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Streszczenie

Mikrobiologiczne ogniwa paliwowe (MFC) to wuklady bioelektrochemiczne
umozliwiajace konwersj¢ materii organicznej w energi¢ elektryczng poprzez aktywnosé
katalityczng bakterii anodowych. Mikroorganizmy tworzace biofilm anodowy moga
jednoczes$nie konwertowacé substraty organiczne do uzytecznych produktéow. Ciekawag
grupg syntezowanych biochemicznie zwigzkéw o unikalnych wtasciwosciach i szerokim
zastosowaniu sg biosurfaktanty. Jednak pomimo duzego znaczenia biosurfaktantow dla
przemystu oraz ich wptywie na zwigkszanie wydajnosci MFC opublikowano niewiele
prac, w ktorych biosurfaktanty byty celem syntezy w uktadach bioelektrochemicznych,
a uzyskane wyniki wskazuja na niewielkg wydajno$¢ uktadu.

Glownym celem badan przedstawionych w rozprawie doktorskiej bylo zbadanie
mozliwos$ci produkeji biosurfaktantow w MFC z odpadowego oleju roslinnego podczas
produkcji energii elektrycznej i ocena mozliwosci wykorzystania biosurfaktantow do
zwigkszenia wydajnosci MFC. Rozwigzanie problemu niskich wydajnosci oraz
systematyczne podejScie do optymalizacji produkcji biosurfaktantow w MFC ze
zuzytych olejéw roslinnych stanowi pierwszy krok w kierunku zwigkszenia skali tego
procesu w przysziosci.

Pierwsza praca dotyczy porownania dwoch roéznych komercyjnie dostepnych wegli
aktywnych, a takze modyfikacji wegla nanoczastkami krzemionki pod katem poprawy
wydajnosci katod powietrznych w MFC. Prawie roczna eksploatacja materiatow
réznigcych si¢ powierzchnig i strukturag mikroporowata ujawnita istotne rdznice
w zmianie ich wydajno$ci w czasie trwania eksperymentu. Wyniki pokazaty, ze rozktad
wielkosci porow 1 wynikajagca z niego podatno$¢ na zanieczyszczenia chemiczne jest
kluczowym czynnikiem decydujacym o utrzymaniu wysokiej wydajnosci uktadu MFC.
Dowiedziono, ze niemodyfikowany, tani i dostepny na rynku wegiel aktywny moze by¢
wysokowydajnym materiatem katody powietrznej, jednak jego aktywnos¢ 1 whasciwosci
dtugoterminowe zalezg od charakterystyki jego porowatosci.

W kolejnym artykule zaproponowano poziomg konstrukcje MFC umozliwiajacg syntezg
biosurfaktantow z odpadowego oleju posmazalniczego. Poréwnano wydajnos¢
biosyntezy surfaktantow i produkcji pradu w MFC w ukladzie poziomym oraz
klasycznym pionowym. Wyniki pokazaty, ze horyzontalny uklad MFC spowodowat
znaczny wzrost wytwarzanej gestosci mocy oraz syntezy biosurfaktantow. Ponadto
wykazano po raz pierwszy, ze synteza biosurfaktantow jest bezposrednio skorelowana
z wytwarzaniem energii elektrycznej w MFC. Tym samym dowiedziono, ze odpowiednio
zaprojektowany uktad MFC moze umozliwi¢ produkcje biosurfaktantow o dodatnim
bilansie energii elektrycznej oraz monitorowanie biosyntezy srodkow powierzchniowo
czynnych wylacznie za pomocg sygnatu elektrycznego.

W trzeciej pracy eksperymentalnej przeanalizowano wplyw stezenia zrddla azotu na
produkcj¢ biosurfaktantow 1pradu ze zuzytego oleju posmazalniczego. Badanie



wykazato, ze stezenie zrddta azotu w pozywce hodowlanej jest jednym z kluczowych
czynnikow utrzymania wysokiej wydajnosci degradacji zuzytego oleju roslinnego,
produkcji energii i jednoczesnej syntezy biosurfaktantow. Ponadto wyniki pokazaty silng
korelacje zmian gesto$ci mocy 1 spadku napiecia powierzchniowego w funkcji stezenia
azotu w pozywce, co dowodzi, ze synteza biosurfaktantow i skutecznos¢ degradacji
zuzytego oleju w MFC zalezy bezposrednio od stezenia zrodta azotu. Jest to pierwsza
praca, w ktorej badano optymalizacje azotu w celu usprawnienia syntezy biosurfaktantow
1 wytwarzania energii w uktadzie bioelektrochemicznym, co przybliza efektywna synteze
biosurfaktantéw w tego typu uktadach do realnego zastosowania.

W ostatnim artykule zbadano membrang z nanowldkien polifluorku winylidenu (PVDF)
oraz membrang PVDF modyfikowang metodg obrobki alkalicznej i obrobki
ramnolipidami wykorzystanych jako warstwy wewngtrzne separatora ceramicznego,
wcelu  kontrolowania negatywnych  skutkéw  biofoulingu.  Charakterystyka
elektrochemiczna i1 powierzchniowa materialéw wykazata, ze zastosowanie warstwy
PVDF nie dalo zadowalajacych efektow, podczas gdy PVDF modyfikowany
ramnolipidami spowodowat zwigkszong odpornos¢ powtoki na zanieczyszczenia. Tym
samym wykazano, ze produkty pochodzenia naturalnego takie jak biosurfaktanty, moga
by¢ uzyte do modyfikacji membran MFC, a takze po raz pierwszy odkryto mechanizmy
interakcji biosurfaktantow z membranami.

W toku pracy wykazano, ze wydajna biosynteza surfaktantow w MFC ze zuzytego oleju
ro$linnego jest mozliwa dzigki zastosowaniu odpowiednio zaprojektowanego uktadu
MFC oraz wydajnych materialow konstrukcyjnych ogniwa. Dodatkowo zaprezentowane
wyniki wykazaty bezposrednig korelacj¢ produkcji pradu 1 biosurfaktantow w poziomym
MFC ze zuzytego oleju oraz silng zalezno$¢ tych parametrow od stgzenia zrddta azotu
w pozywce. Uzyskane w pracy wyniki badan sg podstawg dla rozwoju uktadow
bioelektrochemicznych wykorzystujacych odpadowe oleje roslinne pochodzace
z przemyshu spozywczego w przysztosci. Ponadto wydajna synteza biosurfaktantow,
wytwarzanie energii elektrycznej 1 jednoczesne wykorzystanie produktow odpadowych
z przemyshu spozywczego idealnie wkomponowuja si¢ w cele zréwnowazonego rozwoju
oraz gospodarki obiegu zamknigtego. Przyszte badania powinny skupi¢ si¢ na dalszej
optymalizacji dziatania uktadu i materiatow konstrukcyjnych MFC pod katem produkcji
biosurfaktantow i energii elektrycznej oraz na zwigkszaniu skali procesu i opracowaniu
tanich, szybkich i mniej inwazyjnych dla srodowiska proceséw separacji i oczyszczania
biosurfaktantow.



Abstract

Microbial fuel cells (MFCs) are bioelectrochemical systems that enable the conversion
of organic matter to electricity through the catalytic activity of anodic bacteria.
Microorganisms that form anode biofilms can simultaneously convert organic substrates
into useful products. Biosurfactants are an interesting group of biochemically synthesised
compounds with unique properties and wide applications. However, despite the great
importance of biosurfactants for the industry and their impact on increasing the efficiency
of MFCs, only a few works have been published in which biosurfactants were the target
of synthesis in bioelectrochemical systems, and the results obtained indicate low
performance of the system.

The main objective of the research presented in the doctoral thesis was to investigate
the possibilities of biosurfactants production in microbial fuel cells from waste vegetable
oil during electricity production and to assess the possibility of using biosurfactants
to increase the efficiency of MFCs. Solving the problem of low performance
and a systematic approach to optimising the production of biosurfactants in MFCs from
waste vegetable oils is the first step towards scaling up this process in the future.

The first work concerns the comparison of two different commercially available activated
carbons, as well as the modification of carbon with silica nanoparticles in terms
of improving the efficiency of air cathodes in MFCs. Almost ayear of operation
of materials with different specific surface areas and microporous structures revealed
significant differences in their dynamic behaviour. The results showed that pore size
distribution and the resulting susceptibility to chemical contamination is a key factor
in maintaining high performance of the MFC system. It has been proven that unmodified,
cheap, and commercially available activated carbon can be a high-performance air
cathode material, but its activity and long-term properties depend on its porosity
characteristics.

The next article proposed ahorizontal MFC system enabling the synthesis
of biosurfactants from waste cooking oil. The efficiency of biosurfactant production
and electricity generation was compared in ahorizontal and classical vertical
arrangement of the MFC. The results showed that the horizontal MFC arrangement
resulted in a significant increase in the power density production and biosurfactants
synthesis. Furthermore, it was demonstrated for the first time that the biosurfactants
synthesis is directly correlated with electricity generation in the MFC. Thus, it was proven
that a properly designed MFC system can enable energy net-positive production
of biosurfactants and monitoring of the biosynthesis of surfactants solely using
an electrical signal.

The third experimental work analysed the influence of nitrogen source concentration
on the production of biosurfactants and electricity from waste cooking oil. The study
showed that the concentration of the nitrogen source in the culture medium is one of the



key factors in maintaining the high degradation efficiency of the oil substrate, energy
production, and simultaneous synthesis of biosurfactants. Furthermore, the results
showed a strong correlation between changes in power density and decrease in surface
tension as a function of nitrogen concentration in the medium, which proves that
the synthesis of biosurfactants and the degradation efficiency of waste vegetable oil in
MFCs depend directly on the concentration of the nitrogen source. This is the first work
in which nitrogen optimisation was studied to improve the synthesis of biosurfactants
and energy production in a bioelectrochemical system, which brings the effective
synthesis of biosurfactants in these types of systems closer to real application.

In the last article, a polyvinylidene fluoride (PVDF) nanofibers membrane and PVDF
modified by alkaline treatment and rhamnolipids treatment were investigated as the inner
layer of aceramic membrane to control the negative effects of biofouling.
The electrochemical and surface characteristics of the materials showed that the use of the
PVDF layer did not give satisfactory results, while the modification of the PVDF with
rhamnolipids resulted in increased resistance of the coating to contamination. Therefore,
it was demonstrated that natural products such as biosurfactants can be used to modify
MFC membranes, as well as, for the first time, the mechanisms of biosurfactant
interaction with membranes were discovered.

The results of the performed experiments showed that efficient biosynthesis of surfactants
in microbial fuel cells from waste vegetable oil is possible but requires the use
of a properly designed MFC system and efficient construction materials of the MFC.
Furthermore, the presented results showed a direct correlation of the electricity
and biosurfactant production in horizontal MFC from waste oil and a strong dependence
of these parameters on the concentration of the nitrogen source in the medium.
The research results obtained in this work are the basis for the development
of bioelectrochemical systems using waste vegetable oils from the food industry in the
future. In addition, efficient synthesis of biosurfactants, generation of electricity,
and simultaneous use of waste products from the food industry perfectly fit the goals
of sustainable development and circular economy. Future research should focus on further
optimisation of the system operation and MFC construction materials to produce
biosurfactants and electricity, as well as scaling up the process and developing
inexpensive, fast, and less environmentally invasive biosurfactant separation
and purification processes.



1. Przeglad literatury

1.1. Mikrobiologiczne ogniwo paliwowe (MFC)

1.1.1. Mechanizm dzialania

Mikrobiologiczne ogniwa paliwowe to uklady bioelektrochemiczne umozliwiajgce
konwersje materii organicznej w energi¢ elektryczng poprzez aktywno$¢ katalityczng
bakterii anodowych [1]. Zasad¢ dziatania MFC przedstawiono szczegétowo na Rys. 1.
Elektrony wytwarzane przez bakterie w procesie utleniania substratéw organicznych sg
przekazywane do anody, a nast¢pnie przeptywaja do katody przez obwodd zewnetrzny
zawierajacy rezystor lub dziatajacy pod obcigzeniem. Elektrony docierajace do katody
facza si¢ z protonami, ktore dyfunduja przez membrang i tlenem - produktem jest woda.
Opisane mechanizmy zewnatrzkomorkowego transferu elektrondw na anod¢ obejmuja
transfer bezposredni przez cytochromy zwigzane z btong komérkowa oraz posredni za
pomocg mediatorow elektronowych lub wytwarzanych przez bakterie przewodzacych
nanowtokien biatkowych (tzw. nanowire) [2]. Mediatory chemiczne (egzogenne) takie
jak kwasy humusowe [3] 1 bi¢kit metylenowy [4] moga by¢ dodawane do anolitu dla
poprawy anodowego transferu elektronow. Jednak mikroorganizmy moga same
syntezowa¢ mediatory w uktadzie, aby umozliwi¢ wytwarzanie energii elektrycznej. Jako
nosniki elektrondéw moga dziata¢ metabolity takie jak piocyjanina wytwarzana przez
Pseudomonas aeruginosa [5] lub flawiny wytwarzane przez Shewanella oneidensis [6].
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Rys. 1. Uproszczony schemat dