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|. Zrodla finansowania

Badania, wchodzace w skiad pracy doktorskiej, byly realizowane w ramach projektu
zatytutowanego: ,,Strategie oczyszczania wod powstajacych w procesie podziemnego
zgazowania wegla i innych procesOw, bazujace na sorbentach weglowych
I bioremediacji” (akronim: UCGWater+) finansowanego z Funduszu Wggla 1 Stali
(nr projektu 101033964) oraz z projektow Ministerstwa Nauki i Szkolnictwa Wyzszego
0 numerach 5198/FBWiS/2021/2 i 5211/FBWiS/2021/2.

\ Ministerstwo Nauki UCG Wm‘

i Szkolnictwa Wyzszego

Research Fund
for Coal & Steel

Il. Wspolpraca

I ::ﬁtxt«:':f Glowny Instytut Gornictwa-Panstwowy Instytut Badawczy
S Plac Gwarkow 1

40-166 Katowice

ITPE Instytut Technologii Paliw i Energii
ul. Zamkowa 1

41-803 Zabrze

UNIWERSYTET SLASKI Uniwersytet Slaski
W KATOWICACH ul. Bankowa 12
40-007 Katowice
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I11. Spis publikacji wchodzacych w sklad rozprawy doktorskiej

Artykuty wiodace:

1. Jalowiecki k., Borgulat J., Strugata-Wilczek A., Jastrzebski J., Matejczyk M., Ptaza G.
Insights into bacterial diversity in industrial post-processing water from underground
coal gasification (UCG) process. Archives of Environmental Protection 2024, 50(2),
32-41. https://doi.org/10.24425/aep.2024.150550 (I1F2024 = 1,5; MNIE = 100).

2. Jalowiecki L., Strugata-Wilczek A., Ponikiewska K., Borgulat J., Ptaza G., Stanczyk K.
Constructed wetland as a green remediation technology for the treatment of wastewater
from underground coal gasification process. PLoS ONE 2024, 19(3): e0300485
https://doi.org/10.1371/journal.pone.0300485 (IF2024 = 2,9; MEIN = 100).

3. Jalowiecki L., Borgulat J., Strugata-Wilczek A., Glaser M., Ptaza G. Searching of
phenol-degrading bacteria in raw wastewater from underground coal gasification
process as suitable candidates in bioaugmentation approach. Journal of Ecological
Engineering 2024, 25(2), 62-71. https://doi.org/10.12911/22998993/176143 (IF2024 =
1,3; MEIN = 100).

4. Jalowiecki L., Borgulat J., Strugata-Wilczek A., Stanczyk K., Jastrz¢bski J., Babis W.,
Ptaza G. A look at biofilm on the coal waste-derived adsorbent enhanced wetland
system. Ecohydrology & Hydrobiology 2025,
https://doi.org/10.1016/j.ecohyd.2024.12.005 (IF2024 = 2,7; MEIN = 100).

Artykuty uzupetniajace:

1. BorgulatJ., Ponikiewska K., Jalowiecki L., Strugata-Wilczek A., Ptaza G. Are wetlands
as an integrated bioremediation system applicable for the treatment of wastewater from
underground coal gasification processes? Energies 2022, 15: 4419.
https://doi.org/10.3390/en15124419 (IF2024 = 3.0; MEIN = 140).

2. Strugata-Wilczek A., Jalowiecki L., Szul M., Borgulat J., Ptaza G., Stanczyk K. A
hybrid system based on the combination of adsorption, electrocoagulation, and wetland
treatment for the effective remediation of industrial wastewater from underground coal
gasification (UCG). Journal of Environmental Management 2024, 371: 123180.
https://doi.org/10.1016/j.jenvman.2024.123180 (IF2024 = 8.0; MEIN = 200).

Na rozprawe doktorska sktadaja sie:

e 4 opublikowane wiodace prace oryginalne o tacznym IF =8,4 oraz o sumie pkt. MEIN=
400

e 2 opublikowane prace uzupehiajgce o tagcznym IF = 13.0 oraz o sumie pkt. MEIN =
340.
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IV. Cel pracy i koncepcja badan

CEL BADAWCZY:

Ocena efektywnosci ukladu wetlandowego w usuwaniu zanieczyszczen organicznych

I nieorganicznych z wod poprocesowych z podziemnego zgazowania wegla (PZW).

CEL UTYLITARNY:

Opracowanie procesu oczyszczania sciekoOw z podziemnego zgazowania wegla (PZW) przy

wykorzystaniu skutecznego i efektywnego systemu wetlandowego, zdolnego do usuwania

szerokiego spektrum zanieczyszczen zarowno zwigzkow organicznych i nieorganicznych, przy

ograniczeniu zuzycia energii i zasobow naturalnych.

CELE SZCZEGOLOWE:

1.

Okre$lenie gatunkéw ro$lin  najlepiej przystosowanych do réznych warunkow
srodowiskowych 1 rodzajow zanieczyszczen, zdolnych do efektywnego usuwania
zanieczyszczen 1 tworzenia korzystnych warunkow dla rozwoju mikroorganizmow.
Opracowanie systemu wetlandowego, dostosowanego do rodzaju zanieczyszczen
w $ciekach z PZW.

Ocena efektywnos$ci usuwania zanieczyszczen organicznych 1 nieorganicznych
w opracowanym systemie wetlandowym na podstawie analiz fizykochemicznych
i toksykologicznych.

Charakterystyka mikrobiologiczna wod poprocesowych  wykorzystujac  metody
mikrobiologii tradycyjnej i molekularnej.

Identyfikacja 1 charakterystyka bakterii wystgpujacych w zanieczyszczonych wodach
poprocesowych 1 ocena ich aktywnosci w procesie bioaugmentacji $ciekéw
koksowniczych: aspekt aplikacyjny otrzymanych wynikow.

Poréwnanie efektywnosci ukladu wetlandowego w polaczeniu z metodami
fizykochemicznymi: elektrokoagulacja i adsorpcja w usuwaniu zanieczyszczen.
Charakterystyka mikrobiologiczna biofilmu karbonizatu - odpadu z PZW wykorzystanego

jako adsorbent w uktadzie wetlandowym.
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PYTANIA BADAWCZE:

1. Jakie gatunki ro$lin i bakterii s3 najbardziej efektywne w usuwaniu okre§lonych
zanieczyszczen ?

2. Jakie sg optymalne parametry techniczne dla funkcjonowania systemu wetlandowego
w skali pottechnicznej ?

3. Czy uktad wetlandowy jest skuteczny w usuwaniu zaro6wno zanieczyszczen organicznych,
jak i nieorganicznych ?

4. Jakie sg ograniczenia i mozliwos$ci zastosowania systemow wetlandowych w oczyszczaniu
sciekow przemystowych ?

5. Jakie sg perspektywy rozwoju technologii wetlandowych, w réznych dziedzinach, takich

jak oczyszczanie $ciekow przemystowych czy ochrona srodowiska ?
HIPOTEZA BADAN:

Mozliwe jest oczyszczenie $ciekdw z podziemnego zgazowania wegla (PZW) metodami

biologicznymi.
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OMOWIENIE UZYSKANYCH WYNIKOW
WPROWADZENIE
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V. Wprowadzenie

Proces podziemnego zgazowania wegla (PZW) uwazany jest za jedng z perspektywicznych
technologii wykorzystania zasobow wegla nie nadajacych si¢ do eksploatacji metodami
tradycyjnymi. W procesie tym, w warunkach in situ, z wegla powstaje gaz syntezowy zwany
syngazem. Syngaz jest mieszaning metanu, wodoru i tlenkow wegla, ktory jest wydobywany
na powierzchni¢ 1 moze mie¢ zastosowanie w energetyce i/lub przemysle chemicznym, m.in.
do produkcji paliw, energii elektrycznej, ciepta i/lub jako surowiec chemiczny. W trakcie badan
teoretycznych i przy wdrozeniach rozwijajacych technologic PZW wykazano, ze jest ona
technicznie wykonalna i ekonomicznie, spotecznie oraz srodowiskowo optacalna. Technologia
podziemnego zgazowania wegla byla przez wiele lat przedmiotem licznych badan
pilotazowych 1 eksperymentéw na terenach goérniczych catego $wiata. Duze programy
badawcze PZW rozpoczely sie w latach 50. XX wieku w Zwiagzku Radzieckim, a nast¢pnie,
w latach 70. i 80. XX wieku w Stanach Zjednoczonych oraz w latach 80. XX wieku rozpoczeto
intensywne badania w Chinskiej Republice Ludowej (Perkins, 2018). Obecnie, na calym
swiecie, w tym w Chinach, Indiach, Wielkiej Brytanii, Stowacji, Polsce, prowadzone sg liczne
badania w kierunku rozwoju technologii PZW, w celu umozliwienia jej szerokiego
I komercyjnego zastosowania, a niektore kraje, takie jak Australia, Wielka Brytania, Kanada,
Nowa Zelandia i Stany Zjednoczone, wprowadzaja juz przepisy licencyjne dotyczace tego
procesu (Couch, 2009).

W Polsce, pierwsze proby eksperymentalnych proceséw PZW przeprowadzono
w Glownym Instytucie Gornictwa (GIG) w latach 2007-2010. Po 2010 roku, w Centrum
Czystych Technologii Weglowych GIG, zaprojektowano i1 zbudowano zaawansowang
eksperymentalng instalacje do symulacji procesu PZW w warunkach ex situ. Zespot
naukowcow z GIG-u przeprowadzit liczne procesy podziemnego zgazowania wegla
wykorzystujac rézne rodzaje wegla, od poétantracytu do ortolignitu, oraz rézne czynniki
gazyfikujagce 1 rézne parametry techniczne procesu (Wiatowski 1 wsp., 2015; Mocek 1 wsp.,
2016; Kapusta, 2021; Wiatowski i wsp., 2023). Proces gazyfikacji wegla przeszedt dluga droge
od pierwszych prob w bylym Zwiazku Radzieckim do opracowania zlozonych instalacji
z zintegrowang gazyfikacja w uktadzie taczonym lub wychwytywaniem i sktadowaniem CO:
(Edgar i wsp., 1981; Burton i wsp., 2006; Liu i wsp., 2007; Perkins, 2018; Xu i wsp., 2021).

Glowne zalety PZW to przede wszystkim, jest to proces przyjazny §rodowisku i daje
mozliwo$¢ wielokierunkowego wykorzystania gazu zaréwno do produkcji energii elektrycznej,

jak i dla sektora chemicznego. PZW eliminuje potrzebe wydobycia wegla oraz zagrozenia dla
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gornikdéw 1 degradacje srodowiska, nie wymaga wysokonaktadowej infrastruktury. Sprawia
réwniez, ze glebokie lub trudno dostgpne poktady wegla staja si¢ uzytecznymi zasobami
energetycznymi. Jak oszacowano tylko jedna szésta do jednej 6smej Swiatowych rezerw wegla
nadaje si¢ do ekonomicznego wydobycia (Wiatkowski 1 wsp., 2023). Natomiast, wsrod wad
PZW nalezy wymieni¢ przede wszystkim: brak petnej kontroli procesu eksploatacji, negatywny
wplyw na $rodowisko naturalne obejmujgce zanieczyszczenie warstw wodonosnych
produktami spalania oraz osiadanie powierzchni terenu, dziatanie trujgce 1 wiasnos$ci
wybuchowe powstajacych substancji gazowych, ograniczone mozliwosci monitorowania
skutkow eksploatacji i reagowania na powstajace dla srodowiska zagrozenia.

Ryzyko s$rodowiskowe technologii PZW zwigzane jest gltownie z potencjalnym
negatywnym wplywem procesu na wody podziemne oraz wody powierzchniowe. Zagrozenie
srodowiska wystepuje zar6wno w czasie prowadzenia procesu, jak i po jego zakonczeniu, gdzie
powstaja liczne zanieczyszczenia organiczne i nieorganiczne. W procesie podziemnego
zgazowania wegla powstaja 1 przechodza do $rodowiska wodnego, w tym do waod
poprocesowych, liczne zanieczyszczenia organiczne oraz nieorganiczne. Wiele reakcji
chemicznych, heterogenicznych i homogenicznych, zachodzacych w strefach utleniania,
redukcji 1 pirolizy wpltywaja na uwalnianie zanieczyszczen z weglowych smoét i popiotow
wytwarzanych w procesie uweglania. Scieki przemystowe i szlam z PZW zawieraja znaczna
ilos¢ weglowodoréw alifatycznych 1 aromatycznych, w tym benzen, weglowodory
poliaromatyczne 1 fenole, ale takze amoniak, cyjanki 1 metale (Fergusson, 2015; Grabowski
i wsp., 2021).

Scieki z PZW, wytwarzane gtownie podczas parowania i pirolizy wegla, chtodzenia
gazu 1 procesOW oczyszczania gazu, majg podobny sklad do s$ciekow koksowniczych
I wymagaja ztozonego oczyszczania mechanicznego, chemicznego i biologicznego ze wzgledu
na wysoka zawarto$¢ licznych zanieczyszczen organicznych i nieorganicznych (Osmolski,
2013; Sobolewski i Sciazko, 2016). Nalezy podkresli¢, ze jakos¢ i ilo§¢ otrzymanych $ciekow
PZW ro6zni si¢ w zaleznosci od wielu czynnikéw, takich jak: typ instalacji PZW, parametry
procesu (temperatura i ci$nienie), rodzaj gazyfikowanego wegla i1 jego wihasciwosci, rodzaj
czynnika gazyfikujacego i zastosowanej technologii gazyfikacji. Jak podano w literaturze,
$rednia ilos¢ ,,wyprodukowanych” sciekow wynosi okoto 0,30 kg na 1 kg wegla (Wiatkowski
1 wsp., 2023). W czasie prowadzenia procesu powstajg liczne zanieczyszczenia w postaci
organicznych zwigzkOw aromatycznych m.in.: benzen, toluen, etylobenzen, ksyleny, fenole

oraz wielopierScieniowe weglowodory aromatyczne (WWA). Dodatkowo uwalnianie sa
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znaczne ilosci metali cigzkich z wegla kamiennego oraz z popiotow powstajacych podczas
zgazowania (Grabowski i wsp., 2021; Pankiewicz-Sperka i wsp., 2021). Do niebezpiecznych
zanieczyszczen zaliczy¢ nalezy rowniez amoniak oraz cyjanki. Stezenia poszczegdlnych
zanieczyszczen w Sciekach PZW zmieniajg si¢ znacznie wraz z postepujagcymi fazami procesu.
Niektore parametry fizykochemiczne wahajg si¢ w znacznych zakresach, np. pH waha si¢ od
4,9 do 7,8, ChZT od 48 do 5060 mg O./L i BZT5 od 300 do 4373 mg O2/L, stezenie azotu
amoniakowego waha si¢ od 11 do 7800 mg N/L, a poziom siarczanéw wynosi od 33 do 3220
mg/L. Stwierdzono rowniez wysokie stezenia fenolu od 2 do 3090 mg/L oraz WWA 1 BTEX
odpowiednio, w zakresie 360 - 1912 ug/L i 56 - 5483 ug/L. We wszystkich $ciekach
zaobserwowano st¢zenia cyjankéw na poziomie od 0,5 do 5,7 mg/L (Kapusta i wsp., 2019;
Pankiewicz-Sperka i wsp., 2021; Borgulat i wsp., 2022).

Scieki w PZW stanowig swoistg mieszanke roznych zanieczyszczen i w zwigzku z tym
opracowanie oplacalnych i przyjaznych dla srodowiska proceséw usuwania niebezpiecznych
I ogniotrwatych zwigzkow organicznych ze $SciekOw jest uwazane za priorytetowe wyzwanie
dla zrownowazonego rozwoju przemystu weglowego i pomyslnego zastosowania technologii
PZW w transformacji energetycznej. W literaturze mozna znalez¢ przyktady propozycji
zintegrowanych systemow inzynieryjnych, obejmujacych zaawansowane metody oczyszczania
sciekow z PZW (Burton i wsp., 2006; Yadav 1 wsp., 2021; Grabowski i wsp., 2021; Meena i
wsp., 2021).

Sposrod roznych procesow fizycznych, fizykochemicznych 1 biologicznych, metody
biologiczne, w glownej mierze oparte na naturalnych procesach biochemicznych okazaty si¢
skuteczne w usuwaniu wielu zanieczyszczen zawartych w réznych $ciekach i odpadach
przemystowych (Maiti 1 wsp., 2019; Singh 1 Singh, 2019; Shoukat 1 wsp., 2019; Gupta i wsp.,
2019; Meena i wsp., 2021a; Meena i wsp., 2021b; Jayapal i wsp., 2023). W wyniku licznych
badan opracowano holistyczne podej$cie wykorzystujace aktywno$¢ mikroorganizmoéw oraz
réznych gatunkow roslin ladowych 1 wodnych w biodegradacji zanieczyszczen, polaczenie
fitoremediacji 1 bioremediacji. Takimi przykladami sg obiekty techniczne z ro$linno$ciag
hydrofitowa wykorzystywane do oczyszczania 1 zagospodarowania S$ciekow zwane
wetlandami. Sg one niskokosztowymi, zrOwnowazonymi, fatwymi w obstudze 1 przyjaznymi
dla $rodowiska technologiami skutecznego usuwania roznych zwigzkow organicznych
I nieorganicznych bazujacych na procesach zachodzacych w naturze okeslane jako NBS (ang.
nature-based solutions) (Metcalfe i wsp., 2018; Masi i wsp,. 2018; Parde i wsp., 2021; Vymazal
1wsp., 2021; Vymazal, 2022; Waly i wsp., 2022). Funkcjonuja one jako biofiltry wykorzystujac
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naturalne procesy oparte na interakcjach migdzy mediami, takimi jak zwir, piasek, gleba oraz
ro$linami i mikroorganizmami. W szczegdlno$ci, mikroorganizmy uwazane sg za kluczowy
czynnik w usuwaniu zanieczyszczen ze $ciekéw (Nagda i wsp., 2021).

Wiedza o zbiorowiskach mikroorganizméw funkcjonujacych w ekosystemach
wetlandowych ma istotne znaczenie w monitorowaniu procesOw oczyszczania. Ich rola jest
réwniez kluczowa w funkcjonowaniu 1iwzroscie roslinno$ci oraz w utrzymaniu
zrbwnowazonego rozwoju eckosysteméw wetlandowych, m.in. w obiegu pierwiastkow
biogennych. Systemy wetlandowe sg przyktadem ,,ekoprzemystu”, ktory koncentruje si¢ na
opracowywaniu przyjaznych dla §rodowiska technologii oczyszczania z wykorzystaniem
naturalnych proceséw zachodzacych przy udziale mikroorganizméw i roslin (fitotechnologia).
Wielofunkcyjnos¢ CWs wynika przede wszystkim z ich "naturalnego charakteru".

Jak opisano w literaturze, wiele $ciekow przemystowych oczyszczano za pomoca
procesoOw biologicznych, wérod ktorych wetlandy, jako technologia oczyszczania oparta na
naturze, okazata si¢ dobrym rozwigzaniem (Benny, 2020; Hassan i wsp., 2021; Kiflay i wsp.,
2021; Aregu, 2022; Vymazal, 2022). Zalety oczyszczalni wetlandowych, jako zielonej
I zrownowazonej technologii, zostaty oméwione przez wielu badaczy i zaowocowaty licznymi
zastosowaniami opisanymi w literaturze (Metcalfe i wsp., 2018; Nguyen i wsp., 2019; Sandoval
i wsp., 2019; Saeed i wsp., 2019; Benny i Chakraborty, 2020; Rana i wsp., 2020; Singh
I Chakraborty, 2020; Hassan i wsp., 2021; Kiflay i wsp., 2021; Aregu, 2022; Berego i wsp.,
2022; Younas 1 wsp., 2022). Przeprowadzona analiza literatury wykazata, ze oczyszczalnie
wetlandowe byly wykorzystywane do oczyszczania S$ciekow 1 odpadow z przemystu
weglowego, ale tylko w nielicznych przypadkach (Nguyen i wsp., 2019; Shi 1 wsp., 2022).

Waloryzacja zanieczyszczonych S$ciekow przemystowych, réwniez w kontekscie
czystych technologii weglowych, do ktérych nalezy proces PZW, wydaje si¢ by¢ jednym
z filarbw nowoczesnego 1 odpowiedzialnego przemystu. Wetlandy wzbudzaja ostatnio duze
zainteresowanie badaczy w zakresie oczyszczania | usuwania antropogenicznych
zanieczyszczen ze $ciekow. Pomimo szerokiego zainteresowania, to jednakze doktadniejsze
informacje o funkcjonowaniu i procesach zachodzacych w wetlandach sa nadal nieznane. Nadal
potrzebna jest wiedza na temat projektowania i funkcjonowania wydajnych i skutecznych
systemow wetlandowych w oczyszczaniu $ciekow przemystowych.

W niniejszej pracy doktorskiej podjeto badania dotyczace oczyszczania $ciekow
przemystowych w ekosystemach wetlandowych, zwlaszcza w zakresie usuwania zaréwno

zanieczyszczen organicznych, jak i nieorganicznych w trudnych matrycach, jakimi sg $cieki
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Z procesoOw PZW. Systemy wetlandowe stanowig wielofunkcyjne podej$cie do opracowania
skutecznej remediacji w oczyszczaniu $ciekdw przemystowych, w tym $ciekow z procesow
gazyfikacji wegla. Mozna spodziewac sig, ze odpowiednio zaprojektowane uktady wetlandowe
moga oczyszcza¢ $cieki pochodzace z podziemnego zgazowania wegla, jednak nalezy
zauwazyc¢, ze wysokie stezenia niektorych zanieczyszczen, ktore czgsto towarzysza procesowi
PZW, np. WWA, moga wymaga¢ opracowania nowych parametréow technologicznych takich
jak: dodatkowe napowietrzenie systemu czy tez wydtuzenie czasu retencji hydrauliczne;j.
Poznanie mechanizmoéw oczyszczania 1 na tej podstawie opracowanie metod
oczyszczania $cieckow z PZW stanowi wyzwanie dla biotechnologii i inzynierii srodowiska,
a tylko nieliczne doniesienia naukowe opisujag metody oczyszczania Sciekéw z PZW (Nguyen
i wsp., 2019; Shi i wsp., 2022). Opracowanie metody oczyszczania $ciekow z PZW zmniejsza
ryzyko tegoz procesu, a jednoczes$nie jest zgodne z zasadami zrownowazonego rozwoju
i zielonej gospodarki. Obiekty hydrofitowe (wetlandy) ze wzgledu na swoje specyficzne
wlasciwosci, m.in.: szerokie spektrum usuwanych zanieczyszczen, odporno$¢ na wahania
sktadu i ilosci $ciekow, wydaja si¢ by¢ ogromng szansg rowniez dla rozwigzania probleméw
oczyszczania $ciekdw poprzemystowych, w tym z PZW. Dlatego zasadnym byto podjecie
badan dotyczacych oczyszczania wod poprocesowych z PZW przy uzyciu systemu

wetlandowego.
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METODOLOGIA I SCHEMAT BADAN
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VI. Metodologia i schemat badan

W tabeli 1 zaprezentowano opis technik badawczych wykorzystanych podczas realizacji pracy
doktorskiej w powiazaniu z zakresem wykonanych badan.

Tabela 1. Wykaz technik badawczych wykorzystanych podczas realizacji pracy doktorskiej

Technika

Zakres badan

Spektrometria mas sprze¢zona z plazma
wzbudzang indukcyjnie (ICP-MS, ang.
inductively coupled plasma - mass
spectrometry)

Analiza metali 1 metaloidow zgodnie z
normg PN-EN 1SO 11885:2009

Spektroskopia absorpcji atomowej zimnej
pary (CV-AAS ang. cold-vapour atomic
absorption spectrometry

Oznaczanie $ladowych iloSci  rteci
zgodnie Z normg PN-EN ISO
12846:2012+Ap1:2016-07; US EPA 7473

Wysokosprawna chromatografia cieczowa
z detektorem fluorescencyjnym (HPLC-
FLD ang. High-performance liquid
chromatography)

Analiza WWA zgodnie z normg PN-EN
ISO 179993:2005

Chromatografia gazowa sprze¢zona ze
spektrometria mas (HS-GC-MS ang.
Headspace analysis with gas
chromatography and mass detection)

Analiza BTEX zgodnie z normg PN-1SO
11423-1:2002

Spektrofotometria/konduktometria/
chromatografia jonowymienna (IC, ang.
lon chromatography)

podstawowych
parametrow fizykochemicznych,
nieorganicznych i organicznych zgodnie z
normami: PN-1SO 9280:2002, PN-EN
ISO  10304-1:2009, PN-EN 1SO
111732:2007, PN-EN 12260:2004, PN-
EN 1899-2:2002, PN-EN ISO 5815-
1:2019-12

Analiza ilosciowa

Tensiometria

Pomiar napigcia powierzchniowego przy
uzyciu tensiometru SIGMA  T702
(Attension, Finland) metoda
pierscieniowag Du  Nouy  zgodnie
Z procedurg producenta

Aerobowa biodegradacja w bioreaktorze

19L bioreaktor New Brunswick BIOFLO
415. Bioreaktor wyposazony jest w
niezbedna aparature kontrolno-
pomiarowa  (czujniki  pH,  tlenu
rozpuszczonego, temperatury, cisnienia i

poziomu piany)
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Technika

Zakres badan

Fenotypowanie szczepow bakterii

Wykorzystanie  metody BIOLOG™
(Biolog Inc., Hayward, USA)
wykorzystujac ptytki PMs i Eco

Test toksycznosci Microtox®

Ocena toksycznosci S$ciekow zgodnie
Zz norma PN-EN I1SO 11348-3

Izolacja DNA genomowego z bakterii

Analiza przeprowadzona za pomoca
zestawu komercyjnego ( Roche) zgodnie z
procedurg producenta

Izolacja DNA metagenomowego

Analiza przeprowadzona za pomocg
zestawu komercyjnego PowerWater®
DNA Isolation Kit (MoBio Laboratories
Inc., CA, United States) zgodnie
z procedura producenta

Identyfikacja gatunkowa szczepow
bakterii

Sekwencjonowanie w technologii Sangera
i analiza genomu bakterii na podstawie
sekwencji 16S rDNA. Analiza obejmuje
wykonanie reakcji PCR matrycy do
sekwencjonowania, oczyszczenie
matrycy, sekwencjonowanie obu nici
DNA genu 16S rDNA, analiza sekwencji
(zlozenie w consensus 1 porownanie
Z baza danych GeneBanku)

Meta-barkodowanie (ang. meta-barcoding)

Przygotowanie bibliotek metoda
dwustopniowego PCR,
sekwencjonowanie z  wykorzystaniem
urzadzenia MiSeq firmy [llumina w trybie
sparowanych ~ koncow w  dwodch
odczytach, podstawowa analiza
bioinformatyczna obejmowata filtrowanie
odczytow, klastrowanie ASV. oraz
klasyfikacj¢ odczytéw do poziomu
gatunku  przeprowadzonej  pakietem
oprogramowania QIIME 2 z oparciem na
bazie sekwencji referencyjnych Silva 138

Analiza statystyczna

Analiza  statystyczna  otrzymanych
wynikow z wykorzystaniem
oprogramowania Statistica (Soft, Polska)
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Proces podziemnego zgazowaniawegla (PZW)

!

Pobor scieckow zPZW

|

Charakterystyka sciekow surowych
(PUBLIKACJA 1)

/ \

Konstrukcja kolumn wetlandowych Izolacja, charakterystyka, selekcja bakterii
(PUBLIKACJA 2i 5) - metody tradycyjne
- metody molekularne
l (PUBLIKACJA 3)
1. Ocena ukiadu biologicznego l

- analiza fizykochemiczna
- analiza toksykologiczna
(PUBLIKACJA 2)

Aspekt aplikacyjny badan - bioagumentacja

2. Ocena kombinacji metod fizyko-chemicznych
1 biologicznych
- analiza fizyko-chemiczna
- analiza toksykologiczna
- charakterystyka mikrobiologiczna adsorbentu

(PUBLIKACJA 4i6)

Rysunek 1.  Schemat badan realizowanych w ramach pracy doktorskiej
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SYNTETYCZNE OMOWIENIE WYNIKOW BADAN
PRZEDSTAWIONYCH W CYKLU PUBLIKACJI WCHODZACYCH
W SKEAD ROZPRAWY DOKTORSKIEJ
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VIl. Syntetyczne omowienie wynikow badan przedstawionych w
cyklu publikacji wchodzacych w sklad rozprawy doktorskiej

Cykl tematycznie spdjnych publikacji otwiera praca pt.: “Are wetlands as an integrated
bioremediation system applicable for the treatment of wastewater from underground coal
gasification processes?” (Borgulat J., Ponikiewska K., Jalowiecki L, , Strugata-Wilczek A.,
Ptaza G. Energies 2022,15, 4419. IF2024= 3; MEIN =140). Artykut jest przegladem publikacji
naukowych opisujacych eksperymenty procesu podziemnego zgazowania wegla (PZW)
przeprowadzone w Polsce, przez zesp6t naukowcoOw z Glownego Instytutu Gornictwa, zrodia
powstawania $cieckow z PZW i ich charakterystyke. Scieki te sa przykladem S$ciekow
przemystowych o niezwykle zlozonej matrycy, zawierajacych duze ilosci zanieczyszczen
organicznych 1 nieorganicznych. W publikacji, szczegdlng uwage poswigcono biologicznym
metodg oczyszczania jako przyktad skutecznych i efektywnych metod w usuwaniu
antropogenicznych zwiazkow z zanieczyszczonych $rodowisk wodnych. Wigkszo$¢
naukowcow 1 badaczy uwaza, ze zadna pojedyncza metoda biologiczna nie moze
w dostatecznym stopniu oczy$ci¢ zanieczyszczonego srodowiska, poniewaz wigkszos¢
zanieczyszczen wystepuje w skomplikowanych mieszaninach roznych zwigzkéw chemicznych
i o réznym stezeniu. W takich przypadkach skuteczna strategia oczyszczania powinna
obejmowaé¢ wdrozenie dwoch lub wigcej metod biologicznych, np. bioremediacji
i fitoremediaciji.

Obecnie integracja biologicznych metod oczyszczania jest bardzo popularna i procesy
hybrydowe (synergiczne), takie jak uklady wetlandowe sa uwazane za holistyczne
| zintegrowane podejscie do oczyszczania $rodowisk wodnych. W tych uktadach
wykorzystywane sa procesy fizyczne, chemiczne 1 biologiczne wystgpujace w naturze, takie
jak sorpcja, stragcanie, transpiracja, sedymentacja, aktywno$ci ros$lin: fitostabilizacja
| fitoekstrakcja, parowanie oraz aktywnos$¢ biodegradacyjna zwigzana z licznymi zespotami
mikroorganizmow. W literaturze opisano wiele przyktadow wykorzystania uktadow
wetlandowych, jako naturalnych i inzynieryjnych rozwigzan (ekoinzynierskich rozwigzan), do
oczyszczania sciekOw komunalnych . Szczegoétowa analiza dostgpnych danych literaturowych
wykazata, ze rozwigzania te sg roOwniez wykorzystywane do oczyszczania niektorych $ciekow
przemystowych, odciekow 1 wod opadowych. Natomiast, analiza dostgpnej literatury naukowe;
wykazala, ze uktady wetlandowe rzadko byly stosowane do oczyszczania wod poprocesowych

z PZW. W zwiazku z powyzszym, uklad kolumn wetlandowych wykorzystano do badan
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eksperymentalnych dotyczacych biologicznego oczyszczania Sciekow poprocesowych z PZW
I opisano w niniejszej rozprawie doktorskie;j.

Pierwszym etapem badan prezentowanej pracy doktorskiej byla analiza fizyko-
chemiczna, mikrobiologiczna i toksykologiczna 3 wod poprocesowych, oznaczonych jako
WPI1, WP2 1 WP3 pochodzacych z 3 proceséw podziemnego zgazowania wegla, oznaczonych
jako PZW1, PZW2 i PZW3. Procesy podziemnego zgazowania we¢gla przeprowadzono
w instalacji eksperymentalnej w kopalni do$wiadczalnej “Barbara” nalezacej do Gléwnego
Instytutu Goérnictwa, w warunkach ex situ. Procesy te roznily si¢ rodzajami zastosowanego
wegla, jeden pochodzit z kopalni ,,Piast-Ziemowit”, a drugi z kopalni ,,Wesota”, oraz
czynnikami zgazowania, t.j. powietrze nasycone tlenem i czysty tlen. W przypadku procesu
zgazowania wegla z kopalni ,,Wesota” zastosowano powietrze (PZW 3). Podczas gdy, wegiel
Z kopalni ,,Piast-Ziemowit” gazyfikowano zar6wno tlenem (PZW2), jak i powietrzem (PZW1).

Analizowane $cieki charakteryzowaly si¢ wysokimi stezeniami zwigzkow
organicznych typu BTEX, WWA i fenole oraz wysoka toksycznoscia. Scieki nalezaty do
V klasy toksycznosci okreslonej na podstawie wskaznika TU (ang. Toxicity Unit). Scieki
Z r6znych proceséw posiadaty podobny sklad chemiczny, natomiast st¢zenia poszczegodlnych
zwigzkow r6znily si¢ znacznie. Analiza mikrobiologiczna wykazala rowniez znaczne
zroznicowanie w Sciekach. Charakterystyka metagenomu SciekOw surowych wykazata, ze
w $cieckach WP1 i WP3 dominowaly Proteobacteria, odpowiednio, 84.64% and 77.92%.
Podczas gdy, w $ciekach W2 dominowaty Firmicutes o udziale 66.85%. Wsrod Proteobacteria
dominowaty Gammaproteobacteria i Alphaproteobacteria. Natomiast Bacilli i Actinobacteria
byly dominujace wsrod Firmicutes. Poczawszy od poziomu rzedu zaobserwowano znaczace
roznice w liczebnosci taksonomicznej miedzy sciekami WP1 1 WP3. Jak wykazaly analizy,
procent niezidentyfikowanych gatunkow zaréwno w $sciekach WP1 1 WP3, jaki 1 w Scieku WP2
byl wysoki 1 wahat si¢ pomiedzy 86,3% w WP2 a 96% w WP3. W $cieku WP1 stwierdzono
93,35% niezidentyfikowanych bakterii. Ilo$¢ zidentyfikowanych bakterii byla znacznie
mniejsza (od 4,11 % do 13.73%) 1 wigkszo$¢ z nich nalezata do grupy niehodowlannej, np.
bakterie z rodzaju Nevskia stanowity 15,82% zidentyfikowanych bakterii w §ciekach WP1. Inne
nichodowlane gatunki nalezaty Burkholderiales (14.26%) i Sphingobium (13.2%). Natomiast
wsrod hodowlanych dominowaty bakterie z rodzaju Penibacillus (26.51%), Bacillus (25.34%)
i Actinobacteria (15.12%). Wsréd nich kluczowymi gatunkami byly: Paenibacillus
glucanolyticus, Paenibacillus favisporus, Bacillus horneckiae i Kocuria spp. Wymienione

powyzej bakterie posiadaja specyficzne wiasciwosci metaboliczne, ktore ulatwiajg im
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przetrwanie w ekstremalnych $§rodowiskach oraz moga by¢ wykorzystywane w roznych
procesach biotechnologicznych.

Zrbéznicowanie w st¢zeniach zanieczyszczen takich jak fenol, BTEX i WWA istotnie
wptyneto na réznice w sktadzie mikrobiologicznym $ciekow surowych z PZW. Dodatkowo,
jak wykazaty analizy statystyczne, istotnym parametrem wplywajagcym na zrdéznicowanie
mikrobiologiczne miaty parametry techniczne procesu podziemnego zgazowania wegla, takie
jak czynniki zgazowania. W procesie PZW2 czynnikiem tym byl czysty tlen, natomiast
w procesach PZW1 1 PZW3 bylo powietrze nasycone tlenem.

Po raz pierwszy tak kompleksowo scharakteryzowano wody poprocesowe z PZW
uwzgledniajagc  parametry fizyko-chemiczne, toksykologiczne oraz mikrobiologiczne,
I przedstawiono w nastepnej publikacji wchodzacej w sktad cyklu publikacji sktadajacej si¢ na
rozprawe doktorskg (Jalowiecki L., Borgulat J., Strugata-Wilczek A., Jastrzebski J., Matejczyk
M., Plaza G. Insights into bacterial diversity in industrial post-processing water from
underground coal gasification (UCG) process. Archives of Environmental Protection, 2024, 50;
IF =1,5; MNIE = 100).

Na podstawie otrzymanych wynikow oraz wczesniej przeprowadzonej analizy literatury
podjeto dalsze badania zmierzajace do opracowania i1 wybudowania uktadu kolumn
wetlandowych z pionowym przepltywem, ktory nastepnie wykorzystano do biologicznego
oczyszczania 3 rodzajow wod poprocesowych, co bylo nastgpnym, istotnym celem pracy
doswiadczalnej skladajacej si¢ na niniejsza rozprawe doktorska (Jatowiecki k.., Strugata-
Wilczek A., Ponikiewska K., Borgulat J., Ptaza G., Stanczyk K. 2024. Constructed wetland as
a green remediation technology for the treatment of wastewater from underground coal
gasification proces. PLoS ONE 19(3): e0300485. 1F=2,9; MEIN =100).

Na Rysunku 2 przedstawiono opracowany schemat kolumny wetlandowej

wykorzystanej do oczyszczania §ciekdw poprocesowych.
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Rysunek 2. Schemat systemu hydrofitowego do oczyszczania Sciekow

z zastosowaniem monokultury trzciny pospolitej (Phragmites australis)

Podczas prowadzenia procesu oczyszczania w kolumnach wetlandowych z pionowym
przeplywem zaobserwowano znaczng redukcj¢ stezenia zwigzkow organicznych typu BTEX,
WWA, fenole. Dla tych zwiazkéw, juz po 14 dniach prowadzenia procesu, otrzymano procent
redukcji ponad 95%. Zaobserwowano réwniez redukcje stezenia dla cyjankow 1 niektdrych
metali (Zn, Cr, Cd, Cu, Ni, Pb 1 Ti). Przy czym dla Cd, Cu i Ni odnotowano wysokg skuteczno$¢
redukcji siegajaca odpowiednio, 99,3%, 99,5% 1 86,3%.

Rownoczesnie z analizami  fizyko-chemicznymi  prowadzono badania zmian
toksycznos$ci Sciekow oczyszczanych. Po 14 dniach prowadzenia eksperymentu, toksycznos¢
scieckow oczyszczanych znacznie spadta. Redukcja toksycznosci wynosita 74% 1 77%
odpowiednio, dla sciekow WP1 1 WP2. Podczas gdy, dla $ciekow oczyszczanych WP3 redukcja
toksycznos$ci wynosita 99%. W czasie prowadzenia eksperymentu toksyczno$¢ oczyszczanych
sciekow sukcesywnie malata, 1 po zakonczeniu eksperymentu, oczyszczone $cieki WP1 1 WP3

nalezaty do I klasy toksycznosci (nie toksyczne) o wartosci TU rownej odpowiednio, 0,9 1 0,7.
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Natomiast, §ciek WP2 nalezat do II klasy toksycznosci (niska toksycznos$¢) o wartosci TU
réwniej 1,1. Podsumowujac otrzymane wyniki, nalezy wskaza¢, ze podczas oczyszczania
sciekéw w kolumnach wetlandowych toksyczno$¢ ich spadta z klasy V do klasy I i II. Spadek
toksycznos$ci zwigzany byt z biodegradacja toksycznych zanieczyszczen zawartych w Sciekach
surowych do mniej toksycznych produktéw koncowych lub produktéw posrednich procesu
biodegradacji. Otrzymane wyniki toksycznosci korelowaly z niektorymi zwigzkami
organicznymi, np. BTEX, WWA 1 nieorganicznymi, np. cyjankami i zwigzkami azotowymi.

Bioragc pod uwage ztozony skiad zanieczyszczen i1 obecnos¢ skomplikowanych
strukturalnie zwigzkéw chemicznych w wodach poprocesowych, opracowany schemat kolumn
wetlandowych w polaczeniu z wysoka aktywnos$¢ mikroorganizméw i licznymi procesami
fizykochemicznymi okazal si¢ bardzo dobrym rozwigzaniem do oczyszczania. Ponadto,
odpowiednio opracowane i1 dobrane parametry techniczne pracy systemu wetlandowego byty
rowniez niezbgdne do osiggnigcia zadowalajacych wskaznikow usuwania zanieczyszczen
organicznych i nieorganicznych. Uzyskane w badaniu wyniki wskazuja na potencjat kolumn
wetlandowych do oczyszczania zanieczyszczonych wod poprocesowych, zardbwno zwigzkami
organicznymi jak i nieorganicznymi, jak réwniez innych $ciekow przemystowych o podobnym
charakterze, np. §ciekow koksowniczych lub odciekéw, wod opadowych.

Przeprowadzone badania pozwalaja przypuszczaé, ze pomimo znacznej zawartosci

zanieczyszczen, $cieki z PZW nadaja si¢ do biologicznego oczyszczania. Uzyskane wyniki
pokazuja, ze technologia oczyszczania z zastosowaniem wetlandow moze by¢ stosowana
réwniez do oczyszczania innych, silnie zanieczyszczonych $ciekow przemystowych.
W celu skutecznej oceny technologii remediacji, istotne jest potaczenia tradycyjnych
parametréw fizykochemicznych z testami ekotoksycznosci, co zapewnienia bezpieczenstwo
srodowiska 1 zminimalizowanie zagrozen. Zastosowany system wetlandowy ma potencjat
oczyszczenia wod poprocesowych do takiego stopnia, ze moga by¢ one ponownie
wykorzystany w postaci uzytecznej wody z recyklingu.

Kolejnym etapem realizacji pracy doktorskiej byl skrining bakterii wyizolowanych
Z zanieczyszczonych wod poprocesowych, w kierunku oceny ich zdolnosci do degradacji
fenolu i potencjalnego zastosowania w bioagumentacji. W tym celu, z wod poprocesowych
wyizolowano 100 szczepow bakteryjnych metodami hodowlanymi, z ktorych zidentyfikowano
50%. Wéréd zidentyfikowanych szczepow, najwigcej byto tych nalezacych do rodzaju Bacillus,
Paenibacillus i Oceanobacillus. W wyniku przeprowadzonych badan wybrano trzy szczepy

bakterii, ktére charakteryzowaty si¢ najwigkszym potencjalem degradacyjnym i posiadaty

26



tukasz Jatowiecki
Opracowanie procesu oczyszczania §ciekow z podziemnego zgazowania wegla z zastosowaniem metod
biologicznych

specyficzne  wlasciwosci  biochemiczne, tj.: Paenibacillus pasadensis SAFN-007,
Peanibacillus humicus Au34, and Staphylococcus warneri DK131. Otrzymane wyniKi
przedstawiono w nastepnej publikacji wchodzacej w skiad rozprawy doktorskiej (Jalowiecki
L., Borgulat J., Strugata-Wilczek A., Glaser M., Ptaza G. 2024 Searching of phenol-degrading
bacteria in raw wastewater from underground coal gasification process as suitable candidates
in bioaugmentation approach. J. Ecol. Eng. 25(2), 62-71. IF =1,3; MEiN=100). Wyzej
wymienione szczepy charakteryzowaty si¢ wysoka zdolno$cig do rozktadu fenolu, ponad 90%
przy stezeniu fenolu 565 mg/dm?®. Do charakterystyki biochemicznej i metabolicznej szczepow
wykorzystano ptytki Eko oraz mikromacierze fenotypowe PM (ang. phenotypic microarrays)
systemu Biolog, ktore sg szeroko stosowane w pracach nad pozyskiwaniem szczepoOw
0 pozagdanych  cechach  fenotypowych  wykorzystywanych, np. w  procesach
biotechnologicznych. Sposréd metabolitow wegla (PM1 1 PM2): 74%, 67,4% oraz 94,2%
zostalo wykorzystanych odpowiednio przez, Paenibacillus pasadenensis SAFN-007,
Paenibacillus humicus Au34 i Staphylococcus warneri DK131. Wsrod zrodet wegla
zidentyfikowano substraty przemian fenolowych, takie jak: N-acetylo-D-glukozamina, kwas
bursztynowy, kwas octowy, gamma-lakton kwasu  D-galaktonowego, kwas
bromobursztynowy, bursztynian monometylu, pirogronian metylu.

Nastepnie, wybrane szczepy bakteryjne wykorzystano w procesie bioagumentacji do
oczyszczania §ciekow koksowniczych w skali pottechnicznej, tj. w 19L bioreaktorze BIOFLO
415. W trakcie trwania badan, stwierdzono redukcj¢ fenolu na poziomie 47%. Natomiast,
toksyczno$¢ sciekow spadta z klasy V do IV. Powyzsze badania mialy charakter aplikacyjny
| potwierdzity, ze wyizolowane szczepy bakteryjne moga by¢ wykorzystane w procesie
bioaugmentacji do oczyszczania Srodowisk zanieczyszczonych fenolem (Jalowiecki L.,
Borgulat J., Glaser M., Marchlewicz A., Plaza G. Zastosowanie bioagumentacji w oczyszczaniu
Sciekow  koksowniczych: badania  bioreaktorowe. VIII Ogolnopolskie Sympozjum
Mikrobiologiczne, = Metagenomy  roznych  $rodowisk,  17-18.06.2024.  Lublin.
https://doi.org/10.5281/zen0d0.13959170).

Ostatnim etapem pracy doktorskiej byto zbudowanie i1 przetestowanie uktadow
hybrydowych stanowigcych kombinacje metod fizyko-chemicznych i biologicznych, tj.:
adsorpcji, elektrokoagulacji 1 kolumny wetlandowej do oczyszczania $ciekéw
poprzemystowych z PZW. Opracowane uktady hybrydowe przedstawiono na Rysunku 3.
Celem tych badan bylo poréwnanie skutecznosci oczyszczania $ciekow z PZW przy uzyciu

metod fizykochemicznych i biologicznych.
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Rysunek 3. Schemat hybrydowych kolumn filtracyjnych (Kolumna 1-4)
wykorzystywanych w badaniach nad oczyszczaniem $ciekdéw z zastosowaniem monokultury
trzciny pospolitej (Phragmites australis)

Proces elektrokoagulacji przeprowadzono w Instytucie Technologii Energetycznych
| Przetworstwa Paliw w Zabrzu. W badaniach, jako adsorbent wykorzystano karbonizat - rodzaj
odpadu pochodzacego z procesu PZW. Wyniki uzyskane na tym etapie badan przedstawiono
w kolejnej publikacji wchodzacej w sktad rozprawy doktorskiej (Strugata-Wilczek A.,
Jalowiecki L., Szul M., Borgulat J., Ptaza G., Stanczyk K. 2024. A hybrid system based on the
combination of adsorption, electrocoagulation, and wetland treatment for the effective
remediation of industrial wastewater from underground coal gasification (UCG). J. Environ.
Managem. 371, 123180. IF2024= 8; MEIN =200).

W badaniach zaproponowano i przetestowano cztery rozne konfiguracje systemow
hybrydowych, tj.: (1) kolumna wetlandowa, (2) elektrokoagulacja/kolumna wetlandowa, (3)
adsorbent/kolumna wetlandowa oraz (4) elektrokoagulacja/adsorbent/kolumna wetlandowa.
Kluczowym elementem tego badania byta kompleksowa analiza $ciekoéw uwzgledniajaca
parametry fizykochemiczne, w tym metale i pierwiastki §ladowe, indeks fenolowy, siarczki,
cyjanki, catkowity wegiel organiczny, chemiczne zapotrzebowanie tlenu (ChZT), biologiczne
zapotrzebowania na tlen (BZT), BTEX, WWA oraz badania toksyczno$ci. Zaréwno
elektrokoagulacja, jak 1 kolumna wetlandowa okazaly si¢ skuteczne w usuwaniu zwigzkow

organicznych typu WWA, chociaz kolumna wetlandowa okazat si¢ bardziej skuteczna
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w przypadku BTEX. Jak wskazuja wyniki, oczyszczanie wstgpne za posrednictwem
elektrokoagulacji nie jest konieczne do poézniejszego stosowania kolumn wetlandowych.
Prowadzenie oczyszczania przez 45 dni okazalo si¢ wystarczajacym czasem do wilasciwego
przebiegu procesu. Dluzszy czas oczyszczania wod poprocesowych nie miatl pozytywnego
wptywu na niektore parametry fizykochemiczne. Co wigcej, stwierdzono niekorzystny wptyw
w przypadku, np: ChZT, OWO i niektorych metali: Fe, Mn, As, Cr, Zn, Al, Co i Ti. Dlatego,
nie tylko wybor odpowiedniej metody, ale takze optymalizacja czasu oczyszczania wydaje si¢
by¢ kluczowa dla skutecznego usuwania zanieczyszczen ze $ciekow. Porownujac skutecznos$¢
usuwania zanieczyszczen w samej kolumnie wetlandowej 1 kolumnie wetlandowe;j
z adsorbentem nie stwierdzono istotnych réznic pomigdzy tymi uktadami. Dodanie adsorbentu
do systemu biologicznego zwickszyto tylko nieznacznie wydajno$¢ procesu oczyszczania.

Podsumowujac wyniki tego etapu badan, stwierdzono, ze metoda biologicznego
oczyszczania wod poprocesowych z wykorzystaniem kolumn wetlandowych okazata si¢
skuteczng i efektywng metoda, tak jak w przypadku poprzednich badan. Do tego sukcesu
przyczynily si¢ odpowiednio zaprojektowana budowa kolumny wetlandowej i odpowiednio
dobrane parametry techniczne jej funkcjonowania.

Wyniki badan w skali laboratoryjnej moga by¢ podstawa do zaprojektowania systemu
oczyszczania na duzg skale, ktory bedzie skuteczny, optacalny i przyjazny dla srodowiska.

Jednym z celéow tych badan bylo réwniez scharakteryzowanie tworzacego si¢ na
powierzchni adsorbentu biofilmu, co przedstawiono w nastepnej publikacji wchodzacej w sktad
rozprawy doktorskiej (Jalowiecki L., Borgulat J., Strugata-Wilczek A., Stanczyk K.,
Jastrzebski J., Babis W., Plaza G. A look at biofilm on the coal waste-derived adsorbent
enhanced wetland system (IF2025= 2,7; MEIN =100). Poznanie struktury biofilmu miato
istotne znaczenie w charakterystyce zespotow bakterii biorgcych udziat w procesie usuwania
zanieczyszczen z wod poprocesowych w systemie hybrydowym. Wykorzystanie karbonizatu
jako adsorbenta stanowi warto$¢ dodang prowadzonych badan o podwojnych korzys$ciach, t;.
wykorzystanie odpadu oraz oczyszczenie zanieczyszczonych wodd poprocesowych
Z podziemnego zgazowania wegla. Takie podejscie do badan jest zgodne z zasadg 4R (Reduce,
Reuse, Recycle i Recovery) oraz celami gospodarki obiegu zamknigtego.

Analiza metagenomiczna biofilmu wykazata niewielka bior6znorodnos¢. Stwierdzono
wiekszy wudzial taksondéw unikalnych 1lub o niskiej liczebnosci. Dwie rodziny,
Pseudomonadaceae i Bacillaceae dominowaty w strukturze biofilmu adsorbenta, odpowiednio

o ilosci, 92% 1 7%. W rodzinie Pseudomonadaceae dominujacym gatunkiem byt Pseudomonas
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putida. Natomiast, rodzina Bacillaceae wykazywata znaczne zréznicowanie. Dominujgcymi
gatunkami byly: Bacillus circulans, Bacillus australimaris, Paenibacillus ihbetae, Bacillus
simplex, Bacillus butanolivorans Paenibacillus favisporus.

Karbonizat jako adsorbent stanowit specyficzne, ekstremalne siedlisko dla wzrostu,
kolonizacji 1 aktywnosci bakterii oraz jako zrodio do poszukiwan mikroorganizmow
0 potencjalnych zastosowaniach biotechnologicznych. Mikroorganizmy takich siedlisk
posiadaja bogaty ibardzo cz¢sto unikalny potencjal biochemiczny/metabolityczny dzigki
czemu mogg przeprowadzaé szereg procesOw biotechnologicznych, m.in. w przemysle
weglowym, od produkcji po remediacje terendéw zanieczyszczonych. Zgodnie z danymi
literaturowymi, najpopularniejsze bakterie wystepujace w $Srodowiskach weglowych
I weglopochodnych nalezg do grupy Gammaproteobacteria i sg przede wszystkim bakterie
z rodzaju Arthrobacter spp., Sinomonas spp. i Bacillus spp., ktore opisane w literaturze jako

potencjalne biomarkery srodowisk pokopalnianych
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VIIl. Podsumowanie i wnioski

Przeglad danych literaturowych pozwolit stwierdzi¢, ze procesy hybrydowe (synergiczne),
takie jak uktady wetlandowe sa obecnie uwazane za holistyczne i zintegrowane podejscie do
oczyszczania srodowisk wodnych. Uktady wetlandowe oparte sg na procesach zachodzacych
w przyrodzie. W literaturze opisano wiele przyktadow wykorzystania uktadow wetlandowych
zar6wno w warunkach naturalnych, jaki 1 laboratoryjnych rozwigzan do oczyszczania §ciekow
komunalnych oraz niektorych $ciekéw przemystowych, odciekéw i wod opadowych.,
Natomiast, analiza dostgpne;j literatury naukowej wykazata, ze uktady wetlandowe rzadko byty
stosowane do oczyszczania wod poprocesowych z PZW.

W niniejszej pracy po raz pierwszy w sposob kompleksowy scharakteryzowano wody
poprocesowe z PZW uwzgledniajac parametry fizyko-chemiczne, toksykologiczne oraz
mikrobiologiczne. Zréznicowanie w st¢zeniach zanieczyszczen takich jak fenol, BTEX 1 WWA
istotnie wptyneto na réznice w skladzie mikrobiologicznym S$ciekow surowych z PZW.
Dodatkowo, jak wykazaly analizy statystyczne, istotnym parametrem wplywajagcym na
zréznicowanie mikrobiologiczne miaty parametry techniczne procesu podziemnego
zgazowania wegla, takie jak czynniki zgazowania. W procesie PZW2 czynnikiem tym byt
czysty tlen, natomiast w procesach PZW1 i PZW3 bylo powietrze nasycone tlenem.

Badania pozwolily takze stwierdzi¢, ze surowe S$cieki z procesu PZW s3g zrodtem
szczepdw bakterii o specyficznych wlasciwosciach, co umozliwia wykorzystanie ich
w procesach  biotechnologicznych i  bioremediacyjnych. W pracy wyizolowane
i scharakteryzowane szczepy bakteryjne wykorzystano w procesie bioaugmentacji do
oczyszczania $ciekow koksowniczych.

Przeprowadzone badania wykazaty mozliwo$¢ zastosowania kolumn wetlandowych do
oczyszczania wod poprocesowych z PZW. Bioragc pod uwage zlozony sktad zanieczyszczen
I obecnos¢ skomplikowanych strukturalnie zwigzkoéw chemicznych w wodach poprocesowych,
opracowany schemat kolumn wetlandowych w polaczeniu z wysoka aktywnos¢
mikroorganizmow 1 licznymi procesami fizykochemicznymi okazat si¢ bardzo dobrym
rozwigzaniem do oczyszczania. Ponadto, odpowiednio opracowane i dobrane parametry
techniczne pracy systemu wetlandowego okazaty si¢ niezbedne do osiggnigcia zadowalajacych
wskaznikOw usuwania zanieczyszczen organicznych i nieorganicznych. Uzyskane w badaniu

wyniki wskazuja na potencjat kolumn wetlandowych do oczyszczania zanieczyszczonych wod
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poprocesowych, zar6wno zwigzkami organicznymi jak i nieorganicznymi, jak rowniez innych
sciekdéw przemystowych, np. $cieki koksownicze lub odcieki, wody opadowe.

Rowniez, wyniki uzyskane z badan zwigzanych z potaczenia w réznych kombinacjach
metod fizyko-chemicznych (elekrokoagulacji i adsorbcji) oraz kolumn wetlandowych
potwierdzity, ze kolumny wetlanowe majg duzy potencjal w usuwaniu zar6wno zanieczyszczen
organicznych, jak i nieorganicznych.

Badania te rowniez wykazaty, ze karbonizat jako odpad z procesu PZW, a zastosowany
jako adsorbent stanowit specyficzne, ekstremalne siedlisko dla wzrostu, kolonizacji
i aktywnosci  specyficznych bakterii oraz zrédto do poszukiwan mikroorganizmow
0 potencjalnych zastosowaniach biotechnologicznych.

Podsumowujac, przeprowadzone badania pozwalaja przypuszczaé, ze pomimo znacznej
zawarto$ci zanieczyszczen, $cieki z PZW nadaja si¢ do biologicznego oczyszczania. Uzyskane
wyniki pokazuja, ze technologia oczyszczania z zastosowaniem wetlandow moze by¢
wykorzystana do oczyszczania roéwniez innych, silnie zanieczyszczonych $ciekoéw
przemystowych, stad efektem badan jest pozytywna weryfikacja hipotezy badawczej, ze
mozliwe jest oczyszczenie $ciekdéw z podziemnego zgazowania wegla (PZW) metodami

biologicznymi.
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IX. Streszczenie w jezyku polskim

Podziemne zgazowanie wegla (PZW) jest nowatorskg technologia umozliwiajaca
przeksztatcanie wegla w gaz syntezowy bezposrednio w ztozu, co minimalizuje konieczno$¢
tradycyjnego wydobycia oraz ogranicza negatywny wplyw na $rodowisko i1 zdrowie
pracownikow. Proces ten generuje jednak S$cieki zawierajace zlozone zanieczyszczenia
organiczne, takie jak BTEX, wielopierscieniowe weglowodory aromatyczne (WWA) i fenole,
a takze nieorganiczne, w tym metale ci¢zkie. Ze wzgledu na ich toksycznos¢ 1 zmienno$¢
sktadu, efektywne oczyszczanie tych $ciekow stanowi istotne wyzwanie technologiczne.

Celem niniejszej pracy bylo opracowanie metod oczyszczania $ciekdw pochodzacych
ZPZW poprzez zastosowanie systemOw wetlandowych oraz technologii hybrydowych
integrujacych  procesy fizykochemiczne 1 biologiczne. Przeprowadzone analizy
fizykochemiczne, mikrobiologiczne i toksykologiczne S$ciekow z PZW, pochodzacych
z roznych eksperymentdow w warunkach ex situ, wykazaly wysokie stezenia toksycznych
zwigzkdéw organicznych 1 metali cigzkich oraz znaczng zmiennos$¢ sktadu mikrobiologicznego
w zalezno$ci od parametrow procesu, takich jak rodzaj zgazowanego wegla 1 zastosowany
czynnik zgazowania. Wody poprocesowe sklasyfikowano do V klasy toksycznosci (wysoko
toksyczne), co podkresla koniecznos$¢ zastosowania zaawansowanych metod oczyszczania.

W pierwszym etapie badan skonstruowano kolumny wetlandowe z pionowym
przeplywem, wykorzystujac rosliny hydrofitowe (tj. trzcing pospolita) oraz naturalnie
wystepujace mikroorganizmy. Po 14 dniach procesu oczyszczania odnotowano znaczaca
redukcj¢ glownych zanieczyszczen organicznych - ponad 95% BTEX, WWA i fenoli.
Jednoczesnie toksyczno$¢ S$ciekow ulegla zmniejszeniu o 74 — 99%, co pozwolito
zaklasyfikowac¢ oczyszczone $cieki do I klasy toksycznos$ci, oznaczajacej brak szkodliwosci dla
srodowiska. Wyniki te potwierdzaja, ze systemy wetlandowe stanowig efektywne i ekologiczne
rozwigzanie umozliwiajgce usunigcie zarOwno zanieczyszczen —organicznych, jak
I nieorganicznych z wod poprocesowych. W kolejnym etapie pracy zbadano potencjal
wzbogacenia systemu wetlandowego poprzez integracje technologii hybrydowych, takich jak
elektrokoagulacja i adsorpcja z wykorzystaniem karbonizatu (odpadu powstatego w procesie
PZW). Uktady wykazaly, ze takie systemy skutecznie wspomagaja usuwanie metali cigzkich
oraz fenoli. Zarowno adsorpcja, jak 1 elektrokoagulacja okazaty si¢ efektywne w usuwaniu
metali takich jak kadm, miedZ i nikiel, osiggajac poziomy redukcji do 99,5%. Systemy
hybrydowe, zwtlaszcza z zastosowaniem adsorbentow w kolumnach wetlandowych, wykazaty

wiekszg elastyczno$¢ 1 wydajnos¢ w usuwaniu réznorodnych zanieczyszczen w poréwnaniu
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Z samodzielnymi systemami biologicznymi. Przeprowadzone badania potwierdzity, ze
kolumny wetlandowe sg efektywna metoda oczyszczania Sciekéw z PZW, przyczyniajac si¢ do
biodegradacji toksycznych zwiazkéw poprzez naturalne procesy biologiczne i1 fizyko-
chemiczne. Uzyskane wyniki §wiadcza, ze systemy wetlandowe oraz uktady hybrydowe mozna
zastosowa¢ w skali przemystowej do oczyszczania rdznorodnych typow Sciekow, w tym
pochodzacych z PZW, koksowni, odciekow ze sktadowisk oraz wod opadowych. Dodatkowo,
badania dotyczace charakterystyki mikrobiologicznej tych systemow umozliwity identyfikacje
szczepOw bakterii, takich jak Paenibacillus, Bacillus i Pseudomonas, wykazujacych zdolnosé¢
do rozktadu fenolu. Stwierdzono rowniez, ze biofilm formujacy si¢ na powierzchni karbonizatu
zwigksza wydajnos¢ biodegradacji, a zastosowanie wyizolowanych bakterii w procesie
bioaugmentacji dodatkowo poprawia efektywno$¢ oczyszczania. Wnioski plynace
z przeprowadzonych badan wskazuja na duzy potencjal wykorzystania technologii
wetlandowych oraz systemow hybrydowych w usuwaniu toksycznych zwiazkéw ze §ciekow
przemystowych. Systemy te wpisuja si¢ w zalozenia gospodarki o obiegu zamknigtym
I zrOwnowazonego rozwoju, a ich adaptacyjnos¢ do roznych warunkoéw i typow sciekOw czyni
je kluczowym elementem w transformacji przemystu energetycznego w kierunku bardziej

ekologicznych technologii.
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X. Streszczenie w jezyku angielskim

Underground Coal Gasification (UCG) is an innovative technology that converts coal directly
into syngas on site, minimizing the need for conventional mining and reducing the negative
impact on the environment and occupational health. However, this process produces wastewater
containing complex organic pollutants such as BTEX, polycyclic aromatic hydrocarbons
(PAHSs) and phenols, as well as inorganic pollutants including heavy metals. Due to their
toxicity and the varying composition of the wastewater, the effective treatment of such
wastewater poses a major technological challenge.

The aim of this study was to develop sustainable methods for treating wastewater from
UCG by using wetland systems and hybrid technologies that integrate physico-chemical and
biological processes. Physico-chemical, microbiological and toxicological analyses were
performed on wastewater from different ex-situ experiments of UCG. The analyses revealed
high concentrations of toxic organic compounds and heavy metals as well as a considerable
variability in composition depending on the process parameters, such as the type of gasified
coal and the gasification agent used. These pollutants were classified in the fifth toxicity class,
thus emphasizing the need for advanced treatment methods.

In the first phase of the research, vertical flow columns were constructed with
hydrophytes (e.g. Phragmites australis) and naturally occurring microorganisms. After 14 days
of treatment, a significant reduction of the main organic pollutants was observed — over 95%
of BTEX, PAHs and phenols were removed. At the same time, the toxicity of the wastewater
was reduced by 74-99%, so that the treated wastewater could be classified as non-toxic (toxicity
class 1), which means that it does not harm the environment. These results confirm that wetland
systems are an effective and environmentally friendly solution for the removal of organic and
inorganic pollutants from UCG wastewater.

In the next phase of the study, the potential of improving wetland systems by integrating
hybrid technologies, such as electrocoagulation and adsorption, was investigated. These
systems showed effective removal of heavy metals and phenols. Both adsorption and
electrocoagulation achieved heavy metal removal rates of up to 99.5% for cadmium, copper
and nickel. Hybrid systems, especially those using adsorbents in wetland columns, showed
greater flexibility and efficiency in removing various pollutants compared to stand-alone
biological systems.

The study confirmed that wetland columns are an effective method for treating UCG

wastewater, facilitating the biodegradation of toxic compounds through natural biological and
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plant remediation processes. The results suggest that industrial-scale wetland systems and
hybrid technologies can be used to treat various types of industrial wastewater, including
wastewater from natural gas incinerators, coking plants and landfill leachate. In addition,
studies on the microbiological activity of these systems have identified bacterial strains such as
Paenibacillus, Bacillus and Pseudomonas that can degrade phenol. It has also been found that
the formation of a biofilm on the surface of adsorbents increases the efficiency of
biodegradation, while the use of isolated bacteria in bioaugmentation further improves
treatment performance.

The conclusions from this study highlight the significant potential of wetland
technologies and hybrid systems for the removal of toxic compounds from industrial
wastewater. These systems are in line with the principles of circular economy and sustainable
development. Their adaptability to different conditions and wastewater types makes them a key

element in the energy industry's transition to more environmentally friendly technologies.
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1. ,Identyfikacja genow antybiotykoopornosci i wirulencji w genomie Aeromonas caviae”
temat statutowy(2019) — MEISW.

2. ,,Badania ekotokstycznosci gruntow” (2019), zlecenie rynkowe.

3. ,,Badanie ekotoksyczno$ci z wykorzystaniem bakterii luminescencyjnych probek odpadow
przemystowych” (2019),  zlecenie rynkowe.

4. Badanie ekotoksycznos$ci z wykorzystaniem bakterii luminescencyjnych probek odpadow
komunalnych i przemystowych” (2018) zlecenie rynkowe.

5. LIdentyfikacja gendow antybiotykoopornosci w wybranych szczepach bakterii izolowanych
z oczyszczalni Sciekow”’(2020), temat statutowy - MEISW.

6. ,,Wplyw procesu liofilizacji na aktywno$¢ wybranych szczepow bakterii: System Biolog

PM” (2021) temat statutowy - MEISW
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7.

,Badania biobojczego wptywu lamp UVC w technologii LED na rézne szczepy bakterii”
(2021), zlecenie rynkowe.
»SZczepy wspomagajace wzrost roslin jako producenci biosurfaktantoéw” (2022) temat

statutowy - MEISW.

Udzial w projektach krajowych i miedzynarodowych

1.

“Coal- and bio-based water remediation strategies for underground coal gasification”.
2021-2024 - Research and Innovation Framework Programme; RFCS. Projekt z Funduszu
Wegla i1 Stali, nr 101033964 oraz z Ministerstwa Nauki 1 Szkolnictwa Wyzszego nr
5198/FBWiS/2021/2 1 5211/FBWIiS/2021/2  (wykonwca).

»Metagenomiczny profil gendéw antybiotykoopornosci i genetycznych elementow
mobilnych w $ciekach komunalnej oczyszczalni $ciekdw”. NCN, konkurs Harmonia 9,
(2018-2022) nr projektu 2017/26/M/NZ9/00071  (wykonawca).

»Wplyw nanoczastek srebra (Ag-NPs) syntetyzowanych biologicznie na aktywnos$¢
metaboliczng komorek ssaczych” NCN, konkurs Preludium 10, (2017-2019), nr. projektu
2015/19/N/NZ9/01621  (wykonawca).

Optimization of small wastewater treatment facilities” (akronim: OPITREAT; BONUS call
2012: Innovation; 2.4 Eco-technological approaches). nr projektu BONUS-INNO-2012-
01/2014  (wykonawca).

“Phytoremediation driven energy crops production on heavy metal degraded areas as local
energy carrier” (akronim: Phyto2Energy; FP7-PEOPLE-2013-1APP) (2014-2018) nr
projektu: 610797  (wykonawca).

»Wplyw biosurfaktantow produkowanych przez bakterie z rodzaju Bacillus na proces
biosyntezy nanoczastek srebra (Ag-NPs) i ich witasciwosci” NCN, konkurs OPUS 5
2013/09/B/NZ9/01759.

“Antibiotic resistance genes (ARG) prevalence in a sewage treatment plant and its effluent-
receiving water in Portugal and Poland: comparison research” projekt dwustronnej
wspolpracy w ramach Programu Wymiany Osobowej na lata 2017-2018, MNiSW
(wykonawca).
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Abstract: This study represents the first culture-independent profiling of microbial diversity in post-processing
wastewater fromunderground coal gasification (UCG) processes. Three types of post-processing wastewater, named
W1, W2 and W3, were obtained from three UCG processes involving two types of coal and two gasification agents,
namely oxygen-enriched air and oxygen. Very high concentrations of BTEX (benzene, toluene, ethylbenzene,
xylene), polyaromatic hydrocarbons (PAHs), and phenol were detected in the wastewater, classifying it into the
fifth toxicity class, indicating very high acute toxicity.

The values for the Shannon (H), Ace and Chaol indices in W2 were the lowest compared to their values in W1
and W3. The dominate phyla were Proteobacteria, contributing 84.64% and 77.92% in W1 and W3, respectively,
while Firmicutes dominated in W2 with a contribution of 66.85%. At the class level, Gammaproteobacteria and
Alphaproteobacteria were predominant in W1 and W3, while Bacilli and Actinobacteria were predominant in
‘W2. Among Bacilli, the Paenibacillus and Bacillus genera were the most numerous. Our results suggest that the
main differentiating factor of the bacterial structure and diversity in the wastewater could be the gasification agent.
These findings provide new insights into the shifting patterns of dominant bacteria in post-processing wastewater

water from underground coal gasification (UCG) process

and illustrate the spread of bacteria in industrial contaminated wastewater.

Introduction

The issue of water pollution resulted from the underground
coal gasification process (UCG) has been documented in the
literature (Pankiewicz-Sperka et al. 2014, Kapusta et al. 2015,
Zwain et al. 2021, Pankiewicz- Sperka et al. 2021, Grabowski
et al. 2021). During the UCG process, significant quantities of
both inorganic and organic pollutants are produced, leading to
a serious environmental concern. Organic contaminants such as
mono- and polycyclic aromatic hydrocarbons (BTEX, PAHs),
and phenolic compounds have been identified as the primary
constituents in post-processing water. Additionally, heavy
metals, ammonia, and cyanides have been predominant among
the inorganic impurities (Smolinski et al. 2013, Gawronski et
al. 2022, Xu et al. 2017, Wiatowski et al. 2023).

Most pollutants from UCG wastewater are toxic to both
prokaryotic and eukaryotic living organisms. Despite this,
many microorganisms have been found to survive in such
environments by utilizing the pollutants as sources of carbon

and energy or by biotransformation of the organic and inorganic
compounds (Kamika et al. 2016, Bassin et al. 2017). Pollutants
and specific physico-chemical parameters (such as pH, oxygen
levels, salinity, nutrients, pressure, anthropogenic effects) in
heavily contaminated environments exert selective pressure
on microbial communities, influencing their composition
and diversity. Various environmental parameters, sometimes
with extreme values representing unfavorable conditions,
can affect microbial diversity and structure. The presence of
certain contaminants in the environment can lead to significant
alterations in indigenous microbial community structure,
resulting in changes in species richness and dominance.
Microorganisms quickly adapt to extreme environments and
possess unique metabolic abilities, which are significant
for research and application (Bedogni et al. 2020, Luo et al.
2020, Mauricio-Gutiérrez et al. 2020; Kochhar et al. 2022,
Rappaport et al. 2022). In many cases, extreme environments
serve as habitats for specific microorganisms, including novel,
phylogenetic taxa.novel phylogenetic taxa."
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Despite the available literature and modern methods, there
are limited reports devoted to studying bacterial diversity
in anthropogenic environments such as industrial effluents.
To address this gap in the literature on industrial microbial
diversity, we describe the diversity of microbial communities
in UCG wastewater, targeting the V3-V4 hypervariable region
of 16S rRNA gene.

