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Streszczenie w jezyku polskim

Zuzycie paliw kopalnych w globalnej gospodarce negatywnie wptywa na zasoby
naturalne, przyczyniajac si¢ do ich zmniejszenia oraz zanieczyszczenia srodowiska.
W obliczu tych problem6éw badania nad alternatywnymi zrodtami energii nabierajg coraz
wiekszego znaczenia. Jedng z obiecujacych technologii s3 mikrobiologiczne ogniwa
paliwowe (ang. Microbial Fuel Cell, MFC), ktére wykorzystuja mikrobiologiczne
procesy konwersji substratow organicznych w energi¢ elektryczng. Wykorzystanie tej
technologii w praktyce moze nie tylko redukowa¢ emisj¢ szkodliwych gazow
cieplarnianych, ale takze zminimalizowaé zalezno$¢ od paliw kopalnych. Czynniki
ograniczajace petlnoskalowe stosowanie MFC, takie jak niska moc wyjSciowa, wysoki
opor wewnetrzny czy luki w wiedzy na temat zalezno$ci migdzy mikroorganizmami
a generowaniem mocy elektrycznej, sktaniaja do badan nad rozwojem i doskonaleniem
MEFC. Celem pracy byto okreslenie wptywu wielkosci anody, modyfikacji anody Fe>Os
oraz kompozytem zredukowanego tlenku grafenu (ang. reduced graphene oxide, rGO)
1 Fe na wydajnos¢ MFC, sktad mikrobiomu anodowego oraz potencjal metaboliczny
btony biologiczne;j.

Poczatkowo w badaniach testowano wplyw wielkosci anody na prace MFC. Do
MFC wprowadzano krotkotancuchowe kwasy thuszczowe (KKT) z beztlenowej
fermentacji wstepnych osadéw $ciekowych. W MFC o powierzchni anody 600 cm?
eksploatowanym przy obcigzeniu 69,12 mg ChZT/(g s.m.-d) uzyskano moc ogniwa
wynoszaca 15,3 mW/m?. Zwiekszenie powierzchni anody do 1200 cm? (obciazenie 36,21
mg ChZT/(g s.m.-d)) nie zwiekszylo gestosci mocy, ale poprawito efektywno$¢ usuwania
zwiazkdéw organicznych. W blonie biologicznej anody podczas fazy wpracowania MFC
licznie wystepowaly Deftia sp. 1 Methanobacterium sp. W fazie stabilnej pracy MFC
w Dblonie biologicznej zwigkszyl si¢ wudziat egzoelektrogenow z rodzaju
Rhodopseudomonas sp., co przyczynilo si¢ do bardziej efektywnej i stabilnej produkcji
energii elektrycznej. W MFC o wigkszej powierzchni anody w btonie biologicznej licznie
wystepowaty Leucobacter sp., Frigoribacterium sp. 1 Phenylobacterium sp., co
skutkowato wysokim 1 stabilnym usuwaniem ChZT (ponad 85%). W kolejnym etapie
badan w MFC zasilanym odpadowymi KKT anod¢ modyfikowano Fe.O3 w dawce 2,5
g/m? anody. Modyfikacja spowodowata poprawe transferu elektronéw do anody,
zwiekszajac gestos¢ mocy, gestos¢ pradu i napiecie, odpowiednio 3,6-krotnie, 1,8-krotnie

1 1,4-krotnie w stosunku do MFC z anoda niemodyfikowang. Dodatek Fe,O3 znaczaco
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wptynat na mikrobiom btony biologicznej, przyczyniajac si¢ do rozwoju Pseudomonas
sp. 1 Geothrix sp. o wysokim potencjale produkcji energii elektrycznej. To dowodzi, ze
modyfikacja anody Fe>O3; moze korzystnie wptywacé na sktad mikrobiologiczny btony
biologicznej na anodzie, co przektada si¢ na efektywnos¢ pracy MFC. Aby zbada¢ wplyw
dawki Fe;O3; na wydajno$s¢ MFC, anod¢ modyfikowano Fe>O3; w dawce 1,25, 2,5,51 10
g/m? powierzchni anody. Fe,O3 w dawce od 1,25 do 5 g/m? poprawito wytwarzanie
energii elektrycznej, przy czym najwyzsza gesto$é mocy (1,39 mW/m?) uzyskano w MFC
z anodami modyfikowanymi 2,5 oraz 5 g Fe2Os/m?. Moc ogniw z 2,5 oraz 5 g FexO3/m?
anody byta 2,8 razy wyzsza, a rezystancja odpowiednio 5,6 i 4,7 razy nizsza niz
w reaktorze kontrolnym. Z badan wynika, ze dawka 10 g Fe-O3/m? anody skutkowata
dwukrotnym obnizeniem gestosci mocy w stosunku do anody niemodyfikowane;.
Usuwanie  substancji  organicznych ze Sciekow bylo  bardziej; stabilne
w MFC z anodami modyfikowanymi nizszymi dawkami Fe>Os. Chociaz gtéwnym
zrédtem wegla w $ciekach byt octan, wsréd KKT w $ciekach odprowadzanych z MFC
dominowaty kwasy propionowy i1 walerianowy; proporcja kwasu propionowego do
innych KKT zwigkszata si¢ ze wzrostem dawki Fe2O; wykorzystanej do modyfikacji
anody. Modyfikacja anody Fe;O3 stymulowata wzrost mikroorganizméw produkujacych
polimery zewnatrzkomodrkowe z rodzajow Zoogloea 1 Acidovorax, co sprzyjato tworzeniu
btony biologicznej. W mikrobiomach anod modyfikowanych dawkami 1,25 1 2,5
g FexO3/m* dominujagcymi bakteriami, potencjalnie odpowiedzialnymi za produkcje
energii elektrycznej, byly Pseudomonas sp., Oscillochloris sp. 1 Rhizobium sp., natomiast
przy 5 i 10 g FexOs/m? — egzoelektrogeny Dechloromonas sp. i Desulfobacter sp.
W ostatnim etapie badafh anody modyfikowano jonami Fe(IlI) (w dawkach 34 1 68 mg na
powierzchnie anody, co odpowiada 0,85 i 1,7 g Fe/m? anody) oraz rGO (stata dawka: 200
mg na powierzchnig anody). Najwyzsza gesto$é mocy (8,55 mW/m?) oraz napiecie (342,7
+ 72,8 mV) osiggnigto w MFC z anoda zmodyfikowang kompozytem rGO/68 mg Fe.
Catkowite opory wewnetrzne i opor przenoszenia fadunku w tym MFC byty odpowiednio
okoto 4 1 2 razy nizsze niz w kontrolnym MFC. Poziomy pojemno$ci dwuwarstwowej,
czyli zdolno$ci do magazynowania tadunku na styku powierzchni elektrolitu i elektrod
przewodzacych zmodyfikowanych anod, mierzone przy potencjale 900 mV, byty do 3,7
razy wyzsze (MFC z anodg zmodyfikowang rGO/68 mg Fe) niz w kontrolnym MFC.
Sekwencjonowanie mikrobiomu anodowego i analiza statystyczna wskazaly, ze udziat
procentowy Pseudoxanthomonas sp. Themomonas sp., Dechloromonas sp., Microcystis

sp., Sphingopyxis sp. 1 Paracoccus sp. w blonie biologicznej pozytywnie korelowat
8
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z wytwarzaniem energii elektrycznej w MFC. Analiza potencjalu metabolicznego
mikrobioméw anodowych wykazala, ze produkcja energii elektrycznej byta gléwnie
zwigzana z odwrotnym cyklem kwasu cytrynowego. W MFC z anodg zmodyfikowang
kompozytem rGO/34 mg Fe stwierdzono najwyzszy potencjal metaboliczny produkcji
1 konwersji energii, obrony komorek bakteryjnych przed niekorzystnymi warunkami
srodowiskowymi (np. stresem oksydacyjnym), replikacji, rekombinacji oraz naprawy
DNA.

W badaniach dowiedziono, ze modyfikacja anody zarowno zwigzkami zelaza, jak
1 kompozytem rGO/Fe, pozwala zwigkszy¢ gesto$¢ mocy generowanej przez ogniwo
MFC, poprawiajac wtasciwosci pojemnosciowe elektrody oraz zmniejszajac opor
wewnetrzny ogniwa. Mikroorganizmy odgrywaty kluczowa role w produkcji energii
elektrycznej, a ich sktad i potencjat metaboliczny zalezaty od sposobu modyfikacji anody.
Modyfikacja anod kompozytem rGO/Fe zwigkszyta potencjat metaboliczny mikrobiomu
w zakresie produkcji i konwersji energii, co podkresla znaczenie inzynierii materiatowej
w optymalizacji eksploatacji MFC. Uzyskane wyniki wskazuja na mozliwos¢ poprawy
produkcji energii elektrycznej z odpadow 1 Sciekow w MFC przez modyfikacj¢ anod
1 wnosza nowa wiedzg, ktora moze by¢ wykorzystana do zrownowazonej produkcji
energii elektrycznej, promujac ekologiczne i1 efektywne wykorzystanie zasobow

naturalnych.

Stlowa kluczowe: mikrobiologiczne ogniwa paliwowe, krotkolancuchowe kwasy

tluszczowe, zelazo, zredukowany tlenek grafenu, zbiorowiska mikrobiologiczne
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Streszczenie w jezyku angielskim

The use of fossil fuels in the global economy damages natural resources and contributes
to their depletion and environmental pollution. In view of these problems, research into
alternative energy sources is becoming increasingly important. One of the promising
technologies is microbial fuel cells (MFCs), which use microbial processes to convert
organic substrates into electrical energy. The practical use of this technology can not only
reduce the emission of harmful greenhouse gases, but also reduce dependence on fossil
fuels. Factors limiting the large-scale use of MFCs, such as low output power, high
internal resistance, or the lack of knowledge about the relationship between
microorganisms and electrical energy production, are prompting research into the
development and improvement of MFCs. This work aimed to determine the effects of
anode size, anode modification Fe;Os, reduced graphene oxide (rGO), and rGO-Fe
composite on MFC efficiency, anode microbiome composition, and biofilm metabolic

potential.

Initially, the study tested the effect of anode size on MFC operation. Volatile fatty acids
(VFA) from anaerobic fermentation of primary sewage sludge were introduced into the
MFC. In the MFC with an anode surface of 600 cm? operated at a load of 69.12 mg
COD/(g d.m.-d), a cell power of 15.3 mW/m? was obtained. Increasing the anode surface
to 1200 cm? (load of 36.21 mg COD/(g d.m. -d)) did not increase the power density, but
improved the efficiency of organic compound removal. Deftia sp. and Methanobacterium
sp. were abundant in the anode biofilm during the MFC development phase. In the stable
phase of MFC operation, the share of exoelectrogens of the genus Rhodopseudomonas
sp. increased in the biofilm, contributing to more efficient and stable electricity
production. In the MFC with a larger anode surface, Leucobacter sp., Frigoribacterium
sp., and Phenylobacterium sp. were abundant in the biofilm, which resulted in high and
stable COD removal (over 85%). In the next stage of the study, in the MFC powered by
waste VFA, the anode was modified with Fe>O;3 at a dose of 2.5 g/m? of anode. The
modification improved electron transfer to the anode, increasing power density, current
density, and voltage, respectively, 3.6-fold, 1.8-fold, and 1.4-fold compared to the MFC
with an unmodified anode. The addition of Fe;O3 significantly affected the microbiome
of the biofilm, contributing to the development of Pseudomonas sp. and Geothrix sp. with
high potential for electricity production. This proves that the modification of the Fe2Os

anode can have a beneficial effect on the microbiological composition of the biofilm on
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the anode, which translates into the efficiency of the MFC. To investigate the effect of the
Fe>O3 dose on the MFC efficiency, the anode was modified with Fe;Os at a dose of 1.25,
2.5,5.0, and 10 g/m? of the anode surface. Fe;O; at a dose from 1.25 to 5.0 g/m? improved
the electricity generation, with the highest power density (1.39 mW/m?) obtained in the
MFC with anodes modified with 2.5 and 5.0 g Fe,O3/m?. The power of the cells with 2.5
and 5.0 g FeO3/m? of the anode was 2.8 times higher, and the resistance was 5.6 and 4.7
times lower, respectively, than in the control reactor. The study showed that the dose of
10 g Fe2O3/m? of the anode resulted in a twofold reduction in power density compared to
the unmodified anode. The removal of organic substances from wastewater was more
stable in the MFC with anodes modified with lower doses of Fe2O3. Although acetate was
the main source of carbon in the wastewater, propionic and valeric acids dominated
among the VFA in the wastewater discharged from the MFC; the proportion of propionic
acid to other VFA increased with the increase in the dose of Fe;O3; used for anode
modification. Fe;O3 anode modification stimulated the growth of microorganisms
producing extracellular polymers from the genera Zoogloea and Acidovorax, which
promoted the formation of a biofilm. In the microbiomes of anodes modified with doses
of 1.25 and 2.5 g Fe,O3/m?, the dominant bacteria, potentially responsible for electricity
production, were Pseudomonas sp., Oscillochloris sp., and Rhizobium sp., while at 5 and
10 g Fe203/m? — the exoelectrogens Dechloromonas sp. and Desulfobacter sp. In the last
stage of the study, the anodes were modified with Fe(III) ions (in doses of 34 and 68 mg
per anode surface, corresponding to 0.85 and 1.7 g Fe/m? of anode) and rGO (fixed dose:
200 mg per anode surface). The highest power density (8.55 mW/m?) and voltage (342.7
+ 72.8 mV) were achieved in the MFC with an anode modified with rGO/68 mg Fe
composite. Total internal resistances and charge transfer resistance in this MFC were
approximately 4 and 2 times lower, respectively, than in the control MFC. The levels of
double-layer capacitance, i.e. the ability to store charge at the interface of the electrolyte
and conductive electrode surfaces of the modified anodes, measured at a potential of 900
mV, were up to 3.7 times higher (MFC with an anode modified with rGO/68 mg Fe) than
in the control MFC. Anodic microbiome sequencing and statistical analysis indicated that
the percentage of Pseudoxanthomonas sp. Themomonas sp., Dechloromonas sp.,
Microcystis sp., Sphingopyxis sp., and Paracoccus sp. in the biofilm positively correlated
with electricity production in MFC. Analysis of the metabolic potential of anodic
microbiomes showed that electricity production was mainly related to the reverse citric

acid cycle. The highest metabolic potential of energy production and conversion, bacterial
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cell defense against adverse environmental conditions (e.g. oxidative stress), DNA
replication, recombination, and repair was found in MFC with rGO/34 mg Fe composite

modified anode.

The study has shown that modifying the anode with both iron compounds and rGO-Fe
composite allows an increase in the power density generated by the MFC cell by
improving the capacitive properties of the electrode and reducing the internal resistance
of the cell. The microorganisms played a key role in power generation, and their
composition and metabolic potential depended on the method of anode modification.
Modifying the anodes with an rGO-Fe composite increased the metabolic potential of the
microbiome in terms of energy production and conversion, highlighting the importance
of materials engineering in optimizing the operation of MFCs. The results obtained
indicate the possibility of improving power generation from waste and wastewater in
MFCs by modifying the anodes and gaining new insights that can be used for sustainable

electricity production, promoting ecological and efficient use of natural resources.

Keywords: microbial fuel cells, volatile fatty acids, iron, reduced graphene oxide,

microbial communities
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Wstep

Najwazniejszym wyzwaniem dla wspotczesnego $wiata jest bezpieczenstwo
energetyczne i1 czyste srodowisko, ktore umozliwiajg zrobwnowazony rozwdj spoteczny
1 gospodarczy na $wiecie. Niewystarczajace zasoby paliw kopalnych i emisja gazow
cieplarnianych inspiruja naukowcow do badan nad metodami wykorzystania
alternatywnych zrodet energii, ktore nie beda emitowac zanieczyszczen do srodowiska
(Kober i in. 2020). Ilos¢ wytworzonej mocy elektrycznej z odnawialnych zrodet energii
(OZE) w 2023 r. w Polsce wyniosta ponad 4 tys. GWh. Jest to energia pochodzaca
glownie z matych instalacji OZE wykorzystujacych energie stoneczng (73%) i energie
wiatrowa (12%) (dane na dzien 07.05.2024; Urzad Regulacji Energetyki 2024).

Ze wzgledu na postepujaca urbanizacje i zwickszajaca si¢ produkcje Sciekow
i odpadéw zaczeto postrzegaé je jako nosniki energii (Siddigi i in. 2019),
wykorzystywane np. do wytwarzania zawierajacego metan biogazu, ale rowniez wodoru
czy energii elektrycznej. Wiele z tych procesow jest oparte o metabolizm
mikroorganizméw. W ostatnich 20 latach nastgpit szybki rozwdj systemow
elektrochemicznych, wsréd ktorych mozna wyrdézni¢ mikrobiologiczne ogniwa
elektrolityczne do produkcji wodoru oraz mikrobiologiczne ogniwa paliwowe. MFC sg
to urzadzenia, W ktorych metabolizm mikroorganizméw jest wykorzystywany do
wytwarzania energii elektryczngl (Logan i in. 2009). W poréwnaniu z tradycyjnymi
zrodtami energii (paliwa kopane), MFC maja wiele zalet. Moga by¢ wykorzystywane do
wytwarzania energii elektrycznegl z szerokigy gamy substancji organicznych, w tym
odpadow spozywczych, odpadéw rolniczych lub $ciekow, co moze przyczynié si¢ do
zmnigjszenia ilosci materii organiczngg w odpadach (Li i in. 2014; Pandey
i in. 2016). W przeciwienstwie do innych form fermentacji beztlenowe;j, ktore wymagaja
okreslonych warunkéw temperaturowych do wydajnego dziatania, MFC moga dziala¢
w szerokim zakresie temperatur, w tym zarowno w warunkach mezofilnych, jak
I termofilnych (Li i in. 2013). MFC nie wytwarzaja znacznych ilo$ci osadu ani gazow
cieplarnianych, co czyni je bardziej zrownowazong i przyjazng dla Srodowiska opcja
wytwarzania energii elektryczng ze sciekdéw w poréwnaniu do wytwarzania energii ze

zrodet konwencjonalnych (Kurniawan i in. 2022).
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Budowa i zasada dzialania MFC

Proces konwersji substancji organicznych w elektryczno$¢ moze by¢ prowadzony
w reaktorach MFC o ro6znej konfiguracji: dwukomorowym MFC |ub jednokomorowym
MFC. W dwukomorowym MFC wystepuja dwie komory (oddziclone membrang
umozliwiajagcg wymiang protonéw): anodowa, w ktorej panujg warunki beztlenowe,
i katodowa, w ktorej utrzymuje si¢ warunki tlenowe. W jednokomorowym MFC komora
beztlenowa jest oddzielona od katody membrang. W tym przypadku brak jest oddzielne;j
komory katodowej, a sama katoda ma styczno$¢ z powietrzem. Oba typy MFC
wykorzystuja t¢ samg zasade dziatania. Elektrody sg potaczone obwodem zewnetrznym
z przytozong zewnetrzng rezystancja. Komorg anodowa zaszczepia si¢ osadem czynnym,
najczesciej  beztlenowym, badz roéznego rodzaju Sciekami  zawierajgcymi
mikroorganizmy. W ten sposob dochodzi do rozwoju btony biologicznej na anodzie,
a w niej bakterii elektroaktywnych. Mikroorganizmy rozktadaja materi¢ organiczng do
CO2 oraz H*, jednocze$nie uwalniajgc elektrony, ktorych koncowym akceptorem jest
anoda. Protony migruja przez membrang protonowymienng do komory katodows.
Elektrony sa przenoszone obwodem zewngtrznym na katode, gdzie w wyniku polgczenia
tlenu i H™ powstaje woda (Logan i in. 2009).

Ze wzgledu na procesy elektrochemiczne zachodzace na powierzchni e ektrod
jednym z wazniejszych czynnikow wplywajacych na wydajne dzialanie MFC jest
materiat elektrody. Do produkcji anod najczgsciej wykorzystuje si¢ materiaty weglowe
badzZ grafitowe, tj. filc weglowy/grafitowy, tkanine weglowa, papier weglowy czy prety
grafitowe. Zaletami tych materiatow jest niski koszt produkcji, dobra przewodno$¢
elektryczna 1 duza powierzchnia czynna, co sprzyja osadzaniu baterii, oraz odporno$¢ na
korozje i trwatos¢ (Fan i in. 2021). Anody moga by¢ tez wykonane z metali, takich jak
nikiel lub platyna, co zwigksza jednak ryzyko korozji.

Transfer elektronow

Podstawowag reakcja w MFC jest przenoszenie elektronow z komorek
bakteryjnych na anode. Sprzezenie metabolizmu drobnoustrojow z zewngtrzng stalg
powierzchnia prowadzi do zewnatrzkomérkowego transferu elektronéw (ang.
Extracellular Electron Transfer, EET). Bakterie posiadajace zdolnos¢ przenoszenia
elektronow sa uznawane za elektroaktywne. W zaleznosci od mechanizmow

przenoszenia tadunku wyroznia si¢ zazwyczaj dwa rodzaje EET — bezposredni (ang.
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Direct Electron Transfer, DET) i posredni transfer elektronéw (ang. Mediated Electron
Transfer, MET) (Pankratovai in. 2019). DET wystepuje, gdy bakterie maja bezposredni
kontakt z elektrodg. Przeniesienie elektrondw nastepuje bezposrednio na anode przez
biatka aktywne, wystepujace w zewnetrznej btonie komorkowej, takie jak flawoproteiny,
biatka wielomiedziowe czy cytochromy (Light i in. 2018; Holmes i in. 2008; Carlson
I in. 2012). MET jest promowany przez zastosowanie syntetycznych mediatorow
chemicznych lub wydzielanych przez mikroorganizmy zwigzkow  redoks,
umozliwiajacych przeniesienie elektronéw z wewnatrzkomorkowych centrow redoks na
powierzchni¢ elektrody (Schroder 2007). Mediatory wydzielane przez okre§lone
mikroorganizmy moga wspiera¢ EET innych gatunkow bakterii, zwigkszajac wydajnos¢
przenoszenia tadunku w konsorcjach drobnoustrojow (Rabaey i in. 2004). Zastosowanie
sztucznych mediatoréw redoks moze skutkowac cytotoksycznos$cig (Hassan i in. 2017),
hamowa¢ wzrost elektrogendw i zwigksza¢ koszt eksploatacji MFC (Das i in. 2022).
Z tego powodu w ostatnich latach prowadzono szereg badan w celu poprawy
przenoszenia tadunku przez modyfikacje powierzchni anody, majaca za zadanie
zwigkszenie powierzchni wilasciwej do rozwoju btlony biologicznej oraz poprawy

przewodnosci i biokompatybilno$ci powierzchni.

Modyfikacja elektrod

Modyfikacje anody maja na celu zwigkszenie jej pola powierzchni przez
zwigkszenie chropowatosci, co sprzyja adhezji mikroorganizméw i tworzeniu btony
biologiczng, a tym samym poprawia szybko$¢ przenoszenia tadunku i aktywnos¢
drobnoustrojow (Barenjee i in. 2022). Typowe modyfikacje elektrod obejmuja
powlekanie elektrod materiatami przewodzacymi, takimi jak tlenki metali czy polimery,
ale rowniez trawienie czy obrobke powierzchni anod np. kwasami nieorganicznymi
(Nosek i in. 2020). Liu i in. (2014) zmodyfikowali anod¢ przez trawienie tkaniny
weglowej w roztworze kwasu mrowkowego o procencie masowym 44% i 88%. Analiza
elektrochemiczna dowiodta, ze zmodyfikowane anody wykazywaty 2,2-2.4 razy wyzszy
pik pradu utleniania niz anoda niemodyfikowana, co wskazywato na wigkszg aktywnos¢
mediatorow redoks oraz szybko$¢ przenoszenia elektronéow do anody. Maksymalna
gesto$é mocy, czyli ilo$é mocy wytworzona z 1 m? anody, byta o 38,1% do 43,6% wyzsza

niz w MFC z elektroda niemodyfikowana.
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Innym podejsciem do poprawy wydajnosci MFC bylo tworzenie anod
kompozytowych, ktore polegalo na wytworzeniu anody z kilkoma modyfikatorami,
poprawiajacymi przenoszenie tadunku i zwigkszajacymi gestosci pradu i1 gestosci mocy.
Yellappai in. (2021) wykazali, ze anoda ze stali nierdzewnej modyfikowana polianiling
i weglem aktywnym (SSM/PANi/AC) zapewniala maksymalng powierzchni¢ do
produkcji energii i zmnigjszata straty omowe oraz rezystancj¢ przenoszenia tadunku. Moc
wyjsciowa 1 skuteczno$¢ usuwania ChZT w MFC z kompozytowag anoda wyniosta
odpowiednio 322 mW/m? i 88% w poréwnaniu do 169 mW/m? oraz 54%, uzyskanych
w MFC z anodg z siatki ze stali nierdzewnej. Maksymalna pojemnos$¢ wiasciwa elektrody
kompozytowej byla 2,8 razy wyzsza niz w MFC z anodg SSM-PANi. MFC
SSM/PANI/AC wykazywato mniejszg rezystancj¢ przeniesienia tadunku (29,9 Q) niz
SSM-PAN:I (206,8 Q) i SSM (678 Q).

Rozwdj nanotechnologii umozliwit naukowcom zastosowanie do modyfikacji
anody takich materiatow jak grafen. Grafen jest krystaliczna, alotropowa odmiana wegla,
w ktorej kazdy atom wegla jest mocno powigzany z sgsiednimi atomami lezacymi
w odlegtosci C-C 0,142 nm przez unikalng chmure elektronowa. W ciagu ostatniej
dekady grafen i jego pochodne byly stosowane z wysoka wydajno$ciag w inzynierii
biomedyczngl, medycynie oraz badaniach dotyczacych kosmosu i zréwnowazonej
produkcji energii (Tiwari i in. 2018). Dwuwymiarowa struktura, duza powierzchnia
i wysoka przewodno$¢ elektryczna grafenu sprawiaja, ze dobrze przechowuje tadunki
elektryczne (Wang i in. 2015). Modyfikacja anody grafenem moze skutkowaé poprawa
wydajnoéci ogniw, poniewaz ma on duzg powierzchni¢ wlasciwg 1 wysokie
przewodnictwo, co moze utatwiaé przenoszenie elektrondw z komoérek drobnoustrojow
na anodg¢. Zhang i in. (2011) po raz pierwszy zmodyfikowali grafenem anodg¢ z siatki ze
stali nierdzewnej w dwukomorowym MFC. Zmodyfikowana elektroda wykazywata
wyzszg odpowiedz pragdowg i odwracalng reakcje¢ przenoszenia elektronow w stosunku
do elektrody niemodyfikowanej. Maksymalna moc uzyskanaw MFC ze zmodyfikowang
anoda byta 18 razy wyzsza niz w kontroli. Pomimo osiagnigtych sukcesow produkcja
taniego grafenu o wysokiej jakosci na skalg przemystowg pozostaje duzym wyzwaniem.
Z tego wzgledu podjeto badania nad tlenkiem grafenu (GO), ktory mozna produkowad
w duzych ilosciach przy nizszych kosztach. Stosowane w procesie produkcji silne
utleniacze powoduja wystgpowanie licznych defektéw w sieci GO, ktére skutkuja
mniejszg przewodnosciag elektryczng. Dobrym kompromisem pomigdzy tymi dwiema

formami wegla jest zredukowany tlenek grafenu (rGO), ktory wykazuje podobne
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wlasciwosci  do  grafenu  przy  nizszych  kosztach  produkcji  (Tarcan
I in. 2020). Mahmoud i in. (2021) wykazali, ze w MFC z anodg z pasty weglowej
zmodyfikowang rGO uzyskano 5,8 razy wigksze napiecie wyjéciowe oraz okoto 20-
krotnie wyzszg moc ogniwa w porownaniu do kontroli. W innym badaniu modyfikacja
papieru weglowego z uzyciem rGO poprawila gesto§¢ mocy ponad 2-krotnie,
jednoczes$nie zwigkszajac napiecie wyjsciowe z 546,2 do 633,4 mV. Dodatkowg zaleta
byto zwickszenie trwatosci elektrody po modyfikacji oraz praca MFC przy wysokim
napieciu — napiecie w kolejnych cyklach pracy MFC utrzymywato si¢ na poziomie 71,2%
pierwotnego napiecia (Ma i in. 2020).

Ze wzgledu na koszty, dostepno$¢ oraz wilasciwosci elektryczne duzym
zainteresowaniem w modyfikacjach elektrod w MFC ciesza si¢ metale i ich tlenki,
w szczegolnoscei zelazo. Zelazo jest dobrym modyfikatorem anody, poniewaz mawysoka
przewodno$¢ elektryczng. Zelazo jest aktywnym metalem redoks, co oznacza, Ze moze
ulega¢ reakcjom utleniania i redukcji. Ta wihasciwos$¢ sprawia, ze jest skutecznym
mediatorem miedzy komorkami drobnoustrojéw a anoda, zwigkszajac szybkosé
przenoszenia elektronéow (Huang i in. 2021). Dodatkowo Zelazo promuje wystepowanie
bakterii elektroaktywnych w uktadach MFC (Xu i in. 2017). Wykazano, ze uzycie zelaza
jako mediatora zwieksza moc wyj$ciowa i poprawia stabilno$¢ pracy ogniw. Zelazo moze
rowniez dziala¢ jako katalizator reakcji elektrochemicznych na anodzie, zwigkszajac
gestos¢ pradu i gestos¢ mocy MFC, a takze zmnigjszajac nadpotencjat, czyli warto$¢
potencjatu elektrody wymagang do przenoszenia elektronow (Zheng i in. 2022; Wang
I in. 2022). Dostepno$¢ i przystepna cena zwigzkow zelaza sprawiaja, ze jest to
praktyczna opcja dla zastosowan technologii MFC na duza skale, co czyni z tego

obiecujacg strategie¢ rozwoju zrownowazonych systemow energetycznych.

Stezenie i rodzaj substratu

Waznym aspektem wplywajacym na wydajnos¢ MFC jest rodzaj i st¢zenie
substratu (Prathibai in. 2022). Do tej pory w MFC wykorzystano wiele réznego rodzaju
czystych substratow, tj. kwasow organicznych (kwas octowy, propionowy, mastowy itp.),
weglowodanow (glukoza, fruktoza, sacharoza) czy biatek (albumina) (Jafary i in. 2013;
Chen i in. 2014; Rosales-Sierra 1 in. 2017; Tariq i in. 2021). W badaniach czg¢sto
wykorzystywano pozywki z octanem, ktory jako prosty zwigzek chemiczny indukuje
wzrost bakterii egzoelektrogennych, a takze sprzyja metabolizmowi drobnoustrojow
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nakierowanemu naprodukcje bioenergii w MFC. Ponadto octan jest glownym produktem
koncowym w wielu szlakach metabolicznych (Aelterman 2009; Sonawanei in. 2022).

You i in. (2021) przetestowali kilka rodzajow S$ciekow powstajacych
w gospodarstwach domowych jako substraty w MFC — $cieki ze zlewu kuchennego, ze
zmywarki, pralki, wanny i toalety (wylacznie mocz). Najwyzszy poziom mocy
wynoszacy 3,91 + 0,27 mW uzyskano, gdy uzyto moczu. Najwigkszg skutecznosé
usuwania ChZT osiggnicto w MFC zasilanym $ciekami ze zlewu kuchennego — 84,6 +
3,0%. Dla poréwnania MFC zasilane moczem osiggneto skuteczno$¢ usuwania ChZT na
poziomie 39%. Wickszo$¢ materii organicznej w $ciekach pochodzacych ze zlewu
kuchennego zostata roztozona przez organizmy inne niz egzoelektrogenne. Wyzsza moc
osiggnigta w MFC z moczem mogta natomiast wynika¢ z najwyzszej przewodnosci
substratu w poroOwnaniu do innych substratow. Zastosowanie rozcienczenia moczu woda
z kapieli lub z kranu, co stanowi realistyczny scenariusz, wykazato, ze moc wyjsciowa
MEFC spadata wraz ze wzrostem rozcienczenia. Co ciekawe, po dodaniu komercyjnego
wybielacza w pelnym stezeniu po poczatkowym spadku mocy ogniwa wydajno$¢
powrécita do poprzedniego poziomu w ciggu 48 godzin po zastgpieniu go §wiezym
moczem. Sugeruje to, ze systemy MFC s3 do$¢ wytrzymate i moga by¢ odporne na
krotkotrwate narazenie na chemikalia domowe. W innym badaniu wykorzystano $cieki
komunalne z oczyszczalni sciekow w dwukomorowym MFC z anoda z siatki weglowe;j
pokrytej proszkiem grafitowym. Maksymalne napigcie 1 gegstoS¢ mocy wyniosty
odpowiednio 595 mV i 205,87 mW/m?. Stezenie ChZT w $ciekach zostalo obnizone
z 451 do 361 mg/dm?® (Akcay i Ar 2023). Scieki z fermy $win zostalty wykorzystane
w stosie MFC z przeptywem ciagltym (kilka reaktorow MFC lub anod potaczonych ze
sobg rownolegle badz szeregowo). Przy obcigzeniu fadunkiem zwigzkow organicznych
(£Z0) wynoszacym 4,9 kg ChZT/(m3-d) i potaczeniu réwnolegtym, ogniwo osiagneto
maksymalng gesto$¢ mocy 175,7 W/m? przy 0,38 V i 42,8 mA oraz efektywnoéé
usuwania ChZT na poziomie 77,1% i azotu anonowego na poziomie 80,7%. Przy £L.ZO
1,2 kg ChZT/(m*-d) MFC generowaty stosunkowo mniejsza moc (54,4 W/m? przy 0,36
V i 14,3 mA), ae uzyskiwano wyzsza efektywnos$¢ oczyszczania $ciekow (83,4% dla
ChZT i 90,8% dlaNH4-N) (Zhuang i in. 2012).

Idealnym rozwigzaniem pod wzgledem ekonomicznym i $rodowiskowym jest
wykorzystanie w MFC substancji odpadowych, zawierajacych wysokie st¢zenia materii
organicznej, ktorag mozna przekonwertowa¢ do energii elektrycznej. KKT sa pozadanymi

substratami ze wzgledu na ich biodegradowalny charakter, przystepng cene¢ oraz
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mozliwo$¢ wykorzystania do produkcji zwigzkéw o wartosci dodanej, takich jak
polihydroksyalkaniany (PHA), paliw pochodzenia mikrobiologicznego (wodor, biogaz
1 energia elektryczna) oraz innych cennych zwigzkéw (kwas bursztynowy, kwas
cytrynowy i butanol) (Sekoai i in. 2021). Badania wskazujg rowniez, ze odpadowe KKT
mozna skutecznie wykorzysta¢ do produkcji energii elektrycznej oraz ze poltaczenie MFC
1 fermentacji beztlenowej moze zapewni¢ dobre wyniki produkcji bioenergii, wspierajac
rozwo6j gospodarki o obiegu zamknigtym.

Mohanakrishna 1 in. (2010) wykorzystali Scieki bogate w KKT uzyskane
w wyniku ciemnej fermentacji odpadow roslinnych jako substrat w jednokomorowym
MFC z katoda powietrzng. Poczatkowo MFC zasilano §ciekami syntetycznymi na bazie
glukozy przy £.ZO wynoszacym 0,98 kg ChZT/(m3-d) przez trzy kolejne cykle karmienia
(kazdy cykl trwat 96 h). Popraw¢ wydajnosci zaobserwowano przy kazdym kolejnym
karmieniu. Po 264 h zarejestrowano maksymalne napigcie obwodu otwartego wynoszgce
288 mV i gestos¢ pradu 328,57 mA/m2 Od czwartego cyklu do ukladu dozowano
odpadowe KKT, uzyskujac £ZO 3,13 kg ChZT/(m3d). Bezposrednio po wymianie
substratu napiecie obwodu otwartego wyniosto 108 mV, a gesto$é pradu 111 mA/m?2.
W kolginych trzech cyklach pracy MFC zaobserwowano poprawe gestosci pradu (do
okoto 220 mA/m?). Od 7. cyklu karmienia zastosowano nizszy £.ZO, wynoszacy 1,91 kg
ChZT/(m3-d), i zaobserwowano znaczna poprawe wydajnosci MFC. Maksymalng
wydajnos¢ MFC zarejestrowano w 9. cyklu zasilania (296 mV; 317,14 mW/m?).
W kolejnym etapie obnizono £ZO do 0,93 kg ChZT/(m> d). Zaobserwowano zwickszenie
napi¢cia obwodu otwartego 1 ggstosci pradu, ktore ustabilizowaty si¢ w kolejnych dwoch
cyklach i wynosity odpowiednio 308 mV i 362,86 mA/m?. Gesto$¢ mocy byta odwrotnie
proporcjonalna do spadku £LZO w ogniwie, co mogto wynika¢ z efektywnego transferu
elektronow w systemie MFC. Choi i in. (2011) wykorzystali KKT z fermentacji odpadow
zywno$ciowych w dwukomorowym MFC. Produkty fermentacji obejmowaly gléwnie
octan, propionian, maslan i1 walerianian w stosunku 2:1:6:1,5. Przez pierwsze 100
h ogniwo generowalo stabilne, niskie napigcie przy uzyciu $wiezej mieszanki KKT jako
paliwa (maksymalna gesto$é mocy 15,3 mW/m? i napiecie 175 mV). Octan i propionian
byly szybciej zuzywane niz dlugotancuchowe KKT. Szybko§¢ degradacji maslanu
wzrosta, gdy w komorze anodowej nie byto krotkich KKT, co wskazuje, ze obecnos¢
tatwo degradowalnych zwigzkow organicznych o krotkich tancuchach spowalniarozktad
KKT o dhuzszych tancuchach. Po wyczerpaniu mieszaniny KKT dodano $wiezy octan

i propionian, co spowodowato znaczacy wzrost wydajnosci ogniwa w kolejnym cyklu
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(maksymalna gesto$¢ mocy 240 mW/m? i napiecie 533 mV). Po 200 godzinach, gdy jako
substraty zastosowano jedynie maslan i walerianian, napi¢cie stopniowo spadato do 390
mV; spadek ten wskazywal na wolniejsza degradacje, a zatem mniejszg sumg elektronow
akceptowanych przez elektrod¢ niz obserwowano w przypadku KKT o krétszych
fancuchach. Po wyczerpaniu wszystkich KKT (okolo 800 h) dodano §wiezy octan,
uzyskujac gesto$é mocy okoto 50 mW/m?2 Dodany octan zostat usuniety szybciej niz

octan z mieszaniny KKT, co sugeruje, ze inne KKT hamowaty wykorzystanie octanu.
Mikroorganizmy w MFC

Wiele mikroorganizmoéw moze wytwarzac prad elektryczny i przenosi¢ elektrony
na anody w réznych typach uktadéw bioelektrochemicznych. Zazwyczaj sg to bakterie
redukujace zelazo czy siarke, zdolne do wytwarzania duzej gestosci mocy
w umiarkowanych temperaturach. Zastosowanie odpowiednich pozywek i warunkéw do
wzrostu powoduje, ze wiele innych mikroorganizméw, od zwyktych drozdzy po
ekstremofile, moze réwniez generowa¢ wysokie gestosci pradu (Logan i in. 2019).
Bakterie elektroaktywne wystepuja w naturalnych ekosystemach: w glebie, wodzie,
osadach dennych jezior i rzek (Chabert i in. 2015; Lu i in. 2021). W ukfadach
elektrochemicznych stosowano rézne grupy mikroorganizméw 0O odmiennych
preferencjach srodowiskowych i potencjale metabolicznym (Thapai in. 2022).

