51 50.22 +£2.30 52.75+2.42 62.28 £2.85 56.96 +2.61 <LOD 9.37+0.43 0.24 £0.01
2 1,3-di-iso-propylnaphthalene <LOD <LOD <LOD 0.72 £0.03 0.88 £0.04 1.24 +£0.06 511+0.23 <LOD 4.43+0.20
3 2-Phenylnaphtalene <LOD 1.26 +0.06 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 12.47 £0.57 15.09 £0.69 16.01 £0.73 2217 +£1.02 25.12+1.15 20.13+0.92 4.87+0.22 2.34+0.11 15.62+0.72
5 Acenaphthene 2.14+0.10 3.10+0.14 2.68+0.12 3230 +1.48 3734+ 1.71 31.12+£1.43 9.31+0.43 6.73 +£0.31 18.27+0.84
6 Fluorene 4.44 +0.20 8.30+£0.38 10.00 + 0.46 <LOD 0.42 +£0.02 0.66 £ 0.03 4.43+0.20 19.46 +0.89 <LOD
7 Anthracene <LOD 0.42 £0.02 <LOD 3.08 £0.14 3.32+0.15 1.94 +£0.09 <LOD <LOD 1.48 +£0.07
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
9 3-Methylphenanthrene 0.080 = 0.004 0.060 £ 0.003 0.080 = 0.004 <LOD 0.24 £0.01 <LOD <LOD 4.88+0.22 2728 £1.25
10 2-Methylphenanthrene <LOD 0.12+£0.01 <LOD <LOD 0.22 £0.01 <LOD 0.24 £0.01 0.72£0.03 10.96 +0.50
11 9-Methylphenanthrene 0.52 £0.02 1.02 £0.05 0.28 +£0.01 <LOD <LOD <LOD <LOD 0.22 £0.01 <LOD
12 3,6-dimethylphenanthrene 1.28 +£0.06 242 +0.11 0.86 +0.04 <LOD <LOD <LOD <LOD 1491 +£0.68 0.32 £0.02
13 Fluoranthene <LOD <LOD 0.24 +£0.01 1.48 £0.07 1.98 £0.09 1.70 £0.08 <LOD <LOD 0.46 £ 0.02
14 Pyrene 5.92+0.27 8.30+0.38 8.09 +£0.37 20.79 £0.95 25.10+1.15 22.11+1.01 <LOD 1.24 +0.06 <LOD
15 2-Methylpyrene 0.82 £0.04 1.10 £ 0.05 1.48 £0.07 0.20+£0.01 0.24 +£0.01 0.32+0.02 0.32+0.02 <LOD 6.33+0.29
16 4-Methylpyrene 0.28 +£0.01 1.96 £0.09 4.07+0.19 0.24 £0.01 0.30 +£0.01 0.42 £0.02 0.82 £0.04 <LOD 2.30+0.11
17 Benzo[a]fluorene 0.24 +0.01 0.56 +£0.03 0.22+0.01 5.47+0.25 6.02 +0.28 5.93+0.27 12.21 £0.56 16.28 £0.75 16.27 +£0.75
18 Benzo[a]anthracene 1.24 £0.06 1.98 £0.09 0.62 =0.03 3.32£0.15 5.14+0.24 3.08+0.14 <LOD 11.47 £0.53 12.04 £ 0.55
19 Chrysene <LOD 0.24+0.01 <LOD 0.44 £0.02 0.92 +0.04 1.48 £0.07 <LOD <LOD 2.24+£0.10




20 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD <LOD 0.82 +£0.04 6.21 +0.28 10.02 + 0.46
21 5-Methylchrysene 1.08 +0.05 1.92+£0.09 1.22+£0.06 <LOD <LOD <LOD 6.28 £0.29 4.98 £0.23 8.85+0.41
22 6-Methylchrysene <LOD 0.66 +0.03 <LOD <LOD <LOD <LOD 10.35+0.47 10.33£0.47 1.82+£0.08
23 Benzo[a]fluoranthene 4.98 +0.23 9.72 £0.45 6.21 £0.28 <LOD 0.28 £0.01 <LOD 0.22 +£0.01 0.24 £0.01 <LOD
24 Benzo[b]fluoranthene 5.56+0.26 6.30£0.29 298 +0.14 <LOD 0.22+0.01 <LOD <LOD <LOD <LOD
25 Benzo[k]fluoranthene 2.22+0.10 2.28+0.10 1.52+0.07 <LOD 0.34 +£0.02 <LOD <LOD <LOD <LOD
26 Benzolj]fluoranthene 0.10£0.01 0.26 £0.01 0.18+0.01 <LOD 0.12+£0.01 <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene <LOD 0.52+£0.02 <LOD 6.29 +£0.29 7.34£0.34 8.25+0.38 1.94 £0.09 10.23 £0.47 0.38 +0.02
28 Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD 0.88 +0.04 1.10+0.05 0.52 +£0.02 <LOD <LOD 4.03+£0.19
29 Benzo[ghi]perylene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1.88 +0.09
30 Dibenzo[a,h]anthracene 1.98 +0.109 242+0.11 1.06 +0.05 0.52+£0.02 0.68 +0.03 0.308 £0.01 <LOD 14.41 +0.66 <LOD
31 Dibenz[a,e]pyrene 0.72 +0.03 1.04 £0.05 2.04 +£0.09 0.82 +0.04 1.16 £0.05 1.22+£0.06 0.22+0.01 <LOD <LOD
32 Dibenz[a,h]pyrene <LOD <LOD <LOD 0.060 + 0.003 0.183+0.01 0.24 +0.01 0.24 +0.01 <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD 0.040 + 0.002 0.14+0.01 0.38 +£0.02 <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs

35 Nitronaphthalene <LOD <LOD <LOD 1.48 £0.07 1.92 +0.09 4.31+0.20 <LOD <LOD <LOD
36 1-Methyl-5-nitronaphthalene 1.28 +£0.06 242+0.11 2.10+0.10 <LOD <LOD <LOD <LOD <LOD 1.88 £0.09
37 1-Methyl-6-nitronaphthalene 1.44 +0.07 2.88 £0.13 1.92 £0.09 <LOD <LOD <LOD <LOD <LOD 2.32+£0.11
38 9,10-Anthracenedione <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.82 +£0.04 <LOD
39 4H-cyclopenta(def)phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD 11.07 £0.51 2420+ 1.11
40 Nitropyrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD

<LOD-belowe the limit of detection




Table S4. The bioavailable fraction of PAHs and their derivatives in biochars (n=3; n-number of replicates)

Sample description

No. Compound BCZ500 BCZ600 BCZ700 BCW500 BCW600 BCW700 BCD600 BCF600 BCS600
Analyte concentration [ng L]
1 Naphthalene 3036+ 1.11 35.65 £ 1.30 3451+1.26 <LOD <LOD <LOD <LOD 1.98 +0.09 <LOD
) 1,3-di-iso- <LoD LoD <Lob <LOD <LOD <LOD <LoD <LoD LoD
propylnaphthalene
3 2-Phenylnaphtalene <LOD 0.16 £5.4-10° <LOD <LOD <LOD <LOD <LOD <LOD <LOD
4 Acenaphthylene 1.55+0.06 1.81+0.07 1.91 +0.07 1.64£0.12 0.77 £ 0.04 0.38 £0.02 0.24 +0.01 0.15+0.01 0.86 +0.04
5 Acenaphthene 1.02 +0.04 1.46 +0.05 0.97 +0.04 1.06 £0.05 1.16 £ 0.05 1.72£0.09 1.45+0.08 0.58 £0.03 1.49 +0.07
6 Fluorene 0.41 £0.02 0.59 £0.02 0.67 +0.02 0.62+0.03 0.97 £0.05 1.19 £ 0.06 0.33 +£0.02 0.79 + 0.04 <LOD
7 Anthracene <LOD 0.015+6.0-10* <LOD <LOD <LOD <LOD 0.10+5.0-10° <LOD <LOD
8 Phenanthrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
9 | 3-Methylphenanthrene | 2.8:107°+9.4-10° | 3.0-10°£9.9:-10° | 3.910%+9.9:10° | 0.12+5.0-107 0.17+7.410° [9.910%£4.5:10° <LOD 0.045+2.1-10° | 0.130£6.2:10°
10 | 2-Methylphenanthrene | 2.8:10°+9.4:10° | 2.0-10°+9.9-10™ <LOD <LOD 0.030£1.2:107 <LOD <LOD <LOD <LOD
11 | 9-Methylphenanthrene | 5.6:107+1.9-10% | 0.014+4.9:10* | 3.010°£9.9-107 <LOD <LOD <LOD <LOD <LOD <LOD
12 36 4310%+1.410* | 0.016+5.6:10* | 6.0-10%+2.2:10* <Lop <Lop 0.086 4.0-10° 0.64+3.410° | 0.072+3.3:10° <LOD
dimethylphenanthrene
13 Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
14 Pyrene 0.85 £3.1-10° 0.16 £ 6.0-10° 0.16 £5.8:10° <LOD <LOD <LOD <LOD <LOD <LOD
15 2-Methylpyrene 0.016 +5.7-10™ 0.025+9.0-10* 0.034 + 1.3:10° 0.024 £7.6:10™ 0.027+1.3:10° | 0.023 £7.3-10"* <LOD <LOD 0.023 +1.1-107
16 4-Methylpyrene 0.010 +3.9-10* 0.036 £ 1.3-107 0.045 £ 1.6-107 <LOD <LOD <LOD 2.7-10° £3.6:107 <LOD 0.030 + 1.4-107
6.2:10° £2.1-10* | 9.710° £4.5-10* [7.6:10° £2.5:10" 72107 £ 6.1-10° £3.1-10°
17 Benzo[a]fluorene 5310%£1.810° | 2.1:10° £ 7.5:10° | 1.6:10° £5.6:107 8.3-10° £ 4.7-10™ 3410 }
18 Benzo[a]anthracene 45107 +£1.7-10% | 0.012+4.2:10* | 4.0-10° £ 1410 <LOD <LOD <LOD <LOD 0.014£6.610* | 7.3:10° £3.4-10°