The aim of the research was to characterize and compare
the microbiomes of UCG-wastewaters, which represent
extreme environments for the microbial life. In the study,
metagenomic DNA was isolated from three post-processing
waters, designated W1, W2 and W3, obtained from three UCG
processes involving two types of coal and various gasification
agents (air and oxygen). This study provides a comprehensive
description of the microbiota present in UCG wastewater .

Materials and Methods

Underground coal gasification process and
wastewater sampling

Three separate experimental simulations of UCG were carried
out in a large-scale ex-situ installation located in the Barbara
Experimental Mine in Mikoléw (Poland). The experimental
installation belonged to the Center for Clean Coal Technologies
in GIG National Research Institute (Katowice, Poland).
The processes were performed as previously described by
Wiatowski et al. (2023). Some parameters and characteristics
of the UCG experiments are presented in Table 1.

The raw wastewater generated during the coal gasification
processes was collected in a 1 m® plastic tank (Mauser type).
After mixing, the samples were trensferred into sterile 500 mL
and 1000 mL bottles (SIMAX), and immediately transported
to the laboratory at a temperature of 4°C. Wastewater was
sampled in triplicate and pooled into a composite sample.
Before analysis, the wastewater samples were filtered through
a 0.45 pm pore diameter membrane filter under vacuum to
remove coal tar and other undissolved residues. All filtrates
were stored at 4°C before physico-chemical analysis. Table 2
presents some physico-chemical parameters and the toxicity

of raw wastewater along with the appropriate methods and
reference documents.

Isolation of metagenomic DNA and sequencing

After transportation to the laboratory, the raw wastewater
samples were immediately passed through 0.2 pmpolycarbonate
membrane filters (Millipore, Germany) using a vacuum pump
(Millipore, Germany). The filters were then stored at -80°C
until DNA extraction. Metagenomic DNA (metDNA) was
isolated using a commercial kit (MoBio Laboratories Inc.,
CA, United States) following the manufacturer’s instructions.
The quantity and quality of metDNA were determined using
microspectrophotometry  (BioSpectrometer,  Eppendorf).
With the A260/A280 ratio assessed. Then, metDNA samples
were sent to Genomed (Warszawa, Poland) for library
preparation and sequencing. Metagenomic analysis of
microbial populations was performed based on the V3-V4
hypervariable region of the 16S rRNA gene. Amplification
of the selected region and library preparation utilized specific
sequences of 341F and 785R primers. PCR was carried out
using Q5 Hot Start High-Fidelity 2x Master Mix, following
the manufacturer's recommendations for reaction conditions.
Sequencing was performed using 2 x 300 bp paired-end
technology on the Illumnia MiSeq system with using Illumina's
v. 3 kit. Automated preliminary data analysis was performed
on a MiSeq sequencer using the MiSeq Reporter (MSR) v. 2.6
software. The analysis consisted of two steps: (1) automatic
demultiplexing of samples, and (2) generation of fastq files
containing the raw reads.

Bioinformatic analysis/NGS data processing

Raw sequence data was submitted in Sequence Read Archive
(SRA) division of GenBank database (NCBI database), and
they are under BioProject number PRIEB60074 (https:/www.
ncbi.nlm.nih.gov/bioproject/PRI EB60074/).

Bioinformatics analysis, aiming to classify reads to the
species level, was conducted using the QIIME 2 software
package (DOI:10.1038/s41587-019-0209-9) based on the
Silva 138 reference sequence database (DOI:10.1093/nar/

Table 1. Conditions for conducting the ex-situ underground coal gasification (UCG) processes (Wiatowski et al. 2023).

Parameters (units) W1 w2 W3

Coal origin "Piast-Ziemowit" mine (Poland) "Wesota" mine (Poland)
Gasifying agent OEA Oxygen OEA
Installation pressure Ambient Ambient Ambient
Coal block dimensions (m) 0.6x0.8x25 0.5x0.7x2.0 0.5x0.7x2.0
Mass of coal inside the reactor (kg) 1225 687 830
Experiment duration (h) 56 72 72
Amount of coal used (kg) 140.9 323.9 165.3
Wastewater produced (kg) 1018 1372 1197
Wastewater production rate (kg/h) 4.18 5.01 2.63
Wastewater outflow (kg/kg gasified coal) 1.66 1.12 1.14

OEA - oxygen-enriched air
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Table 2. Physico-chemical and ecotoxicological characterization of UCG post-processing waters.

Parameters (units) Methods used w1 w2 w3
pH Potentiometric 2.6 1.8 7.0
Conductivity (mS cm™) Conductometric 2610 8640 1530
Redox (mV) Potentiometric (Ag/AgCl) 263 382 112
Ammonia NH, (mg L") Flow injection analysis (FIA) with spectrophotometric detection 180 160 190
N-NO3 (mg L") Spectrophotometric / ion chromatography (IC) 0.1 0.12 <0.1
N-NO2 (mg L") Spectrophotometric / ion chromatography (IC) <0.006 | <0.002 | 0.016
Total nitrogen (mg L") High-temperature combustion with chemiluminescent detection 150 120 150
BOD (mgO, L") Electrochemical 360 550 170
COD (mgO, L) Spectrophotometric 1130 1060 397
TOC (mgC L) High-temperature combustion with IR detection 330 350 130
Chlorides (mg L") Titrimetric/ion chromatography (IC) 516 1120 269
Sulfates (mg L") Gravimetric / ion chromatography (IC) 154 106 130
Nitrates (mg L") Spectrophotometric / ion chromatography (IC) 0.50 0.53 <0.5
Nitrites (mg L") Spectrophotometric / ion chromatography (IC) <0.006 | <0.006 | 0.051
Total cyanides (mg L) Continuous flow analysis (CFA) with spectrophotometric detection 6.7 42 5:1
Phenol index (mg L") Continuous flow analysis (CFA) with spectrophotometric detection 94 165 41

Total phosphorus (mg L") | Inductively coupled plasma - optical emission spectrometry (ICP-OES) | 0.12 0.10 <0.065

Sulfides (mg L") Flow injection analysis (FIA) with spectrophotometric detection / <0.02 025 <0.02

spectrophotometric

Fe (mg L") Inductively coupled plasma - optical emission spectrometry (ICP-OES) | 3.64 22.7 0.12
Mn (mg L) 0.14 0.39 0.053
Sb (mg L") 0.24 <0.05 0.2
As (mg L") <0.05 <0.05 <0.05
B (mg L") 0.28 1.75 0.26
Cr (mg L") 0.28 4.83 <0.005
Zn (mg L") 13.4 4.65 0.92
Al (mg L") 1.6 3.02 0.13
Ca (mgL") 212 1.34 0.86
Cd (mg L) 0.0078 | 0.0084 | <0.001
Co (mg L) 0.0059 | 0.071 | <0.005
Cu (mg L) 0.013 <0.01 0.026
Mg (mg L) 0.45 0.39 0.16
Mo (mg L) 0.0063 | <0.005 | 0.011
Ni (mg L") 0.40 2.21 0.32
Pb (mg L") 1.25 3.06 <0.02
Se (mg L) <0.05 <0.05 <0.05
Ti (mg L") 0.023 0.069 | <0.005
Hg (g L) Cold-vapour atomicai:J:;rsﬁlc;r:i ::?:lrﬁr:\i'\qel:rey (CV-AAS) with the <0.0005 | <0.001 | <0.001
PAHs (ug L) High-performance Ilqlilggiglrglr:’a;;gr?gil;yn ((HSF;DLEEC;-FLD) after pressure 188.26 1731 2057
BTEX (ug L") Headspace analysis with g(a}_sl Sc_rgc():rl'\'atg)graphy and mass detection 1357 732 604
Toxicity TU Toxicity class Microtox 3736V | 4054V | 732V

TU — Toxicity Unit
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Table 3. Summary of the metagenomic sequencing and preprocessing results for each sample.

Preprocessed sequences W1 W2 W3
Raw reads 162 900 189 704 221 974
Raw bases (Mbp) 49.00 57.10 66.80
Trimmed reads 130 800 147 946 180 152
Trimmed bases (Mbp) 29.45 33.30 40.55
Trimmed reads (%) 80.3 78.00 81.16
Trimmed bases (%) 60.10 58.32 60.70
Average length (bp) 225.15 2252 2248
Max length (bp) 301 301 301
GC content (%) 52.5 54.0 52.5
dada? filtered sequences

input sequences 130 800 147 946 180 152
filtered sequences 115009 129 404 164 924
% of filtered 87.93 87.47 91.55
denoised 112 567 128 786 160 060
merged 105 403 127 328 143 161
% of megged 80.58 86.06 79.47
OTUs 100 233 125 264 127 757
% of OTUs 76.63 84.67 70.92

gkm864). The DADA2 package (DOI:10.1038/nmeth.3869)
was also employed for filtering out sequences containing
errors introduced during the sequencing process (denoising),
as well as for merging paired reads to enhance the accuracy of
sequencing. This process was performed in paired-end mode,
allowing for subsequent merging of corresponding forward
and reverse reads, dereplication (merging of identical, unique
sequences while preserving their occurrence and quality
profile), and chimera filtering.

Statistical analysis and data visualization

Statistical tools like Shannon diversity and Simpson indices,
number of OTUs (Operation Taxonomic Units), Chaol and Ace
estimators were used for evaluation of o-diversity (Thukral 2023).

The top OTUs at various levels were used to generate a
phylogenetic heatmap and to present the pattern of UCG post-
processing wastewater bacterial community variation and
distribution.

A redundancy analysis (RDA) was performed using R,
and the data from the analysis were then transferred to Excel
to create a graph illustrating the relationships among bacterial
phyla and selected wastewater characteristics, including
organic and inorganic pollutants. Venn diagrams of bacterial
taxa were generated using SRplot.

Results and Discussion

Chemical and toxicological characterization of post-
processing water

Wastewater from UCG processes exhibited very high
concentrations of BTEX (benzene, toluene, ethylbenzene,
xylene), polyaromatic hydrocarbons (PAHs) and phenol (Table

2). BTEX concentrations ranged from 604 to 1357 mg L,
while PAH concentrations ranged from 188.26 to 2057 mg L.
Benzene was the predominant BTEX compound, constituting
between 35% (W1) and 74% (W3) of the total. Among PAHs,
chrysene (18%), pyrene (14%), and benzo(f)fluoranthene
(11%) predominated in W1; acenaphtalene (46%), pyrene
(14%), and phenanthrene (10%) in W2; and naphtalene (61%)
and benzo(a)pyrene (16.2%) in W3. Phenol concentrations
were 94 mg L, 165 mg L and 41 mg L' in W1, W2 and
W3, respectively. It is noteworthy that phenol toxicity levels
range from 9 to 25 mg L for both humans and aquatic life
(Sharma and Bhattacharya 2017). Given the adverse health
effects associated with phenolic compounds , the World Health
Organization (WHO) has set the maximum permissible level
for phenol in the environment at 0.01 mg L.

All organic compounds detected in UCG wastewater pose
high toxicity to the environment and living organisms, and their
discharge leads to serious health risks to humans, animals, and
aquatic systems. The majority of hydrocarbon pollutants are
classified as persistent organic pollutants (POPs), exacerbating
their impact on ecosystems and human health.

Among the inorganic contaminants, UCG wastewater
exhibited high concentrations of nitrogen (120 — 150 mg L),
ammonia (160 -190 mg L), and cyanide (5.1 — 42 mg L*).
While the concentrations of detected metals were at low levels
(Table 2), elevated levels were observed for some metals
including B, Cr, Zn, Ni, and Al. The high concentrations of
chemical compounds in the post-processing waters contributed
to elevated values of BOD (biochemical oxygen demand) and
COD (chemical oxygen demand) parameters. BOD and COD
values ranged between 170 and 550 mg O,L" and from 397
to 1130 mg O, L, respectively (Pankiewicz- Sperka et al.
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a) Phylum level

W1 (32 identified)

W2 (23 identified)

W3 (25 identified)

Proteobacteria Firmicutes Proteobacteria
Bacleroidola Actinobacteriota Actinobacteriota
Actinohacterinta Proteobacteria B yroidota
Firmicutes Bacteroidota Firmicutes
Bdeilovibronota Desulfobacterota Acidobacteriota
Patescibacteria Campilobacterota Planctomycelota
Verrucomicrobiota Patescibacteria Verrucomicrobiota
Myxococcota Verrucomicrobiota Gemmatimonadota
0 50 100 (%) 0 50 100 (%) 0 50 100 (%)
b) Class level W1 (81 identified) W2 (43 identified) W3 (45 identified)
Gammaproteobacteria Bacilli 66.76  Gammaproteobacteria 51.75
Alphaproteobacteria Actinobacteria Alphaproteobacieria 26.17
Bacteroidia Gammaproteobacteria Actinobacieria [ 9.26
Actinobacteria Alphaproteobacteria Bacteroidia [ 5.34
Bagcilli Bacteroidia Bacilli | 0.99
Bdelfovibrionia Clostridia Acidimicrobiia | 0.62
Parcubacteria Desulfuromonadia Thermoleophilia | 044
Kapabacteria Desulfitobacteriia | : G imonadetes | 0.41
0 50 100 (%) 0 50 100 (%) 0 50 100 (%)
c) Order level W1 (216 identified) W2 (111 identified) W3 (113 identified)
Burkholderiales Paenibacillales 35.12 Burkholderiales 49.80
Salinisphaerales Bacillales 31.32 Sphingomonadales E 12.63
Sphingomonadales Micrococcales 15.13 Rhizobiales 931
Pseudomonadales Pseudomonadales 751 Frankiales m 3.58
Rhizobiales Burkholderiales W 3.70 Sphingobacteriales § 2.34
Xanthomonadales Sphingomonadales ) 1.60 Propionibacteriales y§ 2,18
Caulobacterales Rhizobiales ) 1.24 Acetobacterales § 1,90
Flavobacteriales Flavobacteriales | 0.53 Corynebacteriales § 181
0 50 100 (%) 0 50 100 (%) 0 50 100 (%)
d) Family level W1 (325 identified) W2 (167 identified) W3 (176 identified)
Solimonadaceae Paenibacillaceae Comamonadaceae |—— 46.48
Comamonadaceae Bacillaceae Sphingomonadaceae pmm 12.63
Sphingomonadaceae Micrococcaceae Xanthobacteraceae M 5.60
Buekhalderiaceae Pseudomonadaceae Geodermatophilaceae i 2.50
Moraxellaceae Comamonadaceae Sphingobacteriaceae f 2.32
Xanthomonadaceae Moraxellaceae Acetobacteraceae § 1.87
Rhodocyclaceae Sphingomonadaceae Oxalobacteraceae | 1.80
Beijerickiaceae Beijerinckiaceae Beijerinckiaceae } 1.77 B
0 50 100 (%) 0 50 100 (%) 0 50 100(%)
e) Genus level W2 (266 identified) W3 (342 identified)
Nevskia Paenibacillus jm—33.98 Dejftia 24.68
Sphingobium Bacillus m—31.31 Sphingomonas
Acinetobacter Kocuria mmm 15.12 Bradyrhizobium
Cupriavidus Pseudomonas m 5.02 Mucilaginibacter
Panacagrimonas Comamonas ) 1.94 Novosphingobium
Stenotrophomonas Acinetobacter ) 1.65 Blastococcus
Dechloromonas Sphingomonas | 1.20 Phreatobacter
Methylobacterium Methylobacterium ) 1.15 Nocardioides
0 50 100 (%) 0 50 100 (%) 0 50 100 (%)

Figure 1. Taxonomic hierarchy and relative abundance of bacteria in investigated post-processing wastewaters (top of 8 most
common taxons from each wastewater).

2014). Toxicological analyses revealed the high toxicity of
UCG post-processing water due to the presence of refractory
and inhibitory compounds. As a result, the wastewater was
classified as cytotoxic and genotoxic waste.

Table 2 reveals chemical differences among post-
processing waters obtained from three underground coal
gasification processes, where two types of coal and various
gasification agents (air and oxygen) were used. Similar
results were reported by Pankiewicz-Sperka et al. (2021), who
performed the UCG experiments using semi-anthracite and
bituminous coal under different pressures (20 and 40 bars).
These results confirm that the chemical composition of post-

processing water depends on the type of coal and gasification.
Among the chemicals detected, organic compounds such
as phenol, BTEX, and PAHs were identified as the most
significant contaminants in UCG post-processing wastewater.
A high variability of phenol concentration, ranging from 500—
3000 mg L, was observed due to fluctuations in pre-treatment
performance.

Table 2 presents the toxicity of wastewater evaluated by
toxicity unit (TU). The TU values were 373, 405 and 732 for
W1, W2 and W3, respectively. According to the classification
proposed by Persoone et al. (2003), these values correspond to
the fifth toxicity class, indicating very high acute toxicity.
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Table 4. Alpha diversity indices of bacterial communities in analyzed samples.

Number of Observed -

Samples OTU e atares Shannon Simpson Ace Chao1
W1 100 233.00 747.00 6.255 0.945 747.886 747.833
w2 125 264.00 235.00 3.982 0.859 235.383 235.09
w3 127 757.00 1138.00 6.022 0.845 1139.506 1139.894

Microbial community diversity
Table 3 presents a summary of results from sequencing
and preprocessing. A total of 409,337 filtered sequences
were obtained from the UCG post-processing wastewater,
accounting for 89% of the raw reads.

Archaea were detected in W1 and W2. In W1, about 4 reads
were classified as Archaea, representing 0.003521% ofthe total
reads. All of these reads were related to Woesarchaeles family.
In W2, only 3 reads were classified as Archaea, accounting for
0.002115% of the total reads. These reads were related to the
phylum Nanoarchaeota and Thermoplasmatota. As Archaea
appeared to be sporadic, they were omitted from our analysis,
and only bacterial communities were characterized.

The total number of OTUs was 353,254, with 76.63 %,
84.67% and 70.92% found in W1, W2 and W3, respectively.

Alpha-diversity analyses were performed to assess the
diversity among the W1, W2 and W3 samples, and the results
are presented in Table 4. Microbial community richness and
diversity were assessed using alpha diversity estimators,
including the Ace, Chao 1, Simpson, and Shannon indices.
Generally, W2 exhibited the lowest values for the Shannon
(H), Ace, and Chaol indices, indicating reduced microbial
community diversity and richness compared to W1 and W3.
Specifically, the Chaol and Ace indices were approximately
70-80% lower in W2. Conversely, W3 displayed the highest
diversity, followed by W1, as indicated by the Shannon, Chaol
and Ace estimators. The values of Shannon’s diversity index,
ACE and Chaol metrics indicated that W2 had lower species
richness than the other samples.

The observed microbial richness and diversity, based
on all indices, followed the increasing order: W2<W1<W3.
These metrics were influenced by the number of OTUs
present. Variations in contaminant concentrations, particularly
phenol, BTEX, and PAHs, in the post-processing wastewater,
impacted microbial diversity. Additionally, parameters of
the underground coal gasification process, such as oxygen,
which served as a gasifying agent in the second process, likely
influenced bacterial diversity. In underground coal gasification
processes no. 1 and no. 3, oxygen-enriched air was utilized as
the gasifying agent. Comparing the diversity estimators values
obtained in thius study with those reported in the literature for
wastewater treatment plants, they were found to be low. This
observation suggests that diversity and richness in polluted
environments are specific and depend on the type of pollution
(Liu et al. 2019, Yang et al. 2020).

Microbial community structure

This study presents the first culture-independent profiling
of microbial diversity in UCG post-processing wastewater.
Phylogenic diversity and relative abundance among W1, W2,

and W3 are depicted in Figure 1. The dominant phylum observed
was Proteobacteria, constituting 84.64% and 77.92% of the
microbial community in W1 and W3, respectively. While W1
and W3 shared similar dominant phyla, their proportion differed.

In W2, Firmicutes dominated, comprising 66.85% of the
microbial community. At the class level, Gammaproteobacteria
and Alphaproteobacteria were predominant in W1 and W3,
while Bacilli and Actinobacteria were predominant in W2.
Significant differences in taxonomic abundance were observed
between W1 and W3, starting from the order level The
distinctions in bacterial community structures among W1, W2,
and W3 are presented in Figures 2 and 3.

As the analyses showed the unidentified species ranged
between 86.3% in W2 and 96% in W3.

In W1, the percentage of unidentified species was similar
to that in W3, and amounted to 93.35%. In contrast, identified
species accounted for less than 5% oftotal classified reads, with
the remaining percentage termed as ‘spare’, ranging between
4.11% in W3 and 13.73% in W2. Most of the identified species
in the wastewater samples were uncultured. For example, in
W1, uncultured Nevskia represented 15.82% of the identified
species. Other significant uncultured species were found in
Burkholderiales (14.26%) and Sphingobium (13.2%).

In W2, the most dominant species were Penibacillus
(26.51%), Bacillus (25.34%), and Actinobacteria (15.12%).
Keystone species included Paenibacillus glucanolvticus,
Paenibacillus favisporus, Bacillus horneckiae, and Kocuria
spp. These bacteria listed above possess specific metabolic
properties that facilitate their survival in extreme environments
and could be valuable in biotechnological applications (Karn
et al. 2011, Grady et al. 2016, Timkina 2020). Conversely, in
W3, the most dominant bacteria were Delffia (44.68%) and
Sphingomonas (6.56%).

In our previous studies, we employed a straightforward
cultivation procedure and unique biochemical selection to gain
insights into the specific properties of bacteria (Jatowiecki et al.
2024). From the 100 strains isolated from UCG wastewaters,
three - Paenibacillus pasadensis SAFN-007, Peanibacillus
humicus Au34, and Staphylococcus warneri DK131 -
demonstrated the capacity to degrade phenol and exhibited
specific biochemical properties. These specific properties make
the isolated bacterial strains good candidates for bioremediation
of phenol-contaminated environments. Among the identified
bacteria, Paenibacillus and Bacillus species were dominant
in UCG post-processing waters. The following bacteria were
dominated in the post-processing wastewater: Paenibacillus
glucanotylicus P69, Bacillus altitudinis VMFR48, Bacillus
nealsoni LE3, Bacillus pseudomycoides S2015-2C, Bacillus
sp. CMAA 1185, Bacillus stratosphericus TR4, Margalitia
shackletoni LMG-18435, Oceanobacillus picturae BS,
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Phylum Class Order
wi w1 w1
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w2 8 ‘ 0.32 w2 0.35 0.26 w2 0.15 0.15
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Figure 2. Correlation matrices of the contribution of individual OTUs between the analyzed sample groups (W1, W2 and W3)
for six taxonomic levels (Phylum, Class, Order, Family, Genus and Species).
The level of correlation is shown on a scale from 0 (no correlation between samples: white color on the scale) to 1 (highest
correlation between samples, with a value of 1 meaning that the samples have identical taxonomic composition: red color on the
scale). The blue color on the legend's scale and a value of -1 indicate negative correlation, which in this case is impossible and is

treated as a control.

Phylum Class

Wastewater 1
(1und)

Wastewater 1
(2und)

Wastewater 2

2
(Ound) Wastewater

{0 und.)

‘Wastewater 3 Wastewater 3
(1 und) (1 und.)
Family Genus

Wastewater |
{32und.)

Wastewater 1

(91 und) Wastewater 2

(18 und.)

Wastewater 2
(4und.)

Wastewater 3
(36 und.)

Wastewater 3
(117 und.)

Order

Wastewater 1
(5und)

Wastewater 2

(3 und.)
Wastewater 3
(11 und.)
Species
Wastewater 1
(379 und.) Wastewater 2

(122 und.)

Wastewater 3
(485 und.)

Figure 3. Venn diagrams showing the proportion of common bacterial taxa at different taxa levels in all analysed wastewaters. The
number of unidentified reads that were not classified at the respective taxonomic level is shown in brackets.
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Figure 2. The redundancy analysis (RDA) order diagrams showing the relationships between the bacterial phylum (the taxons
with the highest abundance which are found in each wastewater) and selected wastewater characteristics (green labels indicate
inorganic substances, blue — organic compounds). Arrows indicate the direction and magnitude of the variables. Abbreviations: HM
—heavy metals, Phen — phenols, PAHs — polycyclic aromatic hydrocarbons, BTEX — benzene, toluene, ethylbenzene and xylene

Paenibacillus cineris BB, Paenibacillus favisporus U3,
Paenibacillus humicus Au34, Paenibacillus humicus Sp29,
Paenibacillus pasadensis SAFN-007, Paenibacillus cineris
cul-7, Peanibacillus cellulositrophicus KACC 16577 and
Staphylococcus warneri DK131.

When comparing the results obtained from molecular
analysis (metagenomic approach) and traditional microbial
culture tests, certain similarities can be seen. Both types
of experiments detected the genera Paenibacillus and
Bacillus. Strains of Paenibacillus and Bacillus are known to
produce various enzymes and useful molecules, including
exo-polysaccharides (EPS), biosurfactants, and enzymes
such as oxygenases, dehydrogenases, amylases, cellulases,
hemicellulases, lipases and lignilolytic enzymes (Grady et
al. 2016). Considering the physiological and biochemical
properties of Paenibacillus and Bacillus strains, they exhibit
the ability to degrade aliphatic and aromatic organic pollutants
(Guisado et al. 2015, Mauricio-Gutiérrez et al. 2020, Jayapal et
al. 2023). Both genera, Paenibacillus and Bacillus, are Gram-
positive, endospore-forming bacteria capable of thriving in
both aerobic and anaerobic conditions.

Figure 4 shows the relationship between selected
physicochemical parameters of wastewater and the dominant
bacterial phylum. Acute angles were observed among SO,*,
CN, CI, and heavy metals (HM), as well as between PAHs
and pH, suggesting a potentially synergetic impact of these
variables on the bacterial community. However, the conducted
analysis showed that the effect of these factors on phyla such
as Bacteroidota, Verrucomicrobiota and Patescibacteria
may have a weak influence on their abundance. In contrast,

Firmicutes phylum showed a positive correlation with anions
CN- and Cl, which were present at high levels in wastewater
2 (W2). Additionally, W2 exhibited the highest salinity, as
evidenced by the elevated electrical conductivity values. Many
Firmicutes are capable of producing spores, enabling them to
withstand extreme conditions such as high salinity (Fimlaid
and Shen 2015). Proteobacteria emerged as one of the most
abundant bacteria phyla in the examined UCG wastewater,
particularly in wastewaters with high BTEX levels. Previous
research has indicated that many Proteobacteria possess higher
BTEX degradation activity (Chen et al. 2022).

The structure of bacterial communities is strongly
influenced by environmental variables such as nutrients and
contaminants concentration, temperature, pH, etc. Variations
in microbial community compositions can significantly
impact their functional role in environmental processes. Post-
processing waters from the underground coal gasification
process serve as an example of an extreme environment
conducive to the isolation of unique bacteria with specific
metabolic properties.

Many wastewaters from various industries contain a
mixture of recalcitrant, hazardous, and highly toxic compounds,
leading to adverse effects. Consequently, establishing
treatment methods capable of handling the complex mixture
of compounds associated with industrial wastewaters is
imperative. Industrial wastewaters pose significant challenges
that necessitate effective treatment. One method involves the
application of microorganisms with the capability to remove
pollutants. Bioaugmentation-assisted bioremediation has
emerged as a sustainable technology for the ecorestoration
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of heavily polluted environments. Microorganisms can Conflicts of Interest

utilize most the toxic pollutants as substrates and possess the
ability to degrade or metabolize them. Therefore, selecting a
suitable strain is essential for the success of bioaugmentation
(Nwankwegu et al. 2022). The addition of supplementary
microorganisms with their associated biodegradation
capacities and specific properties can enhance the quality
of the wastewater. The selected strain(s) or their consortia
must be able to withstand specific environmental conditions
imposed during treatment process, including pH, dissolved
oxygen, temperature, high pollutant concentrations, nutrient
availability, and microbial pressures (Muter 2023). Thus,
understanding the structure of microorganisms under extreme
conditions is one of the challenges in developing effective
wastewater treatment strategies.

Bioaugmentation relies on the selection and isolation
of relevant strains from the indigenous population, which
is favoured for increasing the success of bioaugmentation.
This approach increases the likelihood of strains adapting to
survival in the selected environment. Moreover, the success of
bioaugmentation is increasingly associated with the effective
incorporation of inoculated strains into the contaminated
environment. This success is influenced, among other factors,
by the selection of appropriate strains, their introduction to
extreme environments, and finally, their ability to survive and
thrive in these conditions.

Conclusions

The results of the study contribute to our understanding of
microbial ecology in contaminated environments. Bacterial
communities in W1, W2, and W3 are predominantly composed
of Proteobacteria and Firmicutes. Bacteria isolated from the
specific and extreme environments hold significant potential
for biotechnological applications and provide insights into
various environmental and ecophysiological functions. Overall,
the study enhances our knowledge of microbial diversity in
extreme environments, such as industrial wastewater heavily
contaminated by hydrocarbons. These findings are valuable
for developing green strategies to clean up contaminated
environments where environmental degradation is prevalent.
Understanding the microbial structure in polluted environments
is essential for the development of remediation technologies,
especially bioaugmentation-assisted bioremediation. This
approach has proven to be effective, fast, and affordable for
eco-restoration in heavily polluted environments. By applying
microbial science in bioremediation processes, the selection
of microbes or their consortia with degradation potential and
specific product production for biotechnological applications
is simplified.
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Abstract

The wastewater from underground coal gasification (UCG) process has extremely complex
composition and high concentrations of toxic and refractory compounds including phenolics,
aliphatic and aromatic hydrocarbons, ammonia, cyanides, hazardous metals and metal-
loids. So, the development of biological processes for treating UCG wastewater poses a
serious challenge in the sustainable coal industry. The aim of the study was to develop an
innovative and efficient wetland construction technology suitable for a treatment of UCG
wastewater using available and low-cost media. During the bioremediation process the tox-
icity of the raw wastewater decreased significantly between 74%—99%. The toxicity units
(TU) ranged from values corresponding to very high acute toxic for raw wastewater to non-
toxic for effluents from wetland columns after 60 days of the experiment. The toxicity results
correlated with the decrease of some organic and inorganic compounds such as phenols,
aromatic hydrocarbons, cyanides, metals and ammonia observed during the bioremediation
process. The removal percentage of organic compounds like BTEX, PAHs and phenol was
around 99% just after 14 days of treatment. A similar removal rate was indicated for cyanide
and metals (Zn, Cr, Cd and Pb). Concluded, in order to effectively assess remediation tech-
nologies, it is desirable to consider combination of physicochemical parameters with eco-
toxicity measurements. The present findings show that wetland remediation technology can
be used to clean-up the heavily contaminated waters from the UCG process. Wetland tech-
nology as a nature-based solution has the potential to tum coal gasification wastewater into
usable recycled water. It is economically and environmentally alternative treatment method.

Introduction

Although the underground coal gasification (UCG) process generates a smaller amount of
wastewater than traditional coal mining, it however the wastewater contains a high concentra-
tion of environmentally hazardous compounds [1, 2]. The release of numerous organic and
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inorganic contaminants from coal tars and ashes produced is connected with heterogeneous
and homogenous reactions during different stages of UCG process such as pyrolysis, reduc-
tion, oxidation [3, 4]. Waste water stream from the UCG process is an important source of
environmental pollution disrupts ecological sustainability and causes human health risk. It
contains extremely complex high-concentration aromatic hazardous, toxic and refractory
compounds including phenolics, polycyclic aromatic hydrocarbons (PAHs), nitrogen hetero-
cyclic compounds (NHCs) and long chain n-alkanes., potentially hazardous and harmful to
the environment [5-7].

Nowadays, UCG wastewater treatment has been considered as a emerging challenge to the
sustainable development of coal industry. The extensive effort has been devoted to developing
various cost-effective and environmentally friendly processes to removal of hazardous and
refractory organic compunds from the wastewater. So far, integrated engineering systems
including biological and chemical advanced treatment system as holistic approach have been
considered to clean up of UCG wastewater [2, 8-10]. The development of an appropriate treat-
ment method to remove pollutants from UCG wastewater is extremly important for the suc-
cessful application of UCG technology in energy transformation.

As described in the literature, a lot of industrial wastewater has been treated by biological
processes, among which the constructed wetlands (CWs) as nature-based treatment technol-
ogy are good solutions. The proven advantages of CWs as green and sustainable technology
has been discussed by many researchers and resulted in numerous applications [11-20]. Liter-
ature analysis showed that so far, CWs have not been applied to the treatment of wastewater
from the coal industry.

In this context, the aim of this work was to develop an innovative and efficient wetland con-
struction technology suitable for the treatment of wastewater from underground coal gasifica-
tion process using available and low-cost media, which allowed to deepen the knowledge
about working conditions and possible applications of CWs. In our study the ability of vertical
flow constructed wetland to treat UCG wastewater was tested.

Materials and methods
UCG experiments and production of UCG post-processing wastewater

Three separate experimental simulations of UCG were carried out in a large-scale ex-situ
installation located in the Barbara Experimental Mine in Mikolow, a part of the laboratory
facilities of the Center for Clean Coal Technologies in GIG Research Institute (Katowice,
Poland).

Two Polish coals from “Piast-Ziemowit” mine and “Wesola” mine were gasified. Before
gasification, raw coals were subjected to analysis in the accredited laboratory in GIG
Research Institute (Katowice, Poland). A short summary of the basic properties of coals is
presented in Table 1. Both raw coals have a relatively high content of volatile matter (approx.
30%). “Piast-Ziemowit” coal sample has a higher content of moisture and ash in comparison
to the “Wesola” coal. Coal from the "Wesola" mine contains about two times less moisture
and a lower content of ash, is more coalified and has a greater calorific value. Due to their
properties, both coals can be classified as medium-rank bituminous coals [21, 22]. The raw
coals were subjected to gasification using oxygen-enriched air (OEA) as a gasifying agent
(Experiment 1 and Experiment 3). Additionally, the “Piast-Ziemowit” coal was gasified in
the oxygen atmosphere (Experiment 2). Characteristics of the UCG experiments are pre-
sented in Table 2. Detailed information on the UCG simulations was described by Wiatowski

etal. [21].
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Table 1. Comparison of some parameters of coals used in the experiments.

Parameters (units) Coal
“Piast-Ziemowit” \ “Wesola”

Moisture W* (%) 747 \ 349
Ash A* (%) 7.64 2.15
Volatile matter content V* (%) 30.49 30.12
Lower heating value Q" (k] kg b) 26,103 31,543
Total sulphur " (%) 0.99 0.21
Carbon C* (%) 68.62 82.01
Hydrogen H" (%) I 4.30 | 5.18
Nitrogen N* (%) 1.08 224
Oxygen " (%) 1020 48

“Analytical state
https://doi.org/10.1371/journal.pone.0300485.t001

UCG wastewater sampling

Three post-process wastewater average samples were generated as a result of three different
coal gasification experiments differing in the coal rank and gasifying agent. Wastewater col-
lected after every completion of each UCG process were produced in the water scrubber and
represents the average sample of wastewater for a given gasification experiment. The addi-
tion of water to the scrubber prevented clogging the process gas discharge pipes. The actual
volume of wastewater generated in each of conducted UCG processes was obtained by sub-
tracting the water that has been injected to the water scrubber during the experiment with
the flow rate 14 kgh™".

The total amount of raw wastewater generated as a result of coal gasification process was
collected in a plastic tank with a capacity of 1 m* (Mauser type) and after mixing and pouring
into smaller containers, the samples were transported to the laboratory. Subsequently,

Table 2. General assumptions and characteristics of conducted UCG Experiments 1-3 (Wiatowski et al., [21]).