Moc elektryczna wytwarzana w MFC zalezy w duzym stopniu od rodzaju
mikroorganizmoéw wykorzystanych do zaszczepienia komory anodowej. Wydajnos¢
produkcji energii przez mieszane zbiorowiska mikroogranizmow jest znacznie wyzsza
niz w przypadku czystych kultur (Wang i in. 2021). W takich zbiorowiskach
mikroorganizmy moga wspoldziata¢ synergicznie — bakterie niezdolne do transportu
elektrondw moga wspoétdziata¢ z mikroorganizmami egzoelektrogennymi i utatwia¢ im
wytwarzanie pradu przez usuwanie substancji chemicznych hamujacych proces lub
wytwarzanie substratoéw wykorzystywanych przez egzoelektrogeny (Logan i in. 2019).

Fatemi i in. (2012) zbadali wytwarzanie energii el ektrycznej w dwukomorowych
MFC zasilanych pozywka zawierajaca glukoze, w ktérych do zaszczepienia ogniw
wykorzystano czystg kulturg Saccharomyces cerevisiae, osad beztlenowy z reaktorow
zasilanych $ciekami mleczarskimi oraz $cieki z oczyszczalni beztlenowej. Najwyzsza
gestos¢ mocy uzyskano w MFC zaszczepionym sSciekami beztlenowymi, €O bylo

spowodowane obecnoscig bakterii egzoelektrogennych. Bakterie metanogenne oraz

20

20:2744073311



denitryfikacyjne w mieszanych kulturach zuzywaja substraty organiczne bez
wytwarzania pradu. Bakterie egzoelektrogenne wystepujace w mieszanych kulturach
majg wiekszg aktywno$¢ elektrochemiczng niz czyste kultury (S. cerevisiae), co prowadzi
do zwickszenia wytwarzania energii w MFC. Sprawno$¢ usuwania ChZT w kulturach
mieszanych wynosita ponad 70%, natomiast w MFC z S. cerevisiae — jedynie 54%.
Gesto$¢ mocy wytworzona przez kultury mieszane byta 2,5-3,0-krotnie wyzsza niz
w MFC z S cerevisiae. Idam i in. (2020) zbadali wplyw wzajemnych interakcji
drobnoustrojéw na wytwarzanie energii W MFC zasilanym $ciekami z ttoczni oleju
palmowego. Sposrod roznych inokuldow najwyzsza gestos¢ mocy wynoszaca 14,8 W/m?®
osiagnigto w MFC zaszczepionym wspothodowla Pseudomonas aeruginosa i Klebsiella
variicola. Byto to efektem reakcji synergistycznych migdzy oboma gatunkami — K.
variicola wytwarzat 1,3-propanodiol, ktory z kolei stymulowal wytwarzanie przez P.
aeruginosa piocyjaniny, ktora jest mediatorem redox. Uzyskana moc byta 3 razy wyzsza
niz w przypadku czystej kultury P. aeruginosa. Wykorzystanie jako inokulum
K. variicola i Bacillus cereus pozytywnie wptyn¢to na wytwarzanie energii, skutkujac
maksymalng gestoécia mocy wynoszaca 11,8 W/m®, podczas gdy antagonistyczne
oddzialywania migdzy B. cereusi P. aeruginosa skutkowaty obnizeniem wytwarzania
mocy do 1,9 W/m? Powigzania synergistyczne miedzy bakteriami zwickszaty
wytwarzanie energii przez produkcje mediatorow przenoszacych elektrony (takich jak
2,5-di-tert-butylo-1,4-benzochinon) i  wydane tworzenie blony Dbiologiczne;j.
Antagonistyczna zalezno$¢ miedzy mikroorganizmami skutkowata wytwarzaniem
metabolitow hamujgcych wzrost i aktywnos$¢ komorek, co prowadzito do spadku
aktywnos$ci metabolicznej mikrobiomu na el ektrodach.

Zdolno$¢ mikroorganizméw do wytwarzania pradu elektrycznego lub
przyjmowania i wykorzystywania elektronow pozostaje fascynujacym i szybko
rozwijajacym  si¢  zagadnieniem.  Odkrywane sg nowe mikroorganizmy
o elektroaktywnos$ci zewnatrzkomorkowej, a rozwazane mechanizmy przenoszenia
elektrondw poszerzyly si¢ wraz z odkryciem bakterii wytwarzajacych pilusy (rodzaj
fimbrii, czyli wypustek biatkowych), ktore moga przenosi¢ elektrony wzdtuz wiokien
biatkowych (Logan i in. 2019). Znajomos$¢ sktadu gatunkowego mikrobiomow
anodowych oraz powigzanie go z wydajno$cig ogniw jest bardzo waznym aspektem
dziatania MFC w celu identyfikacji gatunkéw, ktdre sa bezposrednio i posrednio

odpowiedzialne za metabolizm substratow 1 wytwarzanie pradu elektrycznego.
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Podsumowujac, rozwoj technologii MFC ma istotne znaczenie w inzynierii
srodowiska poprzez opracowanie bardziej efektywnych i zréwnowazonych technologii
oczyszczania $ciekow oraz produkcji energii elektrycznej. Badania nad modyfikacja
anody majg na celu poprawe wydajnosci ogniw w odniesieniu do usuwania
zanieczyszczen i generacji energii elektrycznej oraz zwigkszenie stabilnos$ci 1 trwato$ci
pracy MFC. Identyfikacja zbiorowisk zasiedlajacych anod¢ pozwala na
wyselekcjonowanie gatunkow bakterii zdolnych do EET, ktore mozna w przysztosci
wykorzysta¢ do bioaugumentacji MFC w pelnej skali. Istniejagce problemy
z przeniesieniem technologii MFC na pelng skale, dotyczace wysokiego oporu
wewnetrznego 1 niskiej mocy wyjsciowej, spowodowaly potrzeb¢ modyfikacji
materialow elektrodowych w celu zwigkszenia powierzchni do rozwoju btony
biologiczng i powstania bardziej biokompatybilnych elektrod, a takze zwigkszenia liczby
migjsc aktywnych elektrochemicznie. Zagadnienie modyfikacji elektrod anodowych,
wady 1 zalety poszczegdlnych materialdow elektrodowych oraz mozliwosci ich
wykorzystania do przyjaznej dla $rodowiska produkcji energii elektrycznej w MFC

opisano w P1, stanowiacej zatacznik do dysertacji.
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Cel i zakres badan

Celem badan byto okreslenie wptywu modyfikacji anody na produkcj¢ energii
elektrycznej i sktad mikrobiologiczny btony biologicznej na anodzie w MFC, zasilanym
scieckami komunalnymi oraz odpadowymi KKT z fermentacji beztlenowej osadow

wstepnych.
Zakres badan obejmowat:

1. ocen¢ wptywu wielkos$ci anody, skutkujacej roznym LZO, na wytarzanie energii
elektrycznej oraz sktad gatunkowy mikrobiomu anodowego w MFC (P2),

2. wplyw modyfikacji anody Fe>O3 na wytwarzanie energii elektrycznej, usuwanie
zwiazkdéw organicznych i sktad gatunkowy mikrobiomu anodowego w MFC (P3,
P4),

3. wplyw modyfikacji anody rGO i kompozytem rGO/Fe na wytwarzanie energii
elektrycznej, usuwanie zwigzkow organicznych i sktad gatunkowy mikrobiomu

anodowego w MFC (P5).

Hipotezy badawcze

W badaniach weryfikowano nast¢pujace hipotezy badawcze:
H1: wielko$¢ anody wptywa na wytwarzanie energii elektryczne;,
H2: odpadowe KKT mogg by¢ wykorzystane do produkcji energii w MFC;

H3: modyfikacja anody Fe,O3 wptywa na moc elektryczng generowang w MFC
oraz efektywno$¢ usuwania substancji organicznych i sklad gatunkowy mikrobiomu

anodowego;

H4: modyfikacja anody rGO i kompozytem rGO-Fe wplywa na moc elektryczna
generowang w MFC oraz efektywno$¢ usuwania substancji organicznych i sktad

gatunkowy mikrobiomu anodowego.
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Metodyka i wyniki badan

Zrownowazona produkcja energii elektrycznej ze zrddel odnawialnych przez
mikroorganizmy uznawana jest za atrakcyjng alternatywe dla wytwarzania energii z paliw
kopalnych. Ze wzgledu na niska moc wyjsciowa i do§¢ wysoki opoér wewnetrzny ogniw
istnieje potrzeba modyfikacji materiatéw elektrodowych w celu poprawy wydajnosci
MEFC. W pracy pt. ,,Anode modification as an alternative approach to improve electricity
generation in microbial fuel cells” (P1), stanowiacej zalacznik 1 do dysertacji, dokonano
przegladu literatury dotyczacy modyfikacji anod w uktadach MFC. Przeanalizowano
materiaty wykorzystywane do tworzenia anod, takie jak metale czy materiaty weglowe.
Oceniono skuteczno$¢ modyfikacji elektrod za pomoca tlenkoéw metali, nanomateriatow
weglowych czy polimerow. Z przegladu literatury wynika, ze najbardziej obiecujagcymi
rozwigzaniami w MFC jest modyfikacja anod wysoko przewodzacymi nanomateriatami
weglowymi z polimerami (np. polidopamina czy polianilina) oraz materiatami
weglopochodnymi (np. GO czy nanorurki weglowe). Takie modyfikacje zwigkszyty
hydrofilowos$¢ i powierzchni¢ wlasciwa anod, co wptyneto na wyzsza produkcje energii
elektrycznej. Wykazano, ze takie modyfikacje anod wptywaja na skiad zbiorowiska
bakterii egzoelektrogennych w blonie biologicznej anody, a bakterie redukujace siarke
uwazane sg za mikroorganizmy w najwiekszym stopniu odpowiedzialne za wydajng
produkcje energii elektrycznej. W oparciu o przeglad literaturowy w poszczegoélnych
etapach badan w pracy doktorskiej przeanalizowano mozliwo$¢ modyfikacji anod.
W pierwszym etapie zastosowano modyfikacje polegajaca na zwigkszeniu powierzchni
anody 1 wykorzystaniu odpadowych KKT, a w drugim etapie wykorzystano fatwo
dostepny FeoO3 w roznych dawkach 1 przy roznej konfiguracji reaktora MFC, poddajac
ocenie efektywnos¢ usuwania zanieczyszczen, wydajno$¢ wytwarzania energii oraz
analizujac sktad mikrobiomu anodowego. W trzecim etapie przeprowadzono badania,
w ktérych anody MFC modyfikowano z wykorzystaniem rGO oraz kompozytu rGO/Fe
w celu okre$lenia wydajno$ci wytwarzania energii, usuwania zanieczyszczeh oraz

zbadania sktadu mikrobioméw anodowych.

I etap badan

Badania przeprowadzono w  dwukomorowym MFC z membrang
protonowymienng (PEM) o powierzchni 8,5 cm? Anode i katode wykonano z filcu

grafitowego (GF; we wszystkich kolejnych etapach elektrody byly wykonane z tego
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materialu), natomiast obwdd zewnetrzny laczacy anode i katod¢ wykonano z drutu
miedzianego potaczonego opornikiem 1 kQ. Komore¢ zaszczepiono tlenowym osadem
granulowanym z oczyszczalni $ciekéw w Lubawie. Jako substrat wykorzystano
mieszaning KKT z fermentacji beztlenowej osadéw wstepnych z oczyszczalni $ciekow
»Lyna” w Olsztynie. Badanie prowadzono w dwoch MFC o tej samej konfiguracji,
r6znigcych si¢ wielkoscig anody. W MFCI1 catkowita powierzchnia anody wynosita 600
cm?, natomiast w MFC2 — 1200 cm? Obcigzenie komory anodowej tadunkiem
zanieczyszczen w obu reaktorach wynosito 700 mg ChZT/(dm?-d), co odpowiadato 69,12
1 36,21 mg ChZT/(g s.m.-d), odpowiednio w MFC1 i MFC2. W odplywie z komor
anodowych oznaczano st¢zenia ChZT, KKT oraz pH. Wykonano badanie polaryzacji
anod w celu wykre§lenia krzywych gestosSci mocy i1 krzywych polaryzacji oraz
przeanalizowano  struktur¢ =~ mikrobiomu  anodowego z  wykorzystaniem
wysokosprawnego sekwencjonowania (gen 16S rDNA, platforma MiSeq Illumina).
Zarowno w tym, jak i kolejnych etapach badan, wyniki zostaly przeanalizowane
statystycznie (pakiet Statistica 13.3, StatSoft), przy zalozeniu p < 0.05. Wyniki
eksperymentu przedstawiono w artykule naukowym pt. ,,Microbial structure and energy
generation in microbial fuel cells powered with waste anaerobic digestate” (P2),
stanowigcym zatgcznik 2 do dysertacji.

W badaniach wykazano, ze pomimo wigkszej powierzchni anody w MFC2 nie
uzyskano bardziej efektywnej generacji energii. Poczatkowo napigcia w MFC2 byty
wyzsze niz w MFCI1, ale po osiggnigciu plateau byty na podobnym poziomie (okoto 30
mV). Gestos¢ pradu po ustabilizowaniu napigcia byta okoto 2,6 razy wyzsza w MFC1 niz
w MFC2. Najwyzszag moc uzyskano w MFC1 (15,2 mW/m?) przy gestosci pradu 0,54
mA/m? i oporze zewnetrznym 10 kQ. Podczas normalnej pracy ogniwo dzialato przy
nizszym oporze zewnetrznym 1 kQ, a gestoéé mocy wynosita 3,5 mW/m?. Oba MFC
charakteryzowaly si¢ wysokimi oporami wewnetrznymi, ktore wynosity 10,72 kQ
w MFCI1 1 9,12 kQ w MFC2. Wysoki opor wewnetrzny moglt by¢ spowodowany
konfiguracja MFC, tj. stosunkowo mata powierzchniag membrany w stosunku do objetosci
reaktora, co ograniczato przeptyw protonow, oraz dlugim dystansem mig¢dzy anoda
a katoda. Istotnym problemem eksploatacyjnym byto zarastanie membrany PEM btong
biologiczng, co mogto wptywac na nizszag wydajno$¢ produkcji energii w MFC ze
wzgledu na zmniejszony transport protondéw. Nizszy £LZO w MFC2, pomimo nizZszej

produkcji energii, przyczynit si¢ do bardziej wydajnego i stabilnego usuwania zwigzkow
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organicznych. Sprawno$¢ usuwania ChZT w czasie stabilnej pracy ogniwa wyniosta 85%
1 byla istotnie wyzsza niz w MFC1.

Analiza danych sekwencjonowania genu 16S rDNA mikrobiomow blony
biologicznej z obu reaktoréw pokazata, ze sktad gatunkowy na anodach w MFC zmieniat
si¢ w czasie, co znaczgco wptywalo na efektywno$¢ degradacji substancji organicznych.
Wigkszo$¢ mikroorganizméw obecnych w badanych MFC nalezata do rodzajow
Rhodopseudomonas, Acidovorax, Acinetobacter, Clostridium, Methanobacterium
1 Leucobacter. W blonie biologicznej anody podczas fazy wpracowania MFC licznie
wystepowaty Deftia sp., Methanobacterium sp. 1 Rhodopseudomonas sp. Wyzszy £L.Z0
w MFCI1 przyczynit si¢ do wytworzenia stabilnego zbiorowiska mikroorganizmow
zdominowanego przez Rhodopseudomonas sp., ktéry moglt odgrywaé kluczowa rolg
w generacji energii. Przy nizszym £ZO w MFC2 wzrosta liczebno$¢ mikroorganizmow
z rodzajow Leucobacter, Frigoribacterium i Phenylobacterium, co z kolei skutkowato
wydajnym rozkladem substancji organicznych. Niezaleznie od wielkosci anody
Clostridium sp. 1 egzoelektrogeny nalezace do rodzajow Desulfobulbus 1 Acinetobacter

wystepowaty licznie w obu MFC zasilanych odpadowymi KKT.

Badania wskazuja, ze zwigkszenie powierzchni anody, mimo ze wspiera rozwoj
mikroorganizmow 1 stabilny rozktad ztozonych substancji organicznych, nie przektada
si¢ na wyzszg generacj¢ energii elektrycznej. Duze powierzchnie anodowe moga
powodowaé znaczne rozproszenie elektronow, z ktorych czes¢ jest wykorzystywana
w innych procesach metabolicznych, co prowadzi do wigkszych strat elektronow.
Kluczowe dla zwigkszenia efektywnos$ci 1 stabilno$ci produkcji energii elektrycznej
w MFC moga by¢ optymalizacja sktadu mikroorganizméw oraz kontrola obcigzenia

uktadu fadunkiem zwigzkow organicznych.

IT etap badan

W II. etapie badan anody modyfikowano Fe>Os. Poczatkowo do zasilania MFC
wykorzystano KKT, a anode modyfikowano 2,5 g Fe>Os/m?> (P3). Nastepnie
wykorzystano §cieki syntetyczne o sktadzie zblizonym do $ciekdw komunalnych, a anody
modyfikowano Fe,Os w dawkach: 1,25, 2,5, 5, 10 g FexO3/m? anody (P4).

W P3 badania przeprowadzono w reaktorach o tej samej geometrii co w I etapie,
przy czym powierzchnia anody i katody wynosita 200 cm?, a opér zewnetrzny — 4,7 kQ.

W eksperymencie wykorzystano odpadowe KKT z oczyszczalni $ciekéw ,tyna”
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w Olsztynie, ktore rozcieniczano do stezenia 400 mg ChZT/dm®. Modyfikacja anody
polegata na zanurzeniu elektrody anodowej w zawiesinie 0,05 g Fe2O3 w 100 cm? wody
destylowanej, autoklawowaniu anody przez 1 h i suszeniu w 80°C. Reaktor ze
zmodyfikowang anodg oznaczono jako MFCre. Fragment zmodyfikowanej anody
poddano analizie SEM/EDS w celu identyfikacji Fe na anodzie. Reaktor z anoda
niemodyfikowang stanowit MFC kontrolny. W odptywie z obu MFC analizowano
stezenia ChZT, KKT, NH4-N oraz pH. Dodatkowym aspektem pracy byla analiza
chromatograficzna odptywu z MFC pod katem sktadu KKT. Wyznaczono krzywe
gestosci mocy 1 krzywe polaryzacji. Woltamperometri¢ cykliczng (ang. cyclic
voltammetry, CV) przeprowadzono w uktadzie tro6jelektrodowym z anodg jako elektroda
pracujaca. Na koniec eksperymentu pobrano probki biomasy celem zidentyfikowania
gatunkow bakterii dominujacych w mikrobiomie anodowym. Probki btony biologiczne;j
anod analizowano tak jak w etapie 1.

Analiza SEM/EDS wykazata, ze Fe;O3; zostal zdeponowany na anodzie
z efektywnoscig osadzania na poziomie 99,1%. Napigcia zarejestrowane w MFCre byly
istotnie statystycznie wyzsze niz w MFC kontrolnym, a obecnos$¢ Fe(IIl) na anodzie nie
tylko poprawita wytwarzanie energii elektrycznej, ale takze spowodowata bardziej
stabilne wytwarzanie napigcia. W MFC kontrolnym moc maksymalna, wyznaczona
z krzywych gestosci, byla prawie 4-krotnie mniejsza od mocy uzyskanej w MFCre.
Modyfikacja spowodowala poprawe transferu elektronow do anody, zwigkszajac gegstos¢
mocy, gestos¢ pradu 1 napigcie odpowiednio 3,6-krotnie, 1,8-krotnie 1 1,4-krotnie
w stosunku do MFC z anoda niemodyfikowang. W okresie stabilnej pracy MFC
skuteczno$¢ usuwania ChZT wyniosta 54,3 = 9,8% 1 48,8 £9,5%, odpowiednio dla MFC
kontrolnego i MFCke, 1 nie rdznila si¢ istotnie statystycznie miedzy reaktorami. St¢zenia
NH4-N w odplywie z MFCre byty istotnie nizsze niz w kontroli MFC, wykazujac
pozytywny wplyw obecnosci Fe(Ill) na metabolizm azotu amonowego. Skutecznos¢
usuwania KKT ksztaltowatla si¢ na poziomie 60,4+ 16,9% 1 50,2 +26,3% odpowiednio
w MFC kontrolnym i MFCre. Analiza chromatograficzna wykazata, ze w substracie
dodawanym do MFC dominowaly kwasy propionowy, enantowy i izokapronowy
(odpowiednio 60%, 15% 1 13% wszystkich KKT), natomiast KKT z odptywu sktadaty
si¢ gtownie z kwasu propionowego (71%) 1 walerianowego (17%).

Modyfikacja anody Fe>O; zmniejszyta réoznorodno$¢ mikrobiomu anodowego
o ponad 20% w poréwnaniu z kontrolg. Obecno$é¢ Fe(III) w dawce 2,5 g Fe2O3/m? anody

pozytywnie wplynela na liczebnos¢ Burkholderiales 1 Pseudomonadales w mikrobiomie,
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ktéra byta okoto 2-krotnie wyzsza w MFCg. niz w MFC kontrolnym, natomiast 10-
krotnie 1 5-krotnie obnizyla udzial procentowy bakterii z rzedu Rhodocyclales
1 Clostridiales w btonie biologicznej. Osadzenie Fe(Ill) na anodzie skutkowato
zwiekszeniem udziatu w mikrobiomie elektrogendw Pseudomonas sp. i Geothrix sp. oraz
bakterii bioracych udzial w degradacji KKT, takich jak Acidovorax sp., Brevundimonas
sp. i Leucobacter sp., w porownaniu do MFC kontrolnego.

W kolejnym badaniu (P4) analizowano wptyw dawki Fe.Os osadzonego na
anodzie na wytwarzanie energii elektrycznej, usuwanie zwigzkoOw organicznych oraz
zbiorowisko mikroorganizmdw. Eksperyment zostat przeprowadzony
w dwukomorowym MFC wykonanym z pleksiglasu o obje¢tosci komoér anodowe;j
i katodowej 2 dm?>. Jako separator miedzy komorami zastosowano PEM o wymiarach
8 x 8 cm. W badaniu zastosowano reaktor z wigksza powierzchnia membrany, by
zwickszy¢ pole przeptywu protonéw. Anody wykonano z filecu weglowego
(10 cm x 20 cm % 0,3 cm) potaczonego z drutem ze stali nierdzewnej, jak w poprzednich
etapach. Jako kontrole¢ zastosowano MFC z niezmodyfikowang anoda.
W pozostalych MFC na anodzie osadzono Fe;O; w dawkach 0,05 g (MFCo,osre; 1,25
g Fe,03/m?), 0,1 g (MFCo,ire; 2,5 g FexO3/m?), 0,2 g (MFCoare, 5 g Fe O3/m?)
i 0,4 g (MFCoare, 10 g FexO3/m?). Fe;Os3 osadzono na elektrodach w ten sam sposob jak
w P3. Jako anolit zastosowano pozywke syntetyczng zblizong skladem do $ciekow
komunalnych z octanem sodu jako zrodtem wegla organicznego (400 mg ChZT/dm?).
Zawarto$¢ komor anodowych stale mieszano na mieszadle magnetycznym. Analiza
odciekow obejmowata stezenia ChZT, NHs-N 1 KKT. Odcieki poddano takze analizie
chromatograficznej w celu identyfikacji i okreslenia zawartosci poszczegdlnych KKT.
Przeprowadzono rowniez analizy elektrochemiczne, obejmujace wyznaczenie krzywych
polaryzacji 1 mocy, oraz woltamperometri¢ cykliczng, wykonana za pomoca
potencjostatu (Gammry Instrument Interface 1010E) w uktadzie trojelektrodowym.
Probki btony biologicznej poddano wysokosprawnemu sekwencjonowaniu.

Analiza SEM/EDX powierzchni zmodyfikowanych elektrod pokazata, ze udziaty
masowe Fe na elektrodach anodowych wynosity 5,5%, 6,9%, 10,7% 1 14,2%
odpowiednio dla dawek Fe O3 0,05, 0,1, 0,2 i 0,4 g. Osadzanie Fe O3 zwickszyto
chropowato$¢ powierzchni elektrod, a tym samym ich powierzchni¢ wtasciwa.

Fe>03 w dawce od 1,25 do 5 g/m? poprawit wytwarzanie energii elektrycznej, przy
czym najwyzsza gesto$¢ mocy (1,39 mW/m?) uzyskano w MFC z dawkami 2,5 oraz

5 g Fe203/m? anody. Moc ogniw z 2,5 oraz 5 g FexO3/m? anody byta 2,8 razy wyzsza,
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arezystancja odpowiednio 5,6 14,7 razy nizsza niz w kontroli. Z badan wynika, ze dawka
10 g Fe,03/m? anody skutkowata dwukrotnym obnizeniem gesto$ci mocy w stosunku do
anody niemodyfikowanej. Krzywe polaryzacji wykazaly, ze modyfikacja anody Fe>O3
zmniejsza rezystancje wewnetrzng ogniwa najprawdopodobniej przez lepszy transfer
elektronéw ze wzgledu na obecnos$¢ czastek Fe. Najwigkszg rezystancj¢ wewngtrzna,
wynoszaca 1029 Q, zanotowano w MFC kontrolnym, natomiast najnizszg rezystancje¢
wewnetrzng (184,9 Q) w MFC z 2,5 g Fe,Os/m? anody. Cykliczna woltamperometria
pokazata zwigkszong gestos¢ pradu na elektrodach z blong biologiczng wraz ze wzrostem
ilo$ci osadzonego Fe,Os. Profil CV elektrod z 5 i 10 g Fe,O3/m? wykazywat dwa szerokie
odwracalne piki zwigzane z procesem utleniania i redukcji Fe. Obszary pod krzywymi
CV dla tych anod byly wigksze niz dla pozostalych anod, co moglo wskazywa¢ na
wieksza pojemnos¢ w stosunku do tadunku elektrycznego.

Srednia efektywno$¢ usuwania ChZT we wszystkich reaktorach wyniosta ponad
70%, co wskazuje, ze beztlenowa btona biologiczna na anodzie byta dobrze rozwini¢ta
1 aktywna. Nizsze dawki Fe.Os sprzyjaty bardziej stabilnemu i skutecznemu usuwaniu
ChZT w poréwnaniu z MFC kontrolnym. W MFC z 1,25 i 2,5 g FexO3/m? anody ChZT
zostal usuniety z efektywnos$cia odpowiednio 83,96 + 10,1% i 85,5 + 14%. Srednie
stezenia ChZT w $ciekach oczyszczonych z tych ogniw wynosity odpowiednio 29,5 +
14,9 i 30,8 £ 7,6 mg ChZT/dm® i byly istotnie nizsze niz w pozostatych MFC.
Skuteczno$¢ usuwania NHs-N we wszystkich MFC wyniosta okoto 37%, a st¢zenia NHs-
N w $ciekach oczyszczonych nie r6znity si¢ istotnie. Analiza chromatograficzna §ciekéw
doprowadzonych i odptywu pokazata, ze kwas octowy stanowit najwiekszg czes¢ KKT
w substracie (86%), podczas gdy pozostate 14% stanowity inne kwasy, gtownie kwas
propionowy (7%). W odptywie z MFC kontrolnego kwas propionowy i walerianowy
stanowity odpowiednio 58% 1 23% KKT, natomiast kwas heksanowy i izoheksanowy
facznie 12%. W miare zwigkszania dawki FeoOs3 uzytej do modyfikacji zwigkszat si¢
udzial kwasu propionowego, natomiast zmniejszat si¢ udziat kwasu walerianowego,
kapronowego 1 izokapronowego. W $ciekach oczyszczonych kwas octowy wystepowat
w odptywie w niewielkich ilo$ciach (od 0,2% w MFCo.1re do 3,0% wszystkich wykrytych
KKT w MFC kontrolnym).

W trakcie eksperymentu w mikrobiomach poszczegdlnych MFC dominowaty
Proteobacteria. Druga najliczniejsza grupa byly Bacteroidetes (do 11% w MFC z 1,25
g Fe,03/m?). Wysoki odsetek niesklasyfikowanych bakterii (do 44% w MFC z 1,25

g Fe,03/m?) wskazywal, ze wiele jeszcze niezidentyfikowanych bakterii odgrywato
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wazng role w produkeji energii w MFC. Modyfikacja anody Fe>O3 stymulowala wzrost
mikroorganizmoéw produkujacych polimery zewnatrzkomdrkowe z rodzajow Zoogloea
1 Acidovorax, co sprzyjalo tworzeniu btony biologicznej. W mikrobiomach anod
modyfikowanych dawkami 1,251 2,5 g Fe2Os/m? dominujacymi bakteriami potencjalnie
odpowiedzialnymi za produkcje energii elektrycznej byly Pseudomonas sp.,
Oscillochloris sp. i Rhizobium sp., natomiast przy 5 i 10 g FexOs/m* — elektrogeny
Dechloromonas sp. 1 Desulfobacter sp. Obserwowane zmiany sktadu gatunkowego
egzoelektrogenow wskazuja na ztozone interakcje pomiedzy modyfikacjg elektrod
i ekologia mikroorganizméw a procesami metabolicznymi w MFC.

Wyniki wskazuja, ze obecno$¢ Fe(Ill) na anodzie zwigksza produkcje energii
elektrycznej o okoto 280-360% przez szybszy transfer elektrondw 1 zmniejszenie oporu
wewnetrznego oraz moze zwigksza¢ wlasciwosci pojemnosciowe elektrody. Nizsze
dawki Fe;Os skutkuja stabilnym usuwaniem ChZT z efektywnoscia powyzej 80%.
Osadzenie Fe(IIl) na anodzie moze zmniejsza¢ zroznicowanie gatunkowe mikrobiomow
anodowych, powodujac jednoczesnie wzrost w btonie biologicznej mikroorganizmow
zdolnych do produkcji energii elektrycznej z rodzajow Oscillochloris, Pseudomonas,

Dechloromonas czy Desulfobacter.

I1I etap badan

Ostatni etap badan polegat na analizie wplywu modyfikacji anody rGO w stalej
dawce (200 mg) oraz kompozytem rGO/Fe w dwoch dawkach Fe — 34 1 68 mg Fe (0,85
i 1,7 g/m> anody) na powierzchnie¢ anody (P5). Eksperyment przeprowadzono
w reaktorach o konfiguracji jak w etapie II (P4), stosujac jako Zrodlo wegla Scieki
syntetyczne z octanem sodu, przy czym stezenie ChZT wynosito 180 mg/dm?. GF
modyfikowano galwanicznie w atmosferze argonu. Proces obejmowat 15 cykli
woltamperometrii w zakresie od —1,5 do 0,8 V wzgledem elektrody Ag/AgCl (3 M)
z szybkos$cig skanowania 50 mV/s. Jako elektrod¢ robocza zastosowano GF, natomiast
jako przeciwelektrode wykorzystano platynowang siatke tytanowa (10 cm x 15 cm,
Goodfellow, Wielka Brytania). Nastepnie przeprowadzono elektrochemiczne osadzanie
Fe na rGO/GF przy uzyciu kapieli elektrolitycznej zawierajacej nastepujace sktadniki:
240 g FeSO4-7TH,0/dm? (czystosé 99%, Sigma-Aldrich) oraz 40 g NaCl/dm? (> 99,5%,
Sigma-Aldrich). Osadzanie prowadzono przy katodowej gestosci pradu 1 mA/cm?
w temperaturze pokojowej przez 2 i 4 minuty, co dato osadzenie Fe odpowiednio okoto

34 mg (rGO-Fes4) 1 68 mg (rGO-Fess).
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W trakcie eksperymentu przeprowadzono analiz¢ elektrochemiczng obejmujaca
wyznaczenie krzywych polaryzacji i mocy, wolamperometri¢ cykliczng oraz dodatkowo
elektrochemiczng spektroskopi¢ impedancyjng (ang. Electrochemical Impedance
Spectroscopy, EIS). Aby scharakteryzowa¢ powierzchni¢ czystego GF po sonikacji
w tazni ultradzwigkowej oraz GF modyfikowanych rGO i1 rGO-Fe, zastosowano
skaningowy mikroskop elektronowy Quanta FEG 250 (SEM/EDX, Quanta FEG 250,
FEI). Do identyfikacji rGO na elektrodzie zastosowano spektrometr w podczerwieni
z transformacja Fouriera IRSpirit-T (Shimadzu) wyposazony w krysztal diamentu
z ostabionym catkowitym odbiciem (ATR-FTIR).

Analogicznie do poprzednich etapdw przeprowadzono analize sktadu
mikrobiomdw btony biologicznej na kazdej z testowanych anod oraz analize statystyczng
wynikow. Dodatkowym aspektem tego etapu byla analiza potencjatu metabolicznego
mikrobioméw. Do okreslenia potencjatu metabolicznego mikrobioméw wykorzystano
baze danych KEGG oraz Cluster of Orthologous Groups (COG) w programie PICRUSt.

Srednie efektywnosci usuwania ChZT w MFC wynosity od 49,9 + 16,5% do 65,6
+ 5,4%; nie obserwowano istotnych réznic migdzy reaktorami. Srednie stezenie azotu
amonowego w $ciekach surowych wynosito 25,3 + 2,3 mg/dm?®. Skuteczno$¢ usuwania
NH4-N byla podobna we wszystkich reaktorach (61-65%). Stezenia azotu
azotanowego(V) w $ciekach oczyszczonych nie r6znity si¢ miedzy reaktorami i wynosity
$rednio 1,8 + 1,2; 3,4 £ 1,1; 1,4 £ 1,51 2,01 + 1,2 mg/dm® odpowiednio w MFC
kontrolnym, MFC-rGO, MFC-rGO-Fe3s 1 MFC-rGO-Fess. Najwyzsze st¢zenie azotu
azotanowego(I11) uzyskano w odptywie z MFC-rGO-Fess (2,04 £ 2,09 mg/dm?).

Najwyzsze napi¢cia uzyskano w MFC-rGO-Fegs — w stabilnej fazie cyklu (od 17.
do 105. godziny) wynosity $rednio 342,7 = 72,8 mV 1 byly istotnie wyzsze niz
w pozostalych MFC. Najwickszag moc ogniwa, wynoszaca 8,55 mW/m?, uzyskano
w MFC-rGO-Fess przy gestosci pradu 46,25 mA/m?. Gesto$é mocy ogniwa MFC-rGO-
Fess byta 42,2-, 3,0- 1 7,9-krotnie wyzsza niz w przypadku odpowiednio MFC
kontrolnego, MFC-rGO i MFC-rGO-Fess. Modyfikowanie anod za pomoca rGO 1 Fe
zmniejszyto rezystancj¢ wewngtrzng, ktéra wynosita 540 Q w MFC kontrolnym, 260 Q
w MFC-rGO, 390 Q w MFC-rGO-Fes4 1 132 Q w MFC-rGO-Fegs. Po modyfikacji anody
z wykorzystaniem rGO elektroda wykazywata znaczny wzrost gestosci pradu
w poréwnaniu z elektrodg kontrolng. Osadzenie Fe na anodzie w dawkach 34 mg i 68 mg
dodatkowo zwigkszylo gestosci pradu odpowiednio do 82 i 136 mA przy 1,35 V.

Rezystancja przenoszenia fadunku dla niezmodyfikowanej elektrody GF miescita sig¢
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w zakresie od okolo 9,0 Q do okoto 7,7 O w obrebie testowanych potencjatow.
Modyfikacja elektrod spowodowata catkowite zmniejszenie rezystancji przenoszenia
fadunku o okoto 1,2 razy dla elektrody rGO, 1,5 raza dla elektrody rGO-Fes4 1 2 razy dla
elektrody rGO-Feesg przy testowanym potencjale roboczym 900 mV w pordéwnaniu do
elektrody kontrolnej (8,12 Q). W przypadku MFC kontrolnego wartosci zarejestrowane
dla pojemnosci dwuwarstwowej (ang. double layer capacitance, Cdl) spadly z 263 uF
przy potencjale 400 mV do 88 uF przy potencjale 900 mV. Modyfikacja elektrody
z uzyciem rGO spowodowala znaczny wzrost Cd/, niemniej jednak zmniejszatl si¢ on
wraz ze wzrostem potencjatu z 420 puF przy 500 mV do 95 pF przy 900 mV. Osadzanie
Fe spowodowalo nieznaczny wzrost wartosci Cd/ w porownaniu z MFC-rGO, ale nadal
byt on 2,5 razy i1 4,6 razy wigkszy dla potencjatu 400 mV niz obserwowany dla elektrody
kontrolnej, co wskazuje na lepsze gromadzenie fadunku na powierzchni styku elektrody
z elektrolitem.