19 Chrysene <LOD 15107 +5.510° | 6.6:10%+2.2:10° | 6.5:10° +3.0-10* | 5.6:10° +2.6:10" <LOD <LOD <LOD <LOD
20 3-Methylchrysene <LOD <LOD <LOD 43107 £1.9-10" | 4.8-10° + 1.9-10* {5.2:107 £2.5:10" <LOD 14.010° + 1.8-10* B.9:10° +1.9-10"*
21 5-Methylchrysene 7.1-10°£2.810° | 3.1-10° £ 1.1-10* | 9.0-10* £ 3.0-10° <LOD <LOD <LOD <LOD <LOD <LOD
22 6-Methylchrysene 1.410%+£7.1-10° | 46107 +1.7-10* | 4510%+£1.510° | 7.6:10° £2.810* | 8.9-10° +4.1-10* [4.3:10°£1.9.10* | 0.015+8.0-10* [0.012+5.410* [7.6:10° +3.6-10*
23 | Benzo[alfluoranthene | 4.6-10° +1.7-10* | 7.0-10° +2.6:10* | 1.2:10° +4.2:10° | 3.9:10° £ 1.8:10* | 6.8:10° £2.7-10* [5.0-10° £2.4-10" [2.8-10° + 1.3:10™* P.0-107° + 9.4-10° [1.5:10° +9.8:10°
24 | Benzo[b]fluoranthene | 6.5-107 +2.4:10% | 9.7-10° +3.5:10* | 5.2:10°+1.9-10* | 24107 £7.0-10° | 2.8:10° £9.9-10° [3.9-10” + 1.8:10" <LOD <LOD <LOD
25 | Benzo[k]fluoranthene | 2.8:10°+1.0-10* | 3.2.10° +1.2:10* | 1.9-10%+7.0-10° <LOD <LOD <LOD <LOD <LOD <LOD
26 | Benzo[jlfluoranthene | 1.2:10*+3.0-10° | 3.8:10*+1.3-10° | 4.8:10*+1.6107 <LOD <LOD <LOD <LOD <LOD <LOD
27 Benzo[a]pyrene 3.7-10%+£1.2-10° | 2.1-10% £ 7.5-10° | 6.510° +3.3:10° <LOD <LOD <LOD 7.2:10*+3.1-10° B.9-10° + 1.8:10™ <LOD
28 | Indeno[1,2,3-cd]pyrene <LOD <LOD <LOD <LOD 2.2:10% £ 1.2:107 <LOD 2.4:10*+ 1.3-10° 9.4:10*£5.0-10° p.2:10° £ 1.0-10™
29 |  Benzo[ghi]perylene <LOD <LOD <LOD 1.0:10° £2.9-10” | 2.3-10° £8.0-10° [1.9:107 £5.2:107 <LOD 6.4-10*+£3.2:10° [1.1-10° £8.2:10°
30 | Dibenzo[ah]anthracene | 6.0-10%+2.1-10° | 6.6:10* £2.4-107 <LOD <LOD 2.0110°£9.1-10° [1.8:10° £5.0-10° <LOD 3.3-10° + 1.5-10™ <LOD
31 Dibenz[a,e]pyrene 2.410°+8.9-107 | 3.3-10°+1.2:10% | 5.2:10°5+1.9-10° <LOD <LOD <LOD <LOD <LOD <LOD
32 Dibenz[a,h]pyrene 4.510°+1.5:107 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
33 Dibenz[a,i]pyrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
34 Dibenz[a,l]pyrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
N- and O-PAHs
35 Nitronaphthalene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
36 I-Methyl>- 0.35+0.01 0.94 +0.03 033 +0.01 <Lop <Lop <Lop <LOD <Lop 0.13+4.0-10°
nitronaphthalene
37 1-Methyl-6- 0.42 +0.01 0.77 £ 0.03 0.36 +0.01 <Lop <Lob <Lob <LOD <LOD 0.12+5.410°
nitronaphthalene
38 | 9,10-Anthracenedione | 0.035+1.2:107 0.19+7.310° 0.25 £0.01 <LOD <LOD <LOD <LOD 0.057 +5.7-107 <LOD
39 - <LOD <LOD 2.2:107 + 1.0-10™* 0242001 0470022 047002 <LOD 0.27 +0.01 0.58 +0.02

cyclopenta(def)phenanth




rene

40 Nitropyrene <LOD <LOD <LOD 8.2:10°+2.2:10* | 0.013+6.9-10° | 0.012+5.9-10* <LOD <LOD <LOD
<LOD-belowe the limit of detection
Table S5. The total fraction of PAHs in biochar amended soils (n=3; n-number of replicates) — Experiment 1.
Sample
No. Compound Soil’ Soil' Soil+BCZ500" Soil+BCZ600" Soil+BCZ700" Soil+BCW500" Soil+BCW600" Soil+BCW700" Soil+BCD600" Soil+BCF600'
Concentration [pg g
4 4 4 3 4 4 4 4 | 7.510°%+3.5:10*
1 Naphthalene <LOD | <LOD 0.010 £4.5-10 0.012+5.8:10 0.010 £4.8:10 7.510° £4.0-10 0.010 +4.8-10 0.012 £5.5:10 0.015 +7.2:10
2 | 2ph 25107 + 1.3-107
-Phenylnaphtalene | <LOD | <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
3 Acenaphthylene <LOD | <LOD 7.5-10% +3.8-10* 7.510° +4.0-10* 0.010+4.5:10* 0.010 £4.5:10* 7.510°+3.510* | 7.510°+3.510* | 0.012+5.7-10* <LOD
4 Acenaphthene <LOD | <LOD 2.510°+1.0-10* 2.510°+1.0-10* <LOD 7.510° +3.810* 0.010 +4.3-10" 5.0-10° +£2.3-10* <LOD 0.013+6.0-10*
5 Fluorene <LOD | <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 75107 £4.0-10°
6 Anthracene <LOD | <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.027 £ 1.3:10° <LOD
7 Pyrene <LOD | <LOD 2.510°+1.510* 5.0-10° +2.510* 2.510%+1.3-10* | 5.0-10°+2.8:10* | 5.0-10°+2.5:10* | 7.510°+4.0-10* <LOD 7.510° +3.8:10*
8 Benzo[a]anthracene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.0-10° £2.2-10* <LOD
9 Chrysene <LOD | <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
10 | 6-Methylchrysene | <LOD | <LOD <LOD <LOD <LOD <LOD <LOD <LOD 25103+ 1510 <LOD
Total <LOD | <LOD 0.022+1.1-10° 0.027 + 1.3:10° 0.022+1.0:10° 0.030+ 1.5:10° 0.032+1.5:10° 0.032+1.5:10° 0.062+3.0-10° | 0.038+1.9-10°

¥ soil before grass cultivation; '50il/BC amended soil after grass cultivation; <LOD-belowe the limit of detection




Table S6. The total fraction of PAHs in biochar amended soils (n=3; n-number of replicates) — Experiment 2 — part 1.

Sampling after:

0 months 6 months
No. Compound
A B C D A B C D
Concentration [ug g']
1 Naphthalene <LOD 2.510°+1.0-10* <LOD <LOD <LOD 5.0-10° +£2.3-10* 2.510°+1.0-10* <LOD
2 Acenaphthylene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
3 Acenaphthene <LOD 5.0-10%£2.5-10* <LOD <LOD <LOD 75107 £3.810* 25107+ 1.3-10* <LOD
1,3-di-iso-
4 <LOD 2.510°+1.5-10* <LOD <LOD <LOD 2.510°+1.510* <LOD <LOD
propylnaphthalene
5 Fluorene <LOD <LOD <LOD 5.0-10° £2.3-10* <LOD <LOD 25107+ 1.0-10* 5.0-10° +2.3-10*
6 Anthracene <LOD 2.510° +1.5-10* <LOD 2.510°+1.3-10* <LOD 2.510°+1.510* <LOD 2510°+1.3-10*
3-
7 <LOD 5.0-10°+2.510* [7.510°+3.3-10* <LOD <LOD 7.5:10° +£3.5-10* 0.010+5.3-10" <LOD
Methylphenanthrene
2-
8 <LOD 25107 +1.2:10* [2.510°+1.5-10* <LOD <LOD 2.510°+1.3-10* 5.0-10° +2.8:10* <LOD
Methylphenanthrene
9 | 2-Phenylnaphtalene <LOD 0.027 £ 1.3:10° <LOD <LOD <LOD 0.028 £+ 1.3-10° <LOD <LOD
3,6-
10 | <LOD 75107 £3.0-10* <LOD <LOD <LOD 0.010+6.0-10™ <LOD <LOD
dimethylphenantrene
11 Fluoranthene <LOD <LOD 5.05-10° +2.5-10"* 0.010 +4.5-10* <LOD <LOD 5.0-10° +2.8-10* 0.010 +4.5-10™
12 Pyrene <LOD <LOD 1.5:10°+£1.3-10* | 7.510°+3.810* <LOD <LOD 25107+ 1.0-10* 7.5:10° +3.8:10*
13 Chrysene <LOD <LOD 1.510%+ 1.5-10* <LOD <LOD <LOD 2.510%+ 1.5:10* <LOD
14 | 3-Methylchrysene <LOD <LOD 1.5:10° £ 1.3-10* 0.010 +4.8-10* <LOD <LOD 5.0-10°+£2.0-10* 0.010 +4.8-10"
15 | 5-Methylchrysene <LOD <LOD <LOD 7.510° £3.8-10* <LOD <LOD 2510% £ 1.0-10* 7.510% +£3.810*
16 | 6-Methylchrysene <LOD <LOD <LOD 5.0-10°+£2.510* <LOD <LOD <LOD 5.0-10°+£2.5-10*




17 | Nitroacenaphtalene <LOD <LOD <LOD 5.0-10° £2.3-10* <LOD <LOD 2510°+1.510* 5.0-10°+£2.3-10*
1-Methyl-5-
18 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
nitronaphtalene
1-Methyl-6-
19 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
nitronaphtalene
9,10- 3 4 3 4
20 <LOD <LOD <LOD 2510°+£1.3-10 <LOD <LOD <LOD 2510% £ 1.3-10°
Anthracenedione
21 2-Methylpyrene <LOD <LOD <LOD 25107 £ 1.3-10* <LOD <LOD <LOD 2510+ 1.3-10*
22 4-Methylpyrene <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
<LOD-belowe the limit of detection
Table S7. The total fraction of PAHs in biochar amended soils (n=3; n-number of replicates) — Experiment 2 — part 2.
b
Sampling after:
12 months 18 months
No. Compound
A B C D A B C D
Concentration [ug g']
1 Naphthalene <LOD 0.010 +4.3-10™ 2510°+1.0-10* | 2.510°+1.3-10* <LOD 0.015+9.0-10* 7.5:10° £3.5:10* 2.510%+1.3-10*
2 Acenaphthylene <LOD 25107+ 1.3-10* <LOD <LOD <LOD 2.510°+1.3-10* <LOD <LOD
3 Acenaphthene <LOD 0.010+5.8-10" 5.0-10°+2.0-10* | 2.510°+1.3-10* <LOD 0.010+5.5-10" 5.0-10°+2.3-10* 5.0-10° +£2.0-10*
1,3-di-iso-
4 <LOD 2.5:10% +1.3-10* <LOD <LOD <LOD 2.5:10% +1.5-10* <LOD <LOD
propylnaphthalene
5 Fluorene <LOD <LOD 2510°+12:10*| 7.510°£4.0-10* <LOD <LOD 2.510% + 1.3-10* 7.5:10° +4.0-10*
6 Anthracene <LOD 0.030 + 1.6:10° <LOD 2.510° +1.3-10* <LOD 0.030 + 1.5:10° <LOD 2.510°+1.3-10*
3-
7 <LOD 0.010 +5.3-10* 0.010+5.5-10" <LOD 2.510% + 1.3-10* 7.5107 +3.8-10* 7.5:10° +3.5:10* 5.0-10% +2.3-10*