Parameters (units) Experiment no. 1 Experiment Experiment
no.2 no.3

Coal origin "Piast-Ziemowit" mine (Poland) "Wesota" mine (Poland)

Gasifying agent OEA Oxygen OEA

Installation pressure Ambient Ambient Ambient

Coal block dimensions (m) 0.6x08x2.5 il 0.5x07x2.0 Il 05x0.7x2.0

Mass of coal inside 1225 687 830

the reactor (kg)

Experiment duration (h) 56 72 72

Amount of coal gasified (kg) 140.9 3239 165.3

Wastewater produced" (kg) 234 (1018) | 364 (1372) 189 (1197)

Wastewater production 4.18 5.01 2.63

rate (kg/h)

Wastewater outflow 1.66 112 1.14

(kg/kg gasified coal)

* the real quantity of post-process water obtained from coal gasification after subtracting the volume of the water added to the scrubber; the total amount of water before
correction is given in brackets.

https://doi.org/10.1371/journal.pone.0300485.t002
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wastewater samples were filtered through a 0.45um pore diameter membrane filter under vac-
uum to remove coal tar and other undissolved residues before laboratory analysis. All raw
wastewater samples were characterized by an unpleasant odour and a certain amount of fine
suspension. The samples remained slightly coloured after filtration. All filtrates were stored at
4°C until analysis. The raw wastewater from each of the three UCG experiments was biologi-
cally treated with constructed wetland column set. The effluents from the constructed wetlands
were collected after 14 and 60 days for physico-chemical analysis. The toxicity analysis of efflu-
ents was performed after 14, 30, 45, 60, 75 and 150 days.

Wetland column set up

Laboratory-scale vertical subsurface flow constructed wetlands (VSF CWs) were set up in col-
umns made of poly-methyl methacrylate polymer (PMMA). A total of four columns, one con-
trol and three experimental columns were set up. In experimental columns, the raw post-
processing wastewater from the UCG processes was used.

The raw wastewater from UCG Experiment No. 1 was used in the constructed wetland
marked No. 1 (CW1). Similarly, In the case of the raw wastewater from UCG experiments
Nos. 2 and 3 was used to set up constructed wetlands Nos. 2 (CW2) and 3 (CW3).

The columns were filled with sand and gravel, a filling typically used in reed-bed wastewater
treatment plants and the top layer of the column was green compost, whose task was to pro-
vide nutrients to the system. Eight cuttings of common reed (Phragmites australis) with a stem
height of about 30 cm were planted in each column. The systems were stabilized with tap
water for 2 weeks while maintaining the same flow parameters as when the systems were fed
with UCG wastewater. The plants grew under natural light conditions. At the beginning of the
experiment, the tanks placed next to a given experimental column contained 70 liters of waste-
water. The raw wastewater passed through the column and returned to the tank by recircula-
tion, where it was constantly mixed by the pump. Fig 1 shows an illustrative diagram of the
experimental set-up. Technical details of the laboratory-scale constructed wetlands including
column effluent retention time and water storage capacity of the bed are provided in Table 3.

Physicochemical analysis

Optimally selected techniques and analytical methods used for the analysis of post-process
UCG wastewater and effluents from the wetland columns are presented in detail in S1 Table.
The analytical methods were selected appropriately according to the expected high content of
impurities in the UCG polluted wastewater. The key instrumental equipment used for the
analysis was IC analyzer Dionex ICS-5000 from Thermo Fisher Scientific (determination of
inorganic anions); ICP-OES analyzer Optima 5300 DV from Perkin Elmer (determination of
metals and metalloids); HS-GC-MS analyzer from Agilent Technologies (BTEX analysis);
HPLC analyzer 1200 series with FLD detector from Agilent Technologies (PAHs analysis). All
physico-chemical wastewater analysis were conducted in the accredited laboratories of GIG
Research Institute in accordance with the currently applicable standards.

Toxicity evaluation

Toxicity assessment of raw wastewater samples and effluents from wetland columns was con-
ducted with the Microtox " test recommended by ISO Standard 11348:1998. The test was car-
ried out in the Microtox M500 toxicity analyzer according to the standard procedure [23, 24]
with some modifications. In the test commercially available lyophilised bacteria Vibrio fischeri
(NRRL-B 11177) was applied. The determination of the acute toxicity was performed by a
two-step analysis. At first, in the initial screening test the toxicity was determined on non-
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R
Fig 1. Scheme of the vertical subsurface flow constructed wetlands (VSF CWs) used in the bi diati p

https://doi.org/10.1371/journal.pone.0300485.g001

diluted samples. In a second step, toxicity was assessed on sample solutions diluted with 2%
NaCl to achieve more than a 50% effect over the initial screening The luminescence inhibition
after 15 min was taken as the endpoint. The EC50 values (concentration causing 50% reduc-
tion in the bioluminescence of the bacteria) and the corresponding 95% confidence intervals
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Table 3. Technical and working parameters of laboratory scale vertical-subsurface flow constructed wetlands
(VSF CWs).
Column parameters* ‘ Values
Diameter | 0.30m
Height 0.80 m
Column area 633.5cm’
Filling layers (1) green compost 0.10m

(2) sand <1.0 mm 0.10 m

(3) gravel fraction 5.0-8.0cm 0.20 m

(4) gravel fraction 3.0-5.0cm 0.20 m
Volume 38L
Maximum water volume 113L
Water storage capacity of the bed 08L
Average flow through the column QP 565Ld"
Hydraulic load 30cmd’
Hydraulic retention time (HRT) 2 day
“The columns were made of translucent Plexiglas. For this reason, each column was wrapped with aluminium foil
from the outside to prevent algal blooms;
"Flow parameters were monitored at least oncea day
https://doi.org/10.1371/journal.pone.0300485.t003
were computed using the MicrotoxOmni™ Software. Then, the toxicity unit (TU) as 1/ EC50
was calculated. Finally, obtained results were ranked based on TU values into one of five clas-
ses described by Persoone et al.[25]. Each sample was run in triplicates assay. Toxicity tests
were evaluated in the microbiological laboratory of the Institute for Ecology of Industrial
Areas (Katowice, Poland).
Statistical and computional analysis
In order to show the changes in the physico-chemical parameters of wastewater after the UCG
processes and their effects on toxicity, the PCA analysis was carried out on the basis of a corre-
lation matrix. The range of continuous output variables has been standardised so that each
contributes equally to the analysis. All calculations were performed using Dell Statistica (data
analysis software), version 13.

For selected post-process wastewater contaminants, the degree of wastewater treatment
(M14,60 %) was calculated, defined as the ratio of the amount of pollutants retained as a result
of wastewater treatment to the amount of pollutants contained in raw wastewater. The percent
reduction was calculated after 14 and 60 days of contact of wastewater with constructed wet-
lands according to the equation:

Muan(%) = - 100 M
C0
where:
co—the concentration or index of pollutants in the raw wastewater (mg B,
c.—the concentration or index of pollutants in the wastewater after 14 or 60 days of contact
with constructed wetland (mg L™").
PLOS ONE | https://doi.org/10.1371/journal.pone.0300485 March 12, 2024 6/19
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Results and discussion
Characterization of UCG raw wastewater samples

The real quantities of post-process water obtained from coal gasification experiments were 234
kg, 364 kg and 189 kg in Experiment 1, Experiment 2 and Experiment 3, respectively (Table 2).
The total amount of produced UCG wastewater was higher in the case of coal gasification
under oxygen (experiment No. 2) (Table 2). A higher amount of coal gasified in the process
with oxygen in comparison to oxygen-enriched air (OEA) results in relatively lower amount of
water per unit mass of coal (Table 2). The wastewater production rate was higher in the case of
gasification of ,,Piast-Ziemowit” coal (experiments No. 1 and No. 2). This can be connected
with significantly higher moisture content (8.50% vs 3.73%, respectively), and together with
unreacted steam, water evaporation or hydrogen combustion may result in the relatively high
wastewater outflow in the Experiment No. 1 (with OEA as the gasifying agent) in reference to
the coal consumption.

Table 4 presents changes in physicochemical parameters in UCG wastewater during the
treatment by the constructed wetlands after 14 days and 60 days. In accordance with the Best
Available Techniques (BAT)recommendations for coke wastewater, which are similar to UCG
wastewater in terms of composition, the pollutant concentrations in coking wastewater after
treatment and before discharging it to water or land, should not exceed the following levels for
selected parameters: COD < 220 mg L', BOD; < 20 mg L™, free sulfides < 0.1 mg L™
thiocyanides < 4 mg L''; free cyanides < 0.1 mg L™, polycyclic aromatic hydrocarbons
(PAHs) < 0.05mgL", phenols < 0.5 mg L™, total nitrogen (sum of ammonia nitrogen, nitrate
nitrogen, and nitrite nitrogen) < 15-50 mg L™ [25].

In analyzed samples, pH ranged from 1.8 to 7.0 (Table 4). The wastewater originated from
the gasification of “Piast-Ziemowit” coal were strongly acidic, which may be related to the rela-
tively high sulfur content in the raw coal (five times more compared to "Wesola" coal). A sig-
nificant increase in the pH of the raw water sample after experiments 1 and 2 (from 2.6 to 6.3
and from 1.8 to 6.4, respectively for raw wastewater 1 and raw wastewater 2) may be related to
the leaching of potential impurities in the form of calcium and magnesium carbonates present
in the quartz gravel filling the column. On the basis of a blank test, it was verified that in the
case of contact of gravel with a neutral solution, the pH does not change (the blank test was
carried out on tap water; the initial pH of the solution was 6.7, after 14 days it was 6.8, and
after 30 days it slightly increased to 6.9). In the acid blank, the starting pH was 2.4 and
increased to 5.9 after only 5 hours, then slowly increased to 6.4 (after 14 days) and 6.5 (after 30
days). Additional analysis carried out confirmed the increase in Ca and Mg concentrations in
the tested samples over time (Table 4).

The raw wastewater after Experiment No. 2 had high conductivity. Total nitrogen consisted
mainly of ammonia and remained constant in all three wastewater samples. Total cyanide con-
tent was found in all samples, with the highest concentration 42 mg L' determined in the raw
wastewater 2, which deserves special attention due to the strongly acidic nature of the sample.
The raw wastewater 1 and 2 contained significantly more COD, BOD, TOC and phenol index
than the sample number 3 with moderate content of organic substances. Significant differences
between the wastewater from coal gasification “Piast-Ziemowit” and “Wesola” were also pres-
ent in the TOC content (330-350 mg L" and 130 mg L™, respectively). These differences may
indicate a significant impact of the type and composition of the gasified coal on the composi-
tion of wastewater generated in the process, especially the concentrations of organic parame-
ters. The relationship between the values of general organic pollutant indicators (such as BOD,
COD, TOC) determines the susceptibility of wastewater to biological treatment plant processes
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Table 4. The changes of the par of during the bioremediation process (mean values, n = 3). Parameters that are exceeded in relation to the norma-
tive values given in BAT document (2012) are marked in bold.
Parameters (units) CW1 CW2 CW3

day0” | dayl4 day 60 day 0 day 14 day 60 day0® | dayl4 day 60
pH | 2.6 52 6.3 18 5.1 6.4 7.0 7.7 7.1
Conductivity (m$S cm™) 2610 1860 2220 8640 2830 | 3300 1530 1480 1850
Redox (mV) 263 186 274 382 175 259 112 211 254
Ammonia NH, (mg L") 180 140 42 160 110 ‘ 98 190 130 <0.02
N-NO; (mg L) 0.11 <0.10 36 0.12 <010 | <0.10 <01 | <01 58
N-NO, (mg L’ Y . <0.006 0.0079 11 <0.002 <0.002 | 0.011 0.016 0.033 0.21
Total nitrogen (mg L") 150 120 83 | 120 90 | 82 150 | 100 63
BOD (mgO, L") 360 260 7 | 550 320 | 9 170 | 14 28
COD (g0, L) | 1130 660 120 1060 660 | 72 397 | 143 129
TOC (mgCL") 330 220 44 350 210 | 26 130 53 46
Chlorides (mg L") 516 450 483 1120 961 1080 269 228 312
Sulfates (mg L") | 154 26 | 276 | 106 | 788 | <10 130 | 198 276
Nitrates (mg LY 0.50 <0.50 160 0.53 <0.50 | <0.50 <0.5 <0.5 260
Nitrites (mg L") <0.006 0.026 35 <0.006 <0.006 | 0036 0051 | 011 0.70
Total cyanides (mg L’ ¢ 6.7 28 0.065 42 0.16 <0.002 5.1 0.064 0.070
Phenol index (mg L~ Y 94 60 0.017 165 68 0.0091 41 0.014 0.0042
Total phosphorus (mg LY 0.12 024 0.29 0.10 0.22 <0.065 <0.065 243 0.57
Sulfides (mg L") | <002 | 0023 | <002 | 025 0054 | <0.02 <002 | <002 <0.02
Fe (mg ') 3.64 242 0.11 227 29.8 0.22 0.12 1.22 0.15
Mn (mgL?) | o4 | 127 145 | 039 241 | 177 0053 | 023 0.22
Sb (mgL) 024 016 | 010 | <005 <0.05 <0.05 02 | <005 <0.05
As (mgL™) | <0.05 | <0.05 <0.05 | <0.05 <0.05 | <0.05 <0.05 | <0.05 <0.05
B(mgL"') 0.28 0.70 0.48 1.75 1.77 1.49 0.26 | 0.30 0.44
Cr(mgL™?) 0.28 0077 <0005 | 483 012 | 00058 <0.005 | <0.005 <0.005
Zn (mg 5] 134 42 0.40 | 4.65 1.19 | <0.05 0.92 | 0.11 <0.05
Al(mgL") |16 | o081 <010 | 302 258 | 047 013 | <01 <01
Ca(mgL") 2.12 936 294 1.34 319 | 397 0.86 63.6 286
Cd (mgL") 0.0078 0.003 <0.001 0.0084 <0.001 <0.001 <0.001 | <0.001 <0.001
Co (mgL") 0.0059 0.066 0.048 0.071 0.11 0.0052 <0.005 | 0.032 0.033
Cu (mgL") | 0013 | 0099 <001 | <001 <005 | <001 0026 | <001 0.011
Mg(mgL"') 0.45 8.19 18.3 0.39 21.0 25.6 0.16 ‘ 7.01 22.1
Mo (mgL") | 0.0063 <0.05 <0005 <0.005 <0.05 <0.005 0011 | o014 0.0065
Ni (mgL") 0.40 022 0034 | 221 058 | 0044 032 | 010 0.084
Pb (mg 1550 1.25 0.31 <0.02 3.06 <0.05 <0.02 <0.02 <0.02 <0.02
Hg (mgL’ D) | <0.0005 <0.001 <0001 | <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Se (mg LY <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Ti(mgL") | 0023 0021 | <0005 | 0069 | 0005 | 0005 <0005 | 0.0071 <0.005
PAHs (ug L Y 188.26 45 0.68 1731 9.5 5.5 2057 12 0.214
BTEX (ugL™) 157 | 745 <08 | 732 194 | <04 604 | 532 | 140

* Raw UCG wastewater used in a bioremediation process with constructed wetlands (CW)

https://doi.org/10.1371/journal.pone.0300485.t004

(Fig 2) and is only an estimate, however can be important in terms of research on effective
wastewater treatment using constructed wetlands.

The most significant relationship is attributed to the COD/BOD ratio, which can be an indi-
cator of the degradation of organic matter and is constant for a specific type of wastewater. It is
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assumed that organic pollutants present in wastewater are biodegradable if this ratio is in the
range of 1.5 to 2.5 [26, 27]. Above the value of 2.5, the decomposition of pollutants is slow and/
or the wastewater contains organic substances that are hardly or not biodegradable, which is
common in industrial wastewater. Among the tested UCG wastewater, the highest COD/BOD
ratio occur for the wastewaters 1 and 2 after 60-days and for the wastewater 3 after 14-days of
bioremediation (17.1, 8.0 and 10.2, respectively). The BOD/TOC ratio in the tested samples was
below the typical range for raw wastewater (1.4-2.1) [26] confirming the content of hardly
degradable pollutants. The COD/TOC quotient showed little variation and ranged from 2.70 to
3.42. According to Lee and Nikraz [27], the characteristic range of 2.5/3.0-4.0 is adopted for raw
domestic wastewater. The presence of Hg was not observed in any sample, which is probably
related to its high volatility and high UCG temperature. Process temperature for the experiment
No. 2 with pure oxygen ranged from 1200°C to 1500°C and was higher than for the tests with
OEA (the highest temperatures for experiments No. 1 and 3 were up to 1200°C). Toxic metals
(Cd, Pb, Cr) were detected in wastewater after both gasification experiments of “Piast-Ziemowit”
coal. The concentrations of other metals and metalloids were relatively low for all wastewater.
Differences in the determination limits obtained for some parameters (e.g. Hg and N-NO,)
result from the presence of interfering substances and the need for test sample dilution.

The characteristic feature of wastewater from industrial processes was the high content of
BTEX and polyaromatic hydrocarbons (PAHs). The highest efficiency of CW's in removing
pollutants was observed in the case of organic compounds (phenol index, PAHs, BTEX), espe-
cially in the case of water purification from the “Wesola” coal gasification process. After biore-
mediation with CWs, the content of cyanides and metals (Fe, Cr, Zn, Ni, Pb and Ti) also
decreased. M-Ridha et al. [28] used pilot scale horizontal subsurface flow constructed wetlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0300485 March 12, 2024
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Table 5. The degree (114 / neo) of wastewater treatment from UcG pmcesses after 14 and 60 days of bioremediation using CWs (mean values). A negative sign indi-
cates a decrease in the content of the sub e or in compared to the initial value measured at the beginning of the experiment. The parame-
ters that were not detected in the tested samples and for which it was 1mpossﬂ>le to calculate the degree of wastewater treatment are marked with gray cells and the highest
values above 80% are marked in bold.

Parameter Cwl1 Ccw2 CwW3

MNus (%) Tiso (%) s (%) Tso (%) s (%) Moo (%)
NH, -22.2 -76.7 -31.3 -38.8 -31.6 -100.0
N-NO, 9.1 >32,000 -16.7 -16.7 0.0 >57,000
N-NO, 217 >183,000 0.0 450.0 106.3 1212
Total nitrogen -20.0 -44.7 -25.0 -31.7 -333 -58.0
BOD -27.8 -98.1 -41.8 -98.4 918 -83.5
COD -41.6 -89.4 -37.7 -93.2 -64.0 -67.5
TOC -33.3 -86.7 -40.0 -92.6 -59.2 -64.6
Chloride -12.8 -6.4 -14.2 -3.6 -15.2 16.0
Sulfate 40.3 79.2 -25.7 -90.6 523 112.0
Nitrate 0.0 >31,000 -5.7 -5.7 0.0 >51,000
Nitrite 3333 >583,000 0.0 500.0 115.7 1272
Total cyanide -58.2 -99.0 -99.6 -100.0 -98.7 -98.6
Phenol index -36.2 -100.0 -58.8 -100.0 -100.0 -100.0
Total phosphorus 100.0 141.7 120.0 -35.0 >3,000 776.9
Sulfide 15.1 0.0 78.4 92.0
Fe -33.5 -97.0 313 -99.0 916.7 25.0
Mn 807.1 935.7 517.9 353.8 334.0 315.1
Sb -33.3 -58.3 -75.0 -75.0
As
B 150.0 714 1.1 -14.9 15.4 69.2
Cr -72.5 -98.2 -97.5 -99.9
Zn -68.7 -97.0 -744 -98.9 -88.0 -94.6
Al -49.4 -93.8 -14.6 944 -23.1 -23.1
Cd -61.5 -87.2 -88.1 -88.1
Co >1.000 713.6 54.9 -92.7 540.0 560.0
Cu 661.5 -23.1 400.0 0.0 -61.5 -57.7
Mo 693.7 -20.6 900.0 0.0 27.3 -40.9
Ni -45.0 915 -73.8 -98.0 -68.8 -73.7
Pb -75.2 -98.4 -98.4 -99.3
Hg
Se
Ti -8.7 -78.3 -92.8 -92.8 42.0 0.0
PAHs -76.1 -99.6 -99.5 -99.7 99.4 -100.0
BTEX -45.1 -99.9 -73.5 -99.9 -99.1 -99.8

https://doi.org/10.1371/journal.pone.0300485.1005

In our study vertical flow constructed wetland to treat UCG wastewater was used to clean
up the UCG post-processing wastewater. The research carried out in this article allowed to
add another type of sewage to the above list. A high pollutant removal rate was obtained in
the described wetland system. The removal percentage of organic compounds like BTEX,
PAHs and phenol were 99% after 14 days of the treatment. A similar removal rate was indi-
cated for cyanide and metals (Zn, Cr, Cd, Pb). The higher pollutant removal rate from our
study were consistent to the results obtained by Saeed et al. [13] and Saeed & Khan [41].
While, Waly et al. [20] reported that the removal efficiency of PAHs in secondary treatment
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of traditional wastewater treatment plants (WWTPs) was lower, and ranged between 45%—
82%.

Considering the complex composition of pollutants and the presence of recalcitrant organ-
ics in UCG post-processing wastewater, the combination of different types of materials and
compost used in CWs increased removal rates due to high activities of plant root-associated
microbiota with the combination of physicochemical processes. Also, the appropriate structure
and properly selected operation parameters of CWs system were essential for achieving satis-
factory removal rates of organic and inorganic pollutants during the experiment. Obtained in
the study results indicate the potential of CWs to treat polluted and poorly biodegradable
UCG post-processing wastewater.

Evaluation of toxicity during the bioremediation process

The changes of toxicity as a function of bioremediation in wetland columns were determined
over 150 days. The results are presented in Table 6. The toxicity indicator evaluated as Toxicity
Unit (TU) was high for all three raw wastewater obtained from the UCG processes. The values
of TU were 373, 405 and 732 for 1, 2 and 3 raw wastewater, respectively, and wastewater were
classified to the fifth toxicity class (very high acute toxicity) according to classification pro-
posed by Persoon et al. [25]. After 14 days of running the experiment, the toxicity of the wet-
land column effluents decreased significantly. The reduction of toxicity was 74% and 77% for
raw wastewater 1 and 2, respectively, while, 99% reduction of toxicity was noted for raw waste-
water 3. During the rest of the experiment, the toxicity of all wetland column effluents
decreased, and at the end of the experiment the 1 and 3 effluent belonged to the first class of
toxicity (no toxicity) with the TU values 0.9 and 0.7, respectively. After the end of the experi-
ment, the effluent 2 belonged to the second class of toxicity (low toxicity) with the TU value of
L.1. Our results showed the toxicity of the wastewater samples ranged from very high acute
toxicity (raw wastewater) to non-toxic (effluents from wetland columns) during the bioreme-
diation process. The observed decrease was due to the conversion of the toxic compounds to
less or non-toxic intermediates and by-products during experiment time. The obtained results
correlated with some organic compounds such PAHs, BTEX, phenols and inorganic com-
pound such as ammonia and cyanides (Fig 5). The mechanisms involved in pollutant removal
in CWs is classified into biotic processes such as biodegradation, biofilm, root and plant
uptake and physicochemical processes. Nevertheless, CW's are highly complex systems usually
consisting of several layers such as compost, sand, gravel, soil that represent specific

Table 6. Changes of effluents toxicity during the bioremediation experiment (mean + SD, n = 3).

Time (days) 0 14 30 45 60 | 75 150
Cw1

EC50 0.00 1.02£0.015 0.83+0.028 27.98+3.51 36.91£2.60 ‘ 33.60£1.25 86.00£2.12
TU 373.6£22.5 98.39+1.56 79.120.78 3.57210.37 2.740.21 2.97+0.09 1.12021
Toxicity class % v v 1 111 11T 11
CwW2

EC50 0.00 1.09+0.01 0.94+0.01 5.82%0.51 47.724.5 86.76+2.11 104+3.21
TU | 4054£8.76 91.74£0.56 89.7+0.28 17.19£1.73 2.09+0.22 . 1.15+0.25 0.9+0.03
Toxicity class v v v v 111 i} I
CW3

EC50 000 3096:045 | 8676294 9385.65 | 1095565 10620.00 1126212
TU 732£15.67 3.2+0.05 1.15£0.15 1.28+0.07 0.8+0.07 1.0£0.00 0.7+0.07
Toxicity class v 111 11 i 1 I I

https://doi.org/10.1371/journal.pone.0300485.t006
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above icons indicate day of measurement. Abbreviations: BTEX- volatile aromatic hydrocarbons, CN'-cyanides, HM- heavy metals including
metalloids (As and Sb), PAHs- polycyclic aromatic hydrocarbons, Phen; .4~ phenol index, TU—toxicity unit.

https://doi.org/10.1371/journal.pone.0300485.9005

environments and microenvironments with different physicochemical and microbiological
conditions involved in the removal of pollutants.

The evaluation of the remediation effect of natural and constructed wetland systems has
been monitored by using only physicochemical parameters. However, several authors have
emphasized the importance of including bioassays to monitor the effect of wetland remedia-
tion technologies and they introduced different toxicity tests to their research [42-47]. The
Microtox test was found to be one of the most sensitive and to have a better ability to evaluate
the toxicity of treated and nontreated wastewater samples [44]. In our study, the Microtox test
has proven to be a useful complement to chemical analysis in terms of evaluating the course of
wetland remediation technologies. As recommended by scientists, the ecotoxicity bioassays
could be used as supplementary tools for monitoring the effectiveness of wetland remediation
technologies.

CWs as nature-based processes remove pollutants from the water, avoiding the use of
chemical products and the input of high amounts of external energy [33, 48, 49]. One of the
positive characteristics of CWs is their work under controlled conditions such as the well-
defined composition of media, plant types, flow patterns, controlled hydraulic pathways and
retention time. Additional advantages of CWs include site selection, flexibility in sizing, and
low operational and maintenance costs [32]. In the constructed wetlands the removal of pollut-
ants is carried out by different physical, chemical, and biological processes like sedimentation,
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filtration, precipitation, ion exchange, adsorption, microbial processes for instance, nitrifica-
tion, denitrification, sulphate reduction, carbon metabolization, and plant uptake. The activi-
ties of the processes are dependent on the interaction between plants, microorganisms,
wastewater characteristics, media used and operation conditions [33, 50]. Traditionally CW's
have been used for urban wastewater, stormwater runoff and domestic wastewater treatment,
but in the last two decades, the applications for industrial wastewater purification increased
due to the development of the technology and the extended research in this field.

Conclusions

The vertical flow constructed wetlands with high activity of plant root-associated microbiota
and a combination of physicochemical processes turned out to be a very good technology to
clean up the post-processing wastewater from the underground gasification process. Also, the
appropriate design and operating parameters of the CW system were essential for achieving a
satisfactory pollutants removal rate during the experiment. Such results indicate the potential
of CWs for the treatment of highly contaminated and poorly biodegradable industrial waste-
water, such as UCG wastewater or coking wastewater. The conducted study allows to assume
that despite the significant content of impurities, the UCG wastewater is suitable for biological
treatment. The present findings show that wetland remediation technology can be used to
clean-up the heavily contaminated waters from the UCG process. In environmental monitor-
ing, in order to effectively assess remediation technologies, it is desirable to consider combin-
ing the use of traditional physicochemical parameters with ecotoxicity tests. To assess the
toxicity of treated waters biological tests can be carried out together with physicochemical ana-
lyzes to ensure environmental safety and minimize ecotoxicological issues. Wetland technol-
ogy has the potential to turn coal gasification wastewater into usable recycled water.

To understand the removal of pollutants by CWs, further research is needed, including bal-
ancing the process and examining the role of plants-microbes interactions in wastewater
treatment.
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ABSTRACT

The aim of the conducted study was to isolate, identify and characterize suitable bacterial strains from UCG waste-
water as potential candidates for the bioaugmentation approach. For this purpose, the straightforward cultivation
procedure and unique biochemical selection were employed to gain insights into the specific properties of bacteria.
From the 100 strains isolated from UCG wastewater, three (Paenibacillus pasadensis SAFN-007, Peanibacillus
humicus Au34, and Staphylococcus warneri DK131) demonstrated the capacity to degrade phenol and specific
biochemical properties. Phenol degradation reached more than 90% for the above-mentioned strains, while the av-
erage phenol removal rate for other selected strains was 82.9%, ranging from 66.1% to 90%. The bacterial strains
belong to multi-enzyme producers and constitute a possible source of potential technologically important en-
zymes. Phenotypic microarray plates were used to characterise the metabolic properties of the strains. It was found
that 74%, 67.4% and 94.2% of the carbon metabolites tested were utilised by Paenibacillus pasadensis SAFN-007,
Peanibacillus humicus Au34 and Staphylococcus warneri DK131, respectively. Among C sources, the strains have
the capability to metabolize some substrates appearing in phenol pathways, such as: N-acetyl-D-glucosamine,
succinic acid, o-hydroxy-glutaric acid-y-lactone, bromosuccinic acid, mono-methyl succinate, methyl-pyruvate,
p-hydroxy-phenyl acetic acid, m-hydroxyphenylacetic acid, L-galactonic acid-y-lactone, D-galactonic acid-y-
lactone, phenylethylamine. Bacteria show different levels of tolerance to pH and osmolality, and they can thrive in
different habitats. Another characteristic of these strains is their high resistance to many antibiotics (multi-resistant
bacteria). These properties allow the use of the isolated bacterial strains as good candidates for bioremediation of
phenol-contaminated environments. The wastewater from the underground coal gasification process is an example
of a good extreme environment for the isolation of unique bacteria with specific metabolic properties.

Keywords: post-processing wastewater, underground coal gasification (UCG) process, biodegradation, phenol,
Peanibacillus sp., Staphylococcus warneri, phenotypic microarrays.

INTRODUCTION pollutants into various water sources disrupts
ecological sustainability and poses a risk to

One of the key sources of environmental pol- human health (Riggio et al., 2018; Vymazal,
lution is industrial wastewater. The discharge = 2021). The wastewater from the underground
of industrial wastewater containing the com- coal gasification process (UCG process) and
plex of various types of inorganic and organic from the coke industry are examples of heavily
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contaminated sources of environmental pollution.
UCG is considered to be a clean green technol-
ogy in which gas is obtained directly from a coal
deposit in situ, without the need for coal extrac-
tion. Numerous organic and inorganic contami-
nants are formed during different process stages
and after process termination. Then, the UCG
process carries some environmental risks, mainly
related to the raw post-processing wastewater.
Underground gasification produces a higher total
amount of polluted wastewater (Smolinski et al.,
2012). The main contaminants in UCG wastewater
are organic compounds, such as: BTEX, benzene,
PAHSs, phenols and inorganic substances, such as:
heavy metals, ammonia and cyanides (Kapusta et
al., 2011; Borgulat et al. 2022). The average val-
ues of some parameters in UCG wastewater, such
as COD, BOD, TOC and phenol index were noted
as very high, e.g.: 850 mgO,-L", 360 mgO,-L",
270 mgC-L", and 100 mg-L", respectively. In
the case of BTEX, the concentration ranged from
600 to 1360 pg L' and benzene was dominant.
The average concentration of PAHs was 1300
ug-L' (from 190 to 2060 pg L") (Wiatowski et
al., 2023). UCG wastewater, despite its negative
impact on the environment, can be considered
as a source for the isolation of microorganisms
with specific and useful catabolic properties.

The bioaugmentation strategy in environmen-
tal remediation technologies is one of the routes
to apply suitable microbes. Bioaugmentation is
known as the introduction of microbial strains or
microbial consortia with new metabolic proper-
ties into the polluted environment. It is a prom-
ising but controversial approach used mainly for
degrading recalcitrant compounds (Thompson et
al., 2005). The basic idea of bioremediation is the
multiplication of catabolically relevant microbes
that are responsible for accelerating the efficiency
of remediation processes. However, the success of
bioaugmentation methods depends on the identi-
fication and isolation of suitable microbial strains
as well as their subsequent survival and activity in
the foreign environment. Thompson et al. (2005)
discussed the bioaugmentation as one of the re-
mediation strategies used in situ. Future prospects
and ways to improve the selection process for iso-
lating effective microbial strains for bioaugmen-
tation were also discussed in this paper. The au-
thors concluded that the initial selection of strains
was based on a single key criterion, e.g. degrad-
ability, while the potential ability of the strains to
replicate and be active at the sites of use was not

considered. Then, the challenge of selecting the
process of strains for bioaugmentation and the re-
cent technical advances used in the selection meth-
ods of strains were discussed and summarized.
The bacteria considered for bioaugmentation
should be able to degrade the respective pollutant
even in the presence of potentially inhibitory pol-
lutants, survive and compete in the environment
after their inoculation and be compatible with
autochthonous communities (Singer et al. 2005;
Herrero & Stuckey, 2015). Bioaugmentation has
been successfully used in the remediation of sites
contaminated with aromatic compounds (Adams
et al.,, 2015; Villaverde et al., 2019). The specific
bioaugmentation research was carried out in differ-
ent countries as described by Adams et al. (2015).
The aim of the conducted study was to isolate,
identify and characterize the selected bacterial
strains from UCG wastewater as potential can-
didates for bioaugmentation approach in phenol-
contaminated environments. For this purpose, the
straightforward cultivation procedure and unique
biochemical selection were employed to gain
insights into the specific properties of bacteria.
The isolates can be considered as a “tool” in the
bioaugmentation approach for the remediation of
phenol-polluted environments.

MATERIALS AND METHODS
Sampling of raw post-processing wastewater

The post-process wastewater samples were
generated at the Central Mining Institute as a re-
sult of coal gasification experiments described
by Wiatowski et al. (2023). The total amount of
raw wastewater samples was collected in a plastic
tank with a capacity of 1 m* (Mauser type) un-
der sterile conditions. After mixing and decanting
into smaller sterile containers, the raw wastewa-
ter samples were taken to the laboratory and used
for microbiological analysis.

Isolation of bacteria from UCG
post-processing water

Plating and serial dilution methods were used
to isolate the culturable and acrobic bacteria. Aer-
obic bacteria were incubated on an SMA medium
(Standard Methods Agar, BioMérieux) containing
100 mg cycloheximide/L at 30°C for 24-48 h. To
obtain pure bacterial cultures by separating the
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individual cells from each other, the individual
bacterial colonies were transferred to Luria-Ber-
tani solid medium with a pH of 7.0 containing
20.0 g'L" agar, 10.0 g-L"' g-L asein peptone, 5.0
gL' yeast extract and 5.0 g L' NaCl, using the
strip plate technique. Then, the single bacterial
isolates were transferred into a liquid LB medi-
um, and the liquid cultures were incubated with
constant shaking (100 rpm) at 30°C for 24 - 48
h. The strains are deposited at -80°C in a Luria-
Bertani medium supplemented with 20% (v/v)
glycerol in the Institute for Ecology of Industrial
Areas (IETU) collection.

Identification of isolated bacterial strains

The genomic DNA from 100 bacteria was iso-
lated with a Roche kit, according to the manufac-
turer’s instructions. DNA concentration, yield and
purity were assessed using absorbance (A, .
A, 0)» Optical density and agarose gel elec-
trophoresis. DNAs are stored at -20°C at IETU.
Then, the DNA samples were sent to Genomed
SA (Poland) for sequencing. The isolates were
identified by 16S rRNA gene sequencing. The
universal bacteria primers, 8F and 1492R were
used to amplify region V3-V4 of 16S rRNA genes
in accordance with the conditions established by
Genomed SA (Poland). For each sequencing re-
action, 3 ul of BigDye™ Terminator v 3.1 Ready
Reaction Mix, 1 pl of BigDye™ Terminator v1.1
& v 3.1 5% sequencing bufler, 5 pmol of appropri-
ate primer and 50-250 ng of DNA template were
mixed in a final volume of 10 pl. Cycle sequenc-
ing was performed in 100 pl PCR tubes. Incuba-
tion at 96°C for 1 minute as the first denaturation
step was followed by 25 cycles of 96°C for 10
seconds, 54°C for 5 seconds and 60°C for 4 min-
utes incubation. Prior to purification, the reaction
mix was incubated at 4°C. The purified reaction
products were separated by electrophoresis on
the 3730XL DNA analyzer according to the pro-
ducer (Thermofisher) instructions. The sequences
were compared and analyzed in NCBI’s BLAST

Table 1. Phylogenetic affiliations of selected bacteria

program. Taxonomic identification was done by
comparison with the National Centre for Biotech-
nology Information (NCBI) database using the
BLASTN algorithm.

The 16S rRNA sequences of the strains,
characterized by the greatest biodegradation of
phenol, were deposited in the NCBI GenBank
database with accession numbers (Table 1). The
PhyML software (Approximate Likelihood-Ratio
Test: SH-like) available at phylogeny.fr website
was used to generate the phylogenetic tree (Der-
eeper et al., 2008). The Gblocks program was
used to eliminate poorly aligned positions and
divergent regions.

Biochemical characterization of bacteria

The following properties of bacterial strains
were evaluated: phenol biodegradation on a labo-
ratory scale, biosurfactant production, enzyme ac-
tivities, and biochemical and metabolic properties
by phenotypic microarrays (PMs plates, Biolog).

Phenol biodegradation

To evaluate phenol biodegradation, bacterial
strains were grown aerobically in 100 mL liquid
LB medium supplemented with various concen-
trations of phenol at 30°C with constant shaking
(100 rpm). During a 10-day acclimatization pe-
riod, phenol was continuously added to each cul-
ture every 48 hours. The degradation of phenol
was measured after 24 hours in the liquid cultures
to which a phenol concentration of 6.0 mM was
added as the initial concentration. The amount of
phenol in the culture was measured colorimetri-
cally with p-nitroaniline.

Biosurfactant production

Bacterial cultures were grown in LB medium
on an orbital shaker (100 rpm, 30°C, 24 hours)
and then diluted with LB medium to achieve OD=
0.8 (A= 600 nm). After 72 hours, the cultures were

Accesion number NCBI affiliation Similarity (%) Phylum, class, order, family, genus
T e I
el e R i
comms | hebpempprenadSSGE] apn | Giniie R Feiyscmell
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centrifuged (12,300 RCF, 10 min). The result-
ing supernatants were used to evaluate the pro-
duction of biosurfactants. Indirect methods, e.g.
blood agar, oil-spreading test and drop-collapse
method as described by Plaza (2014) were used.
The surface tension assessment was used as a di-
rect method to evaluate biosurfactant production.
The supernatant samples from bacterial cultures
were measured for ST using a Du Nouy ring with
a tensiometer SIGMA T702 (Attension, Finland)
according to the supplier's instruction.
Measurements of each sample were taken
three times at room temperature. Clean water was
used to calibrate the device and as a reference
measurement. The average of the measurements
was given as the final SF result. The average val-
ues of surface tension were 72.01 + 0.23 and 68.34
+ 0.86 for water and LB medium, respectively. An
average standard deviation was calculated.

Enzymatic activities

First, the isolated bacterial strains were cul-
tured on LB liquid medium (t = 72 h, T = 30°C,
90 rpm). The bacterial suspension was then ap-
plied to the previously prepared differentiation
media. After incubation (incubation time varied
depending on the medium used, T= 30°C), the
ability of the selected strains to produce a specific
group of enzymes was assessed (Table 2).

Phenotypic characterization by biolog
phenotype microarrays (PMs)

An appropriate amount of liquid culture of
the test strain (LB medium, T = 30°C, t = 48
h, 90 rpm) was added to the Biolog IF-0 a so-
lution (5:1) diluted with water so that the final
optical density (OD) of the obtained suspen-
sion of microorganisms was 42% (the turbidity

Table 2. Substrates used to assess enzymatic activity

of the suspension was determined with a turbi-
dimeter). Subsequently, the previously prepared
solutions according to the BIOLOG™ method
(Biolog Inc., Hayward, USA) were added to
the suspension so that a transmittance of 85%
was obtained. The detailed methodology of the
prepared solutions is described, among others,
in the paper by Jalowiecki et al. (2020). Sub-
sequently, the solutions together with the sus-
pension of microorganisms were applied to PM
plates using a multichannel pipette, 100 pl per
well. The plates were incubated for 7 days in an
OmniLog incubator at the same temperature as
the culture (30°C). The growth of the microor-
ganisms was read automatically every 30 min-
utes. Plates PM1-5 and PM9-PM13 were used
in this study. The results are presented in the
form of a circular chart (Fig. 2). The different
parts of the diagram were marked according to
the types of compounds present on the plates:
(PM1-PM2) carbon sources, nitrogen sources
(PM3), phosphorus and sulfur sources (PM4),
nitrogen sources (PMS5). The PM plates from 9
to 13 including tolerance/sensitivity to different
osmolytes (PM9), pH conditions (PM10) and
other chemicals i.e. antibiotics and chemicals
(PM11-13) were studied.

RESULTS AND DISCUSSION

Around 100 bacterial strains were isolated
and 100 DNA samples were sequenced. However,
only 50% of the isolates were identified with a
probability of 95-100%. The rest of the isolates
were not identified because of the quality of the
DNA samples or because they did not exist in the
NCBI database. Among the identified bacteria,
Paenibacillus and Bacillus species were domi-
nant in UCG post-processing waters.

Medium, incubation time, temperature Enzymes activity A pesitveresultindicatngithe;ability tojpraduce
the quoted enzymes

‘Ltlsre;:,gggggse (UAB), (ability to%?darztleyse urea) Change medium colour from pale yellow to violet
Nutrient agar with starch (1%), Amylase Aclear hglo appeared ground the colopie§ after
48 hrs., 30°C the flooding the plate with 1% Lugol’s liquid
Milk agar (SMA), Protease Clear zones around thg bactgrial strains )
48 hrs., 300°C confirmed the proteolytic activity of the strains
Carboxymethyl cellulose agar (CMC), 7 days, Goluiase Yelloyv color around'the colonies af‘ter.the
30°C flooding the plate with 1% Lugol’s liquid
MHI medium (Li et al. (2011), IAuliGESs Aclear h;lo appeared ;round the colonie; after
3 to 5 days, 30°C the flooding the plate with 1% Lugol’s liquid
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The most numerous bacterial strains were se-
lected for the biodegradation of phenol, e.g.: Pae-
nibacillus glucanotylicus P69, Bacillus altitudinis
VMFRA4S, Bacillus nealsoni LE3, Bacillus pseu-
domycoides S2015-2C, Bacillus sp. CMAA 1185,
Bacillus stratosphericus TR4, Margalitia shack-
letoni LMG-18435, Oceanobacillus picturae BS,
Paenibacillus cineris BB, Paenibacillus favispo-
rus U3, Paenibacillus humicus Au34, Paeniba-
cillus humicus Sp29, Paenibacillus pasadensis
SAFN-007, Paenibacillus cineris cul-7, Peaniba-
cillus cellulositrophicus KACC 16577 and Staph-
vlococcus warneri DK131. Figure 1 shows the
phylogenetic tree of the above strains, which was
constructed on the basis of 16S RNA sequences.

On the basis of their ability to survive the in-
creasing concentration of phenol, Pseudomonas
humicus Au34, Paenibacillus pasadensis SAFN-
007 and Staphylococcus warneri DK131 were
selected for further study. The selected strains
were also characterized by the highest phenol
degradation rate, amounting to more than 94%
(Table 3). The average phenol degradation rate of
the other selected strains was 82.9% and ranged
from 66.1% to 90%. Many researchers examined
and isolated phenol-degrading microorganisms.
Microbes, such as Pseudomonas sp., Alcaligenes
sp., Ewingella americana, Bacillus sp., Acineto-
bacter sp., Streptomyces sp., Achromobacter sp.,

Corious versicolor, Ralstonia sp., Fusarium sp.,
Phanerocheate chrysosporium, having the ability
to decomposition various aromatic compounds
including phenol, were used in several remedia-
tion technologies (Anhu et al., 2017; Tian et al.,
2017; Alshabib & Onaizi, 2019; Filipowicz &
Cieslinski, 2020; Shebl et al., 2022; Bibi et al.,
2023). Screening bacteria with degradation ca-
pabilities is of great importance in the clean-up
of contaminated environments using the bioaug-
mentation strategy. The properties and important
role of bacteria of the genus Paenibacillus in sus-
tainable farming and biotechnological processes
in industry were described by Grade et al. (2016).
The selected strains also belong to the multi-en-
zyme producers and represent a potential source
of technologically important enzymes; for exam-
ple, in the enzymatic pre-treatment of organic re-
calcitrant waste (biomasses), wastewater prior to
its anaerobic/aerobic digestion or in the biodeg-
radation of organic pollutants such as antibiotics,
dyes and petroleum hydrocarbons. The enzymatic
activity of the selected strains is listed in Table 3.

Enzymes are a crucial pillar of industrial bio-
technology and can be used in a wide range of
bioindustrial sectors, for example in the produc-
tion of biofuels, washing detergents, food and
feed production and in the preparation of bio-
based chemicals, enhanced biological treatment

25 Paenibacillus humicus Sp29
M«zdﬂus pasadensis SAFN-007

98 Paenibacillus humicus Au34

81

Bacillus sp. CMAA 1185

Paenibacillus glucanolyticus P69
Paenibacillus cellulositrophicus KACC 16577
Paenibacillus cineris cul-7

Paenibacillus favisporus U3
Paenibacillus cineris BB

Bacillus altitudinis VMFR48
Bacillus stratosphericus TR4

0.03
—

Staphylococcus warneri DK131

= Bacillus nealsoni LE3
Bacillus pseudomycoides S2015-2C

Margalitia shackletoni LMG 18435

Oceanobacillus picturae B5

Figure 1. Maximum likelihood tree based on the 16S rRNA gene. The diagram shows, among other
things, the relationships between the two selected Paenibacillus strains (Paenibacillus pasadensis SAFN-
007 & Paenibacillus humicus Au34) and Staphylococcus warneri DK131 — strains isolated from UCG
post-processing waters and characterised by the highest phenol biodegradation. The representation of the
branches is the result of neighbour-joining (support values are given in %, number of bootstraps 500)
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Table 3. Parameters indicating phenol biodegradation degree, biosurfactants production and enzymes activities

Measurements Paenibacillus humicus | Paenibacillus pasadensis | Staphyloccocus warneri
Au34 SAFN-007 K131
Surface tension (mN/m)? 52.14 + 0.60 55.01 + 0.59 52.25+0.76
Biosurfactants Blood agar - - =
production Oil spreading test - - N
Emulsification index (%) 0.0 0.0 0.0
Ureases - = =
Proteases + + +
Enzymatic activity® Cellulases + + +
Inulinases + + o5
Amylases - + _
Phszﬁ:ggfégt;ag,z;?" 933451 948462 928548

Note: * Control measurement (H,0) — 56.73 mN/m, " Clearing zones: (-) lack of clearing zone, (+) clearing zone
occurred, ¢ Initial phenol concentration (C,) in culture — 6.0 mM-L*

of biomass. The broad variability of enzyme
applications is presented in 28 technological
processes saving raw material energy and/or
chemicals obtained by the implementation of en-
zymatic processing (Jalowiecki et al., 2017; Ca-
brera Blamey, 2018; Bhandari et al., 2021; Mes-
bah, 2022). Many authors support the hypothesis
that enzyme technology is a promising means of
moving toward cleaner industrial production and

offers great potential for bioeconomy develop-
ment. Industries are looking for new microbial
strains in order to produce different enzymes to
fulfil the current requirements of bio-based indus-
try. The global enzyme market was valued at $5.8
billion in 2021 and is projected to reach $10.2
billion by 2031, growing by 6% from 2022 to
2031 (Mesbah, 2022). The discovery of new mi-
crobial enzymes through extensive and persistent

Staphyloccocus warneri DK131

Paenibacillus humicus Au34

Paenibacillus pasadensis SAFN-007

\Jarious chemicals
and antibiotics

ve)
%ffects

osmotic2® 2
effect

340 (0V)

Nitrogen sources

240

140

o

40

Figure 2. Changes in phenotypic diversity of investigated bacterial strains evaluated by PM plates
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screening is an open and simple route for biosyn-
thetic processes and, consequently, new ways of
solving environmental problems are developed.
The need for discovering new isolates with better
enzymatic properties is now growing.

Biolog microplates were used to characterize
the phenotypic properties of three strains that were
the potential candidates for the bioaugmentation
strategy. Figure 2 shows the metabolic profiles of
the three strains using phenotype microarray plates.
The results obtained showed that C-sources were
the most used substrates. The following percent-
ages of the carbon metabolites (PM1 and PM2):
74%, 67.4% and 94.2% were utilized by Paeni-
bacillus pasadensis SAFN-007, Peanibacillus hu-
micus Au34, and Staphylococcus warneri DK131,
respectively. Among C sources, the strains have the
capability to metabolize some substrates appear-
ing in phenol pathways like N-acetyl-D-glucos-
amine, succinic acid, D-galactonic acid-y-lactone,

Amikacin
Gentamicin
Kanamycin
Neomycin
Novobiocin
Paromomycin
Sisomicin
Spectinomycin
Tobramycin
Amphenicols  Chloramphenicol
Bleomycin

Capreomycin

Glycopeptides Colistin
Polymyxin B
Vancomycin
Lincomycin
Erythromycin
Spiramycin
Rifampicin
Sulfadiazine
Sulfamethazine
Sulfamethoxazole
Sulfathiazole

Aminoglycosides

Lincosamides
Macrolides
Rifamycins

Sulfonamides

Enoxacin
Synthetic Lomefloxacin
antibiotics Nalidixic acid

Ofloxacin
Chlortetracycline
Demeclocyline
Minocycline
Penimepicycline
Tetracycline
Amoxicillin
Carbenicillin
Cefazolin
Ceftriaxone
Cephalothin
Cloxacillin
Nafcillin
Oxacillin
Penicillin G

Tetracyclines

B-lactams

L-galactonic, acid-y-lactone, a-hydroxy-glutaric,
acid-y-lactone, bromosuccinic acid, mono-methyl
succinate, methyl-pyruvate, phenylethylamine m-
hydroxy phenyl, acetic acid. Staphylococcus war-
neri DK131 metabolized 92% of 190 substrates
belonging to nitrogen sources and phosphorus/
sulfur sources. These substrates were metabolized
with very low percentages, ranging from 2% to 4%
by Paenibacillus pasadensis SAFN-007 and Pean-
ibacillus humicus Au34. Bacteria have the ability
to live in diflerent habitats as well as show varying
tolerance to the pH and osmolality of the environ-
ment. Therefore, the influence of pH and diflerent
osmolytes on the aerobic growth of bacteria was
also assessed using 9-10 PM plates (data not pre-
sented). The strains tested grew in a wide pH range
(4.5-9.5), especially in the presence of various
amino acids. Growing Paenibacillus pasadensis
SAFN-007 and Peanibacillus humicus Au34 cells
were shown to cause progressive changes in pH

Growth ability at
a various antibiotics
concentrations

Increase in
antibiotic
concentration

|| sensitive strain

(No ability to grow)

Figure 3. Heat map of antibiotic resistance of Paenibacillus pasadensis SAFN-007, Paenibacillus
humicus Au34 and Staphylococcus warneri DK131 evaluated by microarrays plates (PM9-PM11)
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variations as well as different osmolytes and their
level. The behavior of both strains under the tested
conditions was similar. Their growth curves are
composed of the following phases: the lag phase,
the exponential phase and the stationary phase. In
the case of Staphylococcus warneri DK131, the
growth curve showed a quite diflerent pattern com-
pared to Peanibacillus species. The growth curve
was linear, at a constant level under varying condi-
tions. The pH and osmolytes did not change the
bacterial growth and the values of OmniLog units
(OU) were in a similar range. These data could be
useful for the selection and optimization of bacte-
ria in many biotechnological applications such as
the production of chemicals and in bioremediation
technologies that predict the growth of bacteria in
different ecological niches.

Using the PM11-PM13 plates, the three bacte-
rial strains were tested for their sensitivity to 41
diflerent antibiotics in four diflerent concentra-
tions (Figure 3). The producer of the PM plates
(Biolog Inc.) does not specify the concentrations
of the substances in its plates. The magnitude of
the concentration increases in the four PM wells
is also not known for the individual substances.
The lack of information on the working range of
the antibiotic concentrations makes it difficult to
properly assess the sensitivity/resistance of the
bacteria.The tested strains showed growth in the
presence of examined antibiotics. In the case of
Paenibacillus sp., both strains were resistant to
most antibiotics belonging to various chemical
classes in four concentrations. They showed full
growth in all four wells for 30 from 41 antibiot-
ics (73%) (Figure 3). In the case of vancomycin,
erythromyecin, cloxacillin, nafcillin, oxacillin and
penicillin G no growth was observed. Staphylo-
coccus warneri DK131 showed greater fluctua-
tion in antibiotic resistance. It was sensitive to
medium and high concentrations of antibiotics,
showing tolerance to their lowest concentrations.
Its growth was observed in all four concentrations
of 18 antibiotics and amounted to 44%. The strains
tested could be called multidrug-resistant bacteria,
because they are resistant to several antibiotics
from different chemical classes. The PM approach
has been used previously as an additional tool to
show variations in the antibiotic susceptibility of
environmental bacteria (Jalowiecki et at., 2017).
The literature discusses the use of microarrays
as a tool to assess mutant phenotypes or to study
phenotypic changes under different environmental
stressors (Rodrigues et al., 2011; Greetham, 2014;

Blumenstein et al., 2015; Dunkley et al., 2019).
Moreover, the PM technology was used to identify
the microorganisms and perform their character-
ization with selectable traits (Orro et al., 2015).

CONCLUSIONS

From the 100 strains isolated from UCG
wastewater, three (Paenibacillus pasadensis
SAFN-007, Peanibacillus humicus Au34, and
Staphylococcus warneri DK131) demonstrated
their capacity to degrade phenol. Their proper-
ties were evaluated by traditional microbiological
methods and phenotype microarray plates. The
obtained results show that Paenibacillus pasa-
densis SAFN-007, Peanibacillus humicus Au34,
and Staphylococcus warneri DK131 can be used
as suitable candidates in industrial and environ-
mental biotechnology. UCG wastewater and oth-
er similar extreme environments are good sources
for the isolation of specific microbes. The data
obtained could be useful for the selection of bac-
teria in biotechnological applications as well as
in bioremediation technologies by predicting the
growth of bacteria in different ecological niches.
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ARTICLE INFO ABSTRACT

Keywords: This paper addresses an integrated constructed wetland system designed to treat raw wastewater from the
Constructed wetland process of underground coal gasification. To enhance the performance of the vertical flow constructed wetland
Adsorbent , technology, UCG-derived char was integrated as an adsorbent. The main objective of the study was to charac-
:‘i’:‘l_lhp:mem“g waters terize the biofilm structure from UCG-derived adsorbent. This is the preliminary research to characterize the

biofilm layer of waste adsorbent used in the wetland column. Findings indicated that the treatment system was
able to improve post-processing chemical c ition. During the 45-days experiment wetland with
the adsorbent achieved over 90 % efficiency in removing pollutants from treated UCG post-process water. This
study demonstrated that UCG-derived adsorbent can be used as a carrier to effectively trap microbes in
contaminated environmental systems, facilitating the assessment and study of hydrocarbon-degrading micro-
organisms. The biofilm on UCG adsorbent was dominated by microbial taxa from Proteobacteria and Firmicutes.
Community analysis of UCG char-associated microorganisms revealed taxa related to hydrocarbon-degrading
treatments, including Pseudomonas and Bacillus, which may facilitate hydrocarbon degradation and bio-

Metagenomic analysis
Underground coal gasification char

surfactant production.

1. Introduction

Wastewater from the underground coal gasification (UCG) is an
example of a source of potentially hazardous, harmful and refractory
contaminants (Kapusta and Stanczyk, 2015). Application of an appro-
priate treatment method of pollutants removal from UCG wastewater is
critical to the implementation of this technology into the coal industry.

Recently, constructed wetlands (CWs) has been widely applied to
clean up the industrial wastewater (Dutta et al., 2021). Constructed
wetlands are artificial engineered systems that simulate the natural
wetlands which are referred as bridge-builders between biodiversity
conservation and development. The proven advantages of CWs as a
green and sustainable technology have been discussed by many re-
searchers and resulted in numerous applications (Saeed and Khan, 2019;
Waly et al., 2022). The constructed wetlands as nature-based treatment
technology have good remediation effectiveness, simple operation, cost
advantages, and benefits for ecosystem services.

* Corresponding author.
E-mail address: .jalowiecki@ietu.pl (k. Jalowiecki).
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According to the cited literature, wetlands systems have been sug-
gested for an efficient acid mine drainage (AMD) treatment (Nguyen
et al.,, 2019; Pat-Espadas et al., 2018; Sheridan et al., 2018). Pat-Espadas
et al. (2018) have reviewed the current advances, applications, advan-
tages and disadvantages in applying the CW technology for AMD
treatment. In this review the symbiosis between plants and rhizospheric
bacteria constitutes the main factor during bioremediation process of
ADM in CW systems. Nguyen et al. (2019) described the study in which
the removal of arsenic and heavy metals from mining wastewater by the
combination of adsorption, using modified iron-ore drainage sludge, and
horizontal-subsurface-flow constructed wetland was applied.

However, there is a gap in the context of microbiological research in
the world literature covering both water from coal processing by un-
derground gasification, as well as solid materials in the form of post-
process UCG chars. Wastewater from UCG is an example of a
dangerous source of potentially hazardous, harmful and refractory
contaminants, e.g. PAHs, BTEX, phenols (Kapusta and Stanczyk, 2015).
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Table 1
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Elemental and textural anaysis of UCG char used as an adsorbent (Wiatowski et al., 2023).

Moisture (wt.%) Ash (WL%) © H N S Vi (cm®/g) Spgr (m%/g) Vpprz (cm®/g)
(WL%) (WL%) (WL.%) (wL.%)

0.80 6.21 90.81 0.77 1.42 0.21 0.005 9 0.001
Table 2
Toxicity of UCG-derived adsorbent measured by Microtox system (mean values;
n=3).

Parameters Time

5 min 15 min

ECS50 0.2032 0.2251

TU 492.1 444.3

Toxicity class v v

The preliminary microbiological characterization of potentially haz-
ardous post-process wastewater from UCG have been described by
Jalowiecki et al. (2024a).

Adsorption can be considered as a cost-effective method when using
adsorbents that require little processing or they are industrial wastes or
by-products (Deng et al., 2021; Gao et al., 2021; Kasprzyk, 2019; Wu
et al, 2022; Susantil et al,, 2023; Rana et al.,, 2023). The use of
UCG-derived char as an adsorbent can be considered as an
environmental-friendly technique with double benefits, as it allows to
treat both solid wastes and contaminated water, approaching the ideal
goal of 4'R (Reduce, Reuse, Recycle and Recovery) and the closed - loop
economy.

The present study aimed to evaluate the potential of using a hybrid
model consisting of UCG waste-derived adsorbent and CW system in the
treatment of highly polluted UCG post-processing wastewater. The main
objective of the study was to characterize the microbial composition of
the adsorbent’s biofilm. This is the preliminary research to characterize
the biofilm layer of the adsorbent used in the wetland system. Under-
standing the structure of the biofilm layer may be useful in interpreting
the process of pollutant removal by UCG-adsorbent integrated with the
wetland system.

2. Materials and methods
2.1. Description of UCG char used as an adsorbent in the experiment

The UCG post-process char sample was obtained after the completion
of the underground gasification of Polish bituminous coal sample using
oxygen as a gasifying agent. The more detailed information about the
UCG simulation carried out in a large-scale ex-situ installation located in
the Barbara Experimental Mine (Mikotéw, Poland) and the coal char-
acteristics can be found in the paper of Wiatowski et al. (2023).

The UCG process is characterized by two main stages: short-term
pyrolysis of coal and gasification of the char (Zhang et al., 2021). As
the temperature increases, carbonaceous matter decompose and gaseous
substances are released, and the coal mass residues remains in the form
of chars or ashes (Palarski, 2010). The short-term pyrolysis of coal has a
significant impact on the reactivity of the generated char. As a result of
heating, the internal surface of coal undergoes transformation, which
depend on the type of coal and the degree of its coalification. UCG char is
characterized by a larger specific grain surface than coal, but it is less
reactive. The removal of volatile parts from carbonaceous matter is
accompanied by an increase in the specific surface of the char grain due
to the formation of pores, and then a decrease in the grain surface due to
shrinkage. As a result of thermal degradation, the elementary compo-
sition of the char changes. The content of carbon increases and the
content of oxygen and hydrogen decreases, as well as the heteroatoms
responsible for creating active sites on the surface of the material, i.e.

compost
sand

coal char

sand

gravel

Fig. 2. Wetland column set up.

sulfur and nitrogen. In turn, with smaller char grain sizes and a rapid
increase in temperature, numerous cracks are formed in the grains,
which increase the concentration of active sites, resulting in greater
reactivity of char (Smolinski et al., 2006). The physico-chemical and
toxicity characteristics of UCG char are presented in Tables 1 and 2,
respectively. The toxicity tests have shown that the adsorbent belongs to
toxicity class 5, i.e. it is highly toxic. Fig. 1 presents structure of UCG
char used as an adsorbent in CW.

Vi - total pore volume; Sggy - The Brunnauer-Emmet-Teller (BET)
specific surface area; Vpgr n2 - N2 micropore volume.
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Hybrid model of wetland column

/

Sampling and analysis of raw wastewater
and effluent :

- physicochemical analysis,

- toxicological analysis .

\

Microbiological characterization of UCG -char

!

UCG-char biofilm metagenome analysis :

1. isolation of DNA from cultured fraction of
bacteria,

2. 16S rRNA gene sequencing,

3. bioinformatics analysis .

Fig. 3. Flow chart of methods used in the research.

2.2. Wetland column set up

Laboratory-scale vertical subsurface flow constructed wetland
(VSFCW) was set up in poly-methyl methacrylate polymer (PMMA)
column with dimensions of 1 m x 0.30 m x 0.30 m (WxLxD) and
surface area of 0.064 m The column was filled with the slight layer of
mixed soil and green compost media from the top (0.10 m), then sand
layer was established. The 0.10 m thick adsorbent layer amendment was
located between two sand layers. The 0.40 m thick gravel layer was
placed in the bottom of the column. The construction of column is
presented in Fig. 2. The green compost used as a fertilizer was provided
from the local composting unit. Constructed wetland was planted with
the shoots of the common reed (Phragmites australis) which were trans-
ferred from the natural reed beds from the local plants company.
Phragmites australis is commonly used in CW systems due to its unique
properties such as cosmopolitan distribution, fast growth, and easy
adaptable to different environments and substrates, like gravel, coke,
zeolite, limestone, paddy and red soils (Ayaz et al, 2020).
Laboratory-scale VSFCW was operated in Environmental Microbiology
Unit of the Institute for Ecology of Industrial Areas.

After transplantation, clean water was loaded into the columns until
the water level was 0.10 m higher than the compost surface in order to
establish the plants growth for 2 weeks. At the end of the establishment
period and acclimatization of plants, the constructed wetland columns
were fed with UCG post-process wastewater. Storage tank with a ca-
pacity of 100 liters filled with wastewater were placed near the column.
The raw wastewater passed through the column and returned to the tank
by recirculation, where it was constantly mixed by the pump. Each cycle
was operated with slow recirculation to enhance the mass transfer of
substrate to the biofilm and to provide aeration. Detailed operating
parameters of wetland column are presented by Jalowiecki et al.
(2024b).

The adsorbent layer (coal char) is marked with continuous diagonal
lines.

2.3. UCG wastewater sampling

After the completion of UCG experiment the raw wastewater repre-
senting the average sample for a conducted gasification experiment was
collected in a Mauser type tank with a capacity of 1 m®. The sample after
mixing and pouring into smaller container was immediately transported
to the laboratory. The raw wastewater from the UCG process was bio-
logically treated with constructed wetland column set. The effluents
from the constructed wetlands were collected after 14 and 45 days for
physicochemical and toxicological analysis. The flow chart of analysis
used in the research is presented in Fig. 3.

2.4. Physicochemical and toxicological analysis of effluents

All physicochemical wastewater analysis were conducted in the
accredited laboratories of the Central Mining Institute - National

Research Institute in accordance with the currently applicable stan-
dards. For each parameter, samples were analyzed in duplicate.

Toxicity assessment of raw wastewater sample and effluents from
wetland columns was conducted with the Microtox® test recommended
by ISO Standard 11348:1998. The test was carried out in the Microtox
M500 toxicity analyzer according to the standard procedure (Microtox
Manual, 1992). The toxicity unit (TU) as 1/ EC50 was calculated and the
results were ranked based on TU values into one of five classes described
by Persoone et al., 2003. Each sample was performed in triplicates assay.
Toxicity tests were evaluated in the Institute for Ecology of Industrial
Areas.

2.5. Microbial community analysis of adsorbent’s biofilm by 16S rRNA
gene sequencing

After 60 days of the system operation, some pieces of adsorbent were
aseptically transferred to sterile tubes with sodium phosphate buffer,
and vortexed for 15 min to detach the microbial cells from the carbon-
izate. Microorganisms were collected by centrifuging at 14,000 rpm for
10 min, discarding the supernatant, and immediately proceeding with
the extraction. For DNA extraction, a modified FastDNA™ SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA) protocol was used. However,
the samples yielded DNA concentrations too low to quantify. All samples
had no quantifiable DNA recoveries to sequencing.

In this regard, metagenomic DNA (metDNA) was isolated from the
culturable fraction of the bacteria. The adsorbent were aseptically
transferred to sterile tubes with sodium phosphate buffer, and vortexed
for 20 min at room temperature to detach the microbial cells from the
UCG-derived char. 100 ul of bacterial suspension was placed on Luria-
Bertani (LB) solid medium containing (L): 10 g — tryptone, 5 g — yeast
extract, 10 g—NacCl, 15 g —agar, pH 7.0. The Petri dishes were incubated
at 30 “C during 24 - 48 h. After incubation, 1 ml of physiological saline
(0.90 % w/v of NaCl) was poured over grown bacterial colonies. The
plates were incubated at 30°C with constant mixing (70 rpm) for 30 min.
The bacterial suspension was used to isolate metDNA of culturable
bacteria fraction. Power Water DNA kit (MoBio Laboratories Inc.,
Carlsbad, CA, USA) was used to extract the total DNA according to the
manufacturer’s instruction. DNA extractions were done in triplicate,
then the extracts were pooled to form a single mixed sample that was
stored at —80°C until subsequent molecular analyses. The quality and
quantity of the genetic material was checked by microspectrophotom-
etry (BioSpectrometer, Eppendorf). The library preparation and
sequencing of metDNA samples were done by Genomed (Warsaw,
Poland). Identification of cultured bacteria forming a biofilm was per-
formed based on the V3-V4 hypervariable region of the 16S rRNA gene.
The specific sequences of 341F and 785R primers were used for ampli-
fication and library preparation. PCR was carried out using Q5 Hot Start
High-Fidelity 2x Master Mix. The reaction conditions were esatblished in
accordance with manufacturer’'s recommendations. Sequencing was
performed using 2x300 bp paired-end technology on the Illumnia
MiSeq system with using Illumina’s v. 3 kit. Automated preliminary data
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Table 3
Physico-chemical analysis of raw UCG wastewater (day 0) and leachates after 14
and 45 days of treatment with CW-adsorbent system.

Parameters Unit Time of treatment
Day 0 Day Day
14" 45"
pH 71 7.8 7.7
conductivity pS/cm 1540 1540 1430
ammonia NT14 mg/L. 170 24 1.2
Total nitrogen mg/L 150 80 15
Biochemical oxygen demand (BOD) mg0,y/ 120 47 3.8
L
Chemical oxygen demand (COD) mg0,/ 303 98 105
L
‘Total organic carbon (TOC) mgC/L 80 37 45
Chloride mg/L 279 275 284
Sulfate mg/L 54.7 123 116
Nitrate mg/L 0.60 170 10
Nitrite mg/L <0.006 23 0.90
‘Total cyanide mgCN/ 23 0.037 0.0040
L
Phenol index mg/L 15 0.010 <0.001
Total phosphorus mgP/L <0.065 0.18 0.18
Sulfide mg/L 0.022 <0.02 <0.02
Fe mg/L 0.015 017 0.053
Mn mg/I. 0.36 0.18 0.21
Polyaromatic hydrocarbons (PAHs, pg/L. 1228 0.31 0.050
15 compounds)
BTEX (incl. styren) pg/L 3599 3.8 0.21
Toxicity
ECso 0.00 0.65 91
TU (Toxicity Unit) 835 198 25
‘Toxicity class A% v il

analysis was performed on a MiSeq sequencer using the MiSeq Reporter
(MSR) v.2.6 software. The analysis consisted of two steps: (1) automatic
demultiplexing of samples, and (2) generation of fastq files containing
the raw reads.

2.6. Bioinformatic analysis/NGS data processing

Raw sequence data was submitted in Sequence Read Archive (SRA)
division of GenBank database (NCBI database), and they are under
BioProject number PRJEB60074 (https://www.ncbi.nlm.nih.gov/biopr
oject/PRJ EB60074/). The files are available at https://www.ebi.ac.
uk/ena/submit/webin/report/runs/ERP145122.

Bioinformatics analysis providing classification of reads to species
level was conducted with the QIIME 2 software (https://doi.org/10.103
8/541587-019-0209-9) based on the Silva 138 reference sequence
database (https://doi.org/10.1093/nar/gkm864). The software was
used for filtering out sequences containing errors created during the
sequencing process (denoising), combining paired reads due to increase
the accuracy of sequencing. This was performed in paired-end mode, so
that at later stages of analysis the corresponding forward and reverse
reads were merged, dereplication - merging of identical, unique se-
quences while maintaining the number of their occurrences, quality
profile and chimera filtering.

3. Results and discussion
3.1. Characterization of leachates from the wetland column

Characteristics of the raw UCG wastewater and the changes of
selected physicochemical parameters and toxicity during the treatment
are shown in Table 3. Findings indicate that the treatment system was
able to decrease the values of unwanted chemical parameters and ach-
ieve high removal performance. The reduction of the chemical param-
eters after 14 days of treatment ranged from 40-90 %. The toxicity of the
raw wastewater also decreased significantly, from values corresponding

Ecohydrology & Hydrobiology xxx (xxxx) xxx

to V class of toxicity for raw wastewater to III class of toxicity for
leachates after 45 days of treatment.

In the paper of Jalowiecki et al. (2024a) vertical flow constructed
wetland column was used to treat UCG wastewater obtained from three
underground coal gasification processes using different kind of coal and
gasification agents. The decrease of toxic compounds to less or non-toxic
intermediates and by-products during experiment time was observed.
Comparing the results described by Jalowiecki et al. (2024a) with those
obtained in this study, there are no apparent differences between both
systems, i.e. wetland system without adsorbent and the hybrid wetland
system described in this paper. They have similar removal efficiencies
and have the potential to generate effluents due to the higher water
quality and meet reuse standards. In this case, it was difficult to assess
the effect of the UCG-derived char on the removal of organic and inor-
ganic compounds and to evaluate the adsorbent amendment as an
enhancer for CWs efficiency. The detailed characteristics of UCG
wastewater and description of its treatment efficiency are also presented
by Strugala-Wilczek et al. (2024). The authors evaluated removal effi-
ciency of four different system configurations: wetland, electro-
coagulation/wetland, adsorbent/wetland, and electrocoagulation
/adsorbent/wetland. Each wetland experiment lasted 60 days. All tested
systems were effective in removing both organic and inorganic
contaminants.

The sorption characteristics of materials obtained from UCG cavity
residues were investigated by Strugala-Wilczek et al. (2020). In the
laboratory-scale tests sorption parameters for selected metals (Cd, Co,
Cu, Pb) were determined for two different samples: subbituminous coal
mined from the coal-bed used in underground coal gasification process
and char formed during the UCG process. The post-UCG char efficiently
removed metals and was found to have a better sorption capacity than
the raw subbituminous coal due to the char’s increased surface, as well
as the thermal transformation caused by the gasification process and
coal oxidation at high temperatures. The gasification characteristics
such as temperature, gasification agents play a significant role in
determining the adsorbent’s structure (Yin et al., 2020). As presented by
Yin et al. (2020), the adsorption amount, specific surface area and pore
volume have shown a decreasing trend with the increase of coalification
degree.

Previous studies have shown that low-cost adsorbent materials such
as zeolite and biochar enhanced the efficiency of CWs (Gu et al., 2021;
Gao etal., 2021; Lam et al., 2023; Li et al., 2024; Xu et al., 2021; Zaboon
et al., 2022). The pilot CW studies with and without adsorbents showed
that adsorbent addition significantly improved removal of ammonia,
color, COD, and can promote wetland plant growth. CWs enhanced with
adsorbent, significantly improved physicochemical parameters of ef-
fluents compared to CW without adsorbent material. The coupling
adsorption and biological treatment increased the efficiency of leachates
treatment to meet reuse or disposal requirements described in the
literature and legal documents.

Wetland technology as a nature-based solution had the potential to
turn post-process UCG wastewater into usable recycled water. Findings
indicated that the wetland enhanced by adsorbent treatment system
were able to improve the UCG raw wastewater characteristics. The
wetland with UCG-derived adsorbent enhanced the efficiency of BOD,
ammonia, and organic pollutants (phenol index, BTEX, PAHs) removal.
However, the highest and similar efficiency of both CW systems (with
and without UCG-derived adsorbent) in removing inorganic and organic
pollutants was observed.

By integrating ecological processes with hydrological ones, sustain-
able water management systems, such as constructed wetlands and
green infrastructure systems are examples of ecohydrology research
which allows for the optimization of water resource use in a way that
minimizes human impact on the environment. Constructed wetland
systems combine biological and hydrological processes to remove con-
taminants and contribute to the development of effective and eco-
friendly wastewater treatment technologies.
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Table 4 the microbial communities that may be contributing to biodegradation
y of the ic seq and prepr ing results for adsor- processes, along with their abilities to metabolize different hydrocar-

bent’s biofilm samples ABK1 and ABK4. bons in situ.
Preprocessed sequences ABK1 ABK4 Average In Table 4 summary results from sequencing and preprocessing are
Rawreads Yedéeo SEE o8 presented. The average value of filtered sequences from the adsorbent
Raw bases (Mbp) 47.76 28.63 38.2 samples was 93 856.5 which constitutes of 78 % raw reads. Similar
Trimmed reads 135743 76 283 106 013 microbial communities were captured in both adsorbent samples,
Trimmed bases (Mbp) 37.71 19.60 28.67 although in varying relative abundances. The low average DNA re-
Irimmed reads (%) 85.59 8020 83.55 coveries were detected, and therefore ic DNA was isolated
Trimmed bases (%) 79.02 68.46 73.74 . 3 X . 3
Average length (bp) 224 226 225 from cultured fraction of microorganisms. Metagenomic analysis of
Max length (bp) 296 272 284 biofilm showed little diversity and had a greater proportion of unique or
GC content (%) 525 515 52 low abundance taxa (Fig. 4 and Table 5). Two families, Pseudomonada-
ada filtered sequences ceac.e and Bacillaceae, Yvere dominate(.i in microbial communities of UCG-
— 135743 — 106013 derived adsorbent with mean relative abundances of 92 % and 7 %,
filtered sequences 122 316 65397 93 856.5 respectively. Pseudomonas putida dominated in the family Pseudomona-
% of filtered 90.11 85.73 87.92 daceae. While, the great variety among the member of Bacillaceae was
denoised 122203 65 266 937345 found. The dominant species were: Bacillus circulans, Bacillus austral-
merged 122080 oae2s 983526 imaris, Paenibacillus ihbetae, Bacillus simplex, Bacillus b -ans and
% of merged 89.93 84.72 87.33 5 % A
non-chimerie 115 852 59 931 87 8915 Paenibacillus favisporus.
9% of input non-chimeric 85.35 78.56 81.95 Abrreviations: “d” — domain; “p” — phylum; “c” - class; “0” — order;
ASVs 29 24 26.5 “f* — family; “g” - genus

The obtained results provide the scientific basis for implementing
nature-inspired solutions that can replace or complement traditional
engineering technologies which are helpful in water resource manage-
ment, nature protection, and climate change adaptation.

3.2. Microbial structure of adsorbent’s biofilm

In this study, UCG-derived adsorbent was assessed for its ability to
trap microorganisms in the working hybrid CW system. The microbial
degradation of recalcitrant organic compounds is an important process
that can contribute to the remediation of UCG raw wastewater. Due to
the complex composition of raw wastewater, it is important to identify

A

Sparse - taxons that made up less than 5 % of total classified reads

Unidentified category — bacteria unclassified at given taxonomic
level or are poorly researched

The coal-derived environment provide a specific, extreme and suit-
able habitats for the microbial growth, colonization and activities
associated with their complex, heterogeneous and carbonaceous struc-
tures. It can be a potential hotspot in the search of microbial strains with
potential biotechnological applications. Native microbes possess rich
functional potentials and can carry out a range of biotechnological
processes, mainly in the coal industry, from production to remediation
(Akimbekov et al., 2022). The most popular bacteria in coal-derived
environments belong to the Gammaproteobacteria group. In addition,
some bacterial genus like Arthrobacter spp., Sinomonas spp., and Bacillus

C

0.6
> [%]

0.4

0.0

ABK1 ABK4

™ :
[T Lysinibacillus

P
[ Paracoccus M Streptomyces

Fig. 4. The taxonomic classification on 6 levels of adsorbent’s biofilm in samples named ABK1 and ABKA. The Krona plots (A and C) outline the overall proportion of
the contribution of each taxonomic level from the analyzed samples: A - ABK1 and C — ABK4. The barplots B show the proportion of individual taxa at the genus level

beyond Bacillus and Pseudomonas.
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Table 5

Classification rate of more abundant taxons of adsorbent’s biofilm samples

named ABK1 and ABK4.

ABK1

ABK4

Taxonomy abundance at Phylum level
Proteobacteria (92.39 %)
Firmicutes (7.609 %)
Sparse (0.001 %)
(Actinobacteriota)

Taxonomy abundance at Class level
Gammaproteobacteria (92.37 %)
Bacilli (7.609 %)

Sparse (0.0191 %)

Proteobacteria (93.12 %)
Firmicutes (6.88 %)

Gammaproteobacteria (93.09 %)
Bacilli (6.88 %)
Sparse (0.02723 %)

(Alphay bacteria, Actinobacteria)
Taxonomy abundance at Order level
Pseudomonadales (92.25 %)

Bacillales (7.497 %)

Sparse (0.2483 %)

( s dales, Paenibacillal

(Alphaproteobacteria)

Pseudomonadales (92.73 %)
Bacillales (6.682 %)

Sparse (0.592 %)
(. i dales, Paenibacillales,

Rhizobiales, Streptomycetales)

Taxonomy abundance at Family level
Pseudomonadaceae (92.25 %)
Bacillaceae (7.182 %)

Sparse (0.2631 %)
(Xanthomonadaceae, Paenibacillaceae,
Rhizobiaceae, Planococcaceae,
Streptonycetaceae)

Taxonomy abundance at Genus level
Pseudomonas (92.24 %)
Bacillus (7.482 %)

Rhodobacterales, Rhizobiales)

Pseudomonadaceae (92.73 %)
Bacillaceae (6.682 %)

Sparse (0.592 %)
(Xanthomonadaceae,
Paenibacillaceae, Rhodobacteraceae,
Rhizobiaceae)

Pseudomonas (92.73 %)
Bacillus (6.682 %)

Sparse (0.2631 %)
(Pseudoxanth Paenibacillus, «

Lysinibacillus, Streg )

Sparse (0.592 %)

Paenibacillus,
Paracoccus, Rhizobiuni)

‘Taxonomy abundance at Species level
Unidentified (98.99 %) Unidentified (83.69 %)
Pseudomonas putida (15.11 %)
Sparse (1.012 %)

(Bacillus circulans, Paenibacillus
ihbetae, Bacillus butanolivorans)

Sparse (1.198 %)
(Bacillus circulans, Pseudomonas putida,
Bacillus australimaris, Paenibacillus ihbetae,
Bacillus simplex, Paenibacillus favisporus)

spp. were described as a potential biomarker of coal mine spoils (Roy
and Mukherjee, 2022). The indigenous and mostly novel bacteria iso-
lated from the coal-derived environments have the great ability to offer
an alternative clean remediation strategies for coal mining areas
(Akimbekov et al., 2022). The application of various microorganisms
depends on their metabolic and functional properties. Then, the future
studies such as functional metagenomic screening, metaproteomic,
metatranscriptomic and metabolomic could be undertaken. The current
research provides preliminary characterization of microbes isolated
from UCG-derived char adsorbent used in the wetland column.

4. Conclusions
The following conclusions can be formulated from the study:

(1). Wetland system as a nature-based solution had the potential to
turn coal gasification wastewater into usable recycled water. The
hybrid model enhanced the removal efficiency of biological ox-
ygen demand (BOD), ammonia (NH3), and organic pollutants
(phenol index, BTEX, PAHs).

(2). The UCG-derived adsorbent can be a microbial carrier that pro-
motes the assistance of specific microbes in remediation tech-
nologies for polluted environments.

(3). The addition of waste adsorbent to biological systems may not
necessarily be beneficial; rather, it may generate side effects for

Ecohydrology & Hydrobiology xxx (xxxx) xxx
specific bacteria that are in environmental
technologies.

The practical influence of adsorbent on constructed wetland ef-

ficiency is still unknown.

(5). The integrated system ecotechnology composed of CW and UCG

adsorbent was effective in reducing the pollutant from UCG

wastewater. The concentrations of detected compounds during

45 days of the combined system operation were lower than the

maximum allowable limits for industrial wastewater.

The results contribute to the implementation of integrated CW

system as an effective post-treatment process for contaminants

removal.

(7). The promising results of the study allow for further research
aimed at utilizing wetlands for purification of similar wastewater
such as coke wastewater, leachates and stormwater.

important

(4).

=

(6).
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Abstract: Underground coal gasification (UCG) can be considered as one of the clean coal technolo-
gies. During the process, the gas of industrial value is produced, which can be used to produce
heat and electricity, liquid fuels or can replace natural gas in chemistry. However, UCG does carry
some environmental risks, mainly related to potential negative impacts on surface and groundwater.
Wastewater and sludge from UCG contain significant amounts of aliphatic and aromatic hydrocar-
bons, phenols, ammonia, cyanides and hazardous metals such as arsenic. This complicated matrix
containing high concentrations of hazardous pollutants is similar to wastewater from the coke indus-
try and, similarly to them, requires complex mechanical, chemical and biological treatment. The focus
of the review is to explain how the wetlands systems, described as one of bioremediation methods,
work and whether these systems are suitable for removing organic and inorganic contaminants from
heavily contaminated industrial wastewater, of which underground coal gasification wastewater
is a particularly challenging example. Wetlands appear to be suitable systems for the treatment of
UCG wastewater and can provide the benefits of nature-based solutions. This review explains the
principles of constructed wetlands (CWs) and provides examples of industrial wastewater treated
by various wetland systems along with their operating principles. In addition, the physicochemical
characteristics of the wastewater from different coal gasifications under various conditions, obtained
from UCG'’s own experiments, are presented.

Keywords: wetlands; bioremediation; bacteria; underground coal gasification (UCG);
industrial wastewater

1. Introduction

Underground coal gasification (UCG) can be considered as one of the clean coal tech-
nologies that enables recovering valuable gas from coal in situ, even in the case of coal
seams that are too deep, low grade or non-mineable with conventional methods. Produced
gas can be applied in power generation, heat production or as a chemical feedstock. Years of
development of UCG technology have shown that it is technically feasible and economically,
socially and environmentally viable, i.e., due to its light surface footprint. The gasification
process has come a long way from the first attempts in the former Soviet Union in the 1930s
to complex plants with integrated combined cycle gasification or CO; capture and stor-
age [1-5]. However, the UCG process in situ also carries some environmental risks, related
mainly to the potential negative impact on surface and groundwater. Many heterogeneous
and homogenous reactions that take place in the oxidation, reduction and pyrolysis zones
developed during gasification affect the release of UCG-related contaminants from coal
tars and ashes produced in the volatilisation process.

Energies 2022, 15,4419. https:/ /doi.org /10.3390 /en15124419
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Conducting the process below the hydrostatic pressure prevents gas migration to
the surrounding rock strata and can effectively control contaminants migration because
the groundwater influx is towards the cavity, however, the main environmental risk is
related to the removal of process condensates and drainage of the operating site during
unloading to the surface for cleaning. Numerous organic and inorganic contaminants are
formed both during different process stages and after process termination. Then, the UCG
wastewater and sludge contain a significant amount of aliphatic and aromatic hydrocarbons,
including benzene, polyaromatic hydrocarbons and phenols, but also ammonia, cyanides
and hazardous metals [6,7].

Among various physical, physico-chemical and biological processes, biological treat-
ments have been identified as suitable and nature-based methods for the clean-up of
wastewater contaminated with various pollutants. Searching for novel approaches for
using biological systems based on natural biochemical processes has been the main topic
of research. A holistic approach to bioremediation has been developed, involving the
activity of microorganisms and terrestrial and aquatic plant species in the biodegradation
of hazardous compounds. Natural wetlands (NWs) and constructed wetlands (CWs) are
the examples of low-cost, sustainable, easy-to-operate and ecofriendly options for the effec-
tive removal of various organic and inorganic compounds. They are designed as natural
biofilters that simulate natural processes dependent on the interaction between media
(such as gravel, pumice rock, soil), plants and associated microorganisms. In particular,
microbes are considered to be a key player in the removal of pollutants from contaminated
wastewater [8]. Knowledge of the wetland microbial communities is useful in monitoring
the restoration and wastewater treatment processes. Wetland ecosystems are habitats for
all kinds of microbes, aerobic, anaerobic, anoxic and facultative. Their role is also crucial in
the functioning and growth of plant communities, and for maintaining the sustainability of
wetland ecosystems.

The aim of this paper is to review the use and development of wetland systems and
to identify the challenges and propose alternative methods for the biological treatment of
industrial wastewater, including wastewater from UCG processes.

2. Bibliometric Analysis

The output for the review was collected from the bibliometric database Scopus on
8 June 2022. The search included only English-language articles and reviews from all
available years. Since a search for the phrases “constructed wetlands” and “underground
coal gasification” returned no results, it was conducted for scientific publications containing
the phrases “constructed wetlands” and “industrial wastewater” in the title, abstract or
keywords. The total number of publications found in the study area was 321. Detailed
searching criteria are presented in Table 1.

Table 1. Criteria and results of filtering scientific publications in the Scopus database.

Criterium Phrase Number of Publications Identified
1 Title, abstract, keywords “Constructed wetlands” and “Industrial wastewater” 603
2 Document type and language Article, Review, English 462

3 Subject area

Environmental Science, Agriculture and Biological
Sciences, Chemistry, Engineering, Chemical
Engineering, Multidisciplinary, Inmunology and
Microbiology

321

The first publication on the subject, entitled “Constructed wetlands for wastewater
treatment” by S.C. Reed [9] in Scopus dates from 1991. Over the three consecutive decades,
there has been a marked increase in interest in the topic of wastewater treatment using
wetlands (Figure 1). By mid-2022, 13 articles had already been published, confirming the
relevance of the topic of this review [10].
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Figure 1. Number of publications in the study area between 1991 and 2022 (based on Scopus,
8 June 2022).

3. Underground Coal Gasification
3.1. Recent Worldwide Experiments

Underground coal gasification technology has been the subject of numerous pilot-
scale studies and experiments in mining basins around the world for years. Large-scale
UCG research programmes were initiated in the 1950s in the Soviet Union, in the 1970s
and 1980s in the United States and in the 1980s, intensive research was launched in the
People’s Republic of China [4]. Currently, the development of UCG technology to enable its
widespread and commercial application is underway almost all over the world (including
China, India, UK, Slovakia, Poland) and some countries such as Australia, the UK, Canada,
New Zealand and the USA are already introducing licensing rules in this area [11]. The
summary of significant UCG in situ trials operated after the year 2000 is presented in
Table 2.

Table 2. Worldwide significant UCG experiments in situ after year 2000 (from [4] with
some modifications).

Coal Type/Seam Depth and Average

Country UCG Site Startup Year Thickness [m] Gasifying Agent
Chinchilla G1 2000 subbituminous/132/10 air
Chinchilla G3 2007 subbituminous/132/10 air
i Chinchilla G4 2009 subbituminous/132/10 air
Australia Chinchilla G5 2011 subbituminous/132/5.5 air, oxygen/steam
Bloodwood Creek P1 2009 subbituminous/200/9 air, oxygen/ steam
Bloodwood Creek P2 2011 subbituminous/200/9 air
Canada Swan Hills 2009-2011 high volatile bituminous/1400/4.5 oxygen/steam
Xinwen 2000 high volatile coal /100/1.8 air/steam
China Feichang 2001 bituminous/90/1.5 air
Xiyang 2001 anthracite/190/6 air/steam

3.2. Experiments from Central Mining Institute (GIG)

In recent years, intensive experimental studies in the field of UCG using large-scale
experimental simulations on artificial coal seams were conducted by the UCG research
group from the Central Mining Institute (GIG) in Poland. The first trials of surface UCG
experiments at GIG were designed and developed within the RFCS-funded project HUGE 1
(2007-2010). Simultaneously with the UCG trials in Poland, the EU-based Research Fund
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for Coal and Steel (RFCS) programme provided funding to support further UCG re-
search in Europe. The most important projects in the UCG area include, apart from
the above-mentioned pioneering project HUGE 1 and HUGE 2 (2011-2014), the following
projects: TOPS (2013-2016), COGAR (2013-2016), Coal2Gas (2015-2017), UCG&CO,Storage
(2009-2010), MEGAPIus (2018-2021) and the ongoing UCGWATERPlus.

After 2010, more advanced ex situ experimental units for UCG simulation were de-
signed and built at GIG’s Clean Coal Technology Centre, and the GIG team conducted more
than a dozen underground gasifications of coals of different rank, from semi-anthracite to
ortho-lignite, using various gasification agents and under different conditions (Table 3).

Table 3. General characteristics of the main UCG in situ and ex situ experiments conducted by the

Central Mining Institute in years 2007-2021.

Type of

Origin of Co SEy Gommey  Oxfie  Beeinet  Gui  Fewed  Oulowlighs Refeence
Pressure * [kgl [kgl Gasified Coal]

o subbituminous  insitu oxygen/air 355 21,980 14810 067 12
,%2?;:?:}?; ('3::;:“ d) subbituminous insitu oxygen/steam 142 5364 2960 055 [13]
%{i;ﬁ;‘:“:‘;ﬂlm 3 subbituminous insit air/oxygen/CO, 60 days 230,500 dna. dna. [14]
:?,i‘i::;;‘l mine “Bobrek” bituminous exsitu oxygen 48 1769 46.0 026 [15]
"Z:nco"ﬂtmz;eoh nd) subbituminous exsitu oxygen 18 1642 130 079 [15]
,?B‘:;‘:}"‘afg“‘l,f'(‘ﬁﬁan d) lignite exsitu oxygen 50 9700 180 049 [6]
,':é‘}:é;gj‘li:ﬁ“fpdan D bituminous exsitu oxygen/air/steam 73 1450 796 055 16l
(l;r;r::rgig;mik Aeleme meta-lignite exsitu oxygen 120 730.0 dna. d.na. [7]
gﬁ?:ﬁg;mik Welemge meta-lignite ex situ/3.5MPa oxygen 72 5910 dna. d.na. [18,19]
((l:{()(?xln?:;; Oltenia ortho-lignite exsitu oxygen/steam 96 7900 dna. d.na. [17]
gf:[ln:‘ni?;; Oltents ortho-lignite exsitu/1 MPa oxygen 72 585.0 dna. dna. [18,19]
(l;l;:)xi;i:do)al i Eiags subbituminous exsitu oxygen 72 2300 521 023 [20]
Coal mine “Six Feet” (UK) anigﬁc;le ex situ/2 MPa oxygen/steam 96 436.1 46.5 0.11 [21]
Coal mine “Six Feet” (UK) mf:gﬁéte ex situ/4 MPa oxygen/steam 96 4555 38.6 0.08 [21]
("I‘,‘L‘)‘lg:d")a‘ mine “Wesola”  pieorinous exsitu/2MPa oxygen/steam 9% 504 673 013 Rl
Hard coal mine “Wesola” ity inous exsitu/4MPa oxygen/steam 9% 5302 55.2 010 Rl

(Poland)

*no information means pressure close to atmospheric; d.n.a.—data not available.

3.3. Characterisation of Wastewater from Underground Coal Gasification Process: Experience
from GIG

Wastewater from UCG is an example of industrial wastewater with an extremely com-
plex matrix, containing large quantities of organic and inorganic pollutants, and therefore,
the possibility of applying CWs to neutralise such wastewater appears to be important
for investigating the possibility of biological treatment. Four main water sources in the
process can be indicated: a. static water resources from the coal seam, b. dynamic re-
sources (groundwater infiltrating from surface into the reactor environment), c. processing
water—chemically bonded water present in minerals in the coal seam, d. water steam used
as an addition to the gasifier and contain in the supply air of the UCG reactor [6]. The
risk of groundwater contamination can be reduced by selecting an appropriate location
and operation method of the pilot UCG plant. Wastewater generated during UCG has a
similar composition to coking wastewaters [22], and requires complex mechanical, chemical
and biological treatment [23] due to the high content of organic and inorganic impurities.
According to Smoliniski et al. [15], a higher total amount of wastewater (as well as higher
coal consumption rate) is generated in the underground gasification of lignite than in the
case of hard coal. This is most likely due to the high moisture content in the lignites.
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UCG wastewater is produced mainly during the evaporation of coal, coal-pyrolysis,
gas cooling and gas purification processes. The wet UCG gas consists of water vapour,
originating principally from the evaporation of coal moisture, pyrogenic water and from
unintended hydrogen combustion. The amount of wastewater arising from UCG ought
to be more minor than from traditional mining, nonetheless, the water flux from a gas
scrubber includes a high concentration of hazardous compounds, e.g., phenols, PAHs,
monoaromatic compounds (BTEX) and heavy metals, for which the concentration should
be continuously monitored to avoid any leakage into the environment [24].

Total amount of wastewater produced during UCG experiments conducted in GIG is
presented in Table 3. It should be noted that the total volume of UCG wastewater produced
during in situ trials was difficult to evaluate, e.g., in the experimental mine “Barbara”,
approximately 500 kg of post-processing water per day was collected [25]. During ex situ
experimental trials, the volume of wastewater obtained varied from 38.6 kg (gasification of
semi-anthracite) to 521 kg (subbituminous coal “Piast”) and 480 kg (lignite “Belchatow”).
If bed water is most responsible for the amount of wastewater, then gasification of lignite
should produce more waste than, e.g., anthracite, which has the lowest moisture content
among all coal types. It should be emphasised that the quality and quantity of the UCG
wastewater obtained differs depending on many complex aspects of operating conditions,
such as UCG experimental installation and process parameters. The volume and compo-
sition of UCG wastewater solidly depends on the type and rank of gasified coal and its
properties, the parameters of the process (temperature and pressure), the type of gasifying
agent and applied gasification technology. The amount of physicochemical compounds
depends mainly on the thermodynamic conditions (temperature) and mutual proportions
of pyrolysis and oxidation zones [18]. Moreover, the concentration of pollutants in UCG
wastewater vary significantly with the progress of the UCG process. The average amount
of wastewater produced was about 0.30 kg per 1 kg of the gasified coal. The relatively high
wastewater production during gasification of bituminous coal “Bielszowice” in reference
to the coal consumption (0.55 kg wastewater per 1 kg of coal) can result from the unreacted
steam, the evaporation of water or hydrogen combustion [16].

The average values of the parameters determined in the UCG wastewater originating
from in situ and ex situ experiments are presented in Table 4. The analyses were performed
in the laboratories of the Central Mining Institute in Katowice; some of the results have
been published [12,14,16-19,21] and some are included in unpublished reports. As it can
be concluded from Table 4, the values of measured parameters significantly differ for each
UCG experiment. The physicochemical parameters as pH range from 4.9 to 7.8, COD¢;,
from 48 to 5060 mg O, /L and BODs from 300 to 4373 mg O, /L. The ammonia nitrogen
concentration varies from 11 to 7800 mg N/L, which might be determined by the pH
values, and the sulphates level is between 33 and 3220 mg/L. In all wastewaters, low
concentration levels of cyanides from 0.5 to 5.7 mg/L were observed. Additionally, the
concentrations of metals were relatively low for all wastewaters, except iron which differs
from 0.02 to 650 mg/L. Pankiewicz-Sperka et al. [21] validated that the type of gasified coal
has a significant influence on the concentration levels of organic parameters. Moreover,
metal concentrations occurring in raw coals have no direct impact on the composition of
UCG wastewater, but it is rather driven by organic contaminants derived from the tars
produced during the UCG process [21].

112



tukasz Jatowiecki
Opracowanie procesu oczyszczania $ciekdw z podziemnego zgazowania wegla z zastosowaniem metod
biologicznych

Energies 2022, 15, 4419 60f19

Table 4. Composition of the UCG post-p ing from selected experiments conducted in the Central Mining Institute.

Coal Type and Origin (Installation Pressure)

Parameter/ ML
; sB SB B sa sA
Compound  Unit  p 0 | \veoerck  Biclssowice L Belchatiw Velenje

B B ML 5 oL oL
,‘m e Six Feet Six Feet Wesola @ MPa) ~ Wesola (4 MPa)  Velenje (atm) Pl o Oltenia (atm) ~ Oltenia (1 MPa)

(atm) [12] (atm) [19] (atm) [16] (2MPa) [21] @MPa) [21] 211 211 17 118,191 17 [18,19]

pH - 63 73 78 54 6.4 52 53 49 73 6.0 77 5.1
Conductivity  puS/em 14425 57,400 19,200 86380 12284 253.38 94200 1006.7 24780 177200 31550 5253.0
OD:, mg/LO; 4308 5330 n. nd 1516 48.63 3227 185.9 5060 691.0 2010 4977
BOD; mg/LO, 228 2840 nd. nd. nd. nd. nd. 4373 3000 1048 2105
:Tm";:\w mg/LN 1950 7800 1225 160.1 1168 96.41 95.74 280.0 1890 4630 7780

Chlorides mg/L 1660 18,000 nd. 1115 11.68 2918 4594 nd. nd. nd. nd.
Cyanides mg/L 126 3.9 <05 111 143 1.70 0.87 131 070 101 3.00
Sulphates mg/L 320 980.0 1014 3351 47.66 4286 5297 4570 1050 4430 2040
Mn mg/L 49 nd nd 0.017 0.021 0.018 0012 0.010 013 0.050 034
Fe mg/L 650 nd 325 0.823 0284 0.131 0245 0.050 249 0.020 21.98
Sb mg/L <0.05 nd. nd 0.036 012 0.064 0013 0.030 0.030 0.030 0.070
As mg/L 29 nd. nd. 0.036 <0.02 <0.01 <0.01 0.040 <0.005 021 016
B mg/L 6.5 nd. 018 0. 0.056 013 025 021 058 0.040 048

Cr mg/L 0.51 73 <0.005 0.013 0.012 0.010 0.006 <0.005 017 <0.005 18
mg/L 35 0570 108 0.021 0499 0320 0200 0.060 0.180 0.080 0300

Al mg/L 177 n. nd. 0.031 0023 0.060 <0.01 141
Cd mg/L <0.02 nd. <0.002 <0.0005 0.001 <0.0005 <0.0005 <0.001 0.001 <0.001 0.002
Co mg/L 0031 n nd. 0.004 0.003 <ﬂ 1003 <0.003 <ﬂ (llS 0.010 <0.005 0. ()-I"

Cu mg/L <0.01 0.062 <0.01 0. 0.010 04 <0.005 0.010
Mo /L 0133 nd. <0.01 0.005 <0005 (YYU% <0.005 <(l l)l 0.020 <0.01 IJ lll l
Ni mg/L 0243 116 <0.01 0.098 0312 0.051 0027 116 0.010

Pb mg/L 004 0.035 <0.005 <0.005 0.064 0.046 0060 0.010 0.040 <0.01 028
Hg mg/L <0.005 nd. nd <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 0.003
Se /L 0.14 nd. nd 0.016 0.017 0.036 0027 0.040 <0.01 0.030 0.066
Ti mg/L 0.52 nd. <0.005 0.001 0.001 <0.0005 <0.003 0.004 <0.003 0.055

;‘;":‘{u, mg/L 484 820 247 297 214 195 22 73 170 246 201
mg/L 616.0 1500 nd nd nd. nd. nd. 2400 1670 8825 1250

;l'::]al BIEX ng/L 55.80 4140 106.0 5483 1497 2514 1354 1994 8040 1784 1562
Benzene ug/L 5110 nd. 96.00 4156 1341 2197 1059 1189 5123 1190 1072
Toluene ug/L 3730 nd. 1400 7.000 nd nd. nd. nd. 356.3 1752 2770 2363
Ethylbenzene  ug/L 0700 nd. 200 0500 nd. nd. nd. nd. 287 2440 2635 2098

Xylene ug/L 1820 nd. 1240 2500 nd. nd. nd. nd. nd. nd. nd. nd.
Total PAH ug/L 1912 399.0 1887 1066 1658 3620 1090 4072 nd. nd. nd. nd.

n.d.—not determined, SB bi L—lignite, ML—meta-lignite, OL—ortho-lignite, SA—semi-anthracite. * In case of some parameters (¢.g., metals), the limit of

quantification of the method may be mudmed accordmg, to the presence of interfering substances. * Total phenols volatile.
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4. Bioremediation Process: Current Challenges and Trends

Bioremediation is a biological process using metabolic activities of living organisms,
e.g., bacteria, yeast, fungi and plants, to destroy or neutralise to less hazardous organic
and inorganic contaminants via complete mineralisation or co-metabolism. Compared
to physico-chemical methods, generally, bioremediation technology is considered as less
expensive, environmental friendly and more socially acceptable [26,27]. Most bioremedi-
ation systems are performed under aerobic conditions, but the systems under anaerobic
conditions or aerobic—anaerobic conditions are also developed. In hybrid anaerobic-aerobic
systems, recalcitrant pollutants are degraded by microbes in an oxygen deficit [28,29].

Two types of bioremediation methods are widely described in the literature, e.g., in
situ bioremediation (bioventing, biosparging) and ex situ bioremediation (landfarming and
composting, bioreactors, biopiles) [30].

The microorganisms involved in the bioremediation processes may come from a
contaminated area (indigenous, autochthonus microflora) or they may be isolated from
different places and inoculated to the contaminated site (allochtonus microflora). The
supplementation of the microbial population is very effective where the native soil microor-
ganisms are unable to degrade the pollutants. Introducing microorganisms to a contami-
nated site to enhance the bioremediation process is known as bioaugmentation [31,32]. The
application of natural microbial consortia as inocula is a promising bioremediation method
to remove anthropogenic compounds from polluted environments.

An option for bioaugmentation is biostimulation. The indigenous microorganisms
are stimulated to grow and become active by changing environmental parameters such as
temperature, pH or by adding nutrients, oxygen or surfactants [31,32].

Most of the organic hazardous compounds can be destroyed by the biodegradation
process which is often a result of the actions of microbial consortium [33]. Microbes forming
a consortium can perform multiple functions in bioremediation processes compared to
a single microbe. Microbial consortia have great biotechnological potential for applica-
tions in long-term biodegradation. The application of microbial consortia is beneficial
because of the synergistic interactions between different microbes that contribute to the
overall contaminants degradation [34]. Microorganisms have the ability to degrade the
contaminants from the enzymatic system into by-products that can be taken up by other
microorganisms, which break them down into less toxic forms and harmless compounds
that can be introduced into the biogeochemical cycles. In addition, different processes
mediated by microbes, i.e., biomineralisation, biosorption and biodegradation, are part
of the bioremediation process. Recently, research has focused on the design of microbial
consortia, natural consortia or artificial co-culture systems as new emerging tools for biore-
mediation technologies. Dvorak et al. [35] presented the development of bioremediation
technologies from the use of naturally occurring microorganisms called the era of Biorenze-
diation 1.0 through the application of recombinant DNA technology that provides changes
in the metabolic pathways of selected microbial hosts and the development of a patchwork
strategy called Bioremediation 2.0 to the era of new generations of bioengineering called
Bioremediation 3.0. These novel engineering strategies combine high throughput technolo-
gies, computational methods and “omics” techniques to design and develop microbial
biodegradation pathways to plan and execute an effective bioremediation process.

Various types of bioremediation technologies have been described in the literature to
minimise the environmental pollution caused by xenobiotics of an anthropogenic origin,
such as petroleum hydrocarbons, solvents, pesticides, dyes, antibiotics, heavy metals, explo-
sives such as 2,4,6-trinitrotoluene and other chemicals [36—48]. Most of these compounds
belong to the emerging contaminants, i.e., substances that remain in the environment
for a long time [8]. Most scientists and researchers note that no single bioremediation
method can clean up a contaminated environment because most contaminants occur in the
form of mixtures containing organic and inorganic pollutants. In such cases, an effective
bioremediation strategy should include the implementation of two or more methods [48,49].
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Nowadays, the integration of bioremediation approaches is very popular and re-
searches pay attention to the development of hybrid (synergistic) processes. Wetlands are
now considered as a holistic and integrated approach using natural physical, chemical and
biological processes such as sorption, precipitation, transpiration, sedimentation, plant
activities, such as phytostabilisation, phytoextraction, evaporation, and biodegradation
activities performed by associated microbial consortia [50]. Wetland systems are nature-
based solutions (also popularly known as green solutions) and are a relatively new area of
research. As nature-based solutions, they can provide many different services with high
social, economic and environmental values, such as recreation, CO; sequestration, coastal
protection, groundwater and soil moisture regulation, human well-being, flood regulation,
biodiversity support and other benefits, such as the creation of new jobs, etc.

Next to the wetlands, algae-based technology named phycoremediation also belongs to
nature-based solutions of wastewater treatment. It has been developed as a technique using
algae for treating chemically contaminated water [51,52]. Algae have an ability to assimilate
various toxic pollutants such as aromatic hydrocarbons, heavy metals and organochlo-
rine [53,54]. Algae from various non-pathogenic genus such as Chlorella, Spirulina and
Scenedesmus have been applied in the phycoremediation of phenolic compounds [55].

Municipal wastewater and industrial wastewater from paper, textile, tannery indus-
tries, petroleum refineries, agriculture wastewater, mining wastewater, stormwater and
landfill leachate are only a few examples of polluted wastewater that has been treated
by different kind of wetlands [56-59]. The application of wetlands for the purification of
contaminated wastewater is rapidly increasing in the industrial sector.

5. Wetlands as Natural and Engineering Systems to Clean up Industrial Wastewater

Constructed wetlands (CWs) are defined as engineered systems whose operating
principle is mainly based on natural ecosystem processes related to the decomposition
and circulation of matter. These facilities use heterotrophic microorganisms and aquatic
and hydrophytic plants to treat wastewater. The plants grow on appropriately designed
objects, such as ground-root filters or ponds [60,61], which are designed to intensify and
direct water purification. An important feature of CWs is that they are a low-cost, non-
invasive, multifunctional and, above all, environmentally friendly solution [62]. The
multifunctionality of CWs stems from their “natural character”, whereby they blend into
the landscape and, similar to their natural counterparts, can serve as urban wildlife refuge,
recreational facilities and landscape engineering facilities [63].

In CWs, by creating conditions that allow the growth of hydrophytes, it is possible
to intensify the redox processes which, supported by other processes such as sorption,
sedimentation and assimilation, allow the removal of significant amounts of pollutants
from wastewater. Plants used in these systems such as Phragmites australis often form
an extensive system of rhizomes and roots around which, due to internal gas transport
pathways [64], local oxygen microspheres are formed, surrounded successively by hypoxic
and further reductive microspheres [65]. The occurrence of aerobic and anaerobic zones
around the roots stimulates the decomposition of organic matter and the nitrification
process, occurring thanks to the metabolic activity of microorganisms—bacteria, algae,
fungi and protozoa. Another desirable feature of plants used in CWs is the rapid growth of
biomass, which, among other advantages, has a beneficial effect on the removal of nutrients
from treated waters. To create CW systems, naturally occurring wetland plants are used,
which can include: emergent plants (Phragmites australis, Typha latifolia, Typha angustifolia
and Salix viminalis), submerged vegetation (Hydrilla verticillata, Ceratophyllum demersum,
Vallisneria natans, Myriophyllum verticillatum and Potamogeton crispus), free-floating plants
(Nymphaea tetragona, Nymphoides peltata, Trapa bispinosa and Marsilea quadrifolia) and floating
leaves plants (Eichhornia crassipes, Salvinia natans, Hydrocharis dubia and Lemna spp.).