Analiza mikrobiologiczna pokazala, ze zrdéznicowanie mikroorganizméw byto
nieco wyzsze we wszystkich MFC w poczatkowej fazie dziatania w stosunku do
inokulum co wskazuje, ze mikroorganizmy w btonie biologicznej konkurowaty ze soba.
W miare¢ stabilizacji pracy MFC wartosci wskaznika Shannona stopniowo malaty
1 osiggaty wartosci 2,9-3,8 w zaleznosci od reaktora, co sugeruje, ze w mikrobiomach
zaczely dominowac¢ mikroorganizmy najlepiej przystosowane do okreslonych warunkow
eksploatacyjnych. We wszystkich probkach przewazaly mikroorganizmy nalezace do
Proteobacteria. Ich odsetek wzrost z 14,8% w inokulum do 74,0% w blonie w MFC-rGO-
Fess. Dominujacymi klasami byly B-Proteobacteria 1 Y'-Proteobacteria. MFC-rGO-Fess
(dzien 30.) charakteryzowat si¢ najwyzszym udzialem Verrucomicrobia. Bacteroidetes
najliczniej wystgpowaly w MFC-rGO-Fess, stanowigc pod koniec badan 47,7%
wszystkich zidentyfikowanych organizméw. Na poczatku doswiadczenia udziat
Bacteroidetes byl podobny w obu reaktorach z anodg modyfikowang rGO-Fe (okoto
15%). W MFC-rGO-Fe¢s przez caly okres badan nie zidentyfikowano mikroorganizmow
nalezacych do rzedu Sphingobacteriales, nalezagcego do Bacteroidetes, natomiast w MFC-
rGO-Fes4 niesklasyfikowane bakterie z tego rzgdu stanowity na koniec eksperymentu
31,6% wszystkich uzyskanych sekwencji. Firmicutes byty wskaznikiem dynamicznych
zmian gatunkowych we wczesnych stadiach tworzenia btony biologicznej anody.
W kontrolnym MFC, MFC-rGO i MFC-rGO-Fees Firmicutes stanowity 5,5%, 9,2%

1 11,2% mikrobiomu na poczatku eksperymentu, jednak ich liczba malala z czasem.
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Najliczniejszym gatunkiem w MFC-rtGO i MFC-rGO-Fess byt Lysobacter
daecheongensis, ktory stanowit ostatecznie odpowiednio 20,71% 1 27,02% mikrobiomu.
Mikroorganizmy z rodzaju Acidovorax wystgpowaty licznie w MFC kontrolnym (2,48—
3,62%) 1 MFC-rGO-Fe34 (2,33-6,65%). Ich udzial procentowy w MFC-rGO-Fesg wahat
si¢ w granicach 0,21-0,63%, co wskazywalo na niska tolerancj¢ na obecnos¢ Fe
w $rodowisku. W MFC kontrolnym Pseudoxathomonas sp. stanowily ponad 7%
wszystkich zidentyfikowanych sekwencji, natomiast wraz ze wzrostem dawki Fe ich
udzial w mikrobiomie spadt odpowiednio do 3,59% 1 0,73% w MFC-rGO-Fe34 1 MFC-
rGO-Fegs. Liczebno$¢ Dechloromonas sp. 1 Zooglea sp., posiadajacych potencjat do
przenoszenia elektronéw na anode, byta wyzsza w MFC ze zmodyfikowanymi anodami
niz w kontroli.

Analiza statystyczna pozwolita wskazaé gatunki potencjalnie odpowiedzialne za
wytwarzanie energii elektrycznej. Udzial procentowy w mikrobiomie anodowym
Pseudoxanthomonas sp., Stenomorphomonas sp. 1 Thermomonas brevis dodatnio
korelowat z produkcja energii w MFC kontrolnym. Udziat procentowy Dechloromonas
sp. w btonie biologicznej korelowal dodatnio z produkcja energii w MFC-rGO. Najwigcej
bakterii, ktorych liczebno$¢ pozytywnie korelowata z produkcja energii, zidentyfikowano
w MFC-rGO-Fes4 (Opitutus sp., Fluviicola taffensis, Magnetospirillum sp., Candidatus
Halomonas fosfatis, Turneriella parva 1 niesklasyfikowane Sphingobacteriales).
W przypadku MFC-rGO-Fegs analiza statystyczna wykazata dodatnig istotng korelacje
miedzy liczebno$cig Microcystis sp., Sphingopyxis sp. 1 Paracoccus sp. a gestoscig pradu.

Analiza potencjalu metabolicznego mikrobiomu btony biologiczne; anod
wykazala, ze ponad 8% wszystkich szlakow metabolicznych w MFC-rGO-Fes4 bylo
odpowiedzialnych za produkcje i konwersje energii a 1% za obrone przed niekorzystnymi
warunkami $rodowiskowymi i wartosci te byly znaczaco wyzsze w pordwnaniu do
pozostalych reaktorow z modyfikowanymi anodami. Mikrobiom z MFC-rGO-Fes4
charakteryzowal réwniez najlepszy potencjat replikacji, rekombinacji 1 naprawy DNA
sposrdd wszystkich MFC. Uzyskane dane sugeruja, ze modyfikacja anody rGO i nizsza
dawka Fe zapewniaja mikrobiomowi btony biologicznej anody najszerszy zakres
potencjalnych szlakéw metabolicznych produkcji energii oraz najlepszy potencjat obrony
przed niekorzystnymi warunkami srodowiskowymi. Fakt, ze w przypadku rGO-Feeg nie
zaobserwowano tak szerokiego zakresu szlakow metabolicznych moze $wiadczy¢
o wigkszej specjalizacji spotecznos$ci mikroorganizméw przy wyzszym stezeniu Fe
w Srodowisku, co mogto wyeliminowac z blony czgs¢ mikroorganizmoéw wrazliwych na
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Fe. Mobilno$¢ komorek, mogaca mie¢ z wigzek z wytwarzaniem wici i rzgsek, we
wszystkich MFC wzrosta $rednio 2,9-krotnie w poréwnaniu z inokulum. Najczesciej
identyfikowane szlaki metaboliczne we wszystkich reaktorach byly zwigzane
z biosyntezag aminokwasow, metabolizmem wegla, metabolizmem metanu oraz puryn
1 pirymidyn. Metabolizm wegla obejmowat glownie cykl kwasu cytrynowego, glikolize
weglowodandéw (szlak Embdena-Meyerhofa), utlenianie pirogronianu i w mniejszym
stopniu fotooddychanie. Natomiast metabolizm weg¢gla powigzany z metabolizmem
energetycznym zachodzit gtownie w redukcyjnym cyklu kwasu cytrynowego, cyklu
dikarboksylanowo-hydroksymaslanowym, niepetnym redukcyjnym cyklu kwasu

cytrynowego, redukcyjnym cyklu pentozowym oraz cyklu fosforanowym.
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Weryfikacja hipotez badawczych

Eksperymenty przeprowadzone w poszczegolnych etapach badan wskazuja, ze
wicksza powierzchnia anody, cho¢ sprzyja rozwojowi mikroorganizmow i bardziej
efektywnemu oraz stabilnemu rozkladowi zlozonych substancji organicznych, nie
zwigksza generacji energii elektrycznej (H1). Wieksze powierzchnie anodowe mogg
prowadzi¢ do duzej dyspersji elektrondow, z ktorych niektdre sg zuzywane w innych
procesach metabolicznych, co zwicksza straty elektronoéw. Materia organiczna zawarta
w odpadowych KKT jest efektywnie przeksztatlcana w prad elektryczny w uktadach
MFC, co potwierdza hipoteze 2 (H2; P2 i P3). Optymalizacja sktadu mikrobiologicznego
w MFC oraz kontrola obcigzenia organicznego moga by¢ kluczowe dla zwigkszenia
efektywnosci i stabilno$ci produkcji energii elektrycznej w tego typu systemach.

Modyfikacja anody Fe2Os; wptywa na moc elektryczng generowang w MFC oraz
efektywnos$¢ usuwania substancji organicznych 1 sklad gatunkowy mikrobiomu
anodowego. W P3 dowiedziono, ze napiecia w MFC z 2,5 g Fe;O3/m? anody byly istotnie
wyzsze niz w MFC z anoda niemodyfikowang, co wskazuje, ze obecnos¢ Fe(Ill)
pozytywnie wplywa na wytwarzanie energii elektrycznej, powoduje bardziej stabilne
wytwarzanie napigcia oraz 4-krotnie zwigksza moc ogniwa. Modyfikacja anody 2,5 g
Fe;O3/m? zwiekszyta gestoéé pradu i napiecie odpowiednio 1,8-krotnie i 1,4-krotnie.
W okresie stabilnej pracy MFC efektywnos$¢ usuwania ChZT wyniosta w obu reaktorach
okoto 50%. Obecnos¢ Fe(Ill) istotnie obnizyta stezenia NHs-N w odptywie z MFCr.
w porownaniu do kontroli. Sekwencjonowanie wykazato ponad 20-procentowe
zmniejszenie réznorodnosci  gatunkowej mikrobiomu anodowego w MFCre
w poroéwnaniu do kontroli. Fe(IIl) na anodzie dwukrotnie zwigkszyto udziat procentowy
Burkholderiales 1 Pseudomonadales w mikrobiomie, natomiast 10-krotnie 1 5-krotnie
obnizylo liczebno$¢ bakterii z rzeddw Rhodocyclales 1 Clostridiales. Udzial
w mikrobiomie elektrogenow takich jak Pseudomonas sp. 1 Geothrix sp. byl wyzszy
w MFCr.. W badaniu z optymalizacja dawki Fe.Os; na anodzie (P4) wykazano, ze
najwyzsza gesto$¢ mocy (1,39 mW/m?) uzyskano w MFC z dawka 2,5 i 5 g Fe2O3/m?
anody — byta ona 2,8 razy wyzsza niz w MFC z anoda niemodyfikowana i 5,8 razy wyzsza
niz w MFC z 10 g Fe;O3/m? anody. Modyfikacja anod Fe(IIl) powodowata zmniejszenie
rezystancji wewnetrznej ogniwa. Srednia skuteczno$¢ usuwania ChZT we wszystkich
reaktorach wyniosta ponad 70%. Niskie dawki Fe;O3; sprzyjaty bardziej stabilnemu

i skutecznemu usuwaniu ChZT w poréwnaniu z kontrolag MFC. Osadzenie Fe(IIl)
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zmniejszyto zroéznicowanie gatunkowe mikrobioméw anodowych, powodujac
jednocze$nie wzrost w btonie biologicznej rodzajoéw mikroorganizmow zdolnych do
produkcji energii elektrycznej, takich jak Oscillochloris, Pseudomonas, Dechloromonas,
Desulfobacter. Powyzsze badania pozwolity zweryfikowa¢ H3 (P4).

Modyfikacja elektrod za pomoca rGO i rGO-Fe spowodowata zmniejszenie
rezystancji przenoszenia tadunku w stosunku do kontroli MFC, natomiast wzrost
pojemnosci zmodyfikowanych elektrod wskazywal na poprawe przechowywania
fadunku na granicy faz elektroda-elektrolit. Napiecie MFC (342,7 = 72,8 mV) i moc
ogniwa (8,55 mW/m?) byly istotnie wyzsze w przypadku osadzania kompozytu rGO-Fees
niz w pozostatych wariantach. Zastosowanie kompozytu rGO-Fees spowodowalo, ze
catkowity opér wewnetrzny ogniwa byl okoto 4 razy mniejszy, a opdr przenoszenia
fadunku 2 razy mniejszy niz w reaktorze kontrolnym. Dominujacymi bakteriami
egzoelektrogennymi  w  MFC byly Pseudoxanthomonas sp., Zoogloea sp.
1 Dechloromonas sp. Produkcja energii elektrycznej byla gldownie zwigzana z odwrotnym
cyklem cytrynianowym, a MFC-rGO-Fess4 posiadal najszerszy zakres potencjalnych
szlakéw metabolicznych umozliwiajacych wydajne wytwarzanie energii. P5 pozwolita

pozytywnie zweryfikowa¢ H4.
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Podsumowanie i wnioski

Przeprowadzone badania pozwolity zweryfikowaé postawione hipotezy badawcze

1 wykazaty, ze:

- powlekanie anody FeoO3 zwigksza gesto$¢ mocy elektrycznej i pozwala nawet 6-krotnie

zmniejszy¢ opOr wewnetrzny ogniwa,

- dawka Fe>O3 wplywa na stabilno$c¢ i efektywnos$¢ usuwania ChZT; dawki na poziomie
1,25
i 2,5 g/m? anody pozwolity stabilnie usuwaé ChZT z efektywnoscig do 85%,

- osadzenie Fe>O3 na anodzie moze zmniejsza¢ zréznicowanie gatunkowe mikrobiomow

anodowych, powodujac jednoczesnie wyzszy udziat egzoelektrogendw w mikrobiomie,

- kompozyt rGO/Fe zwigksza moc elektryczng MFC przez zmniejszenie rezystancji
przenoszenia tadunku elektrycznego oraz zwigkszenie pojemnosci dwuwarstwowej

elektrody, a takze zwickszenie liczby miejsc aktywnych na anodzie,

- kompozyt rGO/Fe pozwala na zwigkszenie udziatu egzoelektrogenow w blonie

biologicznej na anodzie,

- odpadowe KKT z fermentacji osadow wstepnych moga by¢ wykorzystywane w MFC

do efektywnej produkcji energii elektrycznej,

- gtowne szlaki metaboliczne prowadzace do usuwania substancji organicznych oraz
produkcji energii elektrycznej w MFC byly zwigzane z odwrotnym cyklem

cytrynianowym,

- zwigkszenie powierzchni anody wspomaga stabilne 1 skuteczne usuwanie ChZT, jednak

nie przektada si¢ na wyzszg generacj¢ energii elektrycznej,
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Abstract: Sustainable production of electricity from renewable sources by microorganisms is
considered an attractive alternative to energy production from fossil fuels. In recent years, research
on microbial fuel cells (MFCs) technology for electricity production has increased. However, there
are problems with up-scaling MFCs due to the fairly low power output and high operational costs.
One of the approaches to improving energy generation in MFCs is by modifying the existing anode
materials to provide more electrochemically active sites and improve the adhesion of microorganisms.
The aim of this review is to present the effect of anode modification with carbon compounds, metallic
nanomaterials, and polymers and the effect that these modifications have on the structure of the
microbiological community inhabiting the anode surface. This review summarizes the advantages
and disadvantages of individual materials as well as possibilities for using them for environmentally
friendly production of electricity in MFCs.

Keywords: microbial fuel cells; anode modification; electrode materials; nanomaterials; polymers;
microbial community; exoelectrogens

1. Introduction

In view of the growing demand for electricity, there is a need to develop environmentally friendly
technologies. In the European Union, there is a trend towards production of energy from renewable
resources, particularly by using waste from biomass management [1]. The sustainable production
of electricity from renewable sources by microorganisms is considered an attractive alternative to
producing energy from fossil fuels. One of the trialed solutions are microbial fuel cells (MFCs), in which
the metabolic activity of microorganisms is utilized to produce electricity by oxidation of organic
substances on the anode and transfer of electrons to the cathode [2]. Electrochemically active biofilms
in MFCs can be also successfully used for the synthesis of nanoparticles and band gap narrowing of
metal oxides [3,4].

In recent years, research on MFCs technology for sustainable electricity production has increased
(Figure 1).
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Figure 1. Number of publications per year found in the Google Scholar database using the search term
“microbial fuel cells” (MFCs); (data acquired on 29 October 2020).

Wastewater contains large amounts of organic compounds that can be used as a potential carbon
source in MFCs [5,6]. Current economic trends and legal regulations require that facilities such as
wastewater treatment plants should be modernized to not only remove nutrients but also produce
bioproducts and energy [5-7]. The use of MFCs in wastewater treatment systems can bring many
benefits at the environmental, economic, operational stability, and energy management levels (Figure 2).

Figure 2. Potential benefits of MFCs for energy, environmental, operational, and economic sustainability.

Usually, MFCs are designed as single- or two-chamber systems [8,9]. A two-chamber MFCs
has one chamber with an anode and one with a cathode, separated from each other by a proton
exchange membrane (PEM). Single-chamber MFCs are more economical because the cathode is
constantly exposed to air (so-called air cathodes), and there is no need to aerate the cathode chamber.
Another advantage of one-chamber MFCs is the smaller distance between the anode and the cathode,
which favors the efficient production of electricity [10]. The activity of microorganisms in the anode
biofilm causes the decomposition of organic substances into electrons and protons. The electrons
are transferred to the cathode by the external circuit, while the protons are transferred through the
PEM to the cathode compartment (Figure 3). Some species, instead of transporting electrons to the
exogenous acceptor, pass them directly to the anode. Such a phenomenon is called electrogenesis,
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and the groups of electrochemically active microorganisms capable of carrying out this process
are exoelectrogens [11]. Some bacteria are capable of producing secondary metabolites, which
can act as redox shuttles [12]. Bacteria such as Shewanella sp. or Escherichia coli produce flavins,
while Pseudomonas sp. produce phenazines (e.g., pyocyanin, pyorubin or oxychlororaphin)—these
metabolites take part in an extracellular electron transfer. Other organisms (e.g., Enterococcus faecalis or
Faecalibacterium prausnitzii) can use them, and as a result, electron transfer can take place over longer
distances [13-16]. Biofilm formation by bacteria on the anode electrode is by far the most important
mode of electrode-microbe interaction. To avoid competition between oxygen and electron carriers
(mediators), anaerobic conditions should be ensured for the operation of the anodes of most MFCs [17].
The presence of oxygen, which is a terminal electron acceptor, in the anode compartment resulted in a
lower power generation [18].

Figure 3. Diagram of an MFC reactor (A) and chemical changes in an MFCs depending on the oxygen
conditions (B).

In MFCs, both pure bacterial cultures and mixed microbial consortia [19,20] are used, but pure
cultures generate lower electrical voltage than diverse microbial consortia [21,22]. The advantage
of using complex microbial consortia is that they can utilize complex substrates more efficiently
due to syntrophic interactions between fermentative bacteria and exoelectrogens; such cooperation
may enhance exoelectrogenic activity [23,24]. Syntrophic interactions are also observed between the
exoelectrogens themselves [23]. However, pure bacterial cultures are important in elucidation of the
electron transfer mechanisms in the biofilm [25].

Anaerobic respiration and fermentation are the main metabolic pathways of oxidation of organics
by bacteria. Complex organic compounds are initially hydrolyzed into simpler chemical compounds
such as fatty acids, sugars, amino acids, or aromatic compounds (Figure 4). Then, these simple organics
can be either fermented or completely oxidized to CO,, which results in the transfer of electrons to the
anode. The ideal conditions for effective oxidation with maximum electron generation can be achieved
if the exoelectrogens oxidize the organic matter completely to CO,. The extracellular electron transfer
can take place directly through cytochromes (redox proteins) because their outer cell membrane with
exposed c-type cytochromes is in a direct or indirect (pili) contact with the electrode surface. Type
IV pili are the conductive nanowires that transport the electrons from cell to cell inside the biofilm as
well as from cells to the electrode surface. In addition to direct electron transport, microorganisms
can also donate electrons indirectly via soluble electron shuttles [25]. Electron transfer from bacteria
to the anode is facilitated by extracellular heteropolysaccharides as well as the cytochrome-c protein
complexes present on bacteria cell walls [26].
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Figure 4. Conceptual representation of electricity generation from organic waste on the anode biofilm.

The diversity of the microbial community in the MFCs is determined not only by the origin of
the inoculum, but also by the type of fuel used to power the cell, the presence of redox mediators,
the oxygen conditions in the bioreactor, and the type of anode [27]. Studies by Eyiuche et al. [28]
showed that, in an acetate-fed community on stainless steel (SS) anodes, Desulfuromonas sp. was
abundant (15.4%) and Geobacter sp. was markedly less abundant (0.7%). On a carbon cloth (CC) anode,
both genera were present in similar amounts (6.0-9.8%), indicating that an anode material affected
exoelectrogenic genus enrichment in biofilms. In MFCs with an SS anode modified with carbon
nanotubes (SS/CNTs), in the biofilm, such fermenting bacteria as Chlorofexi sp. and Rhodanobacter
lindaniclasticus predominated, which resulted from the fact that the MFC was powered with the filtrate
from fermentation of primary sludge. Exolectrogenic bacteria such as Desulfovibro sp., Geobacter sp.,
Desulfobulbus sp., and Rhodopseudomonas sp. occurred with a share of less than 1% [29]. Geobacter
sp. was able to actively inhibit other microorganisms in the biofilm by production of extracellular
proteins [30]. Geobacter sp. may have a competitive advantage over other genera in MFCs, due to this
inhibitory activity as well as its robust capabilities for anaerobic respiration and flagellar chemotaxis,
which allows it to gain proximity to the anode surface.

The studies have shown that the performance of MFCs increased with the increase in an anode’s
potential. Positive potential selected for, e.g., Shewanella putrefaciens biofilm [31], while negative anode
potential promoted the growth of electrochemically active anode-respiring Geobacter sp. [32]. Bacteria
such as Geobacter sulfurreducens and Thermincola ferriacetica that form thick multilayer biofilms of
38-50 pm at anodes can produce higher current density than bacteria that form thin biofilms [33,34].
On the other hand, thick biofilm can also hinder electron transfer. Since the anode surface plays a
significant role in promoting and maintaining bio-catalytic activity, this surface can be modified to
become a more favorable habitat for microorganisms enhancing electron transfer from the bacteria to
the anode surface. Generally, greater bacterial adhesion enables the generation of more power with
minimum electricity loss [35].

The aim of the literature review is to present possible methods of increasing the efficiency of
electricity production by modifying the anode materials, and the effect that these modifications have on
the structure of the microbiological community inhabiting the anode surface. This review summarizes
the advantages and disadvantages of individual materials and the possibilities for their use in the
production of environmentally friendly electricity in MFCs.
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2. Electrode Materials

The anode material and its structure can directly affect bacteria attachment, electron transfer,
and substrate oxidation. Anode materials must be corrosion-resistant, have a high specific surface
area and electrical conductivity, and have a low electrical resistance and a low cost. The anode must
also be made of a chemically stable material that can operate in an environment where highly diverse
organic and inorganic constituents are present, which can react with some anode materials and reduce
MEFCs performance [36]. To ensure electron transfer, the anode material should be biocompatible [37].
In this review, the most frequently used electrode materials are presented, along with possible methods
of modifying them, which can change the structure of the microbial communities on the anode and
improve electricity generation in the MFCs.

2.1. Carbon Electrodes

Carbon-based electrodes are commonly used in various types of MFCs (Table 1) because they are
chemically stable, resistant to environmental conditions in MFCs, have a high electrical conductivity,
and a high specific surface area, which creates good conditions for biofilm development [38].
Carbon-based electrodes can be made of carbon/graphite felt (CF/GF), CC, carbon paper (CP), graphite
paper (GP), and activated carbon (AC) [2,39]. The most commonly used CF and CC are characterized
by a high porosity, electrical conductivity, and a specific surface area; however, CF shows better
chemical and mechanical stability and is cheaper [40]. Despite the many advantages of carbon
materials, they also have some disadvantages, such as a high hydrophobicity, which does not favor
the adhesion of microorganisms and thus translates to a lower electron transfer capacity [41]. For
hydrophilic surfaces, an instantaneous bacterial attachment is observed—the planktonic bacterial cells
simultaneously attach and form colonies that increase and cover the whole surface. For hydrophobic
surfaces, a progressive bacterial attachment is observed—only a limited number of bacteria attach to
the surface and form colonies decreasing the surface hydrophobicity. Decreased surface hydrophobicity
allows for immobilization of new bacteria [42]. On the other hand, a hydrophobic surface will be
easily colonized by bacteria with a high cell surface hydrophobicity or bacteria that switched from
hydrophilic to hydrophobic phenotypes in response to environmental conditions [43].

Although carbon materials generally exhibit good electrical conductivity, MFCs power generation
efficiency can differ depending on which material is used. For example, cell voltage was higher
when CF was used as the anode in a dual-chamber MFC than when CC or CP were used. For CF,
the maximum power density of MFC was 420 mW/m?, while for CC and CP, the power density was
two log units (0.76 mW/m?) and three log units (8.37-10° mW/m?) lower, respectively, than that of
CF [44]. Similar results were obtained by using anodes of various carbon-based materials in the soil
MEC. The highest voltage and power were obtained in the MFC with a GF anode (346 + 5 mV and
24.0 mW/m?, respectively). The values obtained for GP were much lower (130 + 5mV and 4.5 mW/m?,
respectively). The type of carbon material affects also the charge transfer resistance (Rct). After a
comparison of anodes made of aluminum sheet, GF and CC showed that the lowest Rct was observed
for GF [45].

Table 1. Summary of carbon anode properties.

Anode Reactor Anode Surface

(Non-Modification) Configuration Substrate Power Density Characterization Reference
sodium acetate disorganized web of
GF dual chamber . 0.48 A/m? fibers with a diameter of [46]
trihydrate
10 to 14 um
large number of pores
Porous graphite single chamber glucose 2.6 W/m? with a diameter of 0 to [47]
300 nm
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Table 1. Cont.

Anode Reactor Substrate Power Densit Anode Surface Reference
(Non-Modification) Configuration y Characterization
water contact angle
CP dual chamber distillery 110 mW/m? 126 [48]
wastewater (medium
hydrophobicity)
water contact angle
GF dual chamber glucose 388 mW/m? >120 [49]
(medium
hydrophobicity)
CcC single chamber wastewater 40 mW/m?2 smooth ﬁbeFS of around [50]
7 um diameter
CF 680 mW/m?2 smooth surface
singe chamber glucose a well-developed [51]
. macropore structure
(_?rap hitized mesophase 1800 mW/m? with a single hole
pitch-based carbon foam .
diameter of around
300 pm
Mesophase pitch-based 2
carbon brush (CBr) 1350 mW/m smooth surface

The surface morphology of anode materials should be improved with respect to anode-bacteria
interactions [52]. To increase the surface area of an anode, electrochemical oxidation [53,54],
chemical [55], and heat treatment can be used [56], increasing the adhesion of microorganisms
and the output power of the cell. In recent years, carbon microfiber (CMF) paper and carbon nanofiber
(CNF) mats have been tested as anode materials in MFC. The use of thinner carbon materials for
CNF electrodes resulted in a larger specific surface area and a better morphology of the electrode
surface, which promoted adhesion of bacteria and formation of a dense and stable biofilm, increasing
energy production. Compared to CMFE, CNF showed a 10-fold increase in current [57], better electron
transfer kinetics, and high electrical conductivity [58-60]. Activation of CNF in a tube furnace (creating
activated carbon nanofiber nonwoven, ACNFN) increased the specific surface area of CNF from 25.31
to 1158.75 m?/g [61]. The porous structure of ACNFN favored the active colonization of the anode
by bacteria, resulting in a high and stable energy production. Biofilm growth on the ACNFN anode
was about 3.2—4.2 times thicker than that on the CC anode. Highly conductive anodes with increased
biocompatibility can be obtained using the polymer 3D printing technique and the carbonation process.
The obtained materials have over 95% porosity; thus, the surface area (internal and external) for biofilm
growth is high. The maximum voltages of the 3D anodes were about 33.7-138.4% higher than the
voltage obtained with the CC anode and depended on the pore size in 3D anodes. The maximum
power densities decreased in the order: 300 um > 200 pm > 400 pm > 100 pm > 500 pm > CC.
The unexpectedly low maximum power density of 100 pm anode with the largest specific surface area
indicated that 3D printing technology can increase the power of the MFC, but the pore size in anodes
should be optimized. The solution resistance of the MFC with the 3D anodes averaged 24.2 () and was
approximately 8.6 () lower compared to the CC anode, while the Rct of the CC anode was slightly
lower than that of the 3D anodes [62].

The configuration of the electrodes has evolved from a planar to a three-dimensional structure;
however, the power generation and cost of the electrode so far discussed have not reached commercial
levels. Therefore, in recent years, modifications with the use of carbon compounds and nanostructures
have attracted much interest.

2.2. Metal Electrodes

Electrodes made of metals such as silver, SS, aluminum, nickel, molybdenum, titanium, gold,
and copper ensure high performance in MFCs due to their good electrical conductivity.
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Stainless steel is a commercially available industrial material with a high mechanical and corrosion
resistance, high conductivity, and low cost [63], and it is regarded as a good electrode material for
MFC anodes [64]. The macroporosity of SS anodes enables attachment of carbon nanoparticles, which
improves the anode biocompatibility and also favors internal colonization by bacteria that could
enhance electrode reactions [65]. To increase the specific surface area of SS anodes, the surface can be
etched with, e.g., sulfuric acid (VI) [65].

When using copper wires, an increase in the anode surface from 2.5 to 20.1 cm? increased the
maximum power density from 0.3 to 0.67 mW/m?. It was also shown that an increase in the initial
COD concentration from 1000 to 6000 mg COD/L with an anode area of 20.1 cm? further increased
the maximum power density to 2.9 mW/m? [66]. It should be remembered that copper is toxic to
microorganisms [2]; therefore, copper is more often used as a cathode in MFCs [67-70]. Baudler etal. [71]
tested gold, silver, copper, nickel, cobalt, and titanium as anode materials in comparison to a graphite
electrode. On gold, silver, copper, and nickel anodes, a homogeneous and optically dense red biofilm
was formed, indicating predominance of Geobacter sp. The electrodes made of gold, silver, and copper
had a current density higher than that made of graphite. Active biofilm did not form on the cobalt
and titanium anodes. In the study, no toxic effects of copper were observed on electrochemically
active bacteria.

The use of nickel foam improved electricity generation in a single-chamber MFC. The maximum
output power with nickel foam was about 45 mW/m? higher than with a CC anode. It was observed
that, although nickel foam increased electricity production, it also underwent anodic corrosion to
form nickel phosphate [72]. In another study, using nickel foam as an anode in MFC ensured a
maximum power density of 8.29 W/m?, a Coulomb efficiency of 6.95%, and an internal resistance
of 116 Q). Modification of nickel foam using chitosan, polyaniline, and titanium carbide increased
the power and Coulomb efficiency more than two-fold and reduced the internal resistance 2.5-fold.
Epifluorescence and scanning electron microscope (SEM) analysis of microbial colonies on a nickel
foam anode indicated that the adhesion of bacteria was less stable and that the colonies were not firmly
attached to the anode surface [73].

These reports indicate that metal anodes, although they are good electron conductors, have low
chemical resistance because they dissolve in contact with the anolyte, and their relatively flat surface
may have lower biocompatibility than the surface of carbon anodes. Therefore, most experiments in
MFCs with metal anodes indicate the necessity of modification of the anode surface.

3. Anode Modification

The main limitations in up-scaling of MFCs include low power density and expensive electrode
materials. Power density can be increased by ensuring that the anode is hydrophilic and has a high
specific surface area.

The surface roughness is of great importance for energy production in the MFCs as the
anode morphology should facilitate the adherence of bacteria and subsequent biofilm formation.
Electrochemical oxidation of CC anodes with ammonium bicarbonate, at different voltage densities,
contributed to the removal of impurities from the CC surface, and the degree of etching increased
with increasing current density, causing the formation of grooves increasing the specific surface of the
anode [74]. Electrochemical modification of the surface of the nano-rough gold deposited on silicon
wafers showed that at lower current densities, randomly distributed deposits appeared on the anode
surface, covering about 50-70% of the surface. The use of higher current densities resulted in the
formation of gas bubbles that shaped round micro-craters with a diameter of about 10 um, increasing
the density of the generated current 6.7 times compared to the unmodified anode [75].

Hydrophobicity of surface often determines the adhesion of the biofilm to the anode. Guo et al. [76]
modified a glassy carbon anode with different functional groups such as —-OH, —CHj;, —-SO37,
—N*(CH3)3. The anode modified with —OH group showed the highest surface hydrophobicity.
The best results were achieved for the anode modified by —N*(CHj);—the water contact angle of 15°
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was reduced 4 times compared to the unmodified anode, and the amount of biomass produced on the
electrode surface was the highest. The percentage of Geobacter sp. on the —~CH3-modified anode was
about 40% lower than that on the anodes with modified with —N*(CHj3)3, —OH, and —SO3~ [76].

The literature indicates that, to overcome the problem of low power density, modification of anode
materials, especially with high porosity nano-structured materials, is a good approach.

3.1. Metal Compounds

An improvement in MFC performance can be obtained by modification of the anode with iron
compounds. Iron-reducing bacteria such as Geobacter sp. and Shewanella sp. are important electrogenes
in MFCs [77,78]. Due to the insolubility of iron compounds in the pH range of 7 to 8, Fe-reducing
bacteria reduce this metal either via direct contact with their outer membrane cytochromes or by using
conductive pili [79]. The use of Fe-modified electrodes in a bio-electrochemical coagulation system
increases the activity of denitrification enzymes [80]. The addition of iron also prevents methane
production under low redox potential [81], which is a common problem in MFCs. In an MFC with a CF
anode modified with graphene oxide (GO) and Fe,O3 and powered with pure acetate, the maximum
stable voltage was 590 + 5 mV [82], and the presence of iron stimulated the growth of exoelectrogens
belonging to Desulfovibrio sp. Fe304 and bentonite-Fe were used as GF anode modifiers, significantly
decreasing the internal resistance of MFC and increasing the maximum power densities to 18.28
and 29.98 mW/m?, respectively, compared to 10.6 mW/m? obtained in an MFC with a GF anode.
Modifications contributed to the enrichment of exoelectrogens from the genera Proteiniphilum and
Geobacter in the anode biofilm [83]. The dose of iron for modification should be carefully chosen,
because overdosing may result in lowered energy production [84].

MnO;, Pd, or Fe304 nanoparticles mixed with carbon black (CB) were used for the modification
of a CC anode in an MFC designed for removal of pharmaceutically active compounds. Nanoparticles
of MnO;, Pd, or Fe30, were loaded to the anode surface by using 5% Nafion reagent as a binder.
In MFCs with modified anodes, efficient removal of carbamazepine (over 80%) and, to a lesser extent,
ibuprofen (up to 20%) was noted. The maximum power density increased by 21, 15, and 10%,
respectively, in MFCs with Pd—, MnO,—, and Fe3O4—modified CB/CC anodes compared to the MFC
with a CB/CC anode. The anodic biofilm on anodes modified with MnO, and FezO4 was enriched
with Geobacter sp., while modification of the anode with Pd promoted the occurrence of both Geobacter
sp. and Sphaerochaeta sp. [85].

Electricity generation in MFCs can also be increased by co-modification with active substances.
Co-modification of MoO, nanoparticles highly dispersed on nitrogen-doped carbon nanorods with Co
increasing the electron conductivity of carbon. The biofilm from an MFC with an anode co-modified
with Co had fewer Geobacter sp., but it provided a higher power density in comparison to an anode
without Co. This indicates that Co is toxic for exoelectrogens but improves electrocatalytic activity and
increases power density [86]. Such an observation was confirmed by Alhamadi et al. [87] who showed
that Co/cellulose nanocomposites had antibacterial properties regarding both G+ and G- pathogens
such as Staphylococcus aureus, Escherichia coli, Acinetobacter baumannii, and Pseudomonas aeruginosa. On
the other hand, Kooti et al. [88] reported that CoFe;O4 (10 mg/mL) did not affect the growth of E. coli,
P. aeruginosa, S. aureus, and Bacillus subtilis. In another experiment, Co oxide synthesized from cobalt
(IT) nitrate increased the voltage in an MFC and electron transfer by almost two-fold compared to an
MEC with an unmodified anode [89].

The anode surface can also be modified by adding a modifying substance to the substrate
inoculated to an MFCs. The addition of Fe and S to the substrate resulted in the maintenance of
a stable voltage in the reactor and reduced the charge-transfer resistance of the anode. The power
density curves showed that, in the presence of Fe and S, the maximum power density of the MFC
was 1.92 times greater than in the control MFC [90]. Iron sulfides are capable of acting as naturally
occurring electrical conductors and electrocatalysts, which, due to their metallic and semiconductor
properties, facilitate extracellular electron transfer [34]. Many ferric reducing bacteria and sulfur
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reducing bacteria in anode biofilms are classified as exoelectrogens [91]. Sulphur reducing bacteria can
transfer electrons through four possible pathways, which are (I) syntrophic interaction with sulfur
oxidizing bacteria; (II) via cytochromes when there is a direct contact of the cell with the electrode;
(III) synthesis of electron-conducting pili produced by bacteria attached to the electrode surface; and
(IV) nanoparticles of metal sulfides, such as FeS, that transfer electrons via the external membrane
of the microbial cells [92-95]. The group of microorganisms involved in the biosynthesis of iron
sulfide nanoparticles, and thus, in biochemical processes generating electricity, include Shewanella
putrefaciens [96], Desulfobulbus sp. [97] Desulfovibrio vulgaris, and Acidiphilium cryputum [98]. The increase
in the share of sulfur metabolizing microorganisms belonging to Desulfobulbus sp. positively correlated
with the production of electric current in a powered with waste volatile fatty acids [99]. Modification of
the anode with iron sulfide nanomaterials promoted the growth of sulfur reducing bacteria belonging
to Enterobacteriaceae, Desulfovibrio sp., and Geobacter sp., which increased the electricity production in
MEFC [90].