Methylphenanthrene




2-

8 <LOD 5.0-10°£23-10* |5.0-10° £2.7-10"* <LOD <LOD 5.0-10% £2.0-10* 5.0-10%£2.3-10* <LOD
Methylphenanthrene
9 | 2-Phenylnaphtalene <LOD 0.030+ 1.6:10° <LOD <LOD <LOD 0.030+ 1.6:10° <LOD <LOD
3,6-
10 <LOD 0.010+6.3-10* <LOD <LOD <LOD 0.012+7.810* <LOD <LOD
dimethylphenantrene
11 Fluoranthene <LOD <LOD 7.510°£3.7-10* 0.010£5.0-10* <LOD <LOD 7.5107%£3.510* 0.015+7.310*
12 Pyrene <LOD <LOD 7.510° +£3.5-10* 0.018 +8.3-10™ <LOD <LOD 7.5:10° +£3.5:10* 0.025 £ 1.3-10°
13 Chrysene <LOD <LOD 5.0-10%£2510% | 25107 +1.310* <LOD <LOD 0.010 £4.810™ 5.0-10%£2.3-10*
14 | 3-Methylchrysene <LOD <LOD 5.0-10° £2.0-10* 0.010+4.8-10* <LOD <LOD 5.0-10° £2.5-10* 0.012+5.8:10°*
15 | 5-Methylchrysene <LOD <LOD 2510°£1.0-10* |  7.5-10° +£4.0-10* <LOD <LOD 7.5:10° +3.3-10* 7.5:10° +3.8:10*
16 | 6-Methylchrysene <LOD <LOD <LOD 25107+ 1.3-10* <LOD <LOD 5.0-10%+£2.510* 5.0:10°+2.3-10*
17 | Nitroacenaphtalene <LOD <LOD 2510°£1.510*| 5.010°+23-10* <LOD <LOD 25107+ 1.3-10* 0.010£5.3-10*
1-Methyl-5- i
18 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 25107 £ 1.3-10°
nitronaphtalene
1-Methyl-6- \ 4
19 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 25107 £ 1.3-10°
nitronaphtalene
9,10- 3 4 3 4
20 <LOD <LOD 25107 £ 1.510*| 2510°+1.3-10* <LOD <LOD 25107 +1.3-10 50107 £2.3-10°
Anthracenedione
21 2-Methylpyrene <LOD <LOD <LOD 5.0-10° £23-10* <LOD <LOD <LOD 5.010°£2.3-10*
22 4-Methylpyrene <LOD <LOD <LOD 25107 +1.3-10* <LOD <LOD <LOD 25107 +1.3-10*

<LOD-belowe the limit of detection

Table S8. The total fraction of PAHs in biochar amended soils (n=3; n-number of replicates) — Experiment 3 — part 1.

Compound

Sampling after:




0 days 21 days
control X Y control X Y
Concentration [ug g']
1 Naphthalene <LOD <LOD <LOD 25107 £ 1.0-10* 5.0-10° £2.5-10* 5.0-10%£2.2-10*
2 Acenaphthylene <LOD <LOD <LOD <LOD <LOD <LOD
3 Acenaphthene <LOD <LOD <LOD 5.0-10°+£2.7-10* <LOD 0.012+6.7-10*
1,3-di-iso- 5 u s u
4 <LOD <LOD <LOD 2510°+1.2-10 5.0-10% £2.0-10 2.510%+1.0-10*
propylnaphthalene
5 Fluorene <LOD <LOD <LOD <LOD <LOD <LOD
6 Anthracene <LOD <LOD <LOD 7.510°£3.7-10* 0.015+9.0-10* 0.017 £1.1-10*
3-
7 <LOD <LOD <LOD <LOD <LOD <LOD
Methylphenanthrene
2-
8 <LOD <LOD <LOD <LOD <LOD <LOD
Methylphenanthrene
9-
9 <LOD <LOD <LOD 2.510°+1.2:10* 5.0-10°+2.510* 7.5:10° £4.0-10*
Methylphenanthrene
10 | 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD <LOD
3,6-
11 <LOD <LOD <LOD <LOD <LOD <LOD
dimethylphenantrene
12 Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
13 Pyrene <LOD <LOD <LOD <LOD <LOD <LOD
14 Benzo[a]fluorene <LOD <LOD <LOD <LOD <LOD <LOD
15 Benzo[a]anthracene <LOD <LOD <LOD <LOD <LOD <LOD
16 Chrysene <LOD <LOD <LOD 25103 +1.2:10* 2.510°+1.0-10* 5.0-10°+3.0-10*
17 | 3-Methylchrysene <LOD <LOD <LOD <LOD <LOD 25107+ 1310
18 | 5-Methylchrysene <LOD <LOD <LOD <LOD <LOD 2.510% %1310
19 | 6-Methylchrysene <LOD <LOD <LOD <LOD <LOD 25107+ 1510




<LOD-belowe the limit of detection

Table S8. The total fraction of PAHs in biochar amended soils (n=3; n-number of replicates) — Experiment 3 — part 2.

Sampling after:
104 days 474 days
No. Compound
control X Y control X Y
Concentration [ug g']
1 Naphthalene 2.510°+1.3-10* 7.510°+4310* | 7.510°+4.0-10* 7.510° +4.0-10* 0.010 +6.2:10* 0.010 +5.8:10"
2 Acenaphthylene <LOD <LOD <LOD <LOD <LOD <LOD
3 Acenaphthene 5.0-10° +3.0-10* 0.010+5.5:10* 0.018 £ 1.0-10° 5.0-10° +£2.810* 0.013+6.5:10* 0.023 £ 1.2:10°
1,3-di-iso- 3 4 3 4 4 4 3
4 75107 +4.0-10 0.020 + 1.2:10° 0.015+9.3-10° 0.015+9.5:10" 0.017 £9.2:10° 0.028 + 1.4-10°
propylnaphthalene
5 Fluorene <LOD <LOD <LOD <LOD <LOD <LOD
6 Anthracene 0.022 +1.2:10* 0.025+1.3:10° 0.030 = 1.5:10° 0.025 £ 1.3:10° 0.027 £ 1.4-10° 0.035+2.0-10°
3-
7 <LOD <LOD <LOD <LOD <LOD <LOD
Methylphenanthrene
2-
8 <LOD <LOD <LOD <LOD <LOD <LOD
Methylphenanthrene
9-
9 0.012+7.3-10* 0.017 £ 1.1-10° 0.023 +1.2:10° 0.017 +1.1-10° 0.022 +1.3:10° 0.030 + 1.6:10°
Methylphenanthrene
10 | 2-Phenylnaphtalene <LOD <LOD <LOD <LOD <LOD <LOD
3,6
11 <LOD <LOD <LOD <LOD <LOD <LOD
dimethylphenantrene
12 Fluoranthene <LOD <LOD <LOD <LOD <LOD <LOD
13 Pyrene <LOD 2510°+1.310* [2.510°+1.0-10* 25103 +1.510* 2.510°+1.0-10* 5.0-10°+2.5-10*




14 Benzo[a]fluorene <LOD <LOD <LOD <LOD <LOD <LOD
15 Benzo[a]anthracene <LOD <LOD <LOD <LOD <LOD <LOD
16 Chrysene 25107 £ 1.0-10* 5.0-10%£2.510* [7.510° £3.8-10* 5.0-10° £2.8-10* 5.0-10° £2.7-10* 7.5107 £4.0-10*
17 | 3-Methylchrysene <LOD 25107+ 1.3-10*  [5.0-10° £2.3-10"* 2.510° + 1.0-10* 5.0-10° +2.2:10* 7.5:10° +3.8:10*
18 | 5-Methylchrysene <LOD 25107+ 1.3-10* | 7.510°+4.3-10* <LOD 5.0-10° £3.0-10* 7.5107 £4.0-10*
19 | 6-Methylchrysene <LOD 5.0-10°+2.0-10* |5.010°+2.3-10* 2.510°+1.3-10* 5.0-10° +2.510* 7.5:10° +4.0-10*

<LOD-belowe the limit of detection
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cyklu prac opublikowanych w czasopismach naukowych.

...............................................................
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