Constructed wetlands have become very popular in recent years as an alternative to
high-tech wastewater treatment solutions [59,62,66]. These systems are suitable for treating
wastewater from both point and area sources [67,68]. Due to their ability to assimilate
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nutrients, CWs have great potential in treating municipal wastewater. However, it is
increasingly observed that these solutions are used to treat industrial wastewater and
leachate [62,69,70]. CWs treat a wide range of pollutants, such as heavy metals, pesticides,
petroleum hydrocarbons, explosives, radionuclides and pollutants specific to effluents from
a textile dye factory, etc. Table 5 lists experiments using CWs, including small-laboratory-
scale systems that have been used to remove various compounds.

CWs can be divided into two types, those operating on a surface flow system (FWS,
free water surface) and those operating on a subsurface flow system. FWS treatment plants
function as ponds or canals that usually provide a serpentine water flow. In FWS treatment
plants, the long retention time (usually between a few days and 2 weeks) and large surface
area favour the removal of solids and organic matter [71]. Different types of vegetations
are used in this type of treatment plant, but it is worth noting that in Europe, the most
commonly used macrophyte is Phragmites australis [72,73].

Subsurface flow plants are constructed so the wastewater flows under a layer of
material filling the bed. In subsurface flow CWs, the retention times are usually shorter
(1-2 days) and active microorganisms are associated with plant root systems and the
substrate surface [74]. There are two types of subsurface flow CWs: with horizontal flow
(HSE horizontal subsurface flow) and with vertical flow (VSE, vertical subsurface flow) [75].
It also happens that mixed systems, with both a vertical and horizontal wastewater flow,
are used in a single treatment process. The division of constructed wetlands is presented in
Figure 2.

Constructed wetlands (CWs)

2

Subsurface flow Free water surface flow (FWS)*
Vertical subsurface Horizontal subsurface
flow (VSF)** flow (HSF)
Hybrid systems/

Combined systems

Figure 2. Simplified classification of constructed wetlands (CWs) for wastewater treatment (from [68]
with some modifications); ¥ FWS CWs may contain different types of vegetation, such as emergent,
submerged, free floating and floating-leaved plants; ** VSF CWs can be characterised by different
wastewater flows: up, down and tidal.

In summary, CWs in various configurations can deal with a whole group of different
types of pollutants found in industrial wastewater (Table 5). Considering that many of
them, such as hydrocarbons, cyanides, phenols and some heavy metals, are present in
UCG wastewater, it is reasonable to assume that a properly designed CW should be able
to treat UCG wastewater. However, the literature suggests that in the case of high PAH
levels, which often occur after the UCG process (Table 4), it would be advisable to aerate
the system and extend the hydraulic retention time (HRT) accordingly.
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Table 5. Examples of the experiments described in the literature using wetlands as a
bioremediation approach.

Type of Wetlands and Removal Rate/
Pollutants Type of Wastewater the Plink Species Heed Conithtt References
The combination of The average removals during four
Heavy metals (Mn,  Mining adsorption (modified months of operation was as
Cd, Zn and Pb), (the pilot-scale iron-ore drainage sludge) follows:Mn—96,9%, Cd—79,6%, [76]
arsenic (As) experiment) and HSF CWs with Zn—52,9%,
Phragmites australis Pb—38,7% and As—96,9%
Heavy metals (Fe, Synthetic acid mine HS?(';WIS I;Ia?ted ‘glth After the 6-month metal removal
Mn, Al,Co,Niand  drainage o Zﬁ ;Z—r[ilc;{(]sll’;basrtlrate efficiency: Cr—99.7%, Ni—97.8%, 771
Cr), sulphate (laboratory-scale (gcow N— C0—93.7%, Fe—91.6% and Al—59.7%.
¥ = : a b : 7o
(900-1500 mg L™")  experiment) bamboo chips) Microbial sulphate reduction 44-75%.
Natural wetland.
Heavy metals (Mn, Dominant emergent Natural wetlands seems to be efficient
Cu, Coke plant effluents  plants: Colocasia esculenta, in removal of selected heavy metals [78]
Co, Crand Cd) Scirpus grossus and Typha from coke-oven effluent
latifolia
Removal: Cd (34-62), Cr (36-58), Cu
Hesvvimetals Post-methanated FWS CWs in India (33-54), Fe (33-52), Min (36-83), Ni
oA ’ distillery effluent planted with Typha (36-59), Pb (33-60), Zn (32-54), 1791
P (PMDE) angustata L. phenol—93.75% after 7 days of free
water surface flow treatment
Ammonium, iron HSF-CWs with two-stage Nitrogen removal efficiency (54-94%).
and Coke plant ;
traces of organic effluents(pilot-scale) gravel bed planted with Removal of COD from [80]
Phragmites australis 35 to 52% of inlet concentrations
compounds
neymetsco, SIS, UV s ot
Ni, Pb and Zn), wastevfater & eat or gravel as ’ Cu, Nij, Zn, CN™ > H0%;
cyanides (CN™) peat or g Pb > 70% [81]
(laboratory-scale medium). Some columns 2
anl mphates experiment in planted with Phragmites S > 10%.
(SO4%7) : Insignificant effect of vegetation
columns) australis
Surface load removal rates
. -2 4-1 .
Phenol, m-cresol, Contaminated Three separate HSF CWs. (mpme=d ) wereanfollows:
R MTBE—20, m-cresol—80,
methyl groundwater (the Two of them with '
; 3 ; ; benzene—335, phenol—620. The [82]
tertiary-butyl ether  pilot-scale Phragmites australis and ’ -
: : : presence of Phragmites australis
(MTBE), benzene experiment) one without vegetation LS . .
significant improved the contaminant
removal performance.
CWs with Typha latifolia were able to
. remove phenol completely (Cy = 500 mg
; D(_)mes’tlc_ WasteWalel  prews planted with L) after 36 days with rice husk in
Phenol, ammonium  spiked with phenol PR 57 X
andnitrogen (Iaboratory-scale Typha latifolia with substrate and by 60% in gravel in [83]
experiment) different substrate substrate. Planted wetland units
P performed better than the unplanted
ones.
PHGHL RS Efficiency removals (operation time
; . WL ¢ - 999,
(COD), thiocyanate Synthetic wastewater HSE-CWs planted with period—158 days): Pheno.l 99%,
And ATaIORGT (laboratory-scale Typhaangustifolic COD—93%, ammonia [84]
nitrogen experiment) P g nitrogen—17-30%. Alkalinity improved
& thiocyanate removal to 91%.
Groundwater from
the former refinery
site(pilot-scale system HSF-CWs. Types of
BTEX consisted of four plants: Salix, Phragmites, Removal after one year operating: 85]

subsurface flow
treatment cells
equipped with
aeration).

Scirpus, Juncus and
Cornus

benzene—80%, total BTEX- 88%
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Table 5. Cont.
Type of Wetlands and Removal Rate/
Pollutants Type of Wastewater the Plant Species Used Comment References
A laboratory-scale Hydroponics/pot
PAHs (naphthalene; —experiment experiment.Species: The effect of PAHs on plant growth in
mixture of investigating the Baumea juncea, Baumea CWs may be species-specific and can 86]
phenanthrene and  effects of PAHs on articulata, Schoenoplectus depend on the type of PAHs and the
pyrene) plant growth and Validus and Juncus substrate
development. subsecundus
; The reduction of phenanthrene using
PAHs g(lalj_?::;ﬁ:y o VSFI—r(;WsSﬁ;\Cts:‘:vuh biochar-loading copper ions (Cu-BC) [87]
pe P : was about 94% (HRT lasted 3 days)
FWS-CWs. Shallow
basins, initially planted
w1th:ST}1/p fm lnlt lﬁ:lm and Removal after 7 days detention:
Hydrocarbons and ; lf toenopiec tus . total cyanide—56%, [88]
cyanides AIETRAETOn s, free cyanide—88%, :

subsequently converted
to Ceratophyllum
demersum and
Potamageton spp.

Gasoline, diesel—~67%

6. Role of Microorganisms in Wetlands

Wetland ecosystems are examples of reservoirs of microbial diversity, mainly bacteria,
fungi and actinomycetes [89]. In wetland, most biogeochemical activities are carried out
by microbes. In particular, bacteria are the most active in processes occurring in wetland
nutrient cycling and biodegradation processes because of their specific properties such as
small genome size, short replication time, rapid evolution, relative simplicity of structure,
metabolic properties and adaptation to new and extreme environmental conditions. It is
known that microbial communities occurring in wetlands intensively enhance various pro-
cesses. Investigating the interactions of the microbial structure and functions with wetland
plants is an important part of specific transformations, biodegradation, biogeochemical
cycles (including nitrogen, carbon, phosphorus and sulphur cycles), wetland survival and
restoration. Many processes of nitrification, denitrification, mineralisation, humification
and absorption occur through physical, chemical and microbial activity. Processes mediated
by microorganisms are of great importance for the bioremediation function of wetlands. In
wetland, aerobic and anaerobic microbial activity and microbial communities are mainly es-
tablished by plant roots. Literature reviews by Liu et al. [90] and Wang et al. [91] show that
some parameters such as temperature, redox potential and dissolved oxygen (DO) are influ-
ential factors for pollutants’ degradation in wetland systems. DO is a vital factor that could
influence microbial activities and the efficiency of pollutants’ removal. Special attention is
given to the mechanism of radial oxygen loss (ROL), that is responsible for contaminant
removal in wetlands and the activity of the root-associated microbiome (rhizobiome).

The first research papers characterising various types of wetlands (such as rice paddies,
acidic wetlands—peatlands, freshwater wetlands, black mangroves, salt marshes, boreal
wetlands) and their microbes were published in the 21st century [92-100]. These papers
have mainly focused on the characterisation of a specific group of bacteria involved in the
nutrient cycles. Current knowledge on the diversity and functioning of wetland microbial
communities is insufficient and there are many gaps that need to be assessed in future
wetland studies. The characterisation of wetland microbial communities is fundamental
for understanding the working rules of such a complex system as a wetland ecosystem. Up
to now, phenomena and principles of microbes’ activities and plant-microbial interactions
in wetlands are priorities in the development of bioremediation research strategies [101].

The synergistic effects of microorganisms and plants have been applied to develop
bioremediation processes [102]. With respect to remediation purposes, root-associated
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bacteria (rhizobacteria) are considered most relevant. They form the area surrounding plant
roots, called the rhizosphere, that is influenced by the growth, respiration and secretions
of the plant roots. Most of the bacteria adhere to the root surface and form the microbial
biofilm which is named the rhizoplane. The root-associated microbial community, called
the rhizomicrobiome, contains around 10! microbial cells per gram of root tissue and
more than 30,000 prokaryotic species [103]. Most of the root-associated bacteria belong to
plant growth-promoted bacteria (PGPB) which enhance plant growth by the secretion of
specific phytohormones such as siderophores, aminocyclopropane-1-carboxylase (ACC)
and indole acetic acid (IAA). The enzyme ACC deaminase is known as an ageing hormone
and for the improvement of plant nutrient uptake through nitrogen fixation and phosphate
solubilisation [104]. Recently, the beneficial role of rhizobacteria in the promotion of plant
growth and pollutant removal has been reviewed in detail by Orozco-Mosqueda et al. [105].
Rhizobacteria also produce various metabolites such as antibiotics, biosurfactants, enzymes,
cellulases and HCN. The role of bacterial biosurfactants in environmental bioremediation
processes has gained importance due to their low toxicity, high biodegradability and
ecological acceptability. They are excellent emulsifiers and foaming and dispersing agents
due to their surface activity. Biosurfactants such as rhamnolipids, sophorolipids and
surfactins can effectively solubilise, emulsify and mobilise both heavy metals and organic
pollutants. Biosurfactants are also known as antimicrobial agents inhibiting the growth of
bacterial and fungal pathogens. Nowadays, interest in the plant root microbiota, the relative
metabolites, and its activity is rapidly growing. However, there are still a huge number
of cultivable and uncultivable microbes whose ecology and biochemistry are unknown.
Recently, the research on changes in the structure and function of microbial communities
has been developed by the advancement in science and technology, especially in the field
of molecular techniques [106-108]. There are two main types of methods used to assess the
structural and functional diversity of wetland microbes, i.e., culture-dependent and culture-
independent methods. Culture-dependent methods provide the detection, enumeration
and determination of physiological profiles of microbial species using traditional plate
count methods, while culture-independent molecular approaches are used to characterise
the unculturable fractions of wetland microorganisms [109]. Figure 3 shows a flowchart
of the methods used to characterise the functional and structural diversity of wetland
microbial species and communities.

WETLAND SAMPLES

CULTURE DEPENDENT CULTUROMICS CULTURE INDEPENDENT
APPROACH APPROACH APPROACH
Isolation and growth of individual DNA/RNA isolation

wetland microbes

Characterisation of micrebial

C isation of indivi i communities (wetland microbiome)
Biochemical & physiological _Molecular Metagenom sequencing T-RFLP, DGGE. FISH,
& (hig! DNA i qPCR. qQRT-PCR.
MiSeq. HiSeq) clone library

(1) Specific solid & DNA isolation

liflmd aedis PCA amplification of specyfic genes
{2) Blolog system (16S tDNA, nosZ.amod. narG.
(EcoPlates, PMs) norB. pmoA, dsrAB. nivrK, nirS, nifH)
Figure 3. Flowchart of the methods used to characterise the functional and structural diversity of

wetland microbial species and communities.

Wetland communities are characterised by changes to the community composition
(structure) and by assessing changes in community function. The 16S rDNA gene as
a target is currently used for the taxonomic classification of microbes. In contrast, the
community function can be assessed by microbial enzyme activity, the degradation of
various substrates or evaluation of functional genes. The most popular method to evaluate
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the microbial or community function is community-level physiological profiling (CLPP),
conducted using Biolog™ EcoPlates. This method was used by Salomo et al. [110] to
characterise the metabolic potential of a microbial community in a constructed wetland
with a vertical flow. Jamwal and Shirin [111] conducted a laboratory-scale experiment to
identify microflora using the traditional plate method in planted and unplanted constructed
wetland systems. Authors focused on the characterisation of microbes from the rhizosphere
region of Typha domingensis using traditional culture methods, e.g., serial dilution and
plate methods. Bacterial strains involved in the nutrient cycles and playing a significant
role in the degradation of organic compounds such as Pseudomonas spp., Bacillus spp.,
Staphyococcus spp., Corynobacterium spp., Streptococcus spp., Lactobacillus spp. and Proteus
spp. were isolated and characterised. In contrast, Xu et al. [112] combined metagenomic
analysis and enzyme activity measurements to evaluate the distribution of the bacterial
community in a vertical flow constructed wetland (VFCW) system. Proteobacteria were
the most abundant phyla, followed by Bacteroides, Firmicutes, Acidobacteria and Chloroflexi.
However, about 10% of unknown bacteria were also detected. The results showed that there
was no relationship between enzyme activity and microbial populations. Some relations
were observed between the functional bacterial community and the activity of particular
enzymes, e.g., between Nitrospira and urease. Dynamic changes in enzyme activity were
observed in different layers of CWs. In the paper of Xiang et al. [113], a constructed wetland
system with Acorus calamus was established to investigate the bioremediation process of
petroleum-contaminated wastewater. In this study, a high-throughput sequencing system
was used to characterise bacterial diversity and the community structure. The results
showed that the A. calamus root system forms a rhizosphere effect, which provides good
conditions for the growth of specific microbes in the wetland. The dominant bacteria
in the constructed wetland were as follows: Acinetobacter, Pseudomonas, Rhizobium and
Rhodobacter. Pearson correlation analysis revealed a strong correlation between the values
of richness and diversity indices and the removal efficiency of petroleum pollutants. The
identified bacteria are involved in organic matter decomposition, nitrogen removal and
the decontamination of petroleum pollutants. They have specific organic compound
degradation properties such as biosurfactant production.

The study by Ma et al. [114] used Illumina high-throughput sequencing to identify
the profile of microbial communities in wetlands constructed at a pilot-scale during saline
wastewater treatment. Variations in the diversity and composition of microbial commu-
nities between the roots of Salicornia bigelovii and wetland layers were evaluated. Among
twelve phyla detected in all samples, eleven were bacterial phyla and only one represented
the archaeal phylum—Thaumarchaeota. Microbiological differences were observed between
the root zones and the wetland layers. Proteobacteria, Firmicutes, Cyanobacteria and Bac-
teroidetes were dominated in the root zones, while Cyanobacteria, Proteobacteria, Firmicutes,
Verrucomicrobia and Bacteroidetes were widespread in the wetland layers. These differences
were probably related to the oxygen concentration and root secretions. Furthermore, the
analysis indicated that specific functional genera such as Nitrosopumilus, Vibrio, Pseudoal-
teromonas, Nitrospina and Planctonyces were present in the wetland system. These play a
key role in the promotion of the growth of wetland plants and in the removal of nitrogen
and phosphorus pollutants.

The review article of Lv et al. [115] summarises the results of a study related to the
search for 165 rRNA gene sequences from wetland ecosystems deposited in two public
databases: GenBank and RDP. This meta-analysis showed that a total of 12677 bacterial and
1747 archaeal sequences from various wetland ecosystems were collected in the GenBank
database in 2012. All bacterial sequences were assigned to 6383 operational taxonomic
units (OTUs), representing 31 known bacterial phyla. The predominant bacterial phyla
were: Proteobacteria, Bacteroidetes, Acidobacteria, Firmicutes and Actinobacteria. The genus
Flavobacterium (11.6% of bacterial sequences) was the dominant bacterium in the wetland,
followed by Nitrosospira and Nitrosomonas. Archaeal sequences were mostly assigned to the
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Euryarchaeota and Crenarchaeota phyla. The dominate archaeal genera were Fervidicoccus
and Methanosaeta.

The review by Mellado and Vera [107] focuses on the description of microbes de-
tected in both natural and constructed wetlands that belong to the Bacteria and Archaea
domains. Microorganisms were identified and characterised using a high-throughput,
culture-independent sequencing technique. The 16S rRNA gene was used as a target
to classify Bacteria and Archaea in wetlands. Functional genes have also been used as
genetic markers to identify the specific metabolic groups of microbes. Among the bacteria,
Proteobacteria was the most abundant phylum, both in natural and constructed wetlands.
Proteobacteria members participate in most metabolic processes, such as the degradation
of organic matter, organic compounds, biochemical cycles such as the methane nitrogen
cycle, the sulphur and phosphorus cycle and methanogenic oxidation. The specific group
of microorganisms perform non-conventional pathways such as heterotrophic nitrifica-
tion, anammox and autotrophic denitrification to remove organics and nutrients [116-118].
Based on some recent reviews, there is an increasing research interest in studying micro-
bial communities to track the success of constructed saltmarsh and wastewater treatment
processes [119,120].

7. Conclusions

Wetland systems are an example of eco-industry which focuses on environmentally
friendly clean-up technologies using the natural processes of plant-associated microorgan-
isms. The valorisation of contaminated industrial wastewater, also in the context of clean
coal technologies to which the UGC process belongs, appears to be one of the pillars of a
modern and responsible industry. Wetlands have recently received a lot of interest from
researchers in the treatment and removal of anthropogenic pollutants from wastewater as
they are considered as nature-based solutions whose application would have a positive
impact on the environment.

Despite this, the most important information about the operation and processes of
wetlands is still unknown. Knowledge about the type of microorganisms and their role in
designing efficient wetland systems for bioremediation processes is still needed.

This review article systematises the latest knowledge and recent developments in the
treatment of industrial wastewater in wetland ecosystems, particularly in terms of the
removal of organic and inorganic pollutants present in difficult matrix wastewaters, such
as those from UCG processes. The review suggests that constructed wetlands could be a
multi-green remediation approach for treating industrial effluents, including wastewater
from coal gasification processes. It can be expected that properly designed CWs can purify
wastewater from underground coal gasification, however, it should be noted that high
concentrations of certain pollutants that often accompany UCG, e.g., PAHs, may require
the additional aeration of the wetland system and the hydraulic retention time extension.
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ARTICLE INFO ABSTRACT

Keywords: The study verified the effectiveness of treating post-process underground coal gasification (UCG) wastewater,

Adsorption ) containing high loads of inorganic and organic pollutants, using constructed wetlands (CW) enhanced by hybrid

Electrocoagulation adsorption and electrocoagulation (EC) techniques. Four different system configurations were tested: wetland,

?z"m,sg;ded wetlands EC/wetland, adsorbent/wetland, and EC/adsorbent/wetland. Each experiment lasted 60 days. The feed and

el wemter e effluents from each treatment st‘ep were :n‘mlysed for their i?asic physicochemical pzlxrameters such as metals and

Underground coal gasification (UCG) trace elements, phenols, sulphides, cyanides, total organic carbon (TOC), chemical oxygen demand (COD),
biological oxygen demand (BOD), benzene, toluene, ethylene, xylene (BTEX), and polyaromatic hydrocarbons
(PAHs).

Systems with electrocoagulation proved to be effective in the case of metal removal. The best results were
obtained for Fe, Ni, Sb and As (up to 96%, 98%, 94% and 82% respectively). The systems were ineffective in
removing Mn. All tested systems showed the greatest effectiveness in the treatment of wastewater from phenols,
BTEX and CN (almost 100% removal). CWs without preliminary electrocoagulation showed practically 100%
effectiveness in removing BTEX after 14 days of treatment. Electrocoagulation was particularly effective in
reduction of large quantity of PAH compounds (from 1228 jig/1 to below 0.050 pg/1). Effective toxicity reduction
from V class to II class after 60 days in comparison with meeting the requi contained in the Best Availabl
Techniques (BAT) document, showed that all tested systems were favorable in terms of UCG wastewater treat-
ment. A significant decrease in toxicity was observed in just 14 days (around 90% reduction of toxicity measured
in TU values for systems without adsorbent and around 75% for systems with adsorbent). The wastewater were
still toxic due to the formation of degradation intermediates of organic compounds (BTEX, PAHs, phenol com-
pounds), despite a significant decrease in the concentration of contaminants, therefore toxicity assessment
should be one of the evaluation criteria for industrial wastewater treatment.

contains a large load of organic and inorganic pollutants (Camp and

1. Introduction White, 2015; Xu et al., 2021). The characteristics of UCG post-processing
water are similar to coke wastewater and, as a potential source of

The technology of UCG involves the in-situ conversion of coal into a envu’onmental. pollution, require proper trea:tment. Pl'oFess .water
valuable gas product, which is suitable for chemical synthesis or can be generated during UCG 104y CONgHATe from moisture contained - the
used in electricity and heat production. Although UCG is considered one coal bEd.’ grc')undwater mﬂlt'ratmg from the surface, water chemically
of the economical and technically feasible clean coal technologies, there b(mhded m nunerals. present in the coal seam, orwatersteam fe(.i fo the
abe still-dome-issties o be: conceriied abotit- Catical issues related to, gasifier (Grabowski et al, 2021). The formation and composition of
environmental safety include the production of wastewater that wastewater depend on the type of gasified coal and process conditions,
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Abbreviations

BAT Best Available Techniques
BOD biochemical oxygen demand

BTEX benzene, toluene, ethylene, xylene

COD chemical oxygen demand

cw constructed wetland

EC electrocoagulation

EC50 concentration causing 50% reduction in the

bioluminescence of the bacterium Aliivibrio fischeri
HRT hydraulic retention time

PAHSs polyaromatic hydrocarbons
RE removal efficiency

TOC total organic carbon

TU toxicity unit

ucG underground coal gasification
vertical flow constructed wetland
wWw ‘wastewater

WWTPs wastewater treatment plants

including pressure, temperature, gasification agent, reaction time, use of
ascrubber, etc. (Perkins, 201 8). Because wastewater from UCG contains,
among other substances, metals, cyanides, sulphides, phenols, poly-
aromatic hydrocarbons (PAHs), and benzene, toluene, ethylene, xylene
(as BTEX) compounds (Kapusta and Stanczyk, 2011; Wang et al., 2024),
cleaning such a complex matrix is a challenge, both technological and
financial.

Generally, the primary goal of wastewater treatment is to fulfil the
regulatory framework for water discharge with the least possible impact
on the environment and human health. The purification methods pro-
posed in the literature often include adsorption and electrocoagulation
(Pratiwi et al., 2021; Chandra Nainwal, 2024). These treatments have
been discussed separately across a wide range of applications; however,
it is now known that their limitations can be surpassed through com-
bination with constructed wetlands (Ji et al., 2022).

The phenomenon of adsorption on solids is well-known and
commonly used on an industrial scale as one of the most effective,
universal, environmentally friendly, and low-cost methods for blocking
contaminants’ mobility (Babel and Kurniawan, 2003; De Gisi et al.,
2016; Kamari et al., 2014; Park et al., 2016). Adsorption is suitable for
different pollutants and can be effectively applied over wide ranges of
concentrations (Qin et al., 2020; Xiang et al, 2020; Ambaye et al,,
2021). A wide range of solid sorption materials have been developed and
used for removing solutes from solution (Gupta et al., 2009), both of
natural origin (clay, natural zeolites, chitosan, pumices, plant-based
adsorbents) (Qin et al, 2020; Yadav et al, 2021) and
laboratory-synthesised (like activated charcoals or silica gels). Detailed
reviews of adsorption techniques involving the removal of emerging
contaminants from wastewater was conducted by Rathi & Kumar (2021)
and Jagadeesh and Sundaram (2023). Ambaye et al. (2021) reported
that biochar has good adsorption capacity for typical industrial waste-
water pollutants such as potentially toxic metals, organic pollutants,
phosphorus, and nitrogen compounds. Morin-Crini et al. (2022)
reviewed advanced sorption for the removal of emerging contaminants
(antibiotics, hormones, pesticides, surfactants, industrial products,
microplastics, nanomaterials, and many others), while toxic dye
removal by sorption was deseribed by Teo et al. (2022) and Lan et al.
(2022). Adsorption depends on the degree of surface development,
spatial structure, and the chemical nature of the adsorbent. For example,
gasification of the coal seam may increase the number of oxygen groups
involved in sorption processes, and consequently, the sorption capacity
of the post-process UCG char may be higher than that of raw coal
(Strugata-Wilezek et al., 2020). The second of mentioned treatment
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options was electrocoagulation (EC). It also is a versatile method for the
simultaneous multicomponent treatment of liquid effluents, which uti-
lizes five main mechanisms: coagulation and flocculation, chemical
oxidation, pH adjustment, electroflotation, and microbial activity. The
balance between each depends on the process conditions and the type of
applied electrode. Iron and aluminium are mainly used when seeking
the coagulation and flocculation mechanism (Bani-Melhem and Rasool
Al-Kilani, 2023; Mahmad et al., 2016 ); however, iron is often chosen
also for its effectiveness in removing heavy metals and phosphate ions.
Other electrode materials such as stainless steel (Mahmad et al., 2016),
zine (Gong et al., 2022) titanium (Trompette, 2022), or graphite (Orori
et al., 2010) can be used when the process conditions are harsh (e.g., pH,
temperature, salinity) or when chemical oxidation or flotation is desired
(Ambaye et al., 2021)

The potential for tailoring the EC process widens its applicability,
and hence EC can be successfully introduced in any process where the
following types of contaminants need to be tackled: chemical oxygen
demand (COD) (Bote, 2021), heavy metals (eg. Kumar et al. (2022) for
Pb or SolisRodriguez et al. (2022) for V), organic com-
pounds/solvents/hydrocarbons (eg. Gong et al, 2017, for PAH or
Abdelwahab et al., 2009, for phenol index). The list is numerous and just
to give the reader a reference, EC is also known to be able to reduce dyes,
suspended solids, emulsified oils, fertilizer compounds like phosphorus
and nitrogen, pesticides, and pathogens.

The most well studied areas of EC application are known to be linked
to treatment of drinking water and coagulation of industrial effluents;
however, EC is known for its merits also in mining (Bow et al., 2013;
Bow and Taqwa, 2014; Mamelkina et al., 2017), oil and gas (Kadier
et al., 2022), petrochemicals (Alkaya, 2022), pharmaceuticals (Alam
et al., 2021), semiconductors (Lee et al., 2023), food processing
(Barrera-Diaz et al., 2006), milk and dairy (Ankoliya et al, 2023),
agriculture and livestock (Rakhmania et al., 2022), landfilling (Sediqi
et al., 2021). The major advantages of electrocoagulation can thus be
summarised as simple, compact, highly reliable, cost-effective, efficient,
optimisable for a given contaminant, and generating lesser amounts of
waste (sludge). Often, ECis used in conjunction with other treatments, e.
g., as a pretreatment before biological treatment or as a final polishing
step before releasing the effluent into the environment (Szul et al.,
2024).

Constructed wetlands are artificial engineered systems simulate the
natural wetlands. The proven advantages of CW as green and sustainable
technology have been discussed by many researchers and resulted in
numerous applications (Saeed and Khan, 2019; Waly et al., 2022; Lam
et al., 2024). The symbiosis between plants and rhizospheric bacteria
constitutes the main factor during bioremediation process in CW sys-
tems. Plant growth promoting rhizobacteria (PGPR) promote plant
growth through secretion of various compounds such as indoleacetic
acid (IAA), abscisic acid (AA) and auxins. Importantly, the efficiency of
wetlands in removing substantial amounts of organic and inorganic
contaminants has been demonstrated by many authors (David et al.,
2023; Lott et al., 2023; Saeed et al., 2021; Spiniello et al., 2023; Zhao
et al., 2021). Bioremediation by constructed wetlands is increasingly
applied worldwide for the removal of metals from many types of in-
dustrial effluents (Guittonny-Philippe et al., 2014). However, it is
important to consider the potential challenges faced by wastewater
treatment plants (WWTPs) located near industrial facilities, which may
affect vegetation and inhibit plant metabolic functions. Although par-
ticulate matter emissions, including coal dust or soot emitted from
coking plants, have decreased significantly in recent years, their po-
tential impact on plants in vegetated WWTPs may still be significant,
especially in regions with high air pollution (Roy et al., 2024).

The integration of physicochemical and biological technologies for
the treatment of effluents from various industries has been extensively
discussed.  Pinedo-Hemandez et al. (2024) proposed an
electrocoagulation-wetland system for the treatment of landfill leachate,
and Mella et al. (2017) researched a combination of
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coagulation-flocculation, adsorption, and ozonation for the treatment of
leather dyeing wastewater. However, there is still a limited number of
research publications presenting the results of using similar approaches
for the treatment of wastewaters generated from coal processing. In this
context, Pratiwi et al. (2021) studied the use of electrocoagulation, ad-
sorbents, and wetland technologies for the treatment of coke oven
wastewater, while An et al. (2023) desecribed the efficiency of coupling
pulse electrocoagulation with chemical precipitation methods for the
treatment of greywater from coal gasification. Zhai et al. (2024) pointed
out that physisorption is more suitable for in situ UCG wastewater
treatment than chemical coagulation. Until now, only Jalowiecki et al.
(2024) have tested the use of constructed wetlands for the treatment of
UCG wastewater.

To address the aforementioned research gap, the authors sought a
relatively inexpensive and convenient purification technology capable
of efficiently treating UCG wastewater. Therefore, this study proposed
and tested four different system configurations: wetland, electro-
coagulation/wetland, adsorbent/wetland, and electrocoagulation/
adsorbent/wetland. The adsorbent used was char, a by-product from the
same coal gasification process as the contaminated water. A key strength
of this study lies in the comprehensive analysis of effluents from each
step for their physicochemical properties, including metals and trace
elements, phenol index, sulphides, cyanides, total organic carbon (TOC),
COD, biological oxygen demand (BOD), BTEX, PAHSs, and biotoxicity.

2. Materials and methods

2.1. Wastewater and char generated from underground coal gasification
process

The large-scale experimental simulation of underground coal gasi-
fication was conducted under ambient installation pressure in a surface
reactor located in , Barbara™ Experimental Mine, a part of GIG - National
Research Institute (NRI) (Katowice, Poland). The bulk samples of bitu-
minous coal were obtained from the 510" seam located at a depth of
850 m in ,.Wesola™ coal mine. The UCG process was carried out using
pure oxygen as the gasification reagent. During the 72 h of the process,
292.1 kg of coal was gasified, and the initial mass of the coal block was
1,365 kg. After the completion of UCG process and emptying the reactor
of solid residues, the representative char samples were taken for further
experiments according to the ISO 18283 standard (2006), crushed on a
laboratory crusher to fractions below 10 mm and stored at 4 °C until
analysis. More detailed information about the conducted experiment
and char can be found in Wiatowski et al. (2023).

The total amount of wastewater produced during the gasification
experiment was 1269 kg, however the real quantity of post-process
wastewater obtained from coal gasification after subtraction of water
volume that was added to the scrubber to cool the process gases was 261
kg (Wiatowski et al., 2023). UCG wastewater was collected in a plastic
container and transported to the laboratory, were sample was filtered
through a 0.45 pm pore diameter membrane filter under vacuum and
stored at 4 °C until analysis.

2.2. Physico-chemical analysis of liquid and solid samples

Optimally techniques and analytical methods were selected appro-
priately according to the expected high concentrations of pollutants in
the post-process UCG wastewater and effluents from the wetland col-
umns. All analysis were carried out in GIG-NRI in accordance with the
currently applicable standards. Key laboratory equipment used in
analytical studies included but was not limited to: ICP-OES analyser
Optima 5300 DV (PerkinElmer) for the determination of metals and
metalloids; Ion Chromatography System Dionex ICS-5000 (Thermo
Fisher Scientific) for the determination of inorganic anions; HS-GC-MS
analyser (Agilent Technologies) for BTEX analysis; HPLC analyser
1200 series with FLD detector (Agilent Technologies) for the
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determination of PAHs compounds.

The initial “Wesota™ coal sample was tested in the GIG-NRI (Kato-
wice, Poland) and the char sample was analysed at the Instituto de
Ciencia y Tecnologia del Carbono (Oviedo, Spain).

2.3. Electrocoagulation system setup

Continuous electrocoagulation experiments were conducted using a
test rig developed at the Institute of Energy and Fuel Processing Tech-
nology (ITPE). The reactor consists of two chambers arranged in series.
While the treated liquid flows upward in each chamber, the setup allows
for independent control of the intensity of aeration and mixing. In the
case of flotation, forming froth can be continuously removed using a
scraper system. A stable inflow of treated liquid is maintained using a
peristaltic pump, while its recovery after electrocoagulation can be
accomplished either by gravity or with the assistance of peristaltic
pumps. The treated wastewater is directed into the receiving tank from
which effluent sampling is performed.

Two laboratory power supplies can be utilized in this system: the
Twintex TP-2305 (30V DC, 2 x 5A) or the Elektro-Automatik GmbH &
Co. KG PS8080-60 T (80V DC, 60A). The choice depends on the expected
current demand and the operating mode of the reactor (single-stage or
two-stage). Two illustrative photos of the setup are presented in Fig. 1
while Fig. 2 depicts a schematic diagram of the electrocoagulation
reactor used here to pretreat UCG wastewater before phytoremediation.
In Fig. 1(b) the flow is from the bottom left side of the left chamber
upwards to the overflow, and similarly for the subsequent second (right)
EC chamber.

The UCG wastewater was treated using a single-stage, constant-
current mode. The wastewater was introduced into the reactor from an
inlet located at the bottom of the reactor’s side wall (left side in the
figures), and the flow was kept constant at 20 dm®/h. EC was carried out
using a single pair of horizontally aligned electrodes, both having equal
total surface areas of 788 cm® Both electrodes consisted of four flat Fe
(Armco) plates connected by rods. The iron steel used in this research
was >99.5% Fe grade 04 J according to PN 89/H-84023/02 standard,
having Cpax = 0.035%, My = 0.25%, Sipay = 0.02%, Py = 0.025%,
Smax = 0.030%, Crimax = 0.10%, Nimax = 0.10%, Climax = 0.10%, Almax =
0.02%-0.07%. The anode and cathode were separated by 25 mm, while
the power was supplied via electrical connectors located in the sidewalls
of the reactor.

In this arrangement, it was found that the location of the cathode
plays a role in removing the sludge that forms on the surface of the
anode and causes resistance to the flow of current, affecting the strue-
ture of the floes produced (floating flocks or sedimenting precipitate).
Thus, during this series of experiments, the cathode was located below
the anode, Moreover, a radial mixer was used to ensure good mixing of
the feedstock entering the reactor and to guarantee turbulent flow
through the electrode zone.