3.2. Carbon Composities

MEFCs performance can be improved by anode modifications with allotrope varieties of carbon
(e.g., graphene), carbon compounds (e.g., graphene oxide—GO), or other carbon composites (e.g.,
carbon black—CB or carbon nanotubes—CNT). Carbon modifiers increase the specific surface area of
the anode, which creates more space for the attachment of microorganisms and increases the number
of electrochemically active sites for the electron transfer. Many of the carbon compounds are also
good conductors. For these reasons, carbon modifiers are commonly used in MFCs (Table 2), although
the antibacterial activity of some carbon compounds such as, e.g., graphene has been reported [100].
The antimicrobial activity of GO surface coatings increased four-fold when GO sheet area decreased
from 0.65 to 0.01 um?. The higher antimicrobial effect of smaller GO sheets was attributed to oxidative
mechanisms associated with the higher defect density of smaller sheets [101].

Previous studies indicate that an attractive option for anode modification is graphene, made
of carbon atoms with sp? hybridization, which form a tightly packed crystal lattice resembling a
honeycomb [102]. The structure of graphene gives it mechanical strength, flexibility, and excellent
electrical conductivity [82,103]. Modification of a CF anode using GO (GO was deposited by immersing
CF in a suspension of GO in ethylene glycol and heating at 200 °C) in an MFC powered with sodium
acetate increased the maximum stable voltage to about 13% higher than in MFC with an unmodified
anode [82]. Even better results were obtained by using reduced GO (rGO). Wu et al. [104] showed
that cathode modification with rGO in a membrane-less MFC improved energy recovery due to the
improved structure of cathode and electron transfer, and better biocompatibility of functional bacteria
related to electron transfer in comparison to a GO-modified anode. The modification of CF with zeolite
clay/GO increased the power density and corresponding Coulomb efficiency by 3.6 and 2.75 times
compared to an MFC with an unmodified CF anode. The high specific surface area of GO facilitated
the coating of the anode with zeolite. Zeolite adheres well to bacterial cells, which increased the
anodic biocompatibility [105]. Microbiological studies of biofilm on anodes covered with rGO and GO
showed that rGO favored the growth of exoelectrogens from Geobacter sp., which predominated in the
microbial community. The presence of rGO also promoted the growth of Ignavibacterium sp., which
both transfer electrons to the anode and degrade organic pollutants [104].

Another type of carbon compounds for anode modifications are CNTs, which are graphene foils
rolled into cylindrical nanotubes. The tube diameter can vary considerably and ranges from less than
1 nm to over 100 nm [106]. CNT, depending on the type of arrangement of hexagonal rings, can
show metallic or semiconductor properties. CNTs are characterized by high flexibility and excellent
thermal conductivity [107]. Liang et al. [108] observed that anode modification with GO, graphene,
and CNT increased the electrochemically active surface and the number of microbes in the anode
biofilm, and improved electricity generation in MFC. Depending on the modifying factor, after 110
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days, from 0.49 to 0.98 k] of energy was obtained. In an MFC with a CNT-modified anode, the highest
phenanthrene removal efficiency (78%) was obtained.

In MFC with a CNT/SS anode, the maximum power density was in the range of 69.8-164.9 W/m3,
and it was 7 to 21 times higher than in the control MFC with a GF anode. The energy recovery was at
a level of 0.15-0.60 kWh/kg COD [29]. It was also shown that multi-walled CNT with OH hydroxyl
group produced the higher current in comparison with CNT due to surface roughness and looser
network dispersion, which allowed for better bacterial adhesion [109]. Modification of GF anode
with CNTs increased the abundance of Deltaproteobacteria, Alphaproteobacteria, and Geobacter sp. in
comparison to unmodified anode [110]. In another study, similar conclusions were reached, because
the abundance of Desulfomonas sp. and Geobacter sp. on the GF anode modified with nitrogen-doped
CNT/polyaniline/MnO, was 1.33 times higher than in the biofilm of unmodified GF anode [111].

CB is a low-cost conductive nanomaterial, produced in the process of burning petroleum products,
that is used in electrochemical devices or sensors [112]. CB showed exceptional mechanical properties,
biocompatibility, and good electrochemical properties; therefore, it has been used to produce electrodes
with thinlayers of composites. CB canbe activated with chemical compounds. Study of Zhengetal. [113]
indicated that in MFC operated on LS matrix modified with CB with H,O, treatment produced more
power compared to identically operated MFC but with CB with HNOj3 treatment and a control MFC
without chemical treatment of CB. The integration of conductive coke with a relatively high specific
surface area to which microorganisms readily adhere to a conductive CB, which has a low electrical
resistance at a ratio of 2:1, increased in power density by a factor of 2.3 in comparison with control.
The complementary advantages of both carbon materials enhanced the performance of the MFC [114].

Table 2. Performance of MFCs with an anode modified with carbon nanocomposites.

Reactor

Anode Modification . . Substrate Power Density Inoculum Reference
Configuration
LS/CB/H,0, Dual chamber  Sodium acetate 62 W/m?3 MEC effluent [113]
Anaerobic
CVe/ACP MFC stack Urine 21 W/m?3 activated [115]
sludge
CC/CB - Sodium acetate 12 A/m? MEFC effluent [116]
CC/MWCNT-COOH  Single chamber Glucose 560 mW/m? Agf;f;gt:d [117]
Carbon fiber Dual chamb. Wastewat 1278 mW/m3  Wastewat [118]
brush/MWCNT ual chamber astewater mW/m astewater
SS/AC 244 mW/m?
SS/CNT Single chamber Acetate 261 mW/m?2 MEC effluent [119]
SS/SWCNhorns 327 mW/m?
Sponge/nlct':ll'g%en—doped Dual chamber  Sodium acetate 2.8 W/m? - [120]
3D G/MWCNTs/SS Dual chamber Lactate 502 W/m?3 Shewanella [121]
oneidensis
GOA-GFB
graphite fiber . 3 Shewanella
brush/graphene oxide Dual chamber Sodium lactate 54 W/m oneidensis MR-1 [122]
aerogel
Nitrogen-doped . 2 anaerobic
CNS/CC Dual chamber  Sodium acetate 1122 mW/m sludge [123]

3.3. Polymers

In recent years, much research has focused on the modification of anodes in MFCs using
semiconductor polymers such as polydopamine (PDA), polypyroles (PPy), and polyaniline (PANI).
Modification of the anode with polymers increased capacitive properties, biocompatibility, and an
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active surface of the anode [124]. Polymers are quite stable and are not quickly consumed in the reactor.
The literature review shows that, in MFCs with polymer-modified anodes, the power density was in
the range of 17-3317 mW/m? (Table 3). The use of polymers and additional modifiers, such as graphene
or metal nanoparticles, allows us to obtain more electrochemically active sites on the anode [41].

The use of PANI as a modifier increases the electrochemical activity and roughness of the anode,
reduces the anode potential, and also gives higher reproducibility of the results than in the case of
unmodified anode [125]. PANI is a hydrophilic compound, therefore PANI coating can enhance
the transfer of nutrients to the anode biofilm [126]. For anode modifications, PANI together with
nanocomposites, e.g., Au, can be used to increase the low biocompatibility of pure metal nanoparticles.
The Au/PANI-modified CC anode showed higher electrochemical activity due to increased specific
surface area and electrical conductivity. The power density generated at the Au/PANI/CC anode was
2.42,1.45, and 3.72 times higher than that of the unmodified anode, PANI-modified, and Au-modified
CC anode, respectively [127]. Mashkour et al. [126] investigated the effect of modification of an
anode from bacterial cellulose-carbon nanotubes (BC/CNT) with polyaniline (BC/CNT/PANI). Before
colonization, Rct for the BC/CNT-modified anode was 14.52 () and for the BC/CNT/PANI-modified
anode was 41.28 (). The higher Rct of BC/CNT/PANI anode compared to the BC/CNT anode can be
explained by a low conductivity of PANI in neutral pH. However, after biofilm formation, the Rct
of the electrodes demonstrated an opposite trend. Biofilm density on the BC/CNT/PANI-modified
anode was higher than on the BC/CNT anode. Image analysis indicated that PANI increased the
biocompatibility of the anode and microbial growth—the average diameter of bacteria in biofilm from
the BC/CNT/PANI-modified anode was more than two times higher than in the biofilm from the
BC/CNT-modified anode.

The method used for anode modification also affects the efficiency of energy generation in the
MFC. The use of pulsed electropolymerization allowed to obtain a brush-like structure on the surface of
PANI-modified CC anode. The obtained maximum power density of an MFC with an anode modified
with pulsed electropolymerization was 36% higher than that of an MFC with an anode modified with
PANI at a constant voltage and 58% higher than in an MFC with an unmodified anode. In addition,
over 50% reduction in Rct was obtained if pulsed electropolymerization was applied during the anode
modification in comparison with other anodes [128].

Modification of an anode with PDA causes that the anode surface is more hydrophilic and a cell
power density in MFC is higher [129]. PDA was used to modify Mo,C/MoO; nanoparticles on a CF
anode, increasing the current density by 4.96 times compared to the unmodified FC anode and 1.38
times compared to an the MFC with the Mo,C/MoO,-modified anode. Modification of nanoparticles
with PDA also lowers the Rct of MFC [130]. The promising results were obtained by modifying a CC
anode simultaneously with PDA and rGO. The use of both modifications of CC anode increased the
power density 2.2 and 1.9 times compared to the PDA-modified and rGO-modified anodes, respectively.
The presence of PDA increased hydrophilicity of the anode surface and adhesion of bacterial cells,
while the rGO provided more electrochemically active sites on the anode surface [131].

The beneficial effect of a simultaneous modification of an anode with polymer and other substances
was also reported for PPy. The modification of CBr with PPy, carboxymethylcellulose and CNTs allowed
us to obtain a macroporous 3D structure with a high specific surface area on the anode that promoted
adhesion and growth of microorganisms. This modification increased the working time of MFCs due
to long-term maintenance of an electrochemical activity of microbial cells. CNTs increased the anode
conductivity, and PPy provided a high capacity and biocompatibility of the anode [120]. Modification
of SS anode with PPy increased the corrosion resistance, biocompatibility, and power density of the
anode compared to an unmodified stainless-steel anode [132]. Modification of anodes with CNT and
PPy was reported as an attractive and inexpensive alternative to the use of Pt in MFCs [133]. There are
also reports on the use of more niche modifiers, such as poly(3-aminophenylboronic acid). The use of
poly(3-aminophenylboronic acid) to modify the CC anode shortened the growth time of the bacterial
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biofilm on the electrodes by two times, while the power density was 928 + 20 mW/m? and was about
4.5 times higher than in the MFC with an unmodified anode [134].

In many cases, the modification of anodes with polymers contributed to the improvement of the
hydrophilicity and specific surface of the anode. PANI electroplating introduced a rough layer on the
graphite fiber. SEM analysis showed that the PANI membrane was rough and loose, containing a lot of
nano-cilia. Bare GF had a strongly hydrophobic surface (water contact angle of 113-120°), but after
modification with PANI, the water droplet was completely and rapidly adsorbed by the anode [135]

On the other hand, the sponge made of polyvinyl formaldehyde and graphite nanopowder showed
a hyperhydrophilic character—regardless of the share of the graphite nanopowder, the anode contact
angle was <10° [136]. In another study, the PDA/rGO coating improved biocompatibility of the CC
membrane—the water contact angle was close to 0° (superhydrophilicity). Superhydrophilicity
contributed to the rapid adherence of microorganisms and increased bacterial stability on the
anodes [137]. Polymers also reduce the corrosivity of metals. The bare SS plate was smooth
with only some scratches. In contrast, the PPy-coated SS plate surface was covered with particles with
a diameter of 1 to 2.5 pm, and the electrode surface was rough and porous. The corrosion potential
decreased from —553.6 to —382.2 mV after the modification of the SS plate with PPy [132].

Table 3. Performance of MFCs with anodes modified with polymers.

Anode Modification Cox?ffgaliz:ion Substrate Power Density Inoculum Reference
PPy-CMC-CNTs/CBr Dual chamber Sodium acetate 2970 mW/m? Mixed culture [138]
PPy-CMC-TiN/CBr hydrogel anode ~ Dual chamber Sodium acetate 14 W/m3 Anaeroblc [139]
mixed culture
Landfill
~ ; ; 2 /
SS/PPy-W Single chamber Sodium acetate 1870 mW/m' leachate [140]
PPy/MWNT/graphite rods Single chamber Saccharose 201 mW/m? AI;{;E;;:IC [141]
magnetic
PPy/nanofibers/SrFe1,019/nonwoven  Dual chamber Glucose 3317 mW/m?2 MEC effluent [142]
textile
. Geobacter
3 /
PPy/SAC/SS Dual chamber Sodium acetate 45 W/m: sulfurreducens [143]
Oil-containing mixed bacterial
1,07 ingle chamber restaurant 2073 mW/m’ 4
TizO;/GO/PANI Single chamb W/m?2 culture 144
wastewater
Anaerobic
PANI/GF Dual chamber Sodium acetate 216 mW/m?2 sludge with [145]
Chaetoceros
Escherichia coli
2
Au/PANI/CC Dual chamber Glucose 804 mW/m ATCC 27305 [127]
. Shewanella
! * 2 /
TiO,-20 *PANI/CP Dual chamber NaHCO; 813 mW/m loihica PV-4 [146]
rGO/PANI/CBr Single chamber Glucose 862 mW/m? Sludge [147]
PANI/Fe/GF Bentos MFC ~ eawaterandmarine o oy, o Marine [148]
sediment sediment
Mixed medium
containing M9 salt Shewanella
nanoflower, ual chamber medium, 5% 389 mW/m . . 49
PANI flower/CC Dual chamb dium, 5% LB /m? [149]
broth. and 10 mM oneidensis MR-1
sodium lactate
Activated
PDA/rGO/CC Dual chamber Sodium acetate 2047 mW/m? anaerobic [131]
sludge
PDA/Mo,C-MoO,/GF Single chamber Glucose 1640 mW/m? E. coli [130]
PDA **/AC/SS Single chamber  /astewater with 803 mW/m? Wastewater [129]

acetate

* 20 cycles of cyclic voltammetry polymerization. ** With 50% (wt.) polydopamine (PDA) added.
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In research on modifications of the anode with polymers or co-modification with other metal or
carbon compounds, pure cultures of microorganisms such as Escherichia coli [127] or Shewanella sp. [150,
151] are most often used to inoculate the reactors. There are few studies on the influence of anode
modifications with polymers on multispecies microbial community of anode. They indicate that the
modifications increase the number of Proteobacteria, Deltaproteobacteria, and the genus Geobacter [110,152].
The presence of polydiallyldimethylammonium (PDDA) on the CF electrode accelerated the attachment
of exoelectrogens to the surface through electrostatic attraction—Geobacter sp. and Pseudomonas sp.
were about nine and three times higher, respectively, on PDDA-modified CF anode than on the
unmodified anode [152]. On the other hand, the share of exoelectrogens from genera Acinetobacter,
Brucella, and Bacillus was about 1.4 times lower on PDDA-modified CC anode than on the unmodified
anode [153]. Chen and Wang [154] showed that E. coli cells grown in PDDA microcarriers had the same
viability as those grown in suspension, as evidenced by an increase in optical density and cell number.
However, Chlorella vulgaris cells showed extremely poor viability inside PDDA microcarriers, possibly
due to blockage of nutrient uptake by the diallyldimethylammonium quaternary ammonium cation.
At anodes modified with 50% PDA, an approximate twofold increase in the percentage of Proteobacteria
(up to 33%) and Firmicutes (up to 3%) biomass was observed compared to unmodified anode [129].
Modification of the CC anode with PANI stimulated the participation of Geobacter sp. in the biofilm,
while the simultaneous use of PDA with rGO on the CC anode caused that Geobacter sp. accounted
for over 80% of the microorganisms identified in the biofilm. The anode modifications could select
for the growth of bacteria from the anolyte. Changes in the properties of the anode surface may also
affect a transcriptomic profile of microorganisms in MFC; in the cells of microorganisms inhabiting the
PDA/rGO modified anode, electrogenesis related to outer-surface octaheme c-type cytochrome omcZ
was highly expressed [155].

4. Conclusions

To increase the production of electricity in MFCs, a holistic approach should be applied that
connects operational parameters of the reactor with environmental conditions and microbial structure of
the biomass. The literature review shows that the most promising solutions for MFCs are modification
of anodes from highly conductive carbon nanomaterials with polymers (e.g., PDA or PANI) and
carbon-derived materials (e.g., GO or CNT). Such modifications increased hydrophilicity and the
specific surface of anodes, resulting in a higher electricity production. Anode modifications affect
the composition of exoelectrogenic bacteria in the anode biofilm, and sulfur-reducing bacteria are
regarded as microorganisms mostly responsible for the efficient production of electricity. Although
technological research indicates an improvement in the efficiency of energy generation as a result of
modification, there is little data showing the effect of modification on microbial metabolism. Therefore,
future research should focus on metatranscriptomic analysis to indicate factors that determine the
activity of exoelectrogens in MFCs.
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Abbreviations

AC active carbon

ACNFN activated carbon nanofiber nonwoven

ACP activated carbon powder

BC bacterial cellulose

CB carbon black

CBr carbon brush

CC carbon cloth

CF/GF carbon/graphite felt

CMC carboxymethylcellulose

CMF carbon microfiber

CNF carbon nanofiber

CNS caron nanosheet

CNT carbon nanotubes

COD chemical oxygen demand

cp carbon paper

CVe carbon veil

GFB graphite fiber brush

GO graphene oxide

GOA graphene oxide aerogel

GP graphite paper

kWh kilowatt hour

LS loofah sponge

MEC microbial fuel cell

MWCNT multi-walled carbon nanotube

PANI polyaniline

PDA polydopamine

PDDA polydiallyldimethylammonium

PEM proton exchange membrane

PPy polypyroles

Rct charge transfer resistance

rGO reduced graphene oxide

SAC sargassum activated carbon

SS stainless-steel

SWCNhorns  single-walled carbon nanohorns

TiN titanium nanoparticle
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Abstract: Development of economical and environment-friendly Microbial Fuel Cells (MFCs)
technology should be associated with waste management. However, current knowledge regarding
microbiological bases of electricity production from complex waste substrates is insufficient. In the
following study, microbial composition and electricity generation were investigated in MFCs powered
with waste volatile fatty acids (VFAs) from anaerobic digestion of primary sludge. Two anode sizes
were tested, resulting in organic loading rates (OLRs) of 69.12 and 36.21 mg chemical oxygen demand
(COD)/(g MLSS-d) in MFC1 and MFC2, respectively. Time of MFC operation affected the microbial
structure and the use of waste VFAs promoted microbial diversity. High abundance of Deftia sp. and
Methanobacterium sp. characterized start-up period in MFCs. During stable operation, higher OLR in
MEFC1 favored growth of exoelectrogens from Rhodopseudomonas sp. (13.2%) resulting in a higher and
more stable electricity production in comparison with MFC2. At alower OLR in MFC2, the percentage
of exoelectrogens in biomass decreased, while the abundance of genera Leucobacter, Frigoribacterium
and Phenylobacterium increased. In turn, this efficiently decomposed complex organic substances,
favoring high and stable COD removal (over 85%). Independent of the anode size, Clostridium sp. and
exoelectrogens belonging to genera Desulfobulbus and Acinetobacter were abundant in MFCs powered
with waste VFAs.

Keywords: MFC; Rhodopseudomonas; anode surface; waste VFA; NGS

1. Introduction

In view of the increasing demand for electricity, sustainable production of electricity from
renewable sources by microorganisms is considered an alternative to the generation of energy based
on fossil fuels. One of the most attractive solutions are Microbial Fuel Cells (MFCs), which use the
metabolism of microorganisms to produce electricity by oxidizing organic substances on the anode
and transferring the produced electrons to the cathode without using mediators [1,2].

Most studies on MFCs have been conducted using simple substrates such as glucose or acetate [3,4].
The use of pure acetic acid or its salt in the form of sodium acetate allows for the efficient production of
electricity at a high coulombic efficiency [5,6]. Unfortunately, such solution is expensive. To develop
economical MFC technology, electricity production should be associated with waste management.
The use of complex waste substrates may, however, result in a lower efficiency of electricity generation
because microorganisms need time to degrade the complex organic compounds, often present in form
of suspensions. To date, waste substances such as molasses, wastewater or food waste have been used
to power MFCs [7-9]. The use of wastewater streams rich in short chain fatty acids (volatile fatty acids
(VFAs)), which are formed as a result of hydrolysis of organic compounds during acid fermentation,
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is an environment-friendly solution. Freguia et al. [10] investigated the use of VFAs in two-chamber
MECs. After about 30 days of operation, they reached a constant current level of 21 + 2 mA, and mainly
acetate and propionate were taken as electron donors. The remaining VFAs, i.e., butyric, valerian
and capron acids, were removed at a lower rate. For waste treatment, MFC competes directly with
anaerobic digestion (AD), which is already widely practiced and also commercially implemented in
large factories, albeit no electricity is directly produced. In comparison with conventional AD, the MFC
technology holds specific advantages, such as its applicability for the treatment of substrates with
low concentration at temperatures below 20 °C. This provides specific niche applications that do not
compete with, but complement, the AD technology.

The conversion of biomass to electricity depends on the composition of the microbial community.
Microorganisms in MFC may play different roles. The most important group from the perspective of
electricity generation are exoelectrogens, which transfer electrons to the anode [11]. Electrochemically
inactive microorganisms are also important because they degrade complex substrates to a simpler
one that can be used by exoelectrogens [12,13]. Some microorganisms support defense properties of
biofilm and protect other bacteria from unfavorable environmental conditions e.g., a presence of heavy
metals [14]. It has been shown that in acetate-based biofilms Deltaproteobacteria transfer electrons directly
to the anode, while Clostridia are responsible for the transformation of complex substrates [15,16].
In MFCs fed with acetate, abundant populations of Synergistetes, Bacteroidetes, Proteobacteria and
Firmicutes have been observed in anode biofilms [17]. The main groups of anode microorganisms in a
two-chamber MFC with graphite electrodes powered with food waste were Firmicutes, Bacteroidetes and
Proteobacteria represented by classes Bacilli, Bacteroidia, Deltaproteobacteria and Gammaproteobacteria [18].
The predominant exoelectrogen was Geobacter sp., that directly transported electrons to the anode
using highly conductive type ¢ cytochromes and pili.

The up-scaling of MFCs requires investigations on new materials and reactor configurations
because the enlargement of MFCs increases internal electricity losses, which results in a relatively
low output power. Peixoto et al. [19] indicated the suitability of compact, flat MFCs for wastewater
treatment as a solution for autonomous service in decentralized wastewater treatment systems. A larger
active anode surface can increase the MFC output power until the cathode reaction becomes limited,
because the large surface provides more space for microorganisms [20]. The impact of anode size on
electricity generation in MFCs was investigated by Lanas et al. [21] and Rossi et al. [22]. Lanas et al. [21]
used carbon fiber brushes and sodium acetate as a substrate in single-chamber MFCs. In batch mode,
the configuration with three larger brushes (25 mm diameter) produced 80% more power than reactors
with eight smaller brushes. Rossi et al. [22] used graphite fiber brushes and primary clarifier effluent in
single-chamber MFCs. Reducing the diameter of the anode brushes from 5.1 to 2.5 cm did not improve
the anode performance, however, the electrode spacing and hydraulic flow were important for MFC
performance. Information about the impact of anode size on microorganism and energy production in
MEFCs powered with complex waste substrates is, however, insufficient and suggests the novelty of
the study.

The aim of this study was to examine to the effect of the anode size on the microbiological structure
of the anode and the efficiency of energy generation in MFCs fed with waste organics. In the study,
volatile fatty acids (VFAs) from AD of primary sludge were used to generate electricity in line with the
assumptions of a circular economy.

2. Materials and Methods

2.1. Reactor Set-Up

The experiment was carried out in two identical dual-chamber reactors (H type) made of Plexiglas
with cathode and anode chambers, each with a volume of 1L; the active volume of the anode chambers
was 700 mL. A Nafion 117 (Alfa Aesar) proton exchange membrane (PEM) with a surface of 8.5 cm?
was placed between anode and cathode chamber as shown in Figure S1. PEM was treated with 1M
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HCI for 30 min and then rinsed with distilled water before use. The electrodes were made of carbon
felt (CGT Carbon GmbH, Asbach, Germany) and, without pre-treatment, they were applied to a Zn-Fe
wire. In MFC1, the anode was made of 20 carbon felt discs (each disc with a 30 cm? surface, total
surface area was 600 cm?). In MFC2, the anode had a surface area of 1200 cm? (40 carbon felt discs).
In both MFCs the cathode surface was 70 cm?. The external circuit, connecting the anode and cathode,
was made of copper wire connected with a 1-kQ) resistor. The catholyte consisted of 5 g NaCl and
50 mL of phosphate buffer in 1L of distilled water. The catholyte was adjusted to pH 7 with 1M NaOH
and 1M HCl.

2.2. Medium and Operation

MEFCs were inoculated with 50 mL of aerobic granular sludge from a full-scale wastewater
treatment plant in Lubawa (Poland). The microbial characteristics of the inoculum are presented in
Swiatczak and Cydzik-Kwiatkowska [23]. The process was carried out using a VFAs mixture from
AD of primary sludge in a wastewater treatment plant in Olsztyn (Poland) as an electron donor.
Characteristics of the VFAs mixture were as follows: 2049 + 505.5 mg COD/L; 1512.5 + 164.3 mg
BODs/L; 648 + 123.2 mg VFA/L; 192.2 + 32.1 mg TN/L; 45.4 + 5.9 mg TP/L; 1750.0 + 132.0 mg TSS/L.
VFAs mixture was sieved through a 2-mm sieve and stored at 4 °C. The anolyte was replaced every
24 h and mixed with crude VFAs in such a ratio that the COD value was about 750 mg COD/L. The pH
was adjusted to 7 with 1M NaOH and 1M HCl. The organic loading rate (OLR) in both MFCs was
750 mg COD/(L-d) corresponding to 69.12 and 36.21 mg COD/(g Mixed Liquor Suspended Solids
(MLSS-d)) in MFC1 and MFC2, respectively. The MFCs were run for 90 days at room temperature,
the OLRs were kept constant throughout the experiment.

2.3. Chemical Analyses

Chemical analyzes of the effluent from the anode chamber included COD concentration, VFA and
pH. COD was determined by the cuvette test (Hach Lange, Wroctaw, Poland), VFA by distillation
according to APHA [24] and pH using TitroLine (Donserv, Warsaw, Poland). Biomass was determined
by the weighting method in accordance with APHA [24]. Polarization and power curves were
determined according to Watson and Logan [25] using a True-RMS multimeter changing the external
resistance of the cell in the range of 30-120,000 Q). For data collection, the 6600 Counts PC-LINK
data acquisition unit was used to record voltage changes every minute. The current was calculated
from external resistance using Ohm’s law. All calculations were carried out in accordance with
Logan et al. [1]. Coulombic efficiency (CE) was determined by using the Equation (1):

th
M J, lat

CE = £5~.ACOD

@
where M is molecular weight of oxygen, F is Faraday’s constant, b is a number of electron exchanged per
mole of oxygen, v is volume of liquid in the anode chamber and ACOD is change in COD concentration
over time (tp).

2.4. Microbial Analyses

During the operation of the reactors, samples of inoculum and biomass and supernatant
from MFC1 and MFC2 powered with VFAs were collected to analyze microbial composition with
next-generation sequencing (NGS). The biomass was collected at 6th, 42th, 61th, 72th, and 87th
day of the experiment. The mixture of biomass and supernatant was centrifuged at 13,000 rpm
for 10 min. The collected pellets were stored at —20 °C and at the end of the experiment DNA
was isolated from all samples using FastDNA® SPIN® Kit For Soil (Q-BIO gene). The quantity
and quality of DNA was assessed with the use of NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA, USA) and agarose electrophoresis. The samples were then amplified using primers
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515F/806R (GTGCCAGCMGCCGCGGTAA/GGACTACHVGGGTWTCTAAT) targeting the V4 region
of the bacterial 165 rDNA gene and sequenced using MiSeq Illumina Platform in Research and Testing
Laboratory (USA). Over 400 thousand full sequences were obtained (Table 1). The obtained sequences
were analyzed bioinformatically as described in Swiatczak and Cydzik-Kwiatkowska [23]. Because the
samples were obtained in the same run and characterized by similar amounts of sequences, to avoid loss
of data, the data were not normalized. For calculations and visualizations, the ampvis2 package [26]
for R version 3.6.2 [27] in the RStudio environment, version 0.99 were used. Diversity of samples was
assessed at a genus level using the Shannon index of diversity [28]. A value of p < 0.05 was defined
as significant. The sequences have been deposited in the NCBI Sequence Read Archive (SRA) as the
experiment entitled “MFC reactors Raw sequence reads” (Accession: PRJNA646600).

Table 1. Molecular indicators in Microbial Fuel Cell (MFC)1 and MFC2.

MEFC1 MEFC2
Da . . .
y Operational Taxonomic Units Shannon Reads OTUs Shannon Reads
(OTUs)

6 1019 3.963 38,439 1026 4.548 40,590
42 466 2.934 43,939 673 4.044 32,622
61 1026 4.869 57,866 1155 5.423 40,904
72 984 4.808 40,880 1027 5.219 37,040
87 905 4.907 41,054 823 4.906 41,304

The technological and molecular results were statistically analyzed in the Statistica 13.1 (StatSoft)
using Student’s t-test. The results were considered significant at p < 0.05.

3. Results and Discussion

3.1. Electricity Generation

After the addition of a fresh substrate, cell voltage increased rapidly to 50-70 mV (Figure 1a)

and 80-90 mV (Figure 1b) in MFC1 and MFC2, respectively, and then gradually decreased to about
20-30 mV.
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Figure 1. The averaged voltage in an MFC cycle (n = 7) in (a) MFC1 and (b) MFC2 and polarization
(grey line) and power curves (black line) in (¢) MFC1 and (d) MFC2; bars represent standard deviation;
the arrows show the affiliation of the curve to the axis.

Although the anode in MFC2 was larger, it did not result in a better power generation, because
the voltages were only initially higher than in MFC1, and after reaching a plateau they oscillated at a
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similar level. The current density after reaching the plateau in MFC1 (836 + 128 uA/m?) was about
2.6 times higher than in MFC2 (316 + 101 pA/m?). The power density was 3.5 mW/m? in MFC1 and
1.03-1072 mW/m? in MFC2. In studies of Choi et al. [29], it was observed that for 100 h after feeding of
MEC (1 kQ resistance) with VFAs mixture, a stable, low voltage of 174 mV was generated, and the
power density was 15.3 mW/m?. The higher MFC power than in our study may have resulted from the
use of a platinum coating on the cathode: such a coating accelerates the cathode reactions [30].

Power curves show that the power of the cells increased with the increase in external resistance.
The highest power obtained in MFC1 was 15.2 mW/m? at a current density of 0.54 mA/m? (external
resistance of 10 kQ2) (Figure 1c). Under normal conditions, the cell worked at a lower external resistance
of 1kQ, which explains the lower power range (1.3-3.5 mW/m?). Data indicate that increasing the
anode surface did not improve the cell power. In MFC2 at an external resistance of 6.2 k(), cell power
reached a maximum of 0.038 mW/m? and a current density was 0.23 mA/m? (Figure 1d). Similar
results to those observed in MFC2 were obtained by Revelo Romo et al. [31] in a two-chamber MFC
with a biocathode and a salt bridge. The voltage and power density were 8.0 mV and 0.02806 mW/m?,
respectively. The authors observed voltage fluctuations that could have been associated with the
activity of exoelectrogenic microorganisms, as well as those that are not able to transfer electrons to the
anode, but degrade organic matter. In the present study, internal resistance of the cells was determined
from the slope of the polarization curves in the linear region where the ohmic losses predominate.
In MEC 1, the internal resistance was 10.72 k(Q2, while in the MFC2 it was lower (9.12 kQ2), despite
a higher ratio of anode to membrane surface. Such high resistances can be explained by the cell
configuration: relatively small area of the membrane in relation to the reactor volume, which limited
proton flow [22,32], and the long distance between the anode and the cathode.

Lanas et al. [21] investigated how the diameter of anode brush, an anode number and the distance
between electrodes affected MFC performance. In batch mode, the configuration with three larger
brushes provided 80% more power than reactors with eight smaller brushes. This was due to the
greater negative and stable potential of the anode. After moving the smaller brushes closer to the
cathode, the power in the batch mode increased significantly from 690 to 1030 mW/m?. The distance
between the anode and the cathode in our study was much larger (15 cm) than in the studies of
Lanas et al. [21] (1.65 cm), which may explain the lower power of the cell. In the present study, PEM
fouling was observed (Figure 2) due to the rapid growth of microorganisms fed with waste VFAs.
Despite cleaning of the membrane, after several days of operation, a repeated overgrowing effect was
observed. Such a phenomenon can a reduce the efficiency of energy production in MFCs, due to
reduced proton transport.

Figure 2. Nafion membrane at (a) day 0 and (b) after 30 days of operation.

Lower OLR in MFC2, despite lower energy production, contributed to more efficient and stable
removal of organic compounds. In MFC1 (Figure 3a) the efficiency of COD removal ranged from
55 to 85% and averaged 65% at the end of the experiment. In MFC2, the COD removal efficiency
increased from about 55% at the beginning of the experiment to 85% during the cell’s stable operation
and was significantly higher (p = 0.03, F = 7.17) than in MFC1. Higher COD removal in MFC2 with a
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larger anode surface resulted from a higher biofilm mass (20.71 g/L) compared to MFC1 (10.85 g/L).
The stable operation of the cell overlapped with the stabilization of the species composition of the
microorganisms on the anode. The CE in both cases was low, indicating that only a limited fraction of
organic matter was converted into electricity. In MFC2, a decrease in the CE value was noticeable during
the experiment (Figure 3b). The highest CE was 0.024 and 0.028% in MFC1 and MFC2, respectively.
Low CE could be caused by the consumption of electrons by microorganisms that do not transfer
electrons to the electrode.
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Figure 3. Chemical oxygen demand (COD) removal and coulombic efficiency in (a) MFC1 and (b) MFC2.

To conclude, while using VFAs to generate energy in MFCs, the cell should be designed to
minimize the internal resistance and a rapid biofilm fouling. In the present study, more electricity
was generated in MFC with a smaller anode, i.e., in MFC operated at the higher OLR. A large anode
surface, although beneficial for the development of microorganisms and a more effective and stable
decomposition of the complex substrate, was not conducive to energy generation. Larger anode
surfaces can cause a large dispersion of electrons, some of which are consumed in other metabolic
processes, which increases electron losses.

3.2. Microbial Community

Analysis of rarefaction curves indicated that in all samples the sequencing depth was sufficient
(Figure S2). The results of NGS indicated that the number of operational taxonomic units (OTUs) did
not differ significantly between MFC1 and MFC2 (Table 1). The largest difference in the number of
OTUs was recorded on day 42, indicating a sharp decrease in the diversity of microorganisms in both
MECs. From this point, the Shannon index value increased in both MFCs reaching around 4.9 at the
end of the study.

Principal Component Analysis (PCA) showed that the time of operation significantly affected the
composition of microbial community in anode biofilm in MFCs (Figure 4). The most abundant groups
of microorganisms throughout the entire experiment were Rhodopseudomonas, Acidovorax, Acinetobacter,
Clostridium, Methanobacterium and Leucobacter (Figure 5). For both MFCs at the end of the study there
was a large number of sequences that were not yet classified in databases. A high percentage of
unclassified microorganisms indicates that the potential of microorganisms important for electricity
generation in MFC powered with waste VFAs is still to be discovered.
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Figure 4. Results of PCA; numbers next to points indicate days of sampling during the MFC operation.

Figure 5. Heatmap presenting the percentage of sequences belonging to particular taxa in MFC1 and
MFC2; in the bottom row, days of MFC operation are given.

On day 42, in MFC1 high percentages of Acidovorax sp., Acinetobacter sp., Deftia sp. and Fluviicola
sp. were observed. In contrast, in MFC2, next to Acidovorax sp., in the biofilm Rhodopseudomonas
sp., Methanobacterium sp. and Brevundimonas sp. predominated (Figure 5). The high share of
Methanobacterium sp. reaching 12.7% in MFC2 was unfavorable because methanogenesis may consume
up to 26% of all electrons generated in the cell [33]. The hydrogen generated in the cell can also be
used as an electron donor to produce methane in the oxidation of carbon dioxide to methane and
water [34], lowering electricity generation. The results of molecular studies indicating a higher share
of Methanobacterium sp. in MFC2 compared to MFC1 at the end of the study are in agreement with
technological data indicating a lower cell power due to higher electron losses. In MFC1, the abundance
of Deftin sp. reached 27.8% on day 42 and then this genus nearly disappeared in both MFCs
(Figure 5). The presence of Deftia sp. is desirable because it is a potential exoelectrogen [35] capable
of efficient generation of electricity in MFCs fed with organics such as sodium pyruvate [36]. Jangir
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et al. [37] observed that after inoculation of MFC with Deftia sp., the anode current immediately
rose above the typical background of 50 nA obtained for a sterile medium to about 400 nA after
11 h of testing. Percentage of Acidovorax sp. at day 42 was 17.0 and 12.2% in MFC1 and MFC2,
respectively. This denitrifying bacterium is able to grow using fatty acids [38] and prefers lower
operating temperatures of MFC [39]. Its high share in the initial stages of the experiment resulted
from the fact that for inoculation of MFCs, denitrifying aerobic granular sludge was used. The higher
decrease in the share of Acidovorax sp. in MFC1 indicated that this genus preferred lower OLR in MFC.