During the experiments, the temperature of the effluent ranged from
15 to 18 °C. The constant flow of current was regulated and maintained
by the power supply. The 4.6 A current allowed here to feed into the
wastewater the dose of Fe equal to 204 mg/dm®.

The basic physicochemical characteristics of raw UCG wastewater
and UCG wastewater after the EC treatment were evaluated by the
Laboratory of Analytical Chemistry at the Institute of Energy and Fuel
Processing Technology (Zabrze, Poland).

2.3.1. Introducing sulphid into the
electrocoagulation treatment

Cyanides and sulphides are known to be notoriously difficult con-
taminants to measure due to their reactive characteristic. Hence their
concentrations in solutions and speciation tend to change over time.

Based on experience, wastewaters produced during gasification of
hard coals can contain well over 15 mg/dm® of cyanides and 40 mg/dm>
of sulphides. However, due to the time gap between the UCG gasification

and cy before the
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(a)

(b)

Fig. 1. Test stand for testing continuous electrocoagulation processes: (a) a close-up of both reactor chambers, agitators, scrapers, electrodes, power supply and

agitators; (b) a general view of the reactor, supply and receiving tanks and pumps.

it
a) I

Fig. 2. Diagram of the EC reactor system used to pre-treat the UCG wastewater before its phytoremediation.

experiment and the phytoremediation studies, the samples of raw UCG
wastewater intended to be treated using EC contained only traces of
these contaminants. Specifically, the sulphides concentration did not
exceed the lower detection limit herein used UV-VIS method (<0.1 mg/
dm®), while the cyanide concentration was measured to be equal to 1
mg/dm’®. Therefore, it was decided to artificially introduce the above-
mentioned concentrations of cyanides and sulphides into the UCG
wastewater before treating the effluent in EC reactor.

The pH of the UCG wastewater was in the range of 8-9. hence sul-
phides mainly exist in the solution in the form of undissociated, soluble
H.S (gas) and HS . During electrocoagulation, the pH increases, leading
to an increase in the amount of available free sulphide ions. To limit the
emission of gaseous hydrogen sulphide and avoid the need to artificially
increase the pH of the UCG wastewater prior to its EC, sulphides were
added to the solution just before the EC experiments. Cyanides are
known to form complexes over time and react with heavy metals, but
they can also undergo oxidation with hydrocarbons available in the
solution. Compared to sulphides though, their nature is much less
volatile.

The aforementioned concentrations of 15 and 40 mg/dm® of cyanide
and sulphide ions, respectively, were achieved by adding potassium
cyanide (KCN, manufactured by Thermo Scientific) and hydrated so-
dium sulphide (Na,S, manufactured by Warchem Sp. z 0.0.) to the
solution.

2.4. Wetland columns setup

Four experimental vertical flow constructed wetlands (VFCWs) were

established, each containing 12 seedlings of common reed (Phragmites
australis). The 0.3 m diameter columns were filled with layers of
compost (0.01 m), sand (0.02 m) and gravel (0.03 m). Two columns
contained an additional 0.05 m thick layer of UCG coal sandwiched
between the sand layers, while the volume of the remaining layers was
reduced accordingly. The wastewater was diverted through each column
into 100-L tanks. After a month of stabilization with tap water, the
wastewater was discharged. The hydraulic retention time (HRT) in each
column was maintained at 2 days. Four experimental systems combined
physicochemical and biological treatment: (1) VFCW with recirculation
of raw wastewater, (2) VFCW with recirculation of wastewater after the
electrocoagulation process, (3) VFCW with UCG char and recirculation
of raw wastewater, and (4) VFCW with UCG char and recirculation of
wastewater after electrocoagulation (Fig. 3). Physicochemical analyses
of the recirculated water have started two weeks after wastewater

discharge.

2.5. Toxicity assessment

Toxicity analysis of UCG , UCG er after elec-
trocoagulation and effluents from the wetland columns were carried out
in accordance with the Microtox assay system (MAS) according to the-
standard ASTM Standard Method D5660-96, 2009 entitled “Standard
Test Method for Assessing the Microbial Detoxification of Chemically
Contaminated Water and Soil Using a Toxicity Test with a Luminescent
Marine Bacterium™. The assay es the | ence of the biolu-
minescent marine bacterium Aliivibrio fischeri (ATCC 49387). The mea-
sures were done using the Microtox M500 toxicity analyser (ISO
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Experimental setups - Vertical Flow Constructed Wetlands (VFCW)

Column 1 Column 2
Raw Wastewater after
wastewater electrocoagulation

Column 3 Column 4
Raw Wastewater after
wastewater electrocoagulation

\\__/ v}

~
Column without coal char layer

- - Compost D - Sand

v
Column with coal char layer

- - Coal char D - Gravel

Fig. 3. Diagram of the experimental systems setup — Vertical Flow Constructed Wetlands (VFCW).

11348-3, 2007) serving both as an incubator and a photometer. The
analyses were done in two stages. Initially, the basic test on non-diluted
samples was cairied out following the standard procedures of the
manufacturer. Next, toxicity was assessed on sample solutions diluted
with 2% NacCl to achieve more than a 50% effect over the initial
screening. The luminescence inhibition after 15 min was taken as the
endpoint. The 15 min Microtox™ test is slightly more sensitive than the
5 min test (Sonmez and Sivri, 2020). The EC50 values (concentration
causing 50% reduction in the bioluminescence of the bacteria) and the
corresponding 95% confidence intervals were computed using the
MicrotoxOmni® Software. The lower the EC50 value, the greater the
toxicity of the sample. The toxicity unit (TU) was calculated in accor-
dance with the following equation:

TU = (1/EC50)x100 Eq. (1)

Finally, obtained results were ranked based on TU values into one of
five classes described by Persoone et al. (2003). Table 1 presents the
toxicity classification based on TU values.

To evaluate the results the toxicity criteria based on the EC50 value
proposed by Vasseur et al. (1986) was also used. The following toxicity
criteria are as follows.

- EC50 > 100% — non-toxic samples
— 10% < EC50 > 100% - slightly toxic samples
— 1% < EC50 > 10% — toxic samples
- EC50 < 1% - highly toxic samples

Table 1
Toxicity classification based on TU values.

Toxicity classes Toxicity Unit (TU) Toxicity assessment
Class 1 0 Non-toxic

Class 11 <1 slightly toxic

Class 11l 1-10 Toxic

Class IV 10-100 Highly toxic

Class V >100 Extremely toxic

Each sample was run in triplicates assay. Toxicity test was evaluated
in the microbiological laboratory of the Institute for Ecology of Indus-
trial Areas (IETU) (Katowice, Poland).

3. Results and discussion
3.1. Raw coal and post-process UCG char characteristics

The results of proximate and ultimate analysis of gasified coal and
post-process UCG char are presented in Table 2. The elemental analysis
of the UCG char is presented in Table 3.

Due to the high carbon content and relatively small number of het-
eroatoms (Table 2), the gasified “Wesola™ coal is poorly reactive. It is
worth paying attention to the relatively high content of Cr, Zn, Cu and
Pb in obtained UCG char (Table 3). Despite the UCG process being
carried out in a reactive atmosphere of pure oxygen, the resulting char is
characterized by small specific surface area Sger (9 mz/g), whereas the
total pore volume Vy was 0.005 ecm’/g, and the N, micropore volume
was 0.004 cm®/g. The textural parameters of the adsorbent were
determined based on the nitrogen adsorption isotherm at a temperature
of 77.3 K (Wiatowski et al., 2023).

Table 2

Analysis of coal and UCG post-process char (Wiatowski et al., 2023).
Parameter Sample

Coal Post-process UCG char

Analytical state
Moisture W (%) 3.49 0.80
Ash A (%) 215 6.24
Volatile matter content V, (%) 30.12 -
Total sulphur S; (%) 0.21 0.21
Calorific value Q' (kJ/kg) 31,458 =
Carbon C (%) 82.01 90.81
Hydrogen H (%) 5.18 077
Nitrogen N (%) 224 142
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Table 3
Elements content in the mineral matter of char derived from
UCG of “Wesola" coal (Wiatowski et al., 2023).

Parameter Post-process UCG char
Fe (%) 11.2

Mn (%) 0.2

As (ppm) 11.9

Cr (ppm) 450

Zn (ppm) 494

Cu (ppm) 562

Pb (ppm) 102

Ti (%) 0.3

3.2 Electrocoagulation pretr

After treating the raw UCG wastewater with EC, the percentage
removal efficiency n; was calculated using the following formula:

= (1 —h)xloo (%) Eq (2)

Cioee
where:

¢ inter — concentration of component i at the inlet to the reactor (mg/
dm?®),

Ci ouder — cONcentration of component i at the outlet from the reactor
(mg/ dm®).

Some of the parameters and components tested in this work were
noticed to have higher value at the outlet (treated effluent) than
measured for the inlet (effluent fed). In such case the value of 1, has
negative value, representing gain instead of removal.

As indicated before, laboratory analyses were performed on the day
of the experiment and immediately after electrocoagulation pretreat-
ment at ITPE. The concentration of BTEX and PAHs was determined in
the GIG-NRI laboratories. Table 4 presents all process and efficiency
data measured during EC of the UCG wastewater.

The electrocoagulation pretreatment resulted in CN, $**, and COD
removal efficiencies of 95%, 84%, and 32%, respectively. A minor
decline was also observed in the phenol index; however, the change was
minimal (16%). Additionally, a beneficial effect was noted on the
removal of most trace metals. The primary contaminating metal
remaining in the solution was attributed to the excess of iron, while a
slight increase in the concentration of Ni was also observed. Interest-
ingly, EC also facilitated the removal of BTEX from the effluent of the
UCG process. Consequently, it was determined that the continuous EC
system applied here allowed for the reduction of BTEX to a level of 0.32
mg/dm’®, resulting in a 91% reduction. The highest effectiveness of
removal was recorded in the case of removing PAHs compounds
(>99.996%), which is consistent with the research conducted by Gong
etal. (2017) who found that EC treatment effectively removed a total of
86% of PAHs by mass in the effluent after 30 min treatment of industrial
wastewater.

3.3. Treatment of the UCG effluents in CW setup

The raw UCG wastewater was biologically treated with a set con-
sisting of four constructed wetland columns, and in the case of two
columns, water was introduced into the system after the initial elec-
trocoagulation procedure. The effluents from the constructed wetlands
were collected and analysed after 14 and 45 days of treatment. The
toxicity analysis of effluents was performed after 14, 30, 45 and 60 days.
UCG wastewater treatment experiments were carried out in four
different systems: CW1 (wetland), CW2 (electrocoagulation/wetland),
CW3 (UCG char/wetland), CW4 (electrocoagulation/char adsorbent/
wetland). Raw post UCG process wastewater was fed to the CW1 and
CW3 systems, while wastewater after initial pretreatment by EC was fed
to the CW2 and CW4 systems. The composition of raw water and water

Journal of Environmental Management 371 (2024) 123180

Table 4
Collation of the EC process and efficiency parameters for pretreatment of UCG
‘wastewater.

Stream Feed"  Treated® Removal efficiency
(%)
pH (-) 8.65 8.98 =
Conductivity (iS/cm) 2000 1860 =
Redox (mV) -135 —153 -
Free cyanide (mg/dm®) 14.60 0.72 95.06
Sulphide (mg/dm®) 3920  6.18 84.24
COD (mg/dm®) 35570  243.2 31.63
Phenol index (mg/dm®) 23.10 194 16.02
Al (mg/dm®) 2,52 <0.125 >95.04
Fe (mg/dm®) 0179  2.67 ~1391
Mn (mg/dm*) 0333 <002 >93.99
Ni (mg/dm?) 0.492  0.586 -19.11
Sb (mg/dm®) 0.080  0.07 125
Zn (mg/dm%) 0213 <002 >90.61
Sum of metals (mg/dm®) 3.817  3.491 8.54
Naphthalene (mg/dm®) 0.294  <0.000050 >99.98
Acenaphthene (mg/dms) 0.0105  <0.000050 >99.52
Fluorene (mg/dm®) 0.036  <0.000050 >99.86
Phenanthrene (mg/dm?) 0142 <0.000050 >99.96
Anthracene (mg/dm®) 0.042 >99.88
Fluoranthene (mg/dm®) 0.135 >99.96
Pyrene (mg/dm?) 0.155 >99.97
Benzo(a)anthracene (mg/d.ms) 0.054 <0.000050 >99.91
Chrysene (mg/dm®) 0154  <0.000050  >99.97

Benzo(b)fluoranthene (mg/ dm®)  0.039
Benzo(k)fluoranthene (mg/dm®)  0.024

<0.000050  >99.87
<0.000050  >99.80

Benzo(a)pyrene (mg/d.m:’) 0.036 <0.000050 =>99.86
Dibenzo(ah)anthracene (mg/ 0.018 <0.000050 >99.72
dm®)
Benzo(gh,i)perylene (mg/dm®  0.052  <0.000050  >99.90
Indeno(1,2,3-cd)pyrene (mg/ 0.035 <0.000050  >99.86
dm®)
Sum of PAHs (mg/dm?) 1.228 <0.000050 >99.99(6)
Benzene (mg/dm:') 2.464 0.263 89.33
Toluene (mg/dms) 0.802 0.048 94.01
Ethylobenzene (mg/dm®) 0.042  0.00012 99.71
m,p-xylene (mg/dm®) 0.153 0.0033 97.84
o-xylene (mg/dms) 0.139 0.0042 96.98
Sum of BTEX (mg/dm®) 3.599 0.320 91.11

? Mean value.

after electrocoagulation, as well as leachates collected after 14 and 45
days from wetland columns CW1/CW3 and CW2/CW4 are presented in
Table 5 and 6.

As in the case of electrocoagulation, also here the removal efficiency
n; was calculated according to Equation 2. The percent removal effi-
ciency after 14 and 45 days of treatment for metals and metalloids,
inorganic contaminants and organic contaminants is presented in
Fig. 4a, b and 4c¢, respectively. The exact calculated values are available
in the supplement in Table A.1 and Table A.2.

Due to the lack of legal regulations regarding the composition of
post-process UCG wastewater and the similarity of its matrix to waste-
water from the coke industry, the obtained values of individual pollut-
ants were compared to the Best Available Techniques (BAT) conclusions
document (BAT, 2012). The maximum concentrations of pollutants in
treated coking wastewater recommended in BAT are: COD <220
mg/dm>; BOD <20 mg/dm?, free sulphides <0.1 mg/dm?, thiocyanides
<4 mg/dm’, free cyanides <0,1 mg/dm>, PAHs <0.05 mg/dm®, phenol
index <0.5 mg/dm®, and total nitrogen <15-50 mg/dm’. Concentra-
tions obtained in the experiments that exceed the BAT levels are marked
in bold in Tables 5 and 6 In relation to these regulations, all tested
systems successfully treated the wastewater (WW). The only instances
where limits were exceeded after 45 days of treatment involved the COD
and BOD values, specifically observed in the constructed wetland
(CW1). Small discrepancies in the characteristics of wastewater after the
EC process can be noticed between Tables 4 and 6 These discrepancies
arise from the fact that the analyses were conducted at separate times,
and during storage, the samples were only refrigerated and not
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Table 5

Physicochemical composition of raw UCG post-process wastewater and changes in composition after CW1 and CW3 treatment. (CW1 - wetland, CW3 - UCG char/

wetland).
Parameter Unit Raw WW cwl cw3

day 0 day 14 day 45 day 14 day 45
pH - 8.4 7.8 7.2 7.8 7.7
Conductivity pS/em 1910 1260 919 1540 1430
Redox mV 176 225 212 232 237
Ammonia mg/clm3 170 55 15 24 1.2
Total nitrogen mg/dm? 150° 82° 23 80" 15
Nitrate mg/dm® 0.60 1.9 10 170 40
Nitrite mg/dm3 <0.006 2.6 0.31 23 0.90
Chloride mg/(‘lm3 279 228 240 275 284
Sulphate mg/dm* 54.7 45 29 123 116
Total cyanide mg CN/dm® 23 0.020 0.013 0.037 0.0040
Sulphide mg/dm3 0.022 0.023 <0.02 <0.02 <0.02
Total phosphorus mg P/dm® <0.065 3.36 0.50 0.18 0.18
BOD mg Og/dm3 120° 120" 22° 47" 3.8
COoD mg Oz/dm3 303" 217 240" 98 105
TOC mg C/dm® 80 86 90 37 45
Phenol index mg/dm® 15" <0.001 0.002 0.010 <0.001
Fe mg/dm3 0.015 411 2.30 0.17 0.053
Mn mg/dm:' 0.36 0.48 0.43 0.18 0.21
Sb mg/dm:'x 0.090 0.014 0.005 0.033 0.020
As mg/dm3 <0.05 0.027 0.0097 0.011 0.012
B mg/clm3 0.30 0.32 0.29 0.45 0.41
mg/dm® <0.005 0.0027 0.0020 0.0011 <0.0005

Zn mg/dm3 0.24 0.11 0.020 0.12 0.014
Al mg/dm3 0.18 0.20 0.14 0.012 0.032
cd mg/clm3 <0.001 <0.0005 <0.0005 0.0005 <0.0005
Co mg/dm3 <0.005 0.016 0.0080 0.0062 0.0059
Cu mg/dm® <0.01 0.0072 0.0043 0.010 0.0073
Mo mg/dm3 0.0051 <0.005 <0.005 0.0078 0.012
Ni mg/dm3 0.54 0.073 0.020 0.071 0.013
Pb mg/dm3 <0.02 0.017 <0.005 0.0072 <0.005
Hg mg/dm3 <0.001 <0.001 <0.001 <0.001 <0.001
Se mg/dm3 <0.05 <0.005 <0.005 0.011 <0.005
Ti mg/dm® <0.005 0.013 0.0072 0.0017 0.0014
Naphthalene ug/dm® 294 0.12 <0.050 <0.050 <0.050
Acenaphthene ug/dm® 10.5 <0.050 <0.050 0.093 <0.050
Fluorene ug/dms 36 <0.050 <0.050 <0.050 <0.050
Phenanthrene ug/clm3 142 <0.050 0.087 <0.050 <0.050
Anthracene ug/dm3 42 0.08 <0.050 0.10 <0.050
Fluoranthene ug/dm® 135 <0.050 <0.050 <0.050 <0.050
Pyrene ug/dm® 155 0.10 0.091 0.12 <0.050
Benzo(a)anthracene ug/dm3 54 <0.050 <0.050 <0.050 <0.050
Chrysene ug/dm? 154 <0.050 <0.050 <0.050 <0.050
Benzo(b)fluoranthene ug/dm3 39 <0.050 <0.050 <0.050 <0.050
Benzo(k)fluoranthene ug/dm3 245 <0.050 <0.050 <0.050 <0.050
Benzo(a)pyrene ug/dm® 36 <0.050 <0.050 <0.050 <0.050
Dibenzo(a,h)anthracene ug/dm3 18 <0.050 <0.050 <0.050 <0.050
Benzo(g,h.i)perylene ug/dm® 52 <0.050 0.059 <0.050 <0.050
Indeno(1,2,3-cd)pyrene ug/dm?® 35 <0.050 <0.050 <0.050 <0.050
PAHs (15 compounds) ug/dm?® 1228* 0.30 0.24 0.31 <0.050
Benzene ug/dm3 2464 <0.020 0.21 0.49 0.21
Toluene ug/dms 802 0.51 <0.020 2.01 <0.020
Ethylobenzene ug/dm?® 42 0.15 0.20 0.24 <0.020
m,p-xylene ug/dm® 153 0.42 2.82 0.65 <0.040
o-xylene ug/dm® 139 0.13 1.01 0.44 <0.020
BTEX (incl. styrene) ug/dm3 3599 1.21 4.2 3.8 0.21

? concentrations exceeding the recommended values from the BAT document (2012).

otherwise stabilised. Nevertheless, these differences do not affect the
interpretation of the observations discussed later.

WW after electrocoagulation was characterized by higher concen-
trations of NHy, total nitrogen, chlorides and sulphates, Fe, B, Co, Mo, Ni
(Table 6). Phenol index was rather constant compared to raw waste-
water (Table 5).

Regarding metals and metalloids, better removal efficiency was
observed in the electrocoagulated systems CW2 and CW4 (Fig. 4a). The
exception was Mn, which appeared in the CW2 and CW4 effluents, and
its concentration increased with the time of the experiment (Table 6). It
is worth noting that Mn is released in both the CW system and the CW-
adsorbent hybrid system, and only the introduction of EC achieved net

removal of this contaminant. Cd, Pb and Hg were not detected in raw
water and purified leachates, which is advantageous from the environ-
mental point of view, because these elements belong to heavy metals
with highly toxic properties. An increase in concentration was observed
in the case of Cu (CW4) and Zn (CW2) after 14 days of the experiment,
but it occurred at a trace level (Table 6). The best effects of wastewater
treatment after electrocoagulation were observed for Fe, Ni, Sb, As, and
the weakest for B, Mo, and Co (Fig. 4a). Bremains at a very low level and
none of the tested methods demonstrated its effective and reproducible
removal. It is worth noting that the longer experiment time did not have
a positive effect for all elements - a decrease in removal efficiency after
45 days occurred in the case of Fe, As, Cr (CW4), Zn, AL, Co (CW2) and Ti
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Table 6

Physicochemical composition of UCG post-process wastewater (WW) after electroc

electrocoagulation/wetland, CW4 - electrocoagulation/UCG char/wetland).
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lation (EC) and changes in c ition after CW2 and CW4 treatment (CW2 -

Parameter Unit WW after EC cw2 cw4
day 0 day 14 day 45 day 14 day 45

pH = 9.1 7.8 7.4 8.2 7.6
Conductivity BS/cm 1670 1490 1610 1720 1760
Redox mV 100 221 204 197 202
Ammonia mg/dm* 190 43 0.40 56 1.0
Total nitrogen mg/dm* 170° 75° 34 80" 5.5
Nitrate mg/dm® <0.5 21 120 6.0 1.2
Nitrite mg/dm® <0.006 32 0.53 26 0.12
Chloride mg/dm® 298 273 310 277 372
Sulphate mg/dm* 85.0 187 222 184 240
Total cyanide mg CN/dm® 8.1° 0.072 0.41 0.30 0.44
Sulphide mg/dm® 0.14° <0.02 <0.02 <0.02 <0.02
Total phosphorus mg P/dm® <0.07 0.33 0.19 0.082 0.38
BOD mg 0y/dm® 110° 35° 23 82" 8
cop mg 0y/dm® 237° 72 49 140 165
TOC mg C/dm® 65 24 25 50 67
Phenol index mg/dm® 16" 0.018 0.0013 0.0010 0.0021
Fe mg/dm® 3.79 0.16 0.22 034 0.70
Mn mg/dm* <0.005 0.024 0.11 0.12 0.44
sb mg/dm® <0.05 0.0068 <0.005 0.014 <0.005
As mg/dm® <0.05 0.0065 0.0001 0.015 0.017
B mg/dm® 0.46 0.29 0.29 043 0.3

mg/dm* <0.005 0.0005 <0.0005 0.0009 0.0013
Zn mg/dm* <0.05 0.088 0.018 0.023 0.032
Al mg/dm® <0.1 <0.01 0.031 0.027 0.047
cd mg/dm® <0.001 <0.0005 <0.0005 <0.0005 <0.0005
Co mg/dm* 0.015 0.011 0.014 0.0099 0.0086
Cu mg/dm® <0.01 0.0090 0.0065 0.016 0.0057
Mo mg/dm® 0.010 0.0083 0.0081 0.0096 0.0087
Ni mg/dm® 0.67 0.083 0.051 0.060 0.016
Pb mg/dm® <0.02 <0.005 <0.005 <0.005 <0.005
Hg mg/dm* <0.001 <0.001 <0.001 <0.001 <0.001
Se mg/dm® <0.05 <0.005 <0.005 0.0076 <0.005
Ti mg/dm* <0.005 0.0009 0.0013 0.0018 0.0033
Naphthalene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Acenaphthene ug/dm* <0.050 <0.050 <0.050 <0.050 <0.050
Fluorene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Phenanthrene ug/dm® <0.050 0.057 <0.050 <0.050 <0.050
Anthracene ug/dm® <0.050 0.12 0.98 0.080 <0.050
Fluoranthene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Pyrene ug/dm® <0.050 0.10 <0.050 0.053 0.11
Benzo(a)anthracene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Chrysene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Benzo(b)fluoranthene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Benzo(k)fluoranthene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Benzo(a)pyrene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Dibenzo(ah)anthracene ug/dm3 <0.050 <0.050 <0.050 <0.050 <0.050
Benzo(g,h.i)perylene ug/dm® <0.050 <0.050 <0.050 <0.050 <0.050
Indeno(1,2,3-cd)pyrene ug/dm* <0.050 <0.050 <0.050 <0.050 0.16
PAHs (15 compounds) ug/dm® <0.050 0.27 0.98 013 0.27
Benzene ug/dm® 263 0.16 <0.020 076 <0.020
Toluene ug/dm® 48 0.73 <0.020 0.66 <0.020
Ethylobenzene ug/dm® 1.2 0.19 <0.020 0.19 <0.020
m,p-xylene ug/dm® 3.3 0.50 <0.040 0.61 1.80
o-xylene ug/dm® 4.2 0.17 <0.020 0.31 0.50
BTEX (incl. styrene) ug/dm® 320 175 <0.040 253 2.30

? concentrations exceeding the recommended values from the BAT document (2012).

(Fig. 4a).

Better removal efficiency was observed in the system after electro-
coagulation, which did not contain post-process char (CW2), what may
indicate either the potential leaching of metals from this fine-grained
material, or better wetland efficiency, which compared to CW4 due to
the lack of an additional adsorbent layer occupied a larger active area.

It is worth noting, however, that raw water without preliminary
electrocoagulation was purified of metals more effectively in the pres-
ence of adsorbent (CW3). Interestingly, the degree of purification
increased with the time of the experiment, contrary to what happened in
the system with a sorbent and after electrocoagulation, CW4 (e.g. for Ti,
Zn, Cr). Systems without a preliminary electrocoagulation process did

not remove Fe as effectively, while Mn was removed to a relatively small
extent only in the system with the CW3 adsorbent (the fractional
removal of Mn was at the level of 50% and 41.7% after 14 and 45 days,
respectively). The constructed wetland itself (CW1 system) relatively
effectively removes most metals except Fe, Mn, B, Co, and Ti.

It seems that columns CW1 and CW3 better remove phenolic com-
pounds from wastewater (Table 5), while the phenol index in leachates
from columns CW2 and CW4 remained at a trace level (Table 6). Total
nitrogen was best removed by the CW4 column, and the worst by the
CW2 column, but these differences were not significant. CW2 and CW4
columns, i.e. systems in which electrocoagulation was used, were more
effective in removing sulphides (Fig. 4b). In the case of nitrates, a
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the chart).

significant increase in concentration after 14 days and then a decrease
on day 45 was observed in the presence of the sorbent (column CW3). An
initial increase and then a decrease in concentration was observed for
each of the tested systems except the CW2 column (electrocoagulation/
wetland). In the CW2 column, a significant increase in the concentration
of nitrates in the leachate was recorded over time (Table 6), which

indicates the occurrence of conditions unfavourable to denitrification
processes.

Although electrocoagulation turned out to be particularly effective in
the removal of PAH compounds (from 1228 pg/1 to below 0.050 pg/1),
trace amounts of these compounds appeared in the leachates obtained
after the CW2 and CW4 column (Table 6), and their content increased
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with over the duration of the experiment. Interestingly, raw water
without electrocoagulation introduced to the CW1 and CW3 columns
was purified by almost 100%, and the PAHs content decreased with the
duration of the experiment, even to a level below the detection limit of
<0.050 pg/1 after 45 days in the case of the CW3 column (Table 5). Inthe
electrocoagulation process, 91.1% of compounds from the BTEX group
were removed (Table 4), and then wastewater was further cleaned on
CW2 and CW4 columns to the level of 99.3% and 100%, respectively
(Table 6). A similar or even better effect was achieved in the CW1 and
CW3 systems, which after 14 days showed practically 100% effective-
ness in removing BTEX without preliminary coagulation (Table 5). The
use of a preliminary coagulation procedure to purify wastewater from
PAH and BTEX compounds does not generate additional benefits
(Fig. 4c). The use of a fine-grained adsorbent in the form of post-process
char does not affect the change in the concentration of these compounds
in wastewater, although, according to Zhao (2021), sediments have a
strong affinity for hydrophobic organic pollutants and therefore can be
responsible for PAHs mechanism removal in CW.

Total organic carbon (TOC) reflects the total organic matter content
in wastewater and can be a comprehensive indicator of organic pollu-
tion. Changes in the content of organic contaminants are shown in
Fig. 5a. As can be seen, the most effective and lasting TOC decrease was
recorded in the case of the CW2 system, i.e. electrocoagulation inte-
grated with constructed wetlands. In turn, the addition of an adsorbent
causes an initial decrease, but then an increase in the organic matter
content in the sample.

Differing biodegradability may be assessed by the COD/BOD ratio
(Fig. 5b), which can be an indicator of organic matter biodegradation
(Destro et al., 2020; Lindamulla et al., 2022; Pinedo-Hernandez et al.,
2024; Mella et al., 2017). A COD/BOD value in the range of 1.5-2.5
indicates the presence of biodegradable organic pollutants, while a
higher value indicates the presence of pollutants that are hardly or not
biodegradable and is characteristic for industrial wastewater
(Lee&Nikraz, 2014). In the case of the tested effluents, all four samples
were characterized by a favorable COD/BOD ratio of approximately 2,
which, however, increased significantly between the 14th and 45th day

of purification in all tested systems (up to a maximum of 27.6 in the case
of CW3) except for CW2, where it remained at 2.

3.4. Effluents toxicity evaluation

The changes in toxicity of effluents from various treatments, as
measured with the Microtox™ assay, are summarised in Table 7.

Both, UCG wastewater and UCG wastewater after electrocoagulation
had remarkably high toxicity. The toxicity of effluents significantly
decreased after 14 days of treatment process in the case of bioremedi-
ation treatment (wetland columns CW1 and CW2). The reduction of TU
value was around 90% for both treatment systems, and the effluents
were classified to IV class of toxicity. In comparison, for the systems
combining bioremediation with the use of adsorbent (wetland columns
CW3 and CW4) the toxicity of the effluents decreased less remarkably
and the effluent maintained the same V toxicity class. In these cases, the
observed decrease of leachates toxicity measured by TU values was
around 75%. After 30 days of the treatment, the effluents from the
columns were toxic, despite a significant decrease in the concentration
of the initial compounds in raw post-processing waters (Tables 5 and 6).
This is due to the formation of degradation intermediates of BTEX,
PAHs, and phenols, most of which are more toxic than the initial sub-
strates. A significant decrease in toxicity was observed after 45 days of
treatment in all treatment systems. After this time, the effluents
collected from wetland columns CW1 and CW2 belonged to the toxicity
class no. 1I (slightly toxic) according to the classification of Persoone
et al. (2003), while the toxicity of the same effluents evaluated based on
EC50 parameter were non-toxic. Similar results were obtained after 60
days of the treatment. In just 14 days, the CW1 and CW2 systems ach-
ieved a 90 percent toxicity reduction, while over a period of 60 days the
lowest toxicity value was measured in the system with the addition of
adsorbent (CW4). It is also worth emphasizing that after 45 days, despite
exceeding some indicators (COD and BOD), the CW1 system did not
show any toxicity. Summarizing, only slightly differences were observed
between toxicity assessment among four studied treatment systems and
minor differences were observed when using the two toxicity
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classification systems.

The assessment of the remediation effects of natural and constructed
wetland systems has traditionally been based solely on physicochemical
parameters. However, several researchers have stressed the need to
include bioassays to better monitor the impact of wetland remediation
technologies, incorporating various toxicity tests into their studies
(Lutterbeck et al., 2018, 2020; Calheiros et al., 2019; Ashraf et al., 2020;
Celma et al., 2021; Berego et al., 2022). Among these, the Microtox test

11

14 45

Time (days)

CW sy (CW1 - land, CW2 -

has been identified as particularly sensitive and effective in evaluating
the toxicity of both treated and untreated wastewater samples (Calheiros
et al., 2019). In our research, the Microtox test has proven to be a

luabl t to the cc ly analysed physicochemical pa-
rameters, especially for assessing the progress of the wetland remedia-
tion process.

compl
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Table 7
Changes of toxicity during the various treatment processes — bioremediation, adsorption, and electrocoagulation (average values, n = 3).
Experimental set up Toxicity Time (days)
0 14 30 45 60
CW1 (UCG wastewater) EC50 0.12 1.05 117 104 115
TU 835 98 85 0.96 0.86
Toxicity classes A v v n it
Toxicity assessment based on Highly toxic Toxic Toxic Non-toxic Non-toxic
EC50
Toxicity assessment based on TU ~ Extremely Highly Highly Slightly Slightly
toxic toxic toxic toxic toxic
CW2 (UCG after electroc 1! ) EC50 0.08 2.03 0.67 116 122
TU 1204 74 65 0.8 0.75
Toxicity class v v v n n
Toxicity assessment based on Highly toxic Toxic Toxic Non-toxic Non-toxic
EC50
Toxicity assessment based on TU ~ Extremely Highly Highly slightly slightly
toxic toxic toxic toxic toxic
CW3 (UCG wastewater + adsorbent) EC50 0.12 0.65 1.84 91.0 118
TU 835 153 54 1.09 0.84
Toxicity class v v v n 1
Toxicity assessment based on Highly toxic Toxic Toxic Non-toxic Non-toxic
EC50
Toxicity assessment based on TU Extremely Highly Highly Toxic Slightly
toxic toxic toxic toxic
Cw4 (UCG after el lation + EC50 0.08 3.01 22 98.0 129
adsorbent) TU 1204 230 150 21 0.70
Toxicity class v \' \' m I
Toxicity assessment based on Highly toxic Toxic Toxic slightly Non-toxic
EC50 toxic
Toxicity assessment based on TU ~ Extremely Highly Highly Toxic slightly

toxic toxic toxic toxic

4. Conclusions

Evaluation of the applicability of the integrated process of four sys-
tems combining electrocoagulation, constructed wetlands and adsorp-
tion for the effective treatment of UCG wastewater showed that all tested
systems were effective in removing contaminants. Verifying the effec-
tiveness of hybrid treatment systems on wastewater with such a complex
matrix enable their application to contaminated wastewater from other
industrial processes. The conducted research allowed for the formula-
tion of several important conclusions.

-

. Combination of EC and CW proved effective in removing PAHs. CW
was found to be more effective for the removal of phenolic com-
pounds and BTEX. Due to the physicochemical properties of the
tested UCG wastewater, ECis not a required pre-treatment for the use
of CW.

2. Electrocoagulation is necessary in the case of Fe, B, Co, Mo removal.
Regarding the efficiency of both EC and CW for the removal of metals
and metalloids, the best effects were observed for Fe, Ni, Sb, As, Cr,
Zn, Al, and Ti and the weakest for Mn, B, Co, Cu and Mo.

3. Longer CW treatment time (45 days vs 14 days) does not entail a
positive effect on all tested physicochemical parameters and it may
have an adverse effect in the case of COD, TOC, and some metals (Fe,
Mn, As, Cr, Zn, Al, Co and Ti). Not only the selection of the appro-
priate method, but also the optimization of treatment duration seems
crucial for the wastewater treatment.

4. The use of an adsorbent in the form of post-process UCG char does
not change the treatment method by constructed wetlands, however,
it may reduce removal of some metals (Sb, As, Cr).

5. For a 14 days treatment, EC-CW system turned out to be the most
effective in toxicity reduction. Introducing an adsorbent into the
system may improve its efficiency in the long term, as seen in the
example of adsorbent-EC-CW system. Effective toxicity reduction
from V class to II class after 60 days in comparison with meeting the
requirements contained in the BAT document, shows that all tested
systems were favorable in terms of UCG wastewater treatment.

6. No significant difference was observed in terms of testing the toxicity
of individual systems. Studies have shown that toxicity assessment
should be one of the evaluation criteria for industrial wastewater
treatment. This approach is essential for effectively evaluating the
performance of wastewater treatment based on natural or con-
structed wetland systems.

Obtained laboratory-scale results can be the basis for designing
effective, profitable, and environmentally friendly purification system in
a pilotscale.
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