Rhodopseudomonas sp. predominated in biomass in MFC1, except from day 42, reaching 13.2% at
the end of the study. In contrast, in MFC2 the share of Rhodopseudomonas sp. gradually decreased from
19.3% on day 42 to around 2% at the end of the study. Rhodopseudomonas sp. can produce electricity
using a wide range of substrates at higher power densities than mixed cultures in the same device [40]
and can also generate hydrogen. Generation of hydrogen by this genus is well documented. According
to previous studies, hydrogen production by Rhodopseudomonas sp. from acetate and butyrate was
318.9 and 468.3 mL Hy/g COD, respectively [41] while wild strain Rhodopseudomonas palustris WP3-5
produced up to 1053.6 mL H,/g acetate [42]. Rhodopseudomonas sp. share in biomass in MFC operated
with acetate and glucose can reach over 60% [43]. Acinetobacter sp. that use hydrogen as an electron
donor [44,45] were abundant in both MFCs and at the end of the experiment, their percentage was
3.7 and 2.6% in MFC1 and MFC2, respectively. Acinetobacter sp. is involved not only in the transfer
of electrons to the anode, but also in a reduction of oxygen on the biocathode [9,46]. The share of
Acinetobacter sp. in biomass on biocathode can reach as much as 57.81% [47]. In the presented study,
the coexistence in the anode biofilm of hydrogen-consuming exoelectrogens belonging to Acinefobacter
sp. with hydrogen-producing exoelectrogens of Rhodopseudomonas sp. could have resulted in a high
current density.

In the present study, in MFCs powered by waste VFAs, different bacterial groups able to metabolize
a very broad range of organic substrates were identified. Clostridium sp. was present in both reactors.
Its participation in biomass in MFC1 increased from 1.4 to 1.6% at the beginning of the study to
5.9% at the end of the study. In MFC2, operated at the lower OLR, its share reached 6.4% at the
end of the experiment. Clostridium sp. participate in decomposition of both simple and complex
organic compounds, such as cellulose [48], producing butyrate, acetate, lactate, capronate (hexanoate),
butanol, acetone, acetoin, and ethanol [49]. Desulfobulbus sp. constituted 3.6 and 2.8% of biomass
in MFC1 and MFC2 at the end of the study, respectively. Desulfobulbus sp. can metabolize organic
acids such as propionate, lactate and pyruvate [50], however, electron transfer to the anode resulting
from metabolism of these acids is relatively inefficient; only about 25% of the available electrons
are transferred to the electrode surface [51]. This inefficient electron transfer by Desulfobulbus sp.
may have negatively affected electricity generation in MFCs in our study. Microorganisms from the
genera Bifidobacterium, Lactobacillus and Aminobacterium constituted a small percentage of biomass
at the beginning of the experiment, however, their number increased at the end of the experiment.
The abundance of Lactobacillus sp. that ferments lactose to VFAs [52,53] was similar in both MFCs.
The percentage of Aminobacterium sp., capable of protein degradation to monomeric by-products [54,55]
was nearly two times higher in MFC1 than in MFC2; this indicated that these microorganisms preferred
higher OLRs. The increase in Aminobacterium sp. abundance can be explained by the composition of
the anolyte—proteins comprise about 30% of volatile suspended solids in a primary sludge [56].

The lower OLR in MFC2 favored the growth of Phenylobacterium sp., Frigoribacterium sp., Leucobacter
sp., and Bifidobacterium sp. (Figure 5), that metabolize very diverse substrates, including hardly
degradable ones. Phenylobacterium sp. use e.g., chloridazone, antipyrin, pyramidone for growth and
simple compounds such as sugars, alcohols, amino acids or carboxilic acids are not used by them [57].
Frigoribacterium sp. are mainly involved in transformations of sugars such as N-acetyl-D-glucosamine,
L-arabinose, p-arbutin, D-fructose or D-cellobiose, while with organic acids they use only citrate and
fumarate [58]. Abundance of Leucobacter sp. increased over time; at the end of the study, Leucobater
sp. constituted 3.9 and 11.5% of biomass in MFC1 in MFC2, respectively. Generally, Leucobacter sp.
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show poor substrate utilization with a limited ability to assimilate many carbohydrates and carbon
sources [59]. The abundance of these aerobic bacteria in MFC is, however, desirable. In MFCs powered
with sodium acetate, glucose and ethanol in which air was introduced to the anode compartment
during a start-up period, the presence of aerobic Leucobacter sp. in the anode biofilm increased electricity
generation [60].

4. Conclusions

The use of waste VFAs from AD in MFCs favors energy recovery in wastewater treatment plants
and is in line with assumptions of a circular economy. To optimize the operation of MFCs powered
with waste substrates, knowledge of the effect of MFC operation and microbiological composition on
energy production should be broadened. In this study, it was shown that the higher OLR in MFC1
favored growth of exoelectrogens from Rhodopseudomonas sp. (13.2%) resulting in a higher and more
stable electricity production in comparison with MFC2. At a lower OLR in MFC2, the abundance
of genera Leucobacter, Frigoribacterium and Phenylobacterium increased which resulted in the efficient
decomposition of organics favoring high and stable COD removal. Independent of the anode size,
Clostridium sp. and exoelectrogens belonging to genera Desulfobulbus and Acinetobacter were abundant
in MFCs powered with waste VFAs. Future work will focus on a possibility of increasing electricity
generation by increasing the surface area of PEM.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/18/4712/s1,
Figure S1: Design of a dual-chamber MFC reactor, Figure S2: Rarefaction curves obtained for biomass samples
collected from MFC1 and MFC2 during the experiment (in Sample_ID the name of MFC and the day of sampling
are given).
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Figure 1 SM. Design of adual-chamber MFC reactor, where A- anode chamber, K- cathode
chamber and M- PEM membrane.
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Figure 2 SM. Rarefaction curves obtained for biomass samples collected from MFC1 and
MFC2 during the experiment (in Sample_ID the name of MFC and the day of sampling are

given).
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Abstract

The commercialization of microbial fuel cell technology is limited by high operating costs and low electricity production due
to poor electron transfer to the anode. Operational costs can be lowered by utilizing waste materials, and cell performance
can be improved by anode modification. This study investigated how anode modification with iron compounds changed the
efficiency of energy generation and the microbiome of microbial fuel cells fueled with waste volatile fatty acids from a full-
scale anaerobic digestion. Anode modification with 2.5 g Fe:203/m2 increased the power density, current density, and voltage
by 3.6-fold, 1.8-fold, and 1.4-fold, respectively. In the microbial fuel cell influent, propionic, enanthic, and iso-caproic acids
predominated (60, 15, and 13% of all volatile fatty acids, respectively); in the outflow, propionic (71%) and valeric acids
(17%) predominated. In anodic biofilms, Acidovorax sp. were most abundant; they have a great capacity for volatile fatty acids
decomposition, and their abundance doubled in the microbial fuel cell with an iron-modified anode. The presence of iron
significantly increased the abundance of the genera Pseudomonas and Geothrix, which were mainly responsible for electricity
production. These results indicate that anode modification with iron changes the anode microbiome, favoring efficient volatile
fatty acids metabolism and a greater abundance of electrogens in the biofilm, which ensures better electricity generation.

Keywords Anode modification - Microbial fuel cell - Microbiome - Iron - Volatile fatty acids

Introduction

In response to increased energy demand and out of concern
for the natural environment, microbial fuel cells (MFCs) are
of great interest to researchers. These cells, in addition to
their main function of generating electricity, can also con-
tribute to wastewater treatment (Liang et al. 2018). To gener-
ate electricity, microorganisms capable of biocatalysis can
transform the organic compounds contained in wastewater
(Ghasemi et al. 2011).

Carbon electrodes are commonly used electron acceptors
in MFC. They can take various forms, such as brushes, rods,
felts, and structures such as canvases. The most important
characteristic of these electrodes is that they should have
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the largest possible number of microchannels to allow
the penetration and flow of substances into the electrode
(Greenman et al. 2021). Additionally, low resistance, high
electrical conductivity, and a large specific surface area
are also desirable (Zhou et al. 2011). It has been shown
that increases in the efficiency of energy production by a
microbial cell are closely related to increases in coverage
of the anode with microorganisms. Electron transport at the
anode is improved by the growth of a biofilm (Cornejo et al.
2015). The coverage of the electrode with microorganisms
can be improved by increasing the specific surface area and
reducing the charge transfer resistance by the applications
of different anode materials and modifying the electrodes,
e.g., with metal oxides (Nosek et al. 2020). These oxides
significantly improve the efficiency of electron transport in
an MFC by serving as electrical conductors inside biologi-
cal membranes or by accumulating on the surface of bacte-
rial cells (Karn et al. 2009). The presence of iron oxides in
the environment increases the expression of genes encod-
ing type-c cytochromes (Kato et al. 2013), which intensi-
fies electron transfer processes in the anode regions. Iron
(IIT) oxide in a nano-colloidal form created a network of
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connections between organisms, increasing their mutual
adhesion, which raised the power generated in the cell by
up to 50-fold (Savla et al. 2020). Zheng et al. (2022) inves-
tigated the effect of iron added to the medium to improve
the efficiency of MFC. The experiment was conducted in
a single-chamber MFC with a carbon brush as an anode.
The cell achieved the highest power of 391.11 +9.4 mW/m?
at the lowest dose of magnetite Fe;O, of 4.5 g/L. Yu et al.
(2019) modified the graphite felt with Fe;0, by bonding it
to the surface with a polytetrafluoroethylene emulsion. This
modification improved the power density in soil MFC by 1.7
times compared to the control. Tripathi et al. (2022) used
dots coated with different doses (0.25, 0.5, 0.75, and 1 mg/
cm?) of iron (11, IIT) oxide (Fe;0,) as an anode. The anodes
were synthesized using a hydrothermal-assisted probe soni-
cation method. The maximum power density (440.01 mW/
m?) was observed in the MFC at the highest Fe;0, dose of
1 mg/cm?—it was about 1.5 times higher than that of the
MEC with an anode made of pure graphite sheet. Up to now,
mainly pure substrates have been used in MFCs, such as
glycerol (Tremouli et al. 2016), glucose (Christwardana et al.
2018), or acetate (Ullah and Zeshan 2020), which ensured
successful electricity production. Recently, waste substances
have started to be used, including municipal wastewater,
landfill leachate, and volatile fatty acids (VFAs) from pri-
mary sludge treatment; this approach offers the benefit of
energy recovery from waste products.

From an engineering point of view, combining
technologies like anaerobic digestion (AD) and MFC to
generate energy from waste is beneficial. When organic
compounds are decomposed in AD, VFAs are formed, which
can serve as a carbon source for MFC microorganisms to
simultaneously generate electricity. For example, Hou et al.
(2020) used a digestion tank as the anodic chamber for an
MEFC process (AD-MFC) to treat food waste. They found
that a combined AD-MFC system supported with algae
in the cathode chamber produced biogas with a methane
content twice as high as that produced by AD alone and 34%
higher than that produced by AD-MFC. Additionally, the
algae-supported MFC maintained a high voltage of 490 mV
for 20 days. Combining AD and an MFC in one system
can help with the early detection of VFA concentrations
that are too high for the AD process. Schievano et al.
(2018) reported that when the concentration of VFAs in
the chamber increased to 4000 mg acetate/L, the voltage
dropped, which was associated with the inhibition of the
activity of microorganisms. Another study used a continuous
process with hydrogen/VFA generation in the first stage
and electricity generation in an MFC in the second. The
combined system was able to reduce COD by 90%, and
the maximum power density achieved with the system was
22.26 mW/m? (Pant et al. 2013). Choi et al. (2011) used
VFA from the fermentation of food waste in a two-chamber
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and a single-chamber MFC. They observed that acetic acid
and propionic acid were consumed most rapidly and that the
voltage and power density reached 533 mV and 240 mW/
m?, respectively. When only butyrate and valerate were
present in the cell, the voltage dropped to 390 mV, indicating
that electron deposition with these VFAs was lower in
comparison with the deposition with VFAs with shorter
chain lengths. Acetate alone was removed more rapidly
than acetate in a mixture with other VFAs, suggesting that
the other VFAs may have inhibited acetate degradation.
In another study by Freguia et al. (2010), a synthetic VFA
mixture based on the composition of digested sludge
from domestic wastewater treatment was used. For power
generation from the VFAs, mainly acetate and propionate
were utilized, while butyrates, valerates, and caproic acids
were utilized to a lesser extent. To the best of the authors’
knowledge, no studies were conducted with real VFA in
MECs with Fe-modified anodes.

Energy generation in an MFC is closely related to the
species composition of the anode biofilm. Typically, mixed
cultures make good synergistic consortiums because each
species plays a specific role in the degradation of complex
organic compounds. Some bacteria are responsible for
breaking down complex compounds into simple ones
and others for protecting the biofilm from environmental
stress (Costerton 2007). Xin et al. (2019) tested the use of
food waste hydrolysate as an electron donor in an MFC.
They found that the main genera were Rummeliibacillus,
Burkholderia, Enterococcus, and Clostridium and that
the electrogenesis efficiency (0.977 kWh/kg COD)
was higher than that of a single carbon source MFC.
Syntrophic interactions between fermentation species
and exoelectrogens played a key role in the generation
of electricity by the anode biofilm. He et al. (2021) used
sludge fermentation liquid (SFL) and fruit waste extracts
(FWE) in MFC. The mixture of SFL and FWE promoted
the presence of the genera Clostridium, Alicycliphilus,
Thermomonas, Geobacter, Paludibaculum, Pseudomonas,
Taibaiella, and Comamonas, which collaborated to degrade
COD and generate electricity. Analysis of the VFAs
in the wastewater of the MFC fed FWE indicated that
synergistic interactions of microorganisms led to substrate
bioconversion and bioelectricity production. In studies
using the PCR-DGGE technique, in which real or synthetic
VFAs were used in MFCs, microorganisms of the genera
Geobacter, Comammonas, Pseudomonas, Xanthomonas,
Sphingobacterium, and Pelobacter were present in the
biofilm that developed on unmodified electrodes (Freguia
et al. 2010, Choi et al. 2011). However, their percent
abundance in the biomass could not be determined, due to
the limitations of the method. To ensure an in-depth analysis
of the microbial community, the most advanced molecular
techniques, such as next-generation sequencing, should be
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used that allow determining the percentages of all bacteria in
the community even those that are present in low numbers,
but can be of great importance for the process efficiency
(Dubey et al. 2022). These advanced methods have not
been used to investigate how modifying the anode with
iron affects the relationships between organic degraders
and electrogens in the anodic biofilm of MFCs fed with real
VFAs.

Even though energy can be efficiently produced in
MEFC by using pure, quickly metabolized substrates such
as glucose or acetate, the economic aspects of the process
should be improved. Using complex waste substrates does
not involve the costs associated with pure substrates and is
in line with the assumptions of a circular economy. However,
these substrates tend to reduce the efficiency and energy
generation potential of the process. A potential means of
offsetting these reductions is the use of modified anodes.
It is also important to determine which microorganisms
guarantee effective energy production under these
conditions. So far no studies were presented on the use of
VFA in MFC with MFC coated with iron oxide, none were
the metabolism of VFA and microbial structure of anodic
consortium analyzed to focus on how the substrates from
waste VFAs are used in MFC and indicate the main players
involved in the metabolism of real mixed organic compounds
and energy generation. Therefore, the objectives of this
study were to assess the possibility of using VFAs from the
full-scale AD of primary sludge for electricity generation in
an MFC with an iron-modified anode and to investigate the
influence of iron on the microbial composition of the anodic
biofilm and VFA removal.

This study was carried out in northeastern Poland from
September 2021 to March 2022.

Fig.1 Scheme of the MFC

Materials and methods
MFC configuration

The tests were performed in two separate reactors made of
transparent acrylic glass (Fig. 1). Each of them contained
anode and cathode chambers (active volume 1 L), which
were connected by a transverse, cylindrical conductor in
which a Nafion N-117 proton exchange membrane (Alfa
Aesar) was placed. The membrane area was 8.5 cm?. Before
use, the membrane was rinsed for half an hour in acetone
and then rinsed with distilled water, soaked in 1 M HCl
for 30 min, and rinsed with distilled water. Due to mem-
brane clogging, once a week, the membrane was cleaned
in 1 M HCI and rinsed with distilled water (for details, see
Nosek and Cydzik-Kwiatkowska 2020). The electrodes were
made of 10X 10 cm carbon felt (CGT Carbon GmbH). The
external electrical circuit was made of stainless steel wire
and connected to a 4.7 kQ resistor. The cathode chamber
was filled with a catholyte containing 1.5 mg of NaCl and
38 mL of phosphate buffer in 1 L of distilled water. The
cathode chamber was continuously aerated with an airflow
rate (20 mL/min).

Anode modification

The control reactor (MFC_, ;) was operated with an
unmodified anode (pure carbon felt). In the second reac-
tor (MFCp,), an anode made of carbon felt was modified
by the deposition of 0.05 g of iron (III) oxide (Chempur,
Poland). For modification, a suspension containing 0.05 g
of metal oxide and 100 mL of distilled water was prepared.
The suspension was placed in an ultrasonic bath for 15 min,
the carbon felt was immersed in the slurry and autoclaved
(Prestige Medical, 1.1 bar, and 121 °C). After autoclaving

rector

wastewater

co,

multimeter

@

o |

g

H+

@ Springer

89:2174474271



13024

International Journal of Environmental Science and Technology (2023) 20:13021-13032

for 1 h, the anode was dried at 80 °C. If it was determined
that the iron deposition on the electrode was less than 95%,
the procedure was repeated.

The degree of Fe deposition on the anode (n) was
determined by measuring the Fe concentration using the
Hach Lange LCK 320 cuvette test, and then subtracting the
final concentration of Fe in the liquid (after deposition) from
the initial concentration, according to the following formula

(Eq. 1):

FeQ — Fel
n= ———

- 100%
FeQ M

where FeO is the initial concentration of Fe, and Fel is
the concentration of iron remaining in the liquid after
deposition.

MFC operation

The anode chambers in both MFCs were inoculated with
50 mL of anaerobic sludge from the digestion chambers
of the “Lyna” wastewater treatment plant in Olsztyn
(20°29’E 53°47°N). As a substrate, a mixture of volatile
fatty acids (VFAs) from the digestion of primary sludge in
the wastewater treatment plant was used. The VFA mixture
was poured through a 2 mm sieve to remove large suspen-
sions and stored at 4 °C. The VFA mixture was character-
ized by 2298 mg COD/L; 788 mg CH;COOH/L; 35.5 mg
N-NH,/L. The VFA mixture was diluted to 400 mg COD/L
and adjusted to pH 7 with 1 M HCI (anolyte). The anolyte
was replaced daily and the volumetric exchange rate was
50%. After a two-week acclimatization period of MFCs,
the experiment was carried out for 18 cycles.

Physico-chemical analyses

In samples taken from the anode chamber, the following
values were determined: COD (dichromate method), VFA
(direct distillation), N-NH, (direct Nesslerization) according
to APHA (1992), and pH and alkalinity (TitroLine,
Donserv). The voltage produced in the MFC was measured
with a multimeter (True-RMS). The 6600 Counts PC-LINK
program was used to save the data; changes in the generated
voltage were recorded every minute. The current intensity
was calculated using Ohm’s law on the basis of the external
resistance. The power curves were determined by changing
the external resistance in the range of 0-27 000 Q. The
VFA composition was determined using a Varian CP-3800
chromatograph (Butkowska et al. 2021). Spectroscopic
characterization of the surface of pure carbon felt after
sonication in the ultrasound batch and carbon felts modified
with a dose of Fe,O; was performed using a Quanta FEG
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250 Scanning Electron Microscope (SEM/EDX, Quanta
FEG 250, FEI).

Abiotic test of iron release

To monitor iron release from the carbon felt, a biomass-
free test was performed. For this purpose, an anode modi-
fied as described above was placed in a measuring vessel
with a volume of 1 L. As a substrate, synthetic wastewater
(Coelho et al. 2000) without iron was used; the pH was
adjusted to match the pH of the VFA mixture. The meas-
uring vessel was sealed to maintain anaerobic conditions.
The experiment was carried out for 18 cycles, in parallel to
the operation of both MFCs used in the study. After each
cycle, 0.5 L of wastewater was removed and replaced with
fresh substrate. The iron content in the collected superna-
tant was determined using the Hach Lange LCK320 cuvette
test using a Hach Lange DR 3900 spectrophotometer (Hach
Lange, Germany).

Microbial analyses

FastDNA SPIN Kit for Soil (MP Biomedicals) was used to
isolate DNA from inoculum and100 pg of biofilm scratched
from the anodes at the end of the experiment. Isolations were
performed in duplicate and DNAs from each repetition were
mixed. The quality and quantity of the DNA were assessed
using NanoDrop spectrometer (Thermo Scientific). For
amplification of the DNA, a primer set 515F/806R (5°- GTG
CCAGCMGCCGCGGTAA-3’/5>—GGACTACHVGGG
TWTCTAAT-3’) targeting the hypervariable region (V4) of
bacterial and archaeal 16S rDNA genes was used (Caporaso
et al. 2011). The amplicons were sequenced at Research
and Testing Laboratory (USA) using the MiSeq platform.
The sequences were analyzed as described in Swiatczak
and Cydzik-Kwiatkowska (2018). The raw sequences were
deposited in the NCBI Sequence Read Archive (SRA) as
BioProject PRINA834909.

Statistical analyses

For statistical analysis, Statistica (13.3, StatSoft) was used.
For the analysis of COD and NH,-N, results from the whole
experimental period were taken. The voltages were analyzed
for the seven cycles obtained during the experiment. For
analysis of variance, one-way ANOVA was used followed
by Tukey’s test (HSD). Molecular data were analyzed using
MicrobiomeAnalyst (Dharival et al. 2017, Chong et al.
2020). The number of reads was not normalized, because
in the complex microbial communities, bacteria with a low
abundance may be of great importance (McMurdie and
Holmes 2014).
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The Shannon index of diversity is calculated according Results and discussion
to the formula (Eq. 2):
Abiotic test of iron release
H=-Y (p-In(p) @
The amount of iron deposited on the anode was 50 mg
Fe,0, which corresponds to 34.9 mg of iron. The iron
release test carried out without the presence of biofilm on

where p—the proportion of the entire community made
up of species. In(p)—natural logarithm from p (Shannon

1948). the anode showed that only divalent iron was present in
the effluent, which indicates the reducing conditions in the

300 - measuring vessel. The total amount of iron released from
the electrode and removed with wastewater after 18 cycles

250 1 was 2.46 mg Fe. It means that after the experiment, 7.05%

of all iron that was used for the anode modification was
removed. However, it should be noted that the calculated

o
o
L

Voltage (mV)
=R N
(9]
<)

00 - amount of iron removed is only an estimate, as the amount
50 WWHWTWT”“““ of iron released from the abiotic anode may differ from that
0 MJM Mﬁl Il Hﬂ [ 1 . released from the inhabited anode.
a) 0 5 10 15 20 25
Time (h) Electricity generation
300 ~
250 & The deposition of iron (III) oxide on the carbon felt was
’E‘ 200 _' verified with an electron microscope. Both SEM (Fig. 1 SM)
T 150 images and EDS analyses (Fig. 2SM) showed that iron oxide
g was successfully and regularly deposited on the electrode.
S 100 7 The degree of iron deposition on the electrode was 99.1%.
50 - In both MFCs, the voltage surges were observed at
0 T T T T ) the beginning of each new cycle (Fig. 2) to on aver-
by O 5 10 15 20 25 age 150+ 68 mV and 226 +32 mV in the MFC_,,,, and

Time (h) MFCk,, respectively. In the MFC__...;, the voltage gradually
decreased to about 57 +39 mV after 5 h. In this reactor, a
Fig.2 The averaged voltages that were recorded during the cycle in less stable generation of electricity was observed, as evi-
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output voltage from the cell for all cycles was 52+20 mV. In
MFC,, the voltage decreased gradually for about 10 h and
then stabilized at about 40—50 mV. The average value of the
voltage in the MFCy, was 75 +41 mV. The voltages recorded
in the MFCg, were significantly higher (ANOVA-Tukey’s
HSD post hoc test, p=0.0006) than in the MFC__ ..
(Fig. 3SM). The presence of iron on the anode not only
improved electricity generation but also resulted in a more
stable reactor operation in comparison with MFC_ .., as
can be concluded from the standard deviations. The pre-
vious study has shown that in the presence of Fe ions on
the surface of the anode, Fe;C is formed, which promotes
the adsorption of flavin (Sun et al. 2022). Flavins mediate
electron transfer between the substrate and cells. The direct
contact of flavin with cell membrane proteins results in a
strong direct electron transfer that stimulates mediation and
direct electrochemical processes. This positive effect of iron
is also observed for complex chemical compounds contain-
ing iron. The use of MgFe,0, as a modifier of stainless steel
anode in MFC designed to remove Congo red allowed to
obtain 20% higher voltages than in the control reactor with
the unmodified anode (Khan et al. 2021).

The power and polarization curves were determined
in the stable period of operation of the MFCs (the fourth
cycle of voltage measurements). Polarization curves were
determined by changing the external resistance in the MFC
and registering the voltage generated by the cell. Based on
Ohm’s law, the maximum power of the cell was obtained. In
MEFC, o1 the maximum power was nearly four times lower
(Fig. 3a) than the power obtained in the MFCy, (Fig. 3b).
The positive effect of modification of anode with iron
was also observed in the studies by Sayed et al. (2020) in
which wastewater containing 700 mg COD/L was used as a
substrate. In the case of a cell with an unmodified anode, a
power density of 40 mW/m? and a current density of 71 mA/
m? were obtained. After the anode was modified with iron,
the power density and the current density doubled.

In our study, the low power densities can be related to
the high internal resistances of the MFCs. The internal
resistance of the MFCp, was 7088.4 Q (Fig. 3d) and was
1.25 times higher than in MFC_,,, (Fig. 3c). Internal
resistance consists of ohmic losses, activation losses,
bacterial metabolic losses, and concentration losses (Logan
et al. 2006). A previous study on the effect of iron on the
ohmic resistance of MFC has shown that the addition of
4.5 and 9.0 g Fe;0,/L of the substrate fed to MFC reduced
the ohmic resistance 1.50 and 1.08 times, compared to the
control. On the other hand, at the dose of 18.0 g/L, the
resistance was increased because the excess iron negatively
affected the adhesion of electrogens (Zheng et al. 2022).

@ Springer

Nevertheless, in our research, the MFCy, obtained higher
power despite the higher internal resistance.

In general, the use of VFAs produced during fermentation
increases the conductivity of the anolyte, which resulted in a
reduction in the resistance of ion flow through the membrane
and the flow of electrons through the anolyte (Raychaudhuri
and Behera 2021). However, an important operating
parameter of the MFC is also the concentration of the
organics in the reactor. Our previous study has shown that
high organic loadings favor membrane clogging and thus
obstruct MFC operation (Nosek and Cydzik-Kwiatkowska
2020). Therefore, in our study, the concentration of COD in
the MFC at the beginning of the cycle was low and averaged
0.26 +0.017 g COD/L. This allowed stable electricity
generation without the necessity of often membrane
cleaning. This low concentration caused, however, that
the electricity obtained in MFCs was lower than in other
studies. Chatzikonstantinou et al. (2018) tested the use of
food residue biomass in the dual-chamber MFC by applying
concentrations of organics as high as 14.0 g COD/L. The
highest power density of 29.6 mW/m? and the corresponding
current density of 88 mA/m? were observed for 6 g COD/L.

COD, VFA, and ammonium removal

COD concentrations in the MFC effluents fluctuated in the
initial period of operation, reaching about 170 and 230 mg/L
in MFC_, ;. and MFCg., respectively. During the period of
stable operation of the MFCs, the concentration of COD in
the outflow ranged from 100 to 140 mg/L and the average
COD removal efficiency was 54.3+9.8% and 48.8+9.5%
for MFC_ ., and MFCg,, respectively. No significant
differences were observed in COD removal efficiency
between the reactors (Fig. 4SM). The mean concentrations
of ammonium in the outflow were 5.4 +0.8% and 4.4 +0.8%
for MFC,_ .. and MFCg,, respectively. The ammonium
concentrations in the MFCp, outflow were significantly
lower (ANOVA-Tukey’s HSD post hoc test, p=0.0025)
than in the MFC__ ., showing a positive effect of iron
presence on the ammonium metabolism (Fig. SSM). In
anaerobic environments, in the presence of Fe(Ill), NH4Jr
is an electron donor and is oxidized to NO,™ by reduction in
Fe(III) to Fe(Il) according to the formula (Huang and Jafté,
2015) (Eq. 3).

3
s 6Fe> +8.5H,0 + NO; (AG, < 145.08 k/mol) )
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Fig.4 VFA profile of anolyte 100 -
added to MFCs and in the MFC
effluents. Vertical whiskers
represent the standard deviation 80 ~
of the mean (n=2)
=
> 60 -
£
T 40 -
>
20 - I
0 - = ; =L -l
anolyte MFC-control MFC-Fe
M acetic M propionic M iso-butyric M butyric M iso-valeric
m valeric M iso-caproic caproic enanthic

Fig.5 Relative abundance of
particular bacterial orders in the
inoculum and anodic biofilm
obtained from the MFCs

Inoculum

0% 10%

B Methanobacteriales

Bacteroidales

M Caulobacterales

Rhodocyclales

Zhu et al. (2022) tested the effect of five Fe (III)
compounds (Fe,O;, Fe;0,4, Fe(OH);, Fe-citrate, and
pyrite) on the anaerobic ammonium oxidation. The highest
improvement in ammonium removal efficiency was observed
after the addition of 20 mM Fe,O;—the effluent ammonium
concentration dropped drastically from 104.79 mg/L to
52.3 mg/L.

The VFA removal efficiency in both reactors was
similar and remained at the level of 60.4 +16.9% and
50.2+26.3%, in MFC_,,,; and MFCp,, respectively. Anal-
ysis of the VFA profile in the inflow and outflow of the
MEFCs revealed that propionic acid was the major compo-
nent (Fig. 4). Its share in anolyte and MFCy, outflow was
60-65%, while in the outflow from MFC,_,,., its share
reached 80%. In the raw wastewater, a high proportion of
iso-caproic and enanthic acids (15 and 14%, respectively)
was observed, but in the MFC outflows, the proportion

20%

30% 40% 50% 60% 70% 80% 90% 100%

W Micrococcales
 Selenomonadales
m Burkholderiales

B Pseudomonadales

m Methanosarcinales
m Clostridiales

B Rhodobacterales
B Myxococcales

Table 1 Alpha diversity indicators in all tested MFC reactors; OUT-
Operational Taxonomic Unit, Shannon-biodiversity index

OTU Shannon Number of reads
Inoculum 106 221 20,963
MFC_ 101 183 3.18 21,371
MFC, 117 242 20,336

of these acids decreased to below 5%. The outflow from
MFCg, showed a higher share of valeric acid (26%) com-
pared to the outflow from MFC_, ... In earlier studies
regarding the fermentation of waste activated sludge,
along with the increase in the dose of nano-zero valent
iron in the feed in fermentation reactors, the share of indi-
vidual acids in the production of VFA increased, while in
the control reactor, acetic acid predominated (98%) (Luo

@ Springer

93:7812611474



13028

International Journal of Environmental Science and Technology (2023) 20:13021-13032

et al. 2014). Our study confirms the positive effect of Fe on
the synthesis of medium-chain length VFAs also in MFC
reactors. The effluent from MFC reactors with Fe-modified
anodes can be a valuable source of carbon for crucial pro-
cesses in biological wastewater treatment. For example,
Janczukowicz et al. (2013) reported that propionic acid
and valeric acid can be effectively used for denitrifications
of high concentrations of nitrates from wastewater (over
90% efficiency with an initial concentration of 15.2 mg/L).
On the other hand, the efficiency of phosphorus removal
was lower when propionic and valeric acids were used
than when acetic acid was used. Propionic and valeric
acids present in MFC effluent can be converted during
fermentation to produce polyhydroxyvalerate (PHV) poly-
mer (Carvalheira and Duque 2021).

Biofilm analyses

The anode biofilm from MFCs was subjected to molecular
analysis. The total number of readings per both MFC
samples and inoculum was over 20 000 (Tab. 1). The
numbers of OTU and Shannon index indicate that anode
modification with Fe lowered the diversity of anodic
biofilm by over 20% in comparison with MFC__ .-
Similar results were obtained in studies, in which Fe
(IT) was directly added to the feed introduced to MFC
reactors. The presence of 100 uM and 200 uM Fe in
the anolyte decreased the Shannon index to 3.72, 4.71
in comparison with 5.21 observed in the control MFC
(Liu et al. 2017). The lower microbial diversity in the
MFCg, biofilm may result from the fact that the presence
of iron particles could be toxic to some microorganisms.
The toxicity of metal oxides was recently described in
a review by Nifio-Martinez et al. (2019). The authors
indicated that metals and metal oxides with small particle
size showed greater antimicrobial activity and that their
toxicity may result from both the electrostatic attraction
of negatively charged pathogens and positively charged
nanoparticles and the release of ions that are toxic to
bacteria (Nifio-Martinez et al. 2019). Apparently, in the
present study, the interactions between the iron(III) oxide
particles and microorganisms inhabiting the anode caused
some of the microorganisms to disappear from the biofilm
as a result of community adaptation.

In the inoculum, unclassified bacteria had the
largest share (38%), followed by Methanobacteriales
(9%) and Burkholderiales (9%). At the genus level,
Methanobacterium sp. (9%), Hydrogenophaga sp. (9%),
Candidatus Cloacimonas acidaminovorans (7%), and
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Inoculum MFC-contol MFC-Fe
8.5 0.1 0.0 Methanobacterium
0.6 0.0 0.0 Methanolinea
3.1 0.2 0.0 Methanosaeta
0.0 0.0 1.0 Geothrix
0.0 0.2 2.0 Leucobacter
0.1 1.2 0.8 Bacteroides
1.0 0.5 0.0 Cytophaga
7.2 0.1 0.0 Candidatus Cloacimonas
0.0 0.6 0.3 Enterococcus
15 5.2 13 Clostridium
0.0 0.6 0.0 Acidaminobacter
0.0 1.0 0.2 Anaerovorax
0.0 0.9 0.2 Schwartzia
0.0 0.9 43 Brevundimonas
0.0 0.7 0.2 Phenylobacterium
0.0 0.7 0.4 Rhizobium
0.0 23.1 46.3 Acidovorax
9.3 0.5 0.3 Hydrogenophaga
0.0 9.1 0.3 Zoogloea
0.0 0.7 0.1 Desulfobulbus
0.0 0.8 0.2 Desulfomicrobium
0.0 1.8 3.2 Corallococcus
0.0 1.7 7.8 Acinetobacter
0.0 9.4 18.2 Pseudomonas
0.0 13 0.4 Pseudoxanthomonas
0.0 0.1 0.8 Prosthecobacter

Fig.6 Heatmap showing 26 of the most numerous genera in the inoc-
ulum and anodic biofilms from the investigated MFCs

Metanosaeta sp. (3%) were most abundant, but all these
microorganisms disappeared from the anodic biofilm
during the experiment. At the anodes in both MFCs,
at the end of the study, the most abundant group of
microorganisms at the class level were Betaproteobacteria,
including Burkholderiales (24% in MFC,_,,,, and
47% in MFCp,), and Gammaproteobacteria, including
Pseudomonadales (12% in MFC_,,,, and 27% in MFCp,)
(Fig. 5).

The presence of iron on the anode positively affected
the abundance of Burkholderiales and Pseudomonadales
in the microbiome, which was about two times higher
in the MFCg, than in the MFC_, ., (Fig. 5). The higher
abundance of Burkholderiales in MFCg, could be due to the
fact that some species of this order are metal persistent and
participate in the biotransformation of metal oxides (e.g.,
Fe and Mn) and support biocorrosion (Beech and Gaylarde
1999). On the other hand, the results showed the sensitivity
of Rhodocyclales and Clostridiales to the presence of Fe,
because the share of those bacteria in MFCp, was 10 and 5
times lower, respectively, than in the control.

The most numerous genus in anodic biofilms was Aci-
dovorax followed by Pseudomonas and Acinetobacter

94:3220906077



International Journal of Environmental Science and Technology (2023) 20:13021-13032

13029

(Fig. 6). Acinetobacter sp. presence was not affected by
the presence of Fe on the anode and remains at about 8%,
but the abundance of the other two genera was higher on
Fe-modified anodes. Acidovorax sp. could utilize differ-
ent carbon sources such as ethanol, methanol, glucose, or
sodium acetate (Nalcaci et al. 2011), and it was observed
on biocathodes in MFCs (Sun et al. 2012). Members of
the genus Acidovorax are facultative microorganisms,
that reduce nitrate and oxidize iron most likely indirectly
through the reactive nitrogen species produced during
the denitrification process (Klueglein et al. 2015). The
study on native rock samples indicated that there was a
strong correlation between the abundance of Acidovorax
sp. and Fe-containing pyrite. Acidovorax sp. colonies
were attached to the rock samples and single cells were
surrounded by exopolysaccharides containing ferric iron
which may have enhanced the bio-oxidation of metallic
sulfides (Escudero et al. 2020). Members of Pseudomonas
sp. are also able to reduce Fe(IIl) and were proven to
effectively utilize various hexose and pentose sugars
through anode respiration (Ali et al. 2017). Both the abil-
ity to utilize various organics and preference toward Fe
in the environment decided that in the present study, Aci-
dovorax sp. and Pseudomonas sp. abundances increased
twice in MCF with the Fe-modified anode. In the case of
Acidovorax sp., it caused that they constituted nearly half
of all bacteria in the biofilm on the Fe-modified anode.
Members of Pseudomonas sp. hydrolyze sugars and gen-
erate VFAs. Previous studies in digesters indicate that the
growth of Pseudomonas sp. in biomass was stimulated by
the presence of peroxydisulfate and Fe(II) or zero valent
iron (Luo et al. 2020).

The presence of iron on the anode significantly
increased the number of microorganisms belonging to the
genera Brevundimonas, Geothrix, and Leucobacter zeae.
The increased presence of Geothrix sp. is advantageous
for electricity generation because members of Geothrix
sp. can secrete redox-active electron shuttles with separate
redox potentials of —0.2 V and 0.3 V. The compound with
the lower midpoint potential was identified as riboflavin
and it was responsible for 20 to 30% of electron transfer
activity in MFC (Mehta-Kolte and Bond 2012). Better
conditions for growth for Geothrix sp. on iron-modified
anode can be also explained by the fact that they use iron
in their metabolism. Coates et al. (1999) indicated that
Geothrix fermentans was able to grow with VFA such
as acetate, lactate, propionate, or fumarate as alternative
electron donors using Fe(III) as the acceptor of electron
and oxidized long-chain FA using Fe(IIl) as the sole
electron acceptor. Brevundimonas sp. is a facultative

anaerobic bacterium whose presence has been reported
on the biocathode in the presence of Cr(VI) (Romo et al.
2019), but its role in MFC has not yet been elucidated.
However, a positive effect of iron on selected metabolic
changes in Brevundimonas sp. was observed. In some
Brevundimonas strains, the efficiency of H, production
from sugars increased in the reactor to which Fe(II) was
dosed (Bao et al. 2013).

The abundance of Zoogloea sp. (Rhodocyclales order)
decreased significantly in MFC with the iron-modified
anode to below 0.3% in comparison with 9.14% in the
control MFC. Earlier studies indicate that in aerobic
conditions, Zoogloea sp. may be abundant in biomass
despite high iron concentrations in the environment. For
example, in the aerobic granules from the reactor operated
at the Fe concentration in the wastewater at the level of
6 mg Fe(III)/L, Zoogloea sp. accounted for nearly 70% of
all bacteria (Zou et al. 2021). In our research, the decrease
in the share of Zoogloea sp. w MFC with modified
anode indicates that this genus lost in competition with
facultative, Fe-oxidizing bacteria that predominated in
the biofilm.

Conclusion

In this study, waste VFA from the fermentation of primary
sludge was used in MFC with an iron-modified anode
for electricity generation and the structure of the anode
microbiome was determined. The study showed that the
power obtained from MFCyg, was 3.6 times higher than
in MFC_, 01> and the efficiency of COD removal was
50%. The main VFA components in the MFC outflows
were propionic acid; a high proportion of valeric acid
was observed in the outflow from MFCyg,.. The presence
of iron on the anode promoted the presence of electrogens
such as Pseudomonas sp. and Geothrix sp. and VFA
degrades such as Acidovorax sp. Moreover, the proportion
of Brevundimonas sp. and Leucobacter sp. in MFCp,
was significantly higher than in MFC_ .- However, in
MEFECk,, Zoogloea sp. was replaced by other iron-reducing
microorganisms. Research indicates that waste VFA
can be effectively used to produce electricity, and the
confluence of MFC with AD may give good results in
bioenergy in the future.
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Fig. 2SM. EDS analysis for carbon felt coated with iron (111) oxide.
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Fig. 3SM. Statistical differencesin the voltages obtained in the individual reactors (ANOVA
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Fig. 4SM. Lack of significant differencesin the COD concentration in the effluents from
MFC reactors (ANOVA — Tukey’s HSD post-hoc test), p<0.05.
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Abstract: This study investigated how anode electrode modification with iron affects the microbiome
and electricity generation of microbial fuel cells (MFCs) fed with municipal wastewater. Doses of
0.0 (control), 0.05, 0.1, 0.2, and 0.4 g Fe; O3 per the total anode electrode area were tested. Fe,O3 doses
from 0.05 to 0.2 g improved electricity generation; with a dose of 0.10 g Fe,O3, the cell power was
highest (1.39 mW/ m?), and the internal resistance was lowest (184.9 (2). Although acetate was the
main source of organics in the municipal wastewater, propionic and valeric acids predominated in
the outflows from all MFCs. In addition, Fe-modification stimulated the growth of the extracellular
polymer producers Zoogloea sp. and Acidovorax sp., which favored biofilm formation. Electrogenic
Geobacter sp. had the highest percent abundance in the anode of the control MFC, which generated
the least electricity. However, with 0.05 and 0.10 g Fe; O3 doses, Pseudomonas sp., Oscillochloris sp., and
Rhizobium sp. predominated in the anode microbiomes, and with 0.2 and 0.4 g doses, the electrogens
Dechloromonas sp. and Desulfobacter sp. predominated. This is the first study to holistically examine
how different amounts of Fe on the anode affect electricity generation, the microbiome, and metabolic
products in the outflow of MFCs fed with synthetic municipal wastewater.

Keywords: MFC; iron; anode modification; internal resistance; microbiome

1. Introduction

Microbial fuel cells (MFCs) convert energy from biomass into electricity using elec-
troactive bacteria (electrogens, EEs). To date, most research has been conducted at the
laboratory scale because of the cells’ low power output, making it challenging to transfer
MEFC technology to commercial-scale systems [1]. As far as the authors know, the largest
MEC tested to date had a volume of 1200 L [2].

The most important factor for the efficiency of MFCs is the electrode material. Carbon
materials that possess good electrical conductivity, such as carbon felt (CF), carbon fabric, or
carbon paper, are most commonly used [3]. In recent years, the focus has been on improving
these materials by coating their surfaces with metal oxides, which increases the surface
roughness, thereby improving the adhesion of bacteria and increasing electron transfer at
the anode [4,5]. Iron oxide, for example, improves the power output of MFCs by stimulating
the activity of microorganisms and by improving electrical conductivity. Iron oxide (III) is
an attractive material for anode electrode modification because of its properties to improve
the surface structure of the anode and generate electrical energy in the MFC. Studies report
that modifying the anode electrode with Fe;O3 changes the surface from smooth to rough,
improving the microorganisms’ attachment [6]. Additionally, the hydrophobic carbon
surface can be hydrophilized by coating with Fe;O3 due to the hydrogen bond formed
between the Fe; O3 oxygen and the water molecule [7]. The advantages of choosing this
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material are its easy availability, chemical stability, and low cost. Furthermore, insoluble
Fe,O3 has a high affinity for type C cytochromes (OmcA and MtrC) [8], which influences
the increased electron transfer; thus, it is often used as a modifier in MFC layouts. Studies
show that the presence of Fe(IlI) oxide increases the proportion of electroactive bacteria
such as Pseudomonas sp. and Geobacter sp. on the anode [9]. Yamashita et al. [10] tested a
flame-oxidized (FO) stainless steel (SS) anode in a single-chamber MFC compared to SS
and CC anodes without treatment. The tests showed that the flame oxidation produced
spots on the anode consisting mainly of Fe;O3z, which increased the power density by 184
and 24% over untreated SS and CC. Geobacter sp. bacteria were more numerous on the
FO-SS anode (8.8-9.2%) than on SS and CC (0.7-1.4%). Another study tested the addition of
Fe, O3 to sediment MFC (SMFC). The TOC and DOC removal rates were 2.6 and 1.82 times
higher in SMFC with iron oxide (III), respectively than in open-cycle reactors without the
addition of Fe(IIl). The presence of Fe(Ill) increased the proportion of Pseudomonas sp. and
Desulfobacterium sp. in biofilm about two-fold [11]. In another study, a composite anode SS
with ultracapacitor powdered activated carbon (UAC) was tested with Fe,O3. The MFC
with Fe;O3 showed a faster start-up time than the anode without the addition of Fe;Os.
It was found that the Fe,Os-modified anode showed the highest repeatable voltage of
550 mV. Tafel’s electrochemical extrapolation technique showed that MFC anode oxidation
activation was stronger when Fe,O3 was added. The authors attribute the increase in kinetic
activity to the facilitated extracellular electron transfer from the cell to the bacteria, showing
that the rate of anode electron transfer can be increased by the addition of Fe,O3 [12]. Sayed
et al. [13] found that a carbon cloth (CC) anode covered with Fe nanostructures had a lower
potential than an unmodified anode (—0.01 and 0.16 V vs. Ag/AgCl, respectively). The
high roughness and the nano-layer structure of the Fe-CC anode provided a greater surface
area for growth and electron transfer between the microorganisms and the anode surface,
increasing the MFC’s maximum power and current density.

Similarly, Sekar et al. [14] synthesized copper-doped iron oxide nanoparticles with the
use of Amaranthus blitum phytochemicals and found that they showed good hydrophilic
properties on the anode surface. Modification of the anode with copper-doped iron ox-
ide increased peak power density to 161.5 mW/m?, decreased ohmic resistance by 98%,
decreased charge transfer resistance by 95%, and increased the power density of the cell
1.3 times. Wang et al. [15] used anodes modified with «-Fe;O3 in conjunction with poly-
electrolytes for energy generation in MFCs. The highest power density was observed in an
MFC with a CC anode covered with four double layers of polydimethyl diallyl ammonium
chloride, poly sodium-p-styrene sulfonate, and one layer of «-Fe;Os. The use of this anode
ensured the lowest internal resistance of the MFC, and the high roughness and large surface
area of the anode were beneficial for microbial growth.

In MFCs, iron-reducing EEs, such as Geobacter sp. and Shewanella sp., play significant
roles. As iron compounds are insoluble at pH 7-8, these bacteria reduce Fe either via
direct contact with their outer membranes’ cytochromes or with conductive pili [16]. For
example, in an MFC with a CF anode modified with graphene oxide/Fe,Os3 that was
supplied with pure acetate, the maximum stable voltage was 590 £ 5 mV, and the presence
of iron increased the abundance of EEs belonging to Desulfovibrio sp. [17].

Fe addition can not only increase the output of MFCs, but it can also improve wastew-
ater treatment. In a bioelectrochemical system, the use of Fe-carbon electrodes increased
the activities of denitrifying enzymes such as nitrite reductase, nitric oxide reductase, and
nitrous oxide reductase [18]. Dosing Fe(IIl) during wastewater treatment favors the re-
moval of micropollutants via the adsorption of compounds on the surface of iron sulfide
(FeS), followed by their biodegradation [19]. Moreover, Fe addition also prevents methane
production under redox conditions [20], a common problem in MFCs.

The effect of anode modification with Fe depends on the anode material. Mohamed
et al. [6] modified CF, CC, and graphite (G) anodes with Fe and found that the presence
of Fe improved the wettability of the electrode surface, the rate of degradation of organic
compounds and the adhesion of microorganisms to the electrode surface, and it decreased
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the electron transfer resistance. After modification, the power generated in the MFC
increased by 385%, 170%, and 130% for the CF-, CC-, and G-based electrodes, respectively.
In addition, in the MFCs with modified electrodes, over 80% of organic compounds were
removed from the effluent.

Although adding Fe promotes the formation of the anode’s biofilm and accelerates
MEC start-up, high doses of Fe may reduce cell efficiency. Zheng et al. [21] investigated how
different doses of Fe304 in a medium affect energy generation and the anodic microbiome
in an MFC. A dose of 4.5 g/L provided the highest power (391.11 £ 9.4 mW/m?) and the
highest share of electroactive bacteria of the genus Geobacter sp. in the microbiome. In a
different study, 100 pM FeSO,4 improved the performance of an MFC so that it produced a
maximum voltage of 0.55 V, but higher doses reduced the voltage to 0.47 V. Iron salts at
a dose of 200 pM decreased Geobacter sp. abundance from 49.3% to 24.4% [22]. Similarly,
another study found that 200 pM Fe(Ill) increased an MFC’s electrochemical activity
and current efficiency and decreased the anode overpotential. However, excess amounts
of Fe(III) (1000 and 2000 uM) competed with the anode for electrons and inhibited the
electrochemical activity of biofilms, thus lowering the power density [23]. Mechanistic
investigations showed that Fe3Oy4 increased the conductivity of the fermented sludge,
providing a better conductive environment for the anaerobic microbes. A Fe(II)/Fe(III)
redox cycle was present in the fermentation system with Fe3Oy4, which likely increased
electron transfer (ET) efficiency [24].

An important aspect of the large-scale use of MFC is the durability of the anode
electrodes. Since they come into contact with the water environment and microorganisms,
which may cause them to swell, materials with hydrophobic properties should be used.
The surface of the anode electrodes should be rough enough to increase the adhesion of
organisms, but not too rough so as not to cause the growth of pollutants resulting from the
prolonged use of the electrodes [25]. Yaquoob et al. [26] studied the durability of composite
graphene oxide (GO) electrodes made from biomass and the same GO with TiO,. The
longevity of the fabricated electrodes was 85 days. The increasing voltage on both electrodes
indicated stable colonization of bacterial species on the surface of the anodes. Later, the
voltage suddenly dropped due to cell death. The second cycle with fresh inoculum also
showed an increasing voltage trend to 170 mV, which was due to the fresh inoculum source
and organic substrate enhancing the bacterial respiration process to actively oxidize the
substrate. The introduction of TiO, nanoparticles increased the lifetime of the composite
anode, resulting in better interaction between bacterial cells and anode, smooth anode
surface, and higher anode conductivity. In addition, a visualization test was performed after
the completion of the reaction (85 days), and the electrodes were found to be mechanically
stable and in excellent condition. Gnana Kumar et al. [27] tested a CC composite anode
with reduced graphene oxide (rGO), poly(3,4-ethylenedioxythiophene) (PEDOT), and iron
oxide (Fe3O4) nanorods. The authors analyzed electrode lifetime in an open circuit voltage
(OCV) as a function of time under a constant load mode with an external resistance of
510 Q). Bare CC had a lower lifetime due to the reduction of the exposed surface after
repeated cycles, due to the large number of water particles on the surface as well as the bare
mass CC. The composite of rGO and Fe;O4 prevented shrinkage of the active sites during
repeated cycles and provided rapid stability of rGO/Fe304/CC parameters. Among the
tested catalysts, the rGO/PEDOT/Fe304 composite was characterized by high physical
and electrochemical strength and high electrical conductivity, which effectively prevented
the destruction of the electrocatalytic activities due to strong 7-7t interactions and Fe-S
coordination bonds between the active carbon support and the conductive polymer and
the conductive polymer and Fe304 nanorods, respectively. The maximum OCV of 0.45 V
was maintained for 200 h, and the concrete OCV was maintained for 600 h in three cycles.

Introducing Fe into an MFC system, as in the studies cited above, requires regular
monitoring of Fe concentration in the effluent and carries the risk of elevated Fe concentra-
tions in the MFC effluents. In contrast, covering the anode with Fe not only ensures direct

109:1598382795



Int. |. Environ. Res. Public Health 2023, 20, 2580 4 of 21

contact between the microorganisms and Fe, but the fact that the biofilm covers the anode
minimizes the risk of Fe contamination of the wastewater.

Therefore, the objective of this study was to holistically determine the influence of
an MFC’s anode modification with different doses of Fe;O3 on the power generation, the
microbiome, and the conversion of organic matter. The use of a low-cost method for anode
modification and the use of wastewater make this proposed solution economical, thus
increasing its potential for implementation. Furthermore, the molecular results obtained
greatly expand the knowledge of which microorganisms play a key role in biofilm formation
and electricity generation when Fe is present on the anode.

2. Materials and Methods
2.1. Experimental Set-Up

The dual-chamber MFCs were made of plexiglass. The anode and cathode chambers
had active volumes of 2 L. An 8 x 8 cm Nafion 117 proton-exchange membrane (PEM)
(Dupont) was used as a separator between the chambers. Before the membranes were
placed in the MFCs, they were soaked in acetone for 15 min, then rinsed in distilled water,
soaked in 1M HCl for 30 min, and rinsed again with distilled water. Because of membrane
clogging, the membranes were cleaned in 1M HCI and rinsed with distilled water once per
week (for details, see Nosek and Cydzik-Kwiatkowska [28]).

The anodes were made of carbon felt (10 x 20 x 0.3 cm) connected to a stainless-steel
wire. Before use, the carbon felt was sonicated in an ultrasonic bath (InterSonic, 15 min) to
remove impurities. An MFC with an unmodified anode was used as a control (MFCntro1)-
In the remaining MFCs, Fe;O3 was deposited on the anode in doses of 0.05 g (MFCq gsre,
1.25 g Fe,03/m?), 0.1 g (MFCy e, 2.5 g Fe;03/m?), 0.2 g (MFCy ofe, 5 g Fe,O3/m?), and
0.4 g (MFCp4re, 10 g Fey O3/ m?). For deposition, Fe;O3; (Chempur) was suspended in
100 mL of distilled water in an ultrasonic bath for 15 min. Next, the anode was placed in
a crystallizer, quenched with a Fe,Oj3 slurry, autoclaved (121 °C, 1.1 Bar, Classic Prestige
Medical 210001), and dried at 80 °C.

The anode chambers were inoculated with 100 mL of a 1:1 (v/v) mixture of fermen-
tation sludge from the municipal wastewater treatment plant in Olsztyn (Poland) and a
laboratory methane fermentation reactor. The MFCs were supplied with synthetic munici-
pal wastewater [29], and sodium acetate was used as a source of organics in the amount
of 400 mg COD/L. The anode chamber was sealed to prevent air access, and the chamber
contents were mixed at a speed of 100 rpm/min. The cathode chamber was aerated by an
air diffuser (20 mL/min). The composition of the catholyte was 75 mL of phosphate buffer
and 3 g of NaCl in 2 L of distilled water, and it was replaced once per week.

Initially, the MFCs were left for 3 days in open circuit mode to adapt the biomass
to the environmental conditions in the MFCs and to support microbial colonization of
the electrodes [30]. After 3 days, the contents of the anode chambers were replaced with
fresh portions of wastewater. After this time, the MFCs were operated with an external
resistance of 1200 ). This value was chosen based on preliminary experiments [31]. The
operational cycle of the MFCs was 48 h; after this time, half of the anode chamber volume
was replaced. The experiment was conducted for 18 cycles (36 days), and stable MFC
operation was observed after 5 cycles. In the effluent, the concentration of COD, NH4-N,
volatile fatty acids (VFAs) [32], pH, and alkalinity (TitroLine, Donserv) were determined.
The VFA composition was determined using a Varian CP-3800 chromatograph [33]. For
spectroscopic characterization of the surfaces of pure carbon felt after sonication in the
ultrasound batch and carbon felts modified with different doses of Fe; O3, a Quanta FEG 250
Scanning Electron Microscope (SEM) equipped with Bruker XFlash 6010 Energy-dispersive
X-ray spectrometer (EDX) was used.

2.2. Electrochemical Analyses

The polarization and power curves were determined according to Watson and Lo-
gan [34] using a True-RMS multimeter, varying the external resistance of the cell in the range

110:8632740080



Int. |. Environ. Res. Public Health 2023, 20, 2580 5o0f 21

of 75-7200 Q). Voltage changes were recorded every minute using a 6600 Counts PC-LINK
data acquisition unit. The current was calculated from the external resistance using Ohm’s
law. Cyclic voltammetry (CV) was performed with a three-electrode system: an anode
as a working electrode, a platinum countercurrent electrode, and an Ag/AgCl reference
electrode with a constant potential of 0.197 mV (Gammry Instrument Interface 1010E). CV
measurements were conducted at a scan rate of 20 mV/s. The electrochemical behavior of
the biofilm—anode system was tested in the 14th cycle of MFC operation, 25 h after reactor
feeding (stable current generation) with the catholyte present in the cathode chamber. The
MEFCs were operated, and the measurements were performed at room temperature.

2.3. Molecular Analyses

Genomic DNA was extracted from 100 pg of inoculum and biomass from the anode
surface using a FastDNA SPIN Kit for Soil (MP Biomedicals). Samples from the anode
surface were collected in the experiment’s 3rd, 10th, and 18th cycles. The purity and con-
centration of the DNA were measured using a NanoDrop spectrometer (Thermo Scientific).
The DNA was amplified using a 515F/806R primer set (5'-GTGCCAGCMGCCGCGGTAA-
3'/5'-GGACTACHVGGGTWTCTAAT-3’) targeting the hypervariable V4 region of bacterial
and archaeal 165 rDNA genes [35]. The amplicons were sequenced using the MiSeq
platform (Illumina) at Research and Testing Laboratory (USA). The reads were analyzed
bioinformatically [36] and deposited in the NCBI Sequence Read Archive (BioProject
PRJNA822890).

2.4. Statistical Analyses

The results from each MFC'’s last five cycles of operation were statistically analyzed
(p < 0.05 considered significant, Statistica 13.3, StatSoft). One-way analysis of variance
(ANOVA) was used, followed by Tukey’s test (HSD). For statistical and metagenomic
analysis of microbiome data, MicrobiomeAnalyst [37,38] was used (p < 0.05). Due to the
fact that, in complex microbial communities, bacteria with a low abundance may be of great
importance, the number of reads was not normalized before the calculation of diversity
indices [39].

3. Results and Discussion
3.1. Analysis of the Electrode Surface

The photos show a pure carbon felt that was subjected to sonication (Figure 1a) and
Fe,Os-modified anodes (Figure 1b—e). The mass fractions of iron that were detected (by
means of a combined SEM/EDX methodology) on the electrodes were 5.5%, 6.9%, 10.7%,
and 14.2% when Fe,O3 was dosed on the carbon felt in amounts of 0.05,0.1,0.2,and 0.4 g,
respectively. Small differences in weight percentages of Fe between electrodes may be
caused by limitations in the SEM/EDX technique, as this analysis shows only information
on the surface of the electrode. Thus, this method was used as a qualitative confirmation
of the Fe deposition, not the quantitative one. Analysis of SEM shows that iron has been
deposited on the GF anode electrodes. The photos (Figure 1b—e and Figure S1) show
Fe, O3 particles deposited on GF fibers. Compared to the bare electrode (Figure 1a), the
fibers have a rougher surface, which significantly increases the specific surface area of
the electrodes [40] and enhances and prolongs the bioadhesion of microorganisms to the
surface of modified anode materials [41].
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Figure 1. SEM/EDS analyses of anodes’ surfaces for an acceleration voltage of 15 kV (a) pristine,
(b) with 0.05 g Fe,O3, (c) with 0.1 g Fe,O3, (d) with 0.2 g Fe;O3, and (e) with 0.4 g Fe203.

3.2. Electricity Generation

In all tested MFCs, regardless of the iron dose, the voltage was generated from the first
cycle of operation. The highest voltages were obtained immediately after the addition of
the substrate, which may have resulted from rapid proton flow through the membrane, but
during the first 2-3 h, the voltages dropped rapidly. In MFCy gs5p, (Figure 2b) and MFC 1.
(Figure 2c), the voltage decreased until c.a. 24 h of the cycle and increased afterward. The
highest average voltages in the cycle (125 & 48.5 mV) were observed in MFCg gsp. and were
about 3 times higher than in the control. The average voltages obtained in MFC gsp. and
MFCj 1p. were significantly higher than those in the other MFCs (Figure S2). In the control,
MEC ore, and MFCy 4p, the voltage gradually decreased during the cycle to 20-50 mV at
the cycle end (Figure 2). The voltage was lowest in MFC 101, and was also the least stable,
as indicated by large standard deviations. Zheng et al. [21] added Fe;04 to MFC with a
medium. Their studies showed that the output voltage at the highest dose of 18 g/L was
the lowest of all MFC tested. This suggests that the voltage shifts at higher doses could
be due to the accumulation of Fe occupying the attachment site of electroactive bacteria.
SEM/EDX analysis showed that the anode electrodes with higher iron doses had greater
roughness. High electrode surface roughness increases the likelihood of polymerization
and fouling of the electrode surface as well as electrode poisoning after prolonged use [25],
which can lead to lower output voltages. High Fe concentrations can have an inhibitory
effect on energy generation by reducing substrate biodegradation [23,42] or by increasing
internal resistance of MFC, which was confirmed in our studies (internal resistance was
higher at doses of 0.2 and 0.4 than at 0.05 and 0.1 g Fe;O3 / the entire surface of the electrode).
Power output over 18 cycles is shown in Supplementary Materials Figure S3.
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Figure 2. Averaged voltages (n = 5) from the last 5 cycles for (a) MFCcontrol, (b) MFCO0.05Fe,
(c) MFCO.1Fe, (d) MFCO.2Fe, and (e) MFC0.4Fe.

The electrochemical behavior of the control and Fe-modified electrodes with and
without biofilm was tested by cyclic voltammetry in a working solution. Figure 54 shows
the cyclic voltammograms recorded for all examined electrodes over a potential range of
—0.50 to 0.50 V vs. SCE, which were obtained at room temperature with a sweep rate of
20 mV/s. The voltammograms of Fe-modified electrodes without biofilm did not exhibit
any well-defined cathodic and anodic features related to iron behavior. However, the
current of the cathodic peak corresponding to the hydrogen evolution reaction increased
slightly with the addition of Fe. Nevertheless, the current increase was not strictly correlated
with the amount of added iron, which could be caused by insufficient electric contact
between the base electrode and the deposited iron oxide. On the other hand, after biofilm
formation, the current density of the Fe-modified electrodes was significantly higher
than that of the control with biofilm and the Fe-modified electrodes without biofilm.
Additionally, the current values positively correlated with the amount of Fe that was
deposited (188, 152, 51, and 43 mA with 0.4, 0.2, 0.1 and 0.05 g of Fe).

Furthermore, the CV profiles of the electrodes with 0.4 and 0.2 g of Fe,O3 exhibited
two broad reversible features centered at —0.32 and 0.38 V vs. SCE. Therefore, those anodic
peaks are most likely related to the process of iron oxidizing to Fe(II) and (III), while the ca-
thodic peaks are associated with the reduction of those oxidized species [43]. Therefore, the
changes observed after biofilm formation are most likely due to the following phenomena:
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a better electrical connection between iron oxide particles and the base electrode provided
by the biofilm and the increased biofilm formation at higher doses of Fe. The areas under
the CV curves (Figure S2b obtained in MFCq 5p. and MFC 4r.) were larger than in the other
MEFCs, which may indicate a higher charge capacity. This may be due to the fact that the
charge capacity of the electrode is proportional to the electrode surface, which indicates
that the surface area increases after modification [44], which is also visible in SEM images.

Figure 3a shows the power curves from the 14th cycle of MFC operation. The highest
power density of 1.39 mW/ m? was obtained in MFCyp. and MFCgop.. This power
density was 2.8 times higher than that obtained in MFC_yt;01, and 1.7 and 5.8 times higher,
respectively, than the values obtained in MFCy gspe and MFCy 4re. Yang et al. [45] studied
an anode with a carbonized Shewanella sp. biomass that produced a nanocomposite iron
oxide/carbon catalyst. Their results showed that coating the anode with the nanocomposite
increased the cell’s power 3.5 times compared to that of a cell with a pure CF anode. The
power was higher in the cell with the modified anode because, compared to the control,
the surface roughness of the anode was higher with lower charge transfer resistance. Liu
et al. [23] found that, in an MFC fed with sodium acetate and increasing iron doses in the
substrate, the cell power density decreased from 0.95 W/m? at 200 uM Fe(III) to 0.59 W /m?
at 2000 uM Fe(III). In MFC 45, in our study, with the highest dose of Fe;O3 used for anode
modification, the highest power achieved in the cell was two-fold lower than the value
achieved with the control anode. The low power in MFCy 4p could be due to an excess of
iron at the anode that decreased the quality of the anode. Yang et al. [45] observed that
Fe(Ill) aggregated on the anode can compete for electrons with the anode and inhibit the
electrochemical activity of biofilms.
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Figure 3. Power curves (a) and polarization curves (b) for all MFCs.

The polarization curves showed that modification of the anode with iron reduced the
cell’s internal resistance, most likely via better electron transfer due to the presence of iron
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particles. The highest internal resistance of 1029 () was recorded in MFC 01, While the
lowest internal resistance (184.9 (2) was recorded in MFC jre (Figure 3). Increasing the
iron dose used for anode modification from 0.1 to 0.4 g gradually increased the internal
resistance of the cell to 397 () in MFCy 4p.. In a study by Mohamed et al. [6], electrode
position of iron (200 mM FeCls working solution) on CF, G, and CC electrodes caused the
total internal resistance of an MFC to decrease by 2.0, 1.9, and 1.4 times, respectively. In
addition, electrolytic deposition improved the wettability and increased the porosity and
biocompatibility of the surfaces.

3.3. COD Removal

The elimination of organic compounds in the MFC is carried out by their microbial
decomposition, the products of which are carbon dioxide, hydrogen protons, and electrons,
the acceptor of which is the electrode. The decomposition of organic compounds can be
illustrated by the example of acetic acid as follows:

C2H4OZ + ZHzo — 2C02 +8H" +8e™

Complex organic compounds must be converted to monosaccharides or other low-
molecular-weight compounds [46]. Therefore, the high biodiversity of microorganisms is
important in MFC systems using complex effluents. Organic nitrogen in wastewater is
converted to NHy-N, which is removed in the MFC mainly by migration through the EMF
and volatilization in the cathode chamber [47] or by precipitation in the form of struvite,
cattiite (Mg3(PO4);-22H,0)) or in the presence of iron-vivianite (Fe3(PO4)-8H,0) [48]. In
anaerobic environments, in the presence of Fe(III), NH,4 ™ is an electron donor and is oxidized
to NO, ™ by reduction of Fe(Ill) to Fe(II) according to the formula [49] (Equation (1))

3Fe;05-0.5H,0 +10H* + NH,* — 6Fe?* + 8.5H,0 + NO, ™ (AGr < 145.08 k] /mol) (1)

The average COD removal efficiency was above 70% for all reactors, indicating that
the anaerobic biofilm on the anode was well developed and active. Low iron dosages
favored more stable and effective COD removal compared to MFC_ o1 (Figure 4a). In
MEFCy gspe and MFCy 1., COD was stably removed with efficiencies of 83.96 £+ 10.1%
and 85.5 & 14%, respectively (Figure 4b,c). The mean COD concentrations in the treated
wastewater from MFC gspe and MFCy 15, were 29.5 £ 14.9 and 30.8 £ 7.6 mg COD/L,
respectively, and were significantly lower than concentrations in the other MFCs. Better
COD removal can be explained by the iron-modified anode having a higher surface area,
which results in better biocompatibility and adhesion of microorganisms [4,50]. However,
our results suggest that if the Fe dose is too high, the stability of COD removal decreases
(Figure 4d,e). For example, in MFC 4r, the range of COD in wastewater was between 29
and 141 mg/L. Mohamed et al. [51] reported that Fe(Ill) at a dose of 40 mg/L in wastewater
treatment systems decreases COD’s removal efficiency. At high concentrations of Fe(IIl) in
the environment, Fe(Ill) penetrates bacterial cells in large numbers and reduces enzyme
activity or generates toxic free radicals that damage cell structures [52,53].

The addition of iron facilitated the maintenance of a neutral pH in the MFCs. The
mean pH of the effluent from MFC_yni01 (PH 8.3) was significantly higher than that of
the MFCs with iron-modified anodes (pH 7.7, 7.9, 7.8, and 7.8, for MFC g5p., MFC 1re,
MEFC ore, and MFCy 4re, respectively). Although the pH was lower in the MFCs with
iron-modified anodes, it increased during the cycle, indicating that the rate of transport
of protons through the PEM was slower than the rate of their production in the anode
chamber. The efficiency of an MFC is optimal when a constant pH is achieved in the anode
chamber, and the rate of proton production in the anode chamber is equal to the rate of
their consumption at the cathode [54]. At the same time, the effluents from MFC ;. and
MEFC 4re had significantly lower alkalinity than that from MFC_ g0, The oxidation of
organic compounds usually produces more protons than bicarbonate ions, which lowers
the pH and alkalinity and may harm the anode biofilm [55]. The lower alkalinity that
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was observed in the MFCs modified with the highest Fe doses may decrease conductivity,
increase internal resistance, and decrease the efficiency of electricity generation [56].

400 1~

400 - - 100 - 100
350 A 350 4
L - 80
300 - 80 300 4
I 250 A g Z 250 | I
ED 250 60 3 E.; 200 60 >
— - f=
= 200 8 a g
Q 150 A r40 &2 S 150 40 2
o ° © 9]
100 4 o 100 A L 20
. hd 20 ce ® o
50 4 ° e® %o® .o 50{g ®%® "o o @ .o
0 hd . L 0 0 T . s % 0
0 5 10 15 20 0 5 10 15 20
a) cycle b) cycle
400 - - 100 400 - - 100
350 -
350 . s
300 - 300 A
3 250 8 =250 - Lo
) i reo < I )
£ J g £ 200 A 2
3 2 2 8 b 40 Ig
Q150 {1 ® r40 2 o 150 1 PR £
o &= oo ° ]
(]
100 100 - .
L 20 * ® - 20
50 4 R . 50 1@ 0e® o, o0
0 ...?. °?.. .?‘... 0 0 T T : 0
0 5 10 15 20 0 5 10 15 20
<) cycle d) cycle
400 4 - 100
350
L 80
300
= 250 A ]
Eﬂ L 60 >
327 @
o ] L 40 2
g 150 s £
100
Cene Y L 20
50 1 @ oo 0000
0 T T T 0
0 5 10 15 20
e) cycle
® COD o efficiency

Figure 4. COD concentration in the effluent and COD removal efficiency in (a) MFC_yntro1,
(b) MFC ospe, (¢) MFCq 1re, (d) MFCy 2pe, and (e) MFC 4pe.

The efficiency of NH4-N removal in all MFCs was about 37%, and the NH4-N concen-
trations in the effluents did not differ significantly.

3.4. Chromatographic Analyses of VFAs

In our study, the differences in the effluent compositions indicated that the presence of
Fe on the anode affected the metabolic conversions in the MFC. To illustrate the changes in
VFA composition during wastewater treatment in MFCs, chromatographic analyses were
performed (Figure 5). Acetic acid comprised the largest share of VFAs in the substrate
(86%), while the remaining 14% were other acids, mostly propionic acid (7%). Yu et al. [57]
investigated the influence of various substrates on energy production and did not note
any changes in the VFA profile in an acetate-fed rector—acetic acid was the only VFA
in the effluent. In our study, in contrast, acetic acid was present only in small amounts
(from 0.2% in MFCy 1pe to 3.0% in MFContro1), While propionic and valeric acid proportions
significantly increased in comparison to their proportions in the raw wastewater. In the
outflow from MFC 01, propionic and valeric acids constituted 58% and 23% of VFAs,
respectively, while hexanoic and iso-hexanoic acids accounted for 12%. As the iron dose was
increased, the proportion of propionic acid also increased, while the proportions of valeric,
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caproic, and iso-caproic acids decreased. Some microorganisms are able to form storage
compounds in the form of polyhydroxyalkanoate (PHA) during the anaerobic degradation
of organic compounds, especially VFA. Under aerobic conditions, PHAs are used as a
carbon source, e.g., during biological phosphorus removal [58]. Wang et al. [59] proposed
an anaerobic pathway for the synthesis and degradation of PHAs. The type of VFA
determines the composition of stored PHA, which in turn affects the types of VFA produced
during PHA degradation. Polyhydroxybutyrate (one of the forms of PHA) is degraded to
acetate and butyrate, and polyhydroxyvalerate (PHV) is degraded to propionate, acetate,
and valerate. In our study, in the biofilm microorganisms such as Zooglea sp., Dechloromonas
sp., Acidovorax sp., and Hydrogenophaga sp. (see Section 3.5), capable of PHA accumulation,
were observed. Due to the prevailing anaerobic conditions, it is possible that they converted
them to organic acids present in the wastewater, i.e., mainly propionic and valeric acids,
which would indicate that the reserve substance was stored mainly in the form of PHV.

300 -
=
250 A

200 -+

150 H

VFA (mg/L)

100 -
50 | H =

0 - T T T T T 1
wastewater MFCcontrol MFC0.05Fe  MFCO.1Fe MFCO0.2Fe  MFCO.4Fe

HMC2 mC3 miso-C4 mC4 miso-C5 mC5 miso-C6 mC6 mC7

Figure 5. Profile of VFA concentration in raw wastewater and the effluents from all MFCs (average of
n = 5), where Cy—acetic acid, C3—propionic acid, C4—butyric acid, Cs—valeric acid, C4—caproic
acid, and C;—enanthic acid.

These results indicate that microbial metabolism in MFCs leads to the formation of
VEAs other the acetic acid; this process has been observed, for example, during acetate
conversion under anaerobic conditions [60]. Moreover, propionic acid that is present
in wastewater may not be metabolized in MFCs. During anaerobic fermentation, the
conversion of butyric acid and propionic acid to acetic acid does not occur spontaneously,
due to the high Gibbs free energy of the reaction, resulting in an accumulation of the two
acids [61]. The presence of propionate as a metabolic product of wastewater conversion
in MFCs inhibits the activity of acidogenic bacteria and methanogens [62], which can
eliminate electron loss during methane fermentation in MFCs.

3.5. Microbial Structure of Inoculum and Anode Biofilm in the MFCs

A total number of 498,906 readings was obtained after sequencing. The lowest number
of readings was recorded in MFC 4r, in the 10th cycle of MFC operation, and the highest
in MFCy g, in the 10th cycle of operation (Table 1). The flattening of the rarefaction curves
(Figure S6) indicates that the depth of the sequencing was sufficient. However, the OTU
number for the tested samples was quite low and varied from 66 to 117. For comparison, the
average number of OTUs for biofilms from the anode modified with Fe, O3 in an acetate-fed
dual-chamber MFC was about 600 [63]. In our study, many unclassified microorganisms
were detected, which may explain the low number of OTUs.
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Table 1. Alpha diversity indicators in all MFC reactors; the number after the reactor name indicates
the cycle in which sampling was performed; OUT—operational taxonomic unit, Chaol—richness
estimator, Shannon—biodiversity index, ACE—abundance-based coverage estimator.

Reactor—Cycle OTU Chaol Shannon ACE Total Read
Number Counts
Inoculum 91 91.5 2.51 92.7 26,877
MFC o nirol—3 103 103.6 3.14 103.6 25,053
MEFCcontro1—10 108 108.5 297 108.2 29,183
MFC o0 —18 112 1143 2.85 114.8 28,548
MFCj gspe—3 108 108.5 2.85 108.3 35,811
MEFC gspe—10 105 108.0 1.51 108.1 38,831
MFCy gspe—18 111 111.0 2.77 111.3 24,160
MFCy 1pe—3 109 110.6 147 111.1 43,390
MFCq 1pe—10 101 101.6 1.23 102.8 49,705
MFCq 1pe—18 117 117.9 2.69 118.5 33,249
MFCy ope—3 66 69.0 1.72 68.5 24,281
MFCg ppe—10 101 101.5 3.14 103.5 28,223
MFCqpe—18 118 122.7 2.57 122.5 30,545
MFC 4pe—3 64 65.3 145 66.8 28,970
MFCq g4pe—10 103 104.1 3.21 105.3 17,967
MFCq gpe—18 111 111.8 2.56 113.0 34,113

The ACE index in MFCytr0] and the MFCs operated with the two lower iron doses in-
creased with time, but in the reactors with modified anodes, the diversity slightly decreased
during the 10th cycle of reactor operation (Table 1). In MFC ;r. and MFCy 4re, the ACE
changed more dynamically, indicating that the presence of Fe changed the metabolism and
biodiversity of the anode biofilm. In the third cycle of reactor operation (In MFCy 5p. and
MECy 4r), the ACE dropped significantly from 92 in the inoculum to about 70. However,
the species diversity then increased with time, and at the end of the experiment, it was
nearly two times higher than during the third cycle of MFC operation.

Throughout the experiment, Proteobacteria predominated in the microbial commu-
nities in the individual MFCs. The share of Proteobacteria increased in relation to the
dose of iron used for the anode modification (Figure 6), reaching a value above 75% of all
identified microorganisms in MFC 4p. Proteobacteria members are electroactive bacteria
crucial for extracellular electron transport [64]. They are involved in sludge hydrolysis
and short-chain fatty acid production and are the main consumers of acetate, propionate,
and butyrate during fermentation [65], which explains their high abundance in MFCs fed
with acetate-containing wastewater. In a study in which Fe3O4 was dosed to the medium
in a single-chamber MFC, the numbers of Proteobacteria in the biomass were also high,
followed by Desulfobacterota and Bacteroidota [21]. The second most abundant group
in the present study was Bacteroidetes (up to 11% in MFCjs). A high percentage of
unclassified bacteria (up to 44% in MFCj g5) indicated that many yet undiscovered bacteria
played an important role in energy production in MFCs.

A common feature of the microbiome in all MFCs was the presence of Acidovorax
sp. during reactor start-up (Figure 7). Its share ranged from 3 to 18.5% depending on the
MEFC, and then, in subsequent cycles, it decreased to <0.5%; only in the control did its
share amount to 1.3% in the 18th cycle. Acidovorax sp. are capable of efficient extracellular
polymeric substances (EPS) production (over 150 mg/L in R2A agar medium [66]), and
probably participated in anode colonization and the formation of an anode biofilm in the
initial stage of MFC operation.
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Figure 6. Relative abundance of particular phyla in the inoculum and anodic biomass obtained from

all MFCs.
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Figure 7. Heatmap showing 30 of the most numerous genera in the investigated MFCs, the number
after the reactor name indicates the cycle in which sampling was performed.

One of the most frequently identified EEs is Geobacter sp., which is able to convert
energy from the decomposition of organic compounds with electron transfer to the anode
using nanowires [67]. Liu et al. [22] observed a decrease in the share of Geobacter sp. in
the bacterial community with an increasing concentration of FeCl3 in a medium from
200 to 1000 uM. Zheng et al. [21] investigated the effect of Fe30, added to the medium
in a single-chamber MFC. Their results show that the lowest tested dose of 4.5 g/L led
to an enrichment of the anode biofilm in Geobacter sp. (17.4% for control and 31.5% for
MEFC with the tested Fe3O4 dose), but higher doses decreased their share. Our study
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shows that Geobacter sp. was present in all tested MFCs, with the highest proportion
(6.3%) being observed in the MFC optro1- In the remaining MFCs, the share of Geobacter sp.
ranged from 1.3 to 3.3%. The results indicate that the percentage of Geobacter sp. in the
biofilm did not directly translate into energy production in MFCs, which was highest in
MEFCj 1re. The numerical abundance of microorganisms in biofilms cannot be assumed a
priori to correlate to the capacities of these species to produce power [68]. In MFCs with
lower Geobacter sp. abundances, a greater role was played by the synergistic interactions
between microorganisms. In co-cultures with EE microbes, other bacteria may facilitate
the current generation by removing chemicals or by producing a substrate for the current
generation [69]. The lower proportion of Geobacter sp. in the presence of iron ions may result
from the fact that these microorganisms do not appear to significantly reduce crystalline
forms of Fe(Ill) [70]. Growing these microorganisms in media with crystalline forms of
Fe(III) led to the enrichment of methane-producing cultures, while the addition of weakly
crystalline Fe(III) resulted in the successful enrichment of Geobacter sp. [67]. The other
study focused on the analysis of protein expression in Geobacter sulfurreducens showed
that in the presence of Fe(IIl) oxide, about 76% of proteins were less abundant than in
the presence of Fe(Ill) citrate due to the slower rate of bacterial metabolism and growth
with an insoluble electron acceptor. Most of these proteins were involved in metabolic
processes such as electron transport (13 c-type cytochromes) or were structural proteins for
electrically conductive pili (PilA, [71]).

As environmental conditions in MFCs with iron-modified anodes did not favor Geobac-
ter sp., in these MFCs, electricity generation was supported by other microorganisms. At
two lower doses of iron on the anodes, EEs belonging to the genera Pseudomonas and Oscil-
lochloris were identified in large numbers. Oscillochloris sp. is a type of filamentous bacteria,
classified as anoxygenic phototrophs, that binds carbon through the reductive pentose
phosphate cycle [72]. Phototrophic bacteria of various types are capable of generating en-
ergy [73-75]. In the MFCy 15e, Pseudomonas sp. comprised up to 70% of bacteria in the anode
biofilm. Pseudomonas sp. produces several electrochemically active phenazine derivatives,
such as phenazines-1-carboxylic acid, pyocyanin, oxychlororaphin, and pyorubin, which
can act as redox mediators in the MFC [76]. The high abundance of Pseudomonas sp. in
MECj 1p. may explain the high power obtained in this cell because electrons produced by
other bacteria could be transferred to the anode via mediators produced by Pseudomonas
sp. In high concentrations, the mediators produced by Pseudomonas sp. can be toxic to
other species, thus giving Pseudomonas sp. an environmental advantage in competition
with other bacterial species [69]. The energy production by pure cultures of Pseudomonas sp.
is lower than that of biofilms with a high proportion of Geobacter sp.; however, this lower
energy production by Pseudomonas sp. may be compensated by their high abundance in
biofilm. Moreover, competition in biofilms involves many factors, and the ability to conduct
current may not be the only or main reason for the predominance of high-power-producing
bacteria. For example, some EEs bacteria in a mixed culture of the anode in MFC are
capable of higher power production than after isolation from this biofilm and cultivation in
the pure culture [68].

In MFCy gspe and MFC 1re, Rhizobium sp., Thiovirga sp., Longilinea sp., and Bacteroides
sp. occurred in the anode biofilm, which all have been reported to be involved in energy
generation in MFCs. The Rhizobium anhuiense strain is an effective EE and generated a max-
imum voltage of 635 mV and output power of 1.07 mW /m? in a glucose-fed dual-chamber
MFC operated in an open circuit [77]. Thiovirga sp. is a type of chemolithoautotrophic bac-
teria, and in MFCs, they play an essential role in sulfide metabolism and COD removal [78].
Thiovirga sp. shows good resistance to high metal concentrations; however, our study indi-
cates that, although Fe presence favors Thiovirga sp. growth in anodic biofilm, this genus
prefers lower Fe concentrations in the environment [79,80]. Longilinea sp. decomposes
hydrocarbon into acetate and Hj [81]. Yang et al. [82] reported that the presence of Fe,O3
at the anode promoted the reproduction of Longilinea sp., which could release intracellular
electrons through the metabolism of substrates or intermediates [83]. Bacteroides sp. were
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one of the main bacteria producing electricity in the constructed wetland MFC [84]. It
efficiently produced electricity by degradation of organic substances, preferably acetate [85],
as well as by transferring electrons that reduce Fe(IlI) [86].

At the two highest doses of iron at the end of the study, biomass was mostly occu-
pied by Desulfobacter sp., Dechloromonas sp., and Thiobacillus sp. Dechloromonas sp. have
been reported to both generate electricity in MFCs [87,88] and play an important role in
the conversion of ferrous ions in Fe-contaminated soils or waters [89,90]. Li et al. [91]
observed that during municipal wastewater treatment in MFC coupled with an up-flow
in denitrification biofilter abundance of Dechloromonas sp. ranged from 1.29% to 9.52%.
The authors reported a negative correlation between the abundances of Dechloromonas sp.
and Geobacter sp., which play a predominant role in denitrification and anodic respiration.
This observation indicates their similar respiring and metabolizing processes and, thus,
potential competing relationships. Our studies indicate that their abundance also depends
on the iron content in the environment. Desulfobacter sp. are a type of EE [92] using acetate
as an electron donor and sulfate, sulfite, and thiosulfate as final electron acceptors [93].
Desulfobacter sp. generated electric power of 370-1400 mW /m? in the concentration range
from 550 to 1270 mg COD/(L-h) [94]. Thiobacillus sp. was present in both the anode and
cathode biofilm [95,96] with abundances in anode biofilms as high as 24.5% during the
treatment of wastewater with high sulfur content [97].

In MFCy 45, at the beginning of the experiment, Proteobacteria constituted as much
as 96% of the entire bacterial community, and the Zoogloea sp. share was close to 70%.
The predominance of Zoogloea sp. in the biofilm from MFCj 45, may result from the fact
that these microorganisms can produce large amounts of EPS. Production of protein- and
polysaccharide-rich EPS plays a vital role in cell protection under metal stress condi-
tions [98,99], as functional groups from EPS form complexes with metal ions protecting the
cell surface [100]. Metal ions may also be sorbed on the cell surface of Zoogloea sp. by elec-
trostatic interactions such as van der Waals forces [101,102]. A decrease in the abundance
of Zoogloea sp. in the course of the experiment indicated bacterial succession maturation
of the anodic biofilm. Another bacterial group that preferred high iron concentrations
was Flavobacterium sp. (up to 10.1% of the bacterial community in MFCy 45.). Previous
research indicated that Flavobacterium sp. predominated in acetate-fed MFC [103] and was
an important player in electricity production [104,105].

The presence of Fe;O3 on the anode was positively correlated with the abundances of
Methylovresatilis sp. and Fluviicola sp., whose share on the MFC 45, anode reached 1.2%
and 1.5%, respectively (Figure S5). Methyloversatilis sp. is a type of facultative methylotroph
that can grow on a variety of C; and multi-carbon compounds [106] and has been reported
in MFCs [107]. Our study indicated for the first time that the presence of Methyloversatilis
sp. in the environment is stimulated by increasing Fe concentrations. It may be explained
by the important role of Fe-containing enzymes in Methyloversatilis sp. [108] as well as by
the involvement of this genus in iron conversions in the environment [109]. The positive
effect of the addition of ferrous ions (Fell) on Fluviicola sp. abundance was observed in
up-flow anaerobic sludge blanket digestion reactors in which these bacteria conducted
NO; reduction together with Fe(II) [110].

4. Conclusions

Bioelectrochemical systems that recover energy from wastewater and waste can play
an important role in the energy industry’s future. In this study, to improve electrical power
generation in MFCs, various doses of Fe,Os were used to modify the anode surface. In
MEFCy 1re, the power and cell resistances were the best, 2.8 times higher and 5.6 times
lower than in the control. Organics removal from wastewater was more stable in MFCs
with anodes modified with lower Fe,O3 doses. Although the main source of carbon in
wastewater was acetate, propionic and valeric acids predominated among the VFAs in the
MEFC effluents; the proportion of propionic acid to other VFAs increased with increasing
iron dose. EPS producers, such as Zoogloea sp. and Acidovorax sp., were abundant during
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reactor start-up, facilitating microbial colonization of the anode and the development of
anode biofilms. The addition of iron increased the diversity of the bacterial community.
Our study indicated that EE composition was strongly affected by the presence of iron
on the anode. The abundance of EE Geobacter sp. was 2-3% on the anodes modified with
Fe;O3 in comparison with 6% in the control MFC. At the two lower doses of Fe; O3, the
abundance of EEs belonging to Oscillochloris sp. and Pseudomonas sp. increased, while
at the two highest Fe;O3 doses, EEs belonging to Dechloromonass sp. and Desulfobacter
sp. predominated in the biofilm. To improve the operation of the MFC, more research
is needed to evaluate the effects of iron dose on the anode electrode, because too much
iron can negatively affect the current generation and the anode biofilm, and researchers
often focusing on the modification itself, ignoring the microbiological aspect. This research
could help scientists further develop MFCs through low-cost methods, but more resistant
materials need to be developed for industrial applications, as the technologies need to work
in the long term.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ijerph20032580/s1, Figure S1. SEM/EDS analyses of anodes’ surfaces for an acceleration
voltage of 15 kV: (a) pristine, (b) with 0.05 g Fe;O3, (c) with 0.1 g Fe; O3, (d) with 0.2 g Fe; O3, (e) with
0.4 g FepO3. Figure S2. Statistical differences in the voltages obtained in the individual reactors
(ANOVA; Tukey’s HSD post hoc test), p < 0.05, * significantly higher than in the remaining MFCs.
Figure S3. Power output within 18 cycles for (a) MFC_yptro1, (b) MFCy g5Fe, (€) MFC 1re, (d) MFCq oe,
(e) MFCy 4r. Figure S4. CV for (a) abiotic anodes, (b) with biofilm. Figure S5. Refraction curves;
the number after the reactor name indicates the cycle in which sampling was performed. Figure S6.
Top 25 genera with abundances most strongly correlated with the dose of Fe;O3 used for anode
modification.
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Figure S1. SEM/EDS analyses of anodes' surfaces for an acceleration voltage of 15 kV: (a)
pristine, (b) with 0.05 g Fe203, (c) with 0.1 g Fe203, (d) with 0.2 g Fe203, (e) with 0.4 g
Fe203.
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Figure S2. Statistical differences in the voltages obtained in the individual reactors (ANOVA;
Tukey’s HSD post hoc test), p<0.05, * significantly higher than in the remaining MFCs
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Figure S3. Power output within 18 cycles for (a) MFCeontrol, (b) MFCo.o5Fe, (¢) MFCo.1re, (d)

MFCo.re, (€) MFCo.4Fe.
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Figure S5. Refraction curves; the number after the reactor name indicates the cycle in which
sampling was performed.

Figure S6. Top 25 genera with abundances most strongly correlated with the dose of Fe2O3
used for anode modification.
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Abstract

Microbial fuel cells (MFCs) are a promising technology for energy recovery from wastewater. To improve energy genera-
tion, reduced graphene oxide (rGO) and composites of rGO and Fe(III) in two doses (34 mg and 68 mg) were electrochemi-
cally deposited on graphite felt anodes in a dual-chamber MFC fueled with wastewater. The power density (8.55 mW/m?)
and voltage (342.7 +72.8 mV) were higher in the MFC with the anode modified with rGO/68 mg Fe composite than in the
other variants. The total internal resistance of this cell was about 4 times lower and the load transfer resistance was 2 times
lower than with the control. The double-layer capacitances of the modified anodes at 900 mV were higher than those of the
MEFC-control (up to 3.7 times in the case of the MFC with anode modified with rGO and 68 mg Fe). Our study identified 12
bacterial species (such as Pseudoxanthomonas sp., Dechloromonas sp., Stenotrophomonas sp., Microcystis sp.) that supported
the generation of voltage, current, and power in the MFC. Analysis of the metabolic potential of anodic biofilms indicated
that electricity production was mainly related to the citrate cycle. In MFC with the anode modified with rGO/34 mg Fe com-
posite, the metabolic potential for energy production and conversion, defense mechanisms, replication, recombination, and
repair was highest. This is the first study to holistically investigate how rGO and iron affect power generation, microbiome
composition, and bacterial metabolism in municipal wastewater-fed MFCs.
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Introduction

Microbial fuel cells (MFCs) continue to be of great interest
to scientists as an environmentally friendly technology for
wastewater treatment and biodegradation while simultane-
ously generating electricity. The environmental aspect is the
main factor contributing to the popularity of this technol-
ogy; however, the power output remains low with increasing
reactor size, which limits the transfer of this technology to
a large scale (Tabassum et al. 2021). The insufficient charge
transport capacity and high internal resistance have led sci-
entists to attempt to improve the kinetics of the reactions
occurring at the anode by developing better electrode materi-
als (Banerjee et al. 2022).

Anode electrodes should have a large specific surface
area, roughness, and biocompatibility to allow better bac-
teria to colonize the anode (Nosek et al. 2020). To achieve
these properties, carbon nanomaterials have been used to
modify electrodes, due to their good electrical properties
(Ni and Li 2016). Graphene (G) is one such material, and it
offers several advantages over graphite: it has higher durabil-
ity, a two-dimensional molecule structure, and better electri-
cal properties. G is considered the thinnest material with a
unique combination of properties that offer potential appli-
cations for future technology development (Wu et al. 2007).
The range of measured values for the single-layer thickness

@ Springer

of G was between 0.4 and 1.7 nm (Shearer et al. 2016). The
particular form of G that is more commonly used in MFCs
is reduced graphene oxide (rGO). rGO sheets are obtained
by thermal, hydrothermal, or chemical reduction in GO, and
rGO has a good electrical conductivity value of 6000 S/cm
(Du et al. 2008).

Recently, attempts have been made to further improve
MEFC by combining carbon nanomaterials, e.g., rGO, with
metal oxide nanoparticles. Metal oxide nanomaterials are
advantageous due to their excellent structural dynamics,
large surface area, porosity environmental friendliness, non-
toxicity, and availability (Aiswaria et al. 2022). They have
unpaired d-orbital electrons in their structure, which ena-
bles good electrochemical catalytic activity in MFC (Dessie
and Tandesse 2021). Most current research on the use of
rGO in combination with metal oxides in MFC is mainly
concerned with the effects of electrode modifications often
using pure bacterial cultures, e.g., Rhodobacter sphaeroides
spp- (Islam et al. 2020) or Shewanella oneidensis MR-1 (Li
et al. 2018). Studies with pure cultures are useful to iden-
tify the mechanisms involved in the process. Still, they are
impractical for large-scale processes due to the higher cost
of maintaining this culture in reactors. A small amount of
research has focused on microbiological analysis of mixed
biofilms formed on anodes modified with G compounds. The
selection of technological parameters for MFC operation,
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such as the type of substrate (Gezginci and Uysal 2016) or
organic load (Nosek and Cydzik-Kwiatkowska 2019), the
method of modifying the anode surface (Xiao et al. 2020),
allows to shape the microbial community and stimulate the
development of specific microorganisms. Knowing the spe-
cies responsible for energy production allows the use of bio-
augmentation to accelerate the development of the biofilm
and the stable operation of the MFC.

Bioelectrochemical systems can be used as a good tech-
nology for decolorization and wastewater treatment (Kong
et al. 2022). The use of municipal wastewater or landfill lea-
chate in MFC has a twofold advantage. First, the wastewater
is purified, reducing organic carbon to a large extent, and
second, electricity is generated with low CO, production.
This energy can be used in the future, for example, to aerate
the biological basins or to light the operational buildings
of the treatment plant. Therefore, it makes sense to fulfill
the assumptions of the circular economy and to use waste
materials as a valuable energy source.

Table 1SM (Supplementary Materials) presents the
results of the research on anode modification using rGO.
To date, most research has focused on the electrochemical
aspects of the MFC itself, i.e., the deposition of rGO and
nanoparticles on the electrode and the electrical behavior of
the modified electrode. Many studies have concluded that
electrode modification with rGO increases current response
and charge storage capacity, reduces charge transfer resist-
ance, and that higher open-circuit potentials indicate higher
electrogenic activity and reaction rates at the anode (Pareek
et al. 2019). In addition, Shao et al. (2010) reported that
rGO exhibits exceptionally high electrochemical capacitance
and cyclic stability, far exceeding that of carbon nanotubes.
However, the information on the electrochemical behavior
of modified anodes alone may prove to be insufficient in the
future. Knowledge of the species composition of the anode
biofilms is also an important aspect of MFC operation to
identify the species that are directly and indirectly responsi-
ble for the current generation and that contribute to substrate
decomposition. To the authors’ knowledge, no molecular
studies have been performed in MFC with anodes modified
with iron oxide and rGO and inhabited by a mixed microbial
community fed with wastewater. Therefore, the objective
of the present study was not merely to verify the effect of
modification of carbon felt with rGO in combination with
iron (IIT) on electricity generation, but, most importantly,
to describe the species composition of the anode biofilm,
which is the main factor in energy generation in MFCs. Our
research has shown that anode modification with rGO alone
can lead to voltage reversal, which is not common in single
MECs, and that the presence of iron helps to overcome this
phenomenon. An additional novel aspect of this study was
the use of Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) analysis

based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database to predict the potential metabolic func-
tions of anodic biofilm in the presence of rGO and iron
(IIT). Metabolic functions in MFCs have not been widely
discussed in the literature so far, and understanding the
potential metabolic pathways in which organic compounds
are removed and energy is produced is an important element
in adapting MFCs to various types of substrates to use this
technology most effectively in the future.

Materials and Methods
Experimental set-up

The dual-chamber MFCs were constructed using Plexiglas.
The anode and cathode chambers had a volume of 2L each.
An 8 x 8 cm Nafion 117 proton-exchange membrane (PEM)
from Dupont was utilized as the separator between the
chambers. Before inserting the membranes into the MFCs,
they underwent a preparation process. The steps involved
were as follows: soaking in acetone for 15 min to remove
impurities, rinsing with distilled water to eliminate residual
acetone, soaking in 1 M HCI for 30 min to further clean the
membranes, rinsing with distilled water to remove any traces
of acid. To prevent membrane clogging, a weekly cleaning
procedure was performed: soaking in 1 M HCl, and rinsing
with distilled water to ensure the removal of acid residues
(Nosek and Cydzik-Kwiatkowska 2019).

Anodes preparation

The anodes made of carbon felt (CF) (10 x20x 0.3 cm) were
connected to a stainless steel wire. Before use, the CF was
subjected to treatment in an ultrasonic bath (InterSonic,
15 min) to remove impurities. An MFC with an unmodi-
fied anode was used as a control (MFC-control). rGO was
electrodeposited on a CF electrode under oxygen-free condi-
tions (the absence of oxygen ensured by using argon bub-
bles). The process involved 15 voltammetry cycles between
—1.5 and 0.8 V versus an Ag/AgCl electrode (3 M) with a
scan rate of 50 mV/s. The choice of the minimum potential
of —1.5 V for the simultaneous reduction electrodeposition
process aimed to maximize the reduction in the oxygen-
based groups while minimizing the damage to the depos-
ited rGO film due to hydrogen evolution. The CF was used
as the working electrode (WE), while a platinized titanium
mesh (10 cm X 15 cm, Goodfellow, UK) served as the coun-
ter electrode (CE). The electrolyte solution consisted of an
aqueous solution containing 150 mM NaCl and 0.5 mg/mL
rGO (Sigma-Aldrich). Subsequently, electrochemical depo-
sition of iron on the rGO/CF samples was performed using
an electrolytic bath containing the following components:
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FeSO,-7H,0 (99% purity, Sigma-Aldrich)—240 g/L; NaCl
(>99.5%, Sigma-Aldrich)—40 g/L. The deposition process
was carried out at a cathodic current density of 1 mA/cm? at
room temperature for 2 and 4 min, resulting in a correspond-
ing catalyst deposition of about 34 (rGO-Fe34) and 68 mg
(rGO-Fe68), respectively.

MFCs inoculation and operation

The anode chambers were inoculated with 100 mL of a
1:1 (v/v) mixture of digested sludge from the munici-
pal wastewater treatment plant in Olsztyn (Poland). The
MFCs were fed with synthetic medium containing 4 g/L
K,HPO,, 3.4 g/L KH,PO,, 0.15 g/L. NH,CI, 0.1 g/L NaCl,
0.13 g/L KCI, 0.1 g/L MgS0O,-7H,0, and sodium acetate as
a carbon source in the amount of 200 mg COD/L (0.3 g/L
CH;COONa). The anode chamber was sealed to prevent
access to air, and the chamber contents were mixed at a
speed of 100 rpm. The cathode chamber was aerated with
an air diffuser (20 mL/min). As a catholyte, phosphate buffer
was used (4 g/L KH,PO, and 3.4 g/L K,HPO, in distilled
water), which was replaced once a week. Initially, the MFCs
were left in an open circuit for one day to allow the biomass
to adapt to the environmental conditions in the MFCs and
to support microbial colonization of the electrodes (Lobato
et al. 2012). Following this period, the MFCs were operated
with an external resistance of 1000 Q, a value determined
based on preliminary experiments conducted by Nosek and
Cydzik-Kwiatkowska (2022). The MFCs were operated in
cycles lasting 120 h, after which 300 mL of the anode cham-
ber volume was replaced. The experiment was conducted for
40 days. During this time, in the effluent, chemical oxygen
demand (COD), ammonium nitrogen (NH,-N), and vola-
tile fatty acids (VFAs) were measured according to APHA
(2012). pH and alkalinity were measured using a TitroLine
instrument (Donserv). In the MFC effluents from the 5th,
8th, and 10th cycles, nitrite and nitrate were measured using
cuvette tests (Hach Lange, Germany).

Electrochemical analyses

The polarization and power curves were determined using
a True-RMS multimeter (the external resistance of the cell
varied in the range of 75-7200 ) according to Watson and
Logan (2011). Voltage readings were recorded at one-minute
intervals using a data acquisition device (6600 Counts PC-
LINK). The current flowing through the cell was calculated
using Ohm’s law based on the external resistance. Cyclic
voltammetry (CV) measurements were conducted using
a three-electrode system. The working electrode was the
anode, accompanied by a platinum counter electrode and
an Ag/AgCl reference electrode with a constant potential
of 0.197 mV (Gammry Instrument Interface 1010E). The
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CV experiments were performed at a scan rate of 20 mV/s.
Electrochemical impedance spectroscopy (EIS) was per-
formed in a three-electrode system as described above
(anode as a working electrode), in the frequency range of
10°—0.1 Hz with an AC signal of 10 mV amplitude, in the
DC range of 400900 mV. The electrochemical behavior
of the biofilm-anode system was tested in the 9th cycle of
stable phase MFC operation with the catholyte present in
the cathode chamber. All experiments were performed at
room temperature.

To characterize the surfaces of pure CF after sonication
in the ultrasound batch and CFs modified with rGO and
rGO-Fe, a Quanta FEG 250 Scanning Electron Microscope
(SEM/EDX, Quanta FEG 250, FEI) was applied. To iden-
tify the presence of rGO on the electrode, the Fourier trans-
form infrared spectroscopy (FTIR) spectrometer IRSpirit-
T (Shimadzu) equipped with an attenuated total reflection
(ATR-FTIR) diamond crystal was used. The measurements
were performed with a resolution of 4 cm™! in wavenumber
ranges from 4000 to 400 cm™!.

Molecular analyses

For genomic DNA extraction, 100 pg of inoculum and
biomass were processed from the anode surface using a
FastDNA SPIN Kit for Soil (MP Biomedicals). Samples
were collected from the anode surface during the 10th, 20th,
and 30th days of the experiment. After DNA extraction, the
purity and concentration of the obtained DNA samples were
determined using a NanoDrop spectrometer (Thermo Scien-
tific). For DNA amplification, a 515F/806R primer set (5'-
GTGCCAGCMGCCGCGGTAA-3'/5-GGACTACHVGGG
TWTCTAAT-3") was used targeting the V4 region of bacte-
rial and archaeal 16S rDNA genes (Caporaso et al. 2011).
Amplicons were sequenced (the MiSeq platform, Illumina)
in the Research and Testing Laboratory (USA). Reads were
analyzed as described in Swiatczak and Cydzik-Kwiat-
kowska (2018) and deposited in the NCBI Sequence Read
Archive (BioProject PRINA978387). The pipelines of the
PICRUSt program were used to predict metagenomics infor-
mation on microbial metabolic function using the KEGG
and the Cluster of Orthologous Groups (COG) databases
(Douglas et al. 2020).

Statistical analysis

The results from each MFC’s last 5 cycles of operation
were analyzed statistically (p <0.05 considered significant,
Statistica 13.3, StatSoft) using one-way analysis of vari-
ance (ANOVA), followed by Tukey’s test (HSD). Micro-
biomeAnalyst (Chong et al. 2020) was used for metagen-
omic and statistical analysis of microbiome data (p <0.05).
To account for the potential importance of low-abundance
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bacteria within complex microbial communities, diversity
indices were calculated without normalizing for the number
of reads, following the approach described by McMurdie
and Holmes (2014).

Results and discussion
Fe and rGO deposition

SEM analysis is used both to analyze the surface of materi-
als and to characterize single cells of microorganisms (Ren
et al. 2023). The SEM/EDS analysis showed that the iron
was successfully deposited on the electrodes, which was also
confirmed by mapping the iron on the carbon fibers. As a
result of the iron deposition, the surface roughness of the
electrode has increased. The presence of sulfur on the carbon
fibers (Fig. 1) was due to the use of ferrous sulfate (III) as a
modifier and oxygen from both ferrous sulfate (IIT) and rGO.
Since it was difficult to determine the presence of rGO on
the CF in the EDS analysis, FTIR spectra were used to iden-
tify the presence of rGO on the electrode (Fig. 1SM). The
peak around 1600 cm™~! was caused by the graphite domain,
confirming the presence of the sp* carbon structure in rGO
(Krishnamoorthy et al. 2013). This peak was not observed
at pure CF and only occurred for rGO and CF-rGO. A peak
at 1250 cm™! was also noticeable, indicating the presence

of C-O and C-OH groups, which confirms the deposition of
rGO (Zhou et al. 2019).

COD and ammonia removal

The initial concentration of COD in the reactors was
about 180 mg/L. The average COD concentrations in the
reactor effluent were 90.1 +29.6, 61.8+9.5, 77+19.9,
70.3 +14.5 mg COD/L in MFC-control, MFC-rGO, MFC-
rGO-Fe34, and MFC-rGO-Fe68, respectively; the differ-
ences were not significant. The mean COD removal effi-
ciencies were 49.9+16.5%, 65.6 +5.4%, 56.9+11.1%,
and 60.9 + 8.1%, respectively. Zheng et al. (2022) report
that the efficiency of COD removal with the addition of
iron oxide directly into the anode chamber in the amount
of 0.0, 4.5, 9.0, and 18.0 g Fe,O,/L was 85.8 +2.8%,
95.0+£2.1%, 92.8 £2.4% and 84.8% +4.0%, respectively,
within a cycle lasting approximately 10 days. Wang et al.
(2020) indicated that modification of carbon cloth anode
using polyelectrolytes/a-Fe,0; resulted in COD removal
efficiency of 67-69% within 5 days. Mohamed et al. (2021)
investigated the modification of CF anode using tungsten
carbide and rGO. Despite the modifications, they did not
notice any improvement in COD removal, but the efficiency
was about 70% for all tested CF, electrodes. In our previous
study, COD removal was greater than 70%, and the average
COD removal efficiency decreased with the iron dose at the
anode (Nosek et al. 2023). COD removal was lower in this

Fig. 1 SEM/EDS analyses of anodes’ surfaces a pristine, b with rGO, ¢ and d with rGO and 34 mg Fe, e and f with rGO and 68 mg Fe
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study, possibly due to the longer cycle time that favored cell
lysis (Wang et al. 2016).

The average concentration of ammonia in raw wastewater
was 25.3 +2.3 mg/L. The ammonia removal efficiency was
similar in all reactors (61-65%). MFC effluents were ana-
lyzed for the presence of nitrates and nitrites. Nitrate concen-
trations in the effluents did not differ between reactors and
averaged 1.8+1.2,3.4+1.1,1.4+1.5,and 2.01 £ 1.2 mg/L
in MFC-control, MFC-rGO, MFC-rGO-Fe34, and MFC-
rGO-Fe68, respectively. On the other hand, the highest
average nitrate concentration was obtained in MFC-rGO-
Fe34 (2.04 +2.09 mg/L). The MFCs were operated under
anaerobic conditions, but some oxygen may have diffused
from the cathode chamber. This oxygen can be used for both
ammonium and organic matter oxidation. Liu and Logan
(2004) reported that diffusion of oxygen through a Nafion
membrane to a concentration of 0.05 mg/L may be respon-
sible for the aerobic loss of 28% of 600 mg/L glucose added
after 100 h of reactor operation.

Electricity generation

All tested reactors generated voltage from the first cycle of
operation. The voltage fluctuations were lowest in MFC-
rGO, but the voltage regularly reversed at the beginning of
the cycle after the substrate change (Fig. 2b). After about
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5 h of the cycle, the voltage started to increase, and after
20-25 h of the cycle, it was positive (+) again. The reversal
voltage was observed in MFC with carbon nitride nanopar-
ticles, G, and carbon nanotubes deposited on anodes; the
cathode chambers were not aerated (Attia et al. 2022). Katuri
et al. (2011) explained the lack of energy production during
the first 60-80 h of their study by the fact that the greater
part of the reducing equivalents from glucose oxidation were
used for biosynthesis and biomass growth, while the remain-
der was used for power generation.

The voltage reversal in our study was due to an increase
in the anode potential. Initially, the anode potential
was —0.196 V; then it increased to a maximum value of
0.404 V—while the anode potential decreased, the cell volt-
age increased. In the stable phase of the cycle (plateaued
voltage), the anode potential was —0.304 V. Solutes from
chemical reactions and biological activity, as well as micro-
bial attachments, can contaminate the membrane and inter-
fere with proton transfer. Substrate flow into the cathodic
chamber can reduce cathodic efficiency by lowering the
potential below the thermodynamically predicted value
(Rismani-Yazdi et al. 2008).

The nitrate concentrations in the MFC-rGO were higher
than those in the other MFCs; thus, they might have affected
the negative potentials of the cell. Marks et al. (2019)
reported that the electrical output of an MFC was almost

450
350 ~
250 A
150 A
50 A
50 4
-150 +
-250 A
-350 +

) *°° Time (h)

0 40 60 80 100 120

Voltage (mV)

0 L : : : : . .
-50 4 20 40 60 80 100 120
d) Time (h)

Fig.2 Averaged voltages from the last 5 cycles (n=5) for a MFC-control, b MFC-rGO, ¢ MFC-rGO-Fe34, d MFC-rGO-Fe68
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unchanged when the incoming nitrate concentration was
below 0.9 mg/L. However, when nitrates were administered,
limitations in mass transfer occurred, resulting from compe-
tition between electrogenic microorganisms and denitrifiers
for the same substrate.

Our results suggest that the presence of Fe on the anode
helps to overcome the voltage reversals observed when only
rGO is used. The reversal voltage problem is not common in
single MFCs, so this issue should be explored more deeply
in future research. However, in our study, regular voltage
reversal was only visible in MFC-rGO, while it did not occur
in reactors with an anode modified with rGO-Fe, indicating
a positive effect of iron on power generation in MFC. Stud-
ies prove that the deposition of FeO on the anode increases
surface area and improves the conductivity of the CF elec-
trode, and consequently, the effect of catalytic oxidation of
the substrate (Yang et al. 2021). Fe(IIl) has a high affinity
for c-type cytochromes (OmcA and MtrC) (Beliaev et al.
2001), resulting in increased electron transfer, which is why
it is often used as a modifier in MFC circuits.

The best energy generation results were obtained when
both rGO and Fe were used at the highest dose, indicating

the validity of the proposed carbon anode modification.
In MFC-rGO-Fe68, the voltages in the stable phase of
the cycle (17 to 105 h) ranged from 250 to 445 mV, with
an average of 342.7+72.8 mV (Fig. 2d); these values
were significantly higher than those in the other MFCs
(Fig. 2SM). Fu et al. (2020) investigated anode modifica-
tion of CF with GO and Fe,0; in an MFC with anaerobi-
cally fermented biomass sludge and glucose as the carbon
source. MFC with anode modified with GO and Fe,O;
achieved a maximum stable voltage of 590+ 5 mV, while
MFCs with GO-CF and CF exhibited maximum stable
voltages of 555 +6 mV and 490 + 6 mV, respectively. Ma
et al. (2020) found that the incorporation of Fe;O, nano-
spheres into rGO anodes increases their bio affinity, result-
ing in accelerated EET performance. Under the same oper-
ating conditions, the maximum power output of an MFC
with rGO and Fe;O,-nanosphere anodes was higher than
that of unmodified CP anodes, or anodes only with Fe;0,
nanospheres or rGO. The highest power of 8.55 mW/m?
was obtained in MFC-rGO-Fe68 at a current density of
46.25 mA/m? (Fig. 3a). The power density of the MFC-
rGO-Fe68 cell was 42.2-, 3.0-, and 7.9-fold higher than
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that of the MFC-control, MFC-rGO and MFC-rGO-Fe34,
respectively.

Modifying the anodes with rGO and Fe reduced the
internal resistance, as calculated from the slope of the
polarization curves (Fig. 3b). The internal resistance was
540 Q in the MFC-control, 260 Q in the MFC-rGO, 390 Q
in the MFC-rGO-Fe34, and 132 Q in the MFC-rGO-Fe68
(Fig. 3SM). Although the internal resistance in MFC-rGO-
Fe34 was higher than that in MFC-rGO, the value was still
lower than that in the control, showing that the modifica-
tion with rGO and Fe improved the efficiency of electron
transfer from the biofilm to the electrodes. The resistance
was reduced due to the good electrical conductivity and
larger surface area of the deposited rGO and Fe, which
improved the interfacial properties with the electrolyte
(Chang et al. 2017). Ma et al. (2020) tested different ratios
of Fe;0, to rGO on a CP anode. Their study showed that
a ratio of 1.5:1 gave the highest power of 3719.9 mW/
mZ. Moreover, all tested MFCs with rGO-Fe showed much
higher power than anodes with CP alone or with only rGO
or Fe. Previous studies indicate that modification of the
anode with G increases the specific surface area and elec-
trical conductivity (Lawal 2018), which is due to better
electron transfer efficiency, the capacitive properties of
the electrode, and more electroactive regions on the anode
(Zou et al. 2019).

Electrochemical characterization

CV was used to study the electrochemical behavior of the
control and modified electrodes with biofilm in a working
solution. Figure 4 shows the cyclic voltammograms of the
electrodes in the potential range from —0.50 to 1.35 V versus
the saturated calomel electrode (SCE). These measurements
were performed at room temperature with a sweep rate of
20 mV/s. After rGO modification, the electrodes exhibited
a remarkable increase in current densities compared to the
control electrodes, ranging from 66 to 80 mA at 1.35 V. Sub-
sequently, the addition of iron further increased the current
densities to 82 and 136 mA at 1.35 V with iron deposits of
34 mg and 68 mg, respectively. Interestingly, the voltammo-
grams of the rGO-Fe64 anode did not show the pronounced
cathodic and anodic features associated with the behavior of
iron. Except for a small oxidation peak corresponding to iron
oxidation, these voltammogram profiles closely resembled
those of the control and rGO electrodes within the potential
range studied. In contrast, the rGO-Fe34 electrode showed
well-defined anodic features (ranging from 0.2 to 0.8 V)
related to the process of iron oxidation to Fe(IT) and Fe(III).
However, the cathodic peaks associated with the reduction
in these oxidized species were not apparent. This discrep-
ancy between Fe-modified electrodes may be attributed to
higher biofilm formation (assessed based on the DNA recov-
ery from biofilms, data not shown) on the rGO-Fe34 anode,

Fig.4 CV for anodes with 150 -
biofilm, using a three-electrode
system with anode as a working
electrode, with a scanning rate
of 20 mV/s 100 -
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which may lead to greater oxidation of iron on the anode
surface. It can be concluded that rGO modification of the
electrodes increased current densities, indicating improved
electrochemical performance. The addition of iron further
increased the current density, (a potential synergistic effect
between rGO and iron).

Figure 5 and Table 2SM show the EIS results for all stud-
ied electrodes, recorded at different potentials. The imped-
ance response showed single and “depressed” semicircles at
all potentials, indicating a one-step charge transfer response
within the studied frequency range. Figure 6a shows exam-
ples of Nyquist impedance plots recorded at a potential of
900 mV against the Ag/AgCl electrode. The charge transfer
resistance (R, for the unmodified CF electrode ranged from
about 9.0 Q to about 7.7 Q across the potentials studied.
Modification of the electrode resulted in an overall decrease
in charge transfer resistance, by about 1.2 times for the rGO
electrode, 1.5 times for the rGO-Fe34 electrode, and 2 times
for the rGO-Fe68 electrode at a working potential of 900 mV
compared to the control electrode. These results are in agree-
ment with the results of the CV experiments, where the elec-
trode modification also improved the kinetics of the studied
process.

In the MFC-control, the values recorded for the double-
layer capacitance (Cy)) decreased from 263 pF at 400 mV to
88 pF at 900 mV. However, electrode modification caused
a significant increase in the Cy, parameter for the rGO elec-
trode compared to the CF electrode. Nevertheless, it also
decreased with increasing potential, ranging from 420 pF at
500 mV to 95 pF at 900 mV. The deposition of iron caused a

oMFC-rGO oMFC-rGO-Fe68

s MFC-rGO-Fe34 ©MF C-control

Z'Q

a)

Z1Q

Fig.5 a EIS plots recorded for the electrochemical behavior of all
tested MFCs for a potential of 900 mV; b Equivalent circuit used to
fit the impedance data, where Rct is the charge transfer resistance,
and Cdl is the double-layer capacitance (capacitance parameter is

slight increase in the C,, values compared to the MFC-rGO,
but they were still 2.5 X and 4.6 X larger for a potential of
400 mV than those observed for the unmodified electrode.

The decrease in R, indicates improved electron trans-
fer kinetics, while the increase in capacitance suggests an
improved electrode—electrolyte interface for charge storage.
These results highlight the potential of rGO and iron depo-
sition as effective strategies to improve the electrochemical
performance of MFCs. Further investigations could focus
on optimizing the electrode modification process to achieve
even better performance in terms of charge transfer and
capacitance values.

Microbial structure and metabolism

After sequencing, a total of 1,045,303 reads were obtained,;
the number of reads for a single sample ranged from 63,651
to 93,660. Rarefaction curves showed that the sequencing
depth was sufficient (data not shown). The number of OTUs
for the tested samples ranged from 185 to 246 (Table 3SM).
In comparison, the average number of OTUs for rGO-mod-
ified anode biofilms in a single-chamber glucose-fed MFC
was approximately 7,539 (Rani and Kumar 2021). In our
research, the lowest number of OTUs was recorded in the
sludge used as inoculum and coming from a methane fer-
mentation reactor operated on a technical scale. During the
operation of the reactors, the number of OTUs increased to
over 200 in all analyzed samples, which indicates that the
community was enriched with new species after inoculation.
The lower number of identified OTUs in our research can be

dl
R CPE
— »
Rct

b)

CPE: constant phase element—modified), jointly in series with an
uncompensated solution resistance, RS (the solid lines correspond to
the representation of the data according to the equivalent circuit)
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explained by the presence of many unclassified microorgan-
isms in the conditions of dosing a complex substrate, which
is municipal wastewater.

The Shannon index was slightly higher in all MFCs dur-
ing the initial phase of operation relative to the inoculum,
indicating that the microorganisms in the biomass were
competing with each other. As the operation of the cells
stabilized, the Shannon index values gradually decreased
and reached values of 2.9-3.8 depending on the reactor, sug-
gesting that the best-adapted microorganisms survived in
the biofilm. The research showed that modification of the
anode with iron oxides and rGO reduced the biodiversity
of microorganisms in the anode biofilm. Statistical analysis
showed significantly higher bacterial diversity in the MFC-
control than in the MFC-rGO-Fe68, which may be due to the
dominance of Lysobacter daecheongensis and Zooglea sp.
in MFC-rGO-Fe68 during the experiment.

Proteobacteria predominated species in all samples
(Fig. 4SM). Their percentage increased from 14.8% in the
inoculum to 74.0% in the andic biofilm in MFC-rGO-Fe68
(day 30). The dominant classes were -Proteobacteria and
Y-Proteobacteria. Most of the known exoelectrogens belong
to Proteobacteria, e.g., Geobacter sp., Dechloromonas sp.,
Desulfovibrio sp., and tend to be dominant in MFC anode
biofilms (Xu et al. 2019). MFC-rGo-Fe68 (day 30) had the
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highest proportion of Verrucomicrobia capable of oxidiz-
ing methane in association with the reduction of nitrates,
nitrites, iron, manganese, sulfates, or humic substances as
final electron acceptors (Guerrero-Cruz et al. 2021).

The best conditions for the development of Bacteroidetes
were in MFC-rGO-Fe34; the percent abundance of this phy-
lum reached 47.7% at the end of the study. Their number was
not high in the reactors with anodes modified with rGO or
rGO and iron at the highest dose, indicating these microbes’
preferences regarding the concentration of iron (III) in the
environment. Li et al. (2020), reported that in MFCs where
zero-valent iron (Fe®) was dosed, the abundance of this
group was the highest with 0.1 g of Fe’ and decreased as
the dose was increased to 1 g Bacteroidetes. Zhang et al.
(2021a) investigated the effect of ferric salts on wastewater
treatment in an A20 system. In the anaerobic, anoxic, and
aerobic zones, increasing the iron dose from 0 to 40 mg/L
decreased the respective abundances of Bacteroidetes from
11.8% t0 9.5%, 12.6% to 10.2%, and 10.9% to 9.9%. At the
beginning of our experiment, the proportion of Bacteroi-
detes was similar in both reactors with an anode modified
with rGO-Fe (approx. 15%). The order Sphingobacteriales,
which belongs to the Bacteroidetes, could not be detected
in MFC-rGO-Fe68 from the beginning, while in MFC-rGO-
Fe34, unclassified bacteria of this order accounted for 31.6%
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of all bacteria at the end of the experiment. Sun et al. (2023)
reported that the presence of Fe ions has a positive effect on
the growth of Sphingobacteriales and production EPS, but
our study indicates that the higher dose of iron reduces their
growth, which should be further investigated.

In our study, Firmicutes were an indicator of dynamic
species changes in the early stages of anode biofilm forma-
tion. In the MFC-control, MFC-rGO and MFC-rGO-Fe68
Firmicutes accounted for 5.5, 9.2, and 11.2% of the com-
munity in the early stages, but their numbers decreased with
time. Their important role in the biofilm formation phase
may be due to their involvement in the hydrolytic processes
that take place in the cell start-up phase (Salar-Garcia et al.
2020).

The presence of nitrates in our study resulted from
the activity of nitrifying bacteria such as Nitrosomonas
(0.2-0.6%) or Nitrospira (0.01-1.1%), and Anammox bac-
teria belonging to the Planctomycetes (Guo et al. 2020),
whose percentage in MFC ranged from 0.2 to 2.6%. The
highest nitrate concentrations were observed in MFC-rGO,
where voltage reversal occurred (2.6%, 20th day), and the
presence of nitrates led to competition for electrons between
nitrates and the electrode (Marks et al. 2019). Once nitrates
are depleted, denitrifying microorganisms use an anode as
an electron acceptor (Sangchareon et al. 2015). Yang et al.
(2023) tested electroactive nitrifying/denitrifying bacteria
in a single-chamber MFC with an air cathode. The results
showed disturbances in the output current due to short-term
dosing of nitrates. A repeatable increase in current up to 0.76
A/m? was obtained when the cell was operated for extended
periods in the presence of nitrates. The rapid decrease in
COD with short-term nitrate addition confirmed competi-
tion for electron donors for heterotrophic denitrification.
An increase in current and detection of nitrites without a
concomitant decrease in COD indicate electroactive anodic
nitrification. Pseudoxanthomonas sp., Thauera sp., and
Pseudomonas sp. were enriched in the biofilm. Mixotrophic
denitrification and electroactive anodic nitrification enabled
energy recovery with high pollutant removal efficiency.

The most numerous bacteria in MFC-rGO and MFC-
rGO-Fe68 was Lysobacter daecheongensis (Fig. 6), which
accounted for 20.71% and 27.02%, respectively, at the end
of the study. Lysobacter sp. are facultative autotrophic
denitrifiers (Ding et al. 2019) and were detected in an
anode biofilm in MFC in the presence of nitrates (Zhang
et al. 2021b). Acidovorax sp. has been identified as an
important electroactive denitrifier in MFC systems (Guo
et al. 2020). In our study, Acidovorax sp. was abundant
only in the MFC-control (2.48-3.62%) and MFC-rGO-
Fe34 (2.33-6.65%). Their levels in MFC-rGO-68 ranged
from 0.21-0.63%, indicating low tolerance to the pres-
ence of iron in the environment. Heterotrophic growth of
Acidovorax sp. can be explained by the presence of O,

entering from the cathode chamber or by the presence of
nitrates produced by nitrifying bacteria (Park et al. 2017).
Pseudoxanthomonas sp. was also sensitive to the presence
of iron on the modified anode. In the MFC-control, Pseu-
doxanthomonas sp. accounted for over 7% of all identified
sequences, whereas with the increase in Fe dose, its abun-
dance in MFC-rGO-Fe34 and MFC-rGO-68 decreased to
3.59% and 0.73%, respectively.

EET in bacteria is carried out via polyheme cytochromes
and some systems such as the metal reduction pathway (Mtr)
in Shewanella oneidensis, the porin cytochrome pathway
(Pcc) in Geobacter sulfurreducens, the metal oxidation path-
way (Mto) in Sideroxydans lithotrophicus, and the phototro-
phic iron oxidation pathway (Pio) in Rhodopseudomonas
palustris. Electron transfer across the outer membrane is
facilitated by porin, which renders the membrane permeable
to cytochromes, which in turn can release electrons through
direct contact with extracellular compounds (Edwards et al.
2018).

The abundance of Dechloromonas sp. and Zooglea sp.
were higher in MFCs with modified anodes than in the
control. Dechloromonas sp. preferred rGO presence only
reaching up to 7.73% in biofilm in MFC-rGO at the end of
the study, while Zooglea sp. was the most abundant in the
presence of Fe on the anodes. Both genera have the genomic
potential for EET. Two multi-heme cytochromes were identi-
fied in Dechloromonas sp. one with four and one with eight
heme binding sites. In addition, many proteins containing
one or two heme cofactors were identified. Potential por-
ins were also present, but none showed much similarity to
porins previously described as involved in EET. The pres-
ence of homologs of the Mtr pathway in Dechloromonas
aromatica (Shi et al. 2012) is an evidence that Dechlo-
romonas spp. may be capable of EET (Berger et al. 2021).
Berger et al. (2021) identified five genes in the Zoogloea sp.
genome that could be associated with EET. The first gene
of the cluster showed 73% amino acid sequence identity
with MtrB/PioB, the porin protein that facilitates electron
transport across the outer membrane. The second gene is a
decaheme cytochrome that shows high similarity to the pro-
tein involved in extracellular dimethyl sulfoxide reduction in
Shewanella oneidensis MR-1.

Comamonas terrigena was mainly present in the bio-
film from MFC-control, reaching 5.94% on day 10 of the
assay. The strain Comamonas denitrificans DX-4 was una-
ble to respire using hydrated Fe(III) oxide, but produced 35
mW/m? using acetate as an electron donor in MFC (Xing
et al. 2010), which could explain its low abundance on the
modified anodes. Studies by Zhao and Kong (2018) have
shown that with a very high percentage of Comamonas sp.
(31.29%) on the anode with active-CF in a two-chamber
MEC for the removal of p-nitrophenol, the cell reaches a
voltage of 0.7 V. Even a small amount of Comamonas sp.
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(1.46%) guaranteed efficient power generation in the MFC
for oxyfluorfen removal (Zhang et al. 2018).

Devosia sp. produce electricity by autotrophic oxidation
of nitrite to nitrate (Zhao et al. 2016) and was observed in
all MFCs. Devosia sp., transport electrons to electrodes via
c-type cytochromes on the outer surface, conducting pili,
and secreted electron shuttles (Shen et al. 2020). Geobacter
sp. is the most studied exoelectrogen in MFC and most pub-
lications show that the presence of Fe at the anode supports
its abundance (Xu et al. 2018; Li et al. 2021). However, the
results obtained do not indicate this. The presence of this
exoelectrogen in the presence of iron at the anode did not
exceed 0.8%. These results are consistent with our previous
study, in which Geobacter sp. was more abundant in the
anode biofilm of the control reactor than in the MFC with
Fe,0; on the anode (Nosek et al. 2023). The abundance of
methanogens Methanolinea, Methanosaeta, and Methano-
bacterium in all anode biofilms was low (<0.3%).

Generally, excess amounts of metals can be toxic to the
microbial environment. Li et al. (2020) reported that the
addition of only 0.5 g/L Fe improved voltage generation
in the MFC. Higher doses of Fe” in the presence of a small
amount of oxygen in the anode reactor resulted in gradual
oxidation of Fe?, forming iron oxides deposited on the sur-
face of the Fe’. The release of excess iron ions had a toxic
effect on exoelectrogens and inhibited their activity, con-
sequently showing a rapid decrease in voltage. Our study
is important because it confirms the fact that the dose of
iron must be adjusted so it does not have a toxic effect on
microorganisms.

Statistical correlation between voltage, current
and electrical power, and the anode microbiome

Another aspect of the work was to analyze the relationship
between the bacteria present in the MFC anode biofilms and
the voltage, current, and performance of the cells (Table 4
SM). Only those microorganisms were selected for an analy-
sis whose contribution to the anode microbiome at specific
periods was > 0.1%.

Statistical analysis showed that the abundance of Pseu-
doxanthomonas sp., Stenotrophomonas sp., and Thermo-
monas brevis positively correlated with energy production in
the MFC-control. Stenotrophomonas sp. was isolated from
a two-chamber MFC that purified wastewater from seafood
processing and produced a maximum voltage of 689 mV
(Jayashree et al. 2016). Thermomonas sp., on the other
hand, was able to produce extracellular proteases with high
enzyme activity and was one of the most abundant bacteria
(6.73%) of the anode biofilm in the MFC with an iron(III)
chloride-modified anode (Watanabe, et al. 2011).

The abundance of Dechloromonas sp. in biofilm corre-
lated positively with energy production in MFC-rGO. The
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highest number of bacteria which abundance positively
correlated with energy production were identified in MFC-
rGO-Fe34. These included Opitutus sp., Fluviicola taffensis,
Magnetospirillum sp., Candidatus Halomonas phosphatis,
Turneriella parva, and unclassified Sphingobacteriales,
whose percentage in this MFC exceeded 31% at the end of
the study. The presence of Magnetospirillum sp. facilitated
power generation by anodic oxidation of the end products
produced by fermentative bacteria during the purification
of acidic food waste leachate in an MFC inoculated with
wastewater and anaerobic sludge (Li et al. 2013).

In MFC-rGO-Fe68, statistical analysis showed that three
species correlated with energy production, namely Micro-
cystis sp., Sphingopyxis sp., and Paracoccus sp. Microcystis
sp. belongs to the freshwater cyanobacteria. Lemos et al.
(2021) reported that an increase in pH from 7.8 to 10.5
caused a sixfold increase in the current density of Micro-
cystis aeruginosa to 30 mA/m?. Previous studies have shown
that a positive relationship exists between the presence of
Microcystis sp. and Sphingopyxis sp. Ndayisenga et al.
(2021) investigated the effect of microcystin-LRs (MC-LRs)
isolated from Microcystis aeruginosa with sodium acetate
as a co-substrate on energy production in an electroactive
biofilm MFC. A sufficient supply of co-substrate (6.0 mM)
eliminated the negative effect of MC-LR on the MFC perfor-
mance; contributed to a 12.7% prolongation over electrical
cycles; and produced a power density comparable to the cor-
responding control (acetate alone) and even 3.8% higher. The
proportion of MC-degrading bacteria such as Sphingopyxis
sp. was increased by up to 1800% at the anode. Jothinathan
and Wilson (2018) used Paracoccus homiensis strain DRR-3
in MFC with CC, CP, and graphite plate anodes. Current
generation was most effective in MFC with CP anode and
Nafion 117 as a membrane (0.8 V and 0.12 mA).

Prediction of the potential bacterial function

Based on KEGG (Yuan et al. 2021), the metabolic poten-
tial and functions of the anode microbiomes were analyzed
using PICRUSt (Fig. 7).

In all MFCs, based on 16S rRNA gene data general
metabolism (14-16% of all functions presented) and trans-
lation of ribosomal structure and biogenesis (10.9-13.7%)
predominated, but were lower relative to the inoculum
(14.6%). The highest metabolic potential in terms of energy
production and conversion (over 8% on average) and defense
mechanism (1%) was observed in MFC-rGO-Fe34. It was
significantly higher than the other reactors with modified
anodes. MFC-rGO-Fe34 also had the highest replication,
recombination, and repair among all MFCs. The obtained
data suggest that the modified anode with rGO and a
lower iron dose ensures a good metabolic potential of the
anode community to cope with unfavorable environmental
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mean of all samples from a particular MFC (n=3) and “*” indicates a statistically significant difference between the selected reactors

conditions while providing the broadest range of potential
metabolic pathways for energy production. The fact that such
a range of metabolic pathways was not observed with rGO-
Fe68 may indicate greater community specialization under
conditions of higher iron presence, which could eliminate
some Fe-sensitive microorganisms from the biofilm.

On average, cell motility increased 2.9-fold in all MFCs
compared with the inoculum. Cell motility is associated with
the presence of flagella and cilia on the bacterial surface.
The fact that cell motility increases in the biofilm suggests
that cilia and flagella are not primarily used for locomotion.
The role of flagella and cilia is related to the adhesion of the
biofilm to the anode and electron transfer. To investigate
the role of flagella in the electroactive biofilm, Liu et al.
(2019) tested Geobacter sulfurreducens, a strain without
flagella and a strain with flagella. Their studies showed that
the flagella-containing strain generated a maximum current
density of about 1.24 +0.035 mA/cm? within 62 h, while
the flagella-deficient strain generated only 0.37 +0.012 mA/
cm? within 146 h. To suppress the expression of flagella

in the Geobacter sulfurreducens strain, filC, which encodes
flagellar filament structural protein synthase, was deleted,
resulting in the Geobacter sulfurreducens KN-AfilC strain,
which was unable to produce flagella but could produce pili
normally. This KN-AfilC strain produced a lower maximum
current of about 0.91+0.01 mA/cm? in 78 h. This means
that the presence of flagella increases the thickness of the
biofilm and causes an ordered arrangement of extracellular
cytochromes. As a result, biofilms with many flagella can
generate much more current than biofilms without flagella.
The transition of microorganisms from free-floating to sed-
entary forms usually results in a decrease in target motility
potential (Guttenplan and Kearns 2013). The ability to form
cilia and flagella is characteristic of many members of the
Proteobacteria (Xia et al. 2019) that predominated in anode
biofilms in our study.

The metabolic functions with the highest percentage > 1%
were also analyzed at KEGG level “ko” to identify indi-
vidual metabolic pathways. The most developed meta-
bolic pathways in all reactors were those related to amino
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acid biosynthesis (ko01230, ca. 10%), carbon metabolism
(ko01200, ca. 10%), methane metabolism (ko00680, 7-9%),
and purine and pyrimidine metabolism (ko00230, ca. 5% and
ko00240, ca. 4%, respectively) (Table 5 SM).

Carbon metabolism consisted mainly of the citrate cycle,
carbohydrate glycolysis (Embden-Meyerhof pathway),
glycolysis, pyruvate oxidation, and to a lesser extent pho-
torespiration. In contrast, carbon metabolism associated
with energy metabolism was based on the reductive cit-
rate cycle (above 4%), the dicarboxylate-hydroxybutyrate
cycle (2.5-3.5%), the incomplete reductive citrate cycle
(3.5-4.4%), and the reductive pentose phosphate cycle
(Calvin cycle, above 1.5%). In the case of the incomplete
reductive citrate cycle, it was more pronounced in the con-
trol and in MFC-rGO, from which it can be concluded that
the presence of iron did not support this metabolic pathway.
The study by Feist et al. (2014) showed that the Geobacter
metallireducens was able to grow in the presence of formate
and Fe(IIl). Examination of the resulting flux distributions
revealed that CO, from formate oxidation was reduced via
a reductive citrate cycle to form acetyl-CoA, which was
assimilated into the biomass. Electrons from formate oxida-
tion were split between the reduced citrate cycle and Fe(III)
reduction. The Geobacter metallireducens GS-15 genome
encodes two of the six known carbon fixation pathways,
while the pathways that were reconstructed in Geobacter
metallireducens iAF987 are the reductive citric acid cycle
and the dicarboxylate—hydroxybutyrate cycle (Berg et al.
2010). The above studies may suggest that although Geo-
bacter sp. was not abundant in anode biofilms in our studies,
other bacteria using these pathways may have been able to
produce energy like Geobacter sp.

Methane metabolism (Ko00680 pathway) was more
prevalent in the microbial community from reactors with
modified anodes than in the control reactor. Methano-
genesis from acetate and CO, accounted for the largest
proportion (M00567 and M00357, respectively), which
together accounted for 5.7-7.04% of the metabolic poten-
tial of the communities. Methane production in the MFC
is undesirable due to substrate consumption. Analysis of
metabolic data revealed that approximately 3% of bacteria
can utilize methane as a substrate. The group that could
utilize methane includes denitrifying anaerobic methane
oxidation bacteria, which produce H* and electrons, lead-
ing to energy production (Su et al. 2021). Verrucomicrobia
oxidizes methane under aerobic conditions (Dunfield et al.
2007), but studies by Guerrero-Cruz et al. (2021) show
that the metabolic versatility of Verrucomicrobia allows
them to oxidize methane under anaerobic conditions as
well. The percentage of these bacteria reached as high as
6.8% in the anode biofilm in MFC-rGo-Fe68 (20 days).
Most likely, methane monooxygenase from the pmoA
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family or canonical methane monooxygenase (Dalcin Mar-
tins et al. 2021) are involved in the process. Anaerobic
oxidation of methane is combined with the reduction of
nitrates, nitrites, iron, manganese, sulfates, and organic
electron acceptors (e.g., humic substances) as terminal
electron acceptors (Guerrero-Cruz et al. 2021).

The high proportion of metabolic pathways responsi-
ble for purine and pyrimidine metabolism (ko00230 and
ko00240) can be explained by the fact that they provide
the necessary energy and cofactors for microbial survival
(Li et al. 2022; Sun et al. 2018) and are also involved in
the transport of electrons when the cell is perturbed. Zhu
et al. (2022) investigated the effects of electrical signal-
ing disruption by the addition of tetraethylammonium (a
potassium channel blocker) on the formation of electro-
active biofilms in mixed cultures. Pyrimidine and purine
metabolism increased significantly under tetracthylammo-
nium dosing conditions compared to the control reactor.

The presence of rGO correlated with an increase in
metabolic potential in terms of general function (R=0.58)
and biosynthesis of secondary metabolites, transport, and
catabolism (R=0.58). rGO was shown to increase anaero-
bic biomass activity. This may be because rGO has a much
more efficient electron transfer capacity compared to, for
example, coenzyme Q (Yin et al. 2015). Increasing the
concentration of GO from 62.5 mg/L to 500 mg/L resulted
in a decrease in proteins involved in lipid metabolism,
coenzyme transport and metabolism, nucleotide trans-
port, and metabolism in Fusarium graminearum (Wang
et al. 2019). rGO promotes biofilm formation by modu-
lating EPS secretion through transcriptional regulation
and physical interactions—the presence of rGO resulted
in the upregulation of genes involved in EPS production
in Citrifermentes bremense (Meng et al. 2022). Guo et al.
(2017) tested the effects of GO and rGO on the forma-
tion and development of biofilms in Luria—Bertani (LB)
medium using Escherichia coli and Staphylococcus aureus
as model organisms. rGO (> 50 mg/L) strongly inhibited
cell growth and biofilm formation. However, the inhibitory
effect of rGO (50 mg/L and 100 mg/L) was attenuated in
the maturation phase (>24 h) and abolished after 48 h. The
level of reactive oxygen species (ROS) in the biofilm was
significantly increased by rGO in the early phase, while it
decreased to the same level as in the control in the mature
phase, suggesting that oxidative stress contributed to the
inhibitory effect of rGO on the bacterial biofilm. There-
fore, it is possible that under stress conditions induced by
the presence of rGO, the production of EPS increases the
longer the biofilm is exposed to the material. In our study,
the biofilm was well developed, especially on the modified
electrodes, with a noticeable EPS layer. (Fig. 5SM). How-
ever, this issue should be further investigated in the future.
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The prospect for future development of MFC
technology in terms of anode modification

MEC:s are still under development and many important chal-
lenges remain to be explored. Conventional carbon-based
materials used to make electrodes can be improved by sur-
face modification with advanced nanomaterials. However,
this entails high costs and complicated modification pro-
cesses. In this context, the electrochemical deposition of
rGO and affordable iron(IIl) sulfate performed in this study
seems to be a cheap and simple method of electrodeposi-
tion. Factors such as the presence of oxygen in the anode
chamber, high nitrate content, membrane contamination
associated with low cathodic efficiency, or mass transfer
limitations may lead to reduced MFC performance or even
voltage reversal phenomena. Our research also shows that
the choice of modifying factors plays an important role when
using modified anodes. Therefore, future research should
take these factors into account and constantly monitor the
operating conditions of the cell, with attention to the sealing
of the reactor, the possible occurrence of oxidized forms of
nitrogen, and regular cleaning of the membrane to avoid
voltage reversal. rGO enables better immobilization of
microorganisms on the electrode surface, effectively elimi-
nating problems related to biofouling. In turn, the use of Fe
particles improves electrical conductivity while overcoming
voltage reversal problems.

Our previous study found that increased iron content at
the anode reduces the removal of organic compounds from
wastewater. Other authors have also reported that higher
iron(IIl) concentrations in wastewater treatment systems
lead to lower COD removal efficiency. However, the present
study found that combining Fe(III) with rGO enables higher
energy production and more stable COD removal, eliminat-
ing the negative effects previously reported with higher Fe
doses. Therefore, future research can use this technique to
increase the performance of the cells with iron doses with-
out drastically reducing the efficiency of COD removal. To
use an MFC system for wastewater treatment and power
generation, the optimal iron levels deposited on the anodes
should be determined for the proposed technology, e.g., with
a certain dose of rGO deposited on the anode. The results
presented here, including extensive metagenomic analyses,
fill the knowledge gap regarding the effects of anode modi-
fication with rGO and Fe(III) on the structure of microbial
communities and their metabolic potential.

Conclusion

Although much research has focused on the electrochemical
aspects of the MFC itself, knowledge of the species compo-
sition of the anode biofilms is also an important aspect of

MEFC operation. Therefore, this study focused on the electro-
chemical, microbiological, and metabolic aspects of MFC.
The modification of the electrodes resulted in a total reduc-
tion in the charge transfer resistance in relation to MFC-
control, while the increase in capacitance of the modified
electrodes suggests an improved electrode—electrolyte inter-
face for charge storage. MFC voltage (342.7 +72.8 mV) and
cell power (8.55 mW/m?) were significantly higher when the
composite of GO and 68 mg Fe layer was deposited than
in other variants. With the MFC-rGO-Fe68 composite, the
total internal resistance of the cell was about 4 times lower
and the load transfer resistance was 2 times lower than with
the control. The main electrogenic bacteria in the MFCs
were Pseudoxanthomonas sp., Zoogloea sp., and Dechlo-
romonas sp. For each type of modifier, the microorganisms
that played the most important role in electricity generation
were identified. Electricity production was mainly related to
the reverse citrate cycle and MFC-rGO-Fe34 had the widest
range of potential metabolic pathways for efficient energy
generation. To conclude, the selection of composites affects
the species composition of the biofilm, which affects the
cell’s resistance to disturbances and the variety of energy
generation pathways, thus enabling increased electricity
production in the cell.
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Modified
anode

Effect of modification

Chen et
al. (2020)

CC/rGO

reduction of the water contact angle from 134.13° to 94.63°; reduction of the
ohmic resistance from 19.8 Q to 18.1 Q, of the charge transfer resistance from
178.3 Q to 20.3 Q, of the internal resistance of the MFC from 270.0 Q to 20.5
Q; increase of the electrical power density from 340 mW/m2 to 1258 mW/m>.

Parek et
al. 2020

CC/rGO
and CC/GO

the shape of the CV curves obtained for rGO indicates a good electrochemical
capacitive response of the rGO bilayer; a much smaller Nyquist diameter
compared to the CC and GO electrodes; higher power density (6 mW/m? at 9.9
mA/m?) compared to the CC anode (0.8 mW/m? at 8.6 mA/m?) and GO (1.6
mW/m? at 10.8 mA/m?).

Zhang et
al. (2018)

CC/rGO
and CC/GO

MFC with 0.4 g rGO improved the power density almost threefold. The GO
proved to be better in this case, with a 6.86-fold increase in power compared
to the control group. The addition of 0.4 g rGO contributed to a 48% reduction
in the internal resistance of the MFC compared to the control group; the peak
current of the electrodes in the 0.4 g GO-MFC and the 0.4 g rGO-MFC was
1.9 times and 1.4 times greater than that of the ordinary sludge- MFC,
respectively

Mehdinia
et al.
2014

CC/rGO/Sn0O»

a power density of 1624 mW/m? in a two-chamber MFC with E. coli pure
culture; the power was 2.8 and 4.8 times higher than the rGO-coated anode
and the bare anode, respectively; the high conductivity and large surface area
of the nanocomposites significantly improved biofilm formation and electron
transfer

Ma et al.
(2020)

CP/rGO/Fe304

the highest power density of 1837.4 mW/m? for Fe304/rGO (1.5:1) compared
to the MFC control 689.7 mW/m?; the redox peak currents increased with
increasing FesO4 content from 0.5:1 to 1.5:1 and decreased with increasing
Fe304 content from 1.5:1 to 2.5:1; the Fe;O4 nanosphere/rGO (1.5:1) anode
had a lower charge transfer resistance than the rGO anode, indicating
accelerated extracellular electron transfer (EET) kinetics

Isalm et
al. (2020)

rGO/NF

the power and current density of rGO/NF anode (1200 mW/m? and 680
mA/m?) were 220 and 540 times higher, respectively, than bare NF (5.50
mW/m? and 1.26 mA/m?); rGO/NF suppressed the charge transfer resistance
by 40 times compared to the control; the wetting contact angle (hydrophilicity
improvement) of NF was reduced from 1280 to 00.

Cheng et
al. (2018)

CF/rGO/Ag

3.2-fold higher power density of 33.7 W/m? at a current density of 69.4 A/m*
with a 75% shorter start period compared to the control; gold nanoparticles,
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which anchored on graphene sheets, promise the relatively high electroactive
sites and facilitate electron transfer from electricigens to the anode.

Geetanjali CC/NiWO4/GO increasing the abundance and diversity of microorganisms in the biofilm and
et al. Trichococcus sp. that can use the anode as an electron acceptor.
(2019)
Fu et al. CF/G/Fe;O;  decrease of the number of Proteobacteria from 85.1% with pure CF to 55.3%
(2020) with anode G-CF; the hydrophobicity of G led to a decrease in the abundance

of Geobacter sp.; Desulfovibrio sp. in the G/Fe,Os;-CF group (6.3%) was
significantly higher than in the biofilm on pure CF (2.6%) and G-CF (4.2%).

Table1l SM A review of the literature on rGO — modified anodes with a presentation of the

effect after modification, where: CC — carbon cloth, rGO — reduced graphene oxide,
G — graphene, NF — nickel foam.
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Fig. 1 SM FT-IR spectrafor CF, rGO and CF-rGO.
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Average
Average * standard deviation

Average +1.96*standard deviation

Fig. 2 SM Statistical differencesin the voltages obtained in the individual reactors (ANOVA
— Tukey’s HSD post-hoc test), p<0.05, * — significantly higher than in the remaining MFCs
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Fig. 3 SM Polarization curves with atrend line and an equation where the coefficient "a"

from the formulay = ax+b determines the value of the internal resistance of MFCs.
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E/mV Ret/Q Ca/nF
MFC-control
400 8.49 £ 0.64 263+ 19
500 9.03 +1.08 278 £33
600 8.07 £ 0.65 128 £ 10
700 8.03 +£0.56 95+7
800 7.73+£0.34 71+3
900 8.12+0.65 88+ 7
MFC-rGO
400 - -
500 9.00 £0.91 420+ 78
600 7.41 £0.38 330+90
700 7.61 £0.84 362 + 84
800 6.43 £0.07 171 £ 30
900 6.78 £0.13 95+ 37
MFC-rGO-Fe34
400 6.21+ 0.68 558 £ 51
500 599+ 1.10 540 + 24
600 5.93+0.89 553+ 61
700 5.96+ 0.86 483+ 5
800 5.80+0.76 291 +£5
900 552+ 0.97 221+13
MFC-rGO-Fe68

400 453+ 0.68 472+ 93
500 4.72+0.36 423+ 132
600 475+ 0.53 378 £ 101
700 455+ 0.77 448 + 65
800 5.72+0.90 407 + 120
900 4.04+0.45 329+ 111

Table 2 SM Electrochemica parameters for the MFCs obtained in supporting solution. The

results were recorded by fitting the CPE-modified Randles equivalent circuit (Fig. 6b) to the

experimentally obtained impedance data (reproducibility usually below 10-15%, 2 =2x10*to

5x1073).
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Fig. 4 SM Relative abundance of phyla in the inoculum and anodic biofilm obtained from

MFCs. The number next to the reactor name corresponds with the day of the experiment.
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Reactor - day number OoTU Chaol Shannon Total read counts

Inoculum 185 2324 31 63651
MFC-control — 10 234 236.5 3.7 74841
MFC-control — 20 246 246.0 3.8 82657
MFC-control — 30 231 232.0 3.8 66255

MFC-rGO- 10 213 234.7 35 88768
MFC-rGO - 20 210 218.6 3.3 82934
MFC-rGO - 30 213 216.0 3.1 77907
MFC-rGO-Fe34 - 10 218 219.3 3.6 75986
MFC-rGO-Fe34—- 20 212 212.7 34 85219
MFC-rGO-Fe34—- 30 201 203.3 3.2 93660
MFC-rGO-Fe68—- 10 211 2245 34 69974
MFC-rGO-Fe68 — 20 201 207.0 2.6 92114
MFC-rGO-Fe68 - 30 203 212.6 2.9 88577

Table 3 SM Alphadiversity indicators in MFCs; the number after the reactor name indicates
the cycle in which sampling was performed; OUT — Operational Taxonomic Unit, Chaol —

richness estimator, Shannon — biodiversity index
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MFC reactor Bacteria Abundance (%) R
Pseudoxanthomonas sp 2.1-7.27 0.99
MFC-control Stenotrophomonas sp. 0.40-0.70 0.99
Thermomonas brevis 0.21-3.61 0.99
MFC-rGO Dechloromonas sp. 0.07-7.73 0.99
Turneriella parva 0-0.29 0.99
Unclassified 0.09-1.96 1.00
Sphingobacteriales
Opitutus sp 0.01-0.12 0.99
MFC-rGO-Fe34 Candidatus Halomonas 0.03-0.16 1.00
phosphatis
Fluviicola taffensis 0.1-0.97 0.99
Magnetospirillum sp. 0.01-0.18 1.00
Microcystis sp 0.04-0.86 0.99
MFC-rGO-Fe68 Sphingopyxis sp 0.02-0.25 1.00
Paracoccus sp 0.007-0.28 1.00

Table 4 SM Resultsof correlation between bacteriaand voltage, current, and power generation

in MFCs.
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Table. 5 SM Results of KEGG analysis for metabolism pathways.
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Fig. 5 SM Biofilm decomposition on the anodes of: @ unmodified CF, b) CF-rGO, c¢) CF-
rGO-Fe34, d) CF-rGO-Fe68 (4x magnification).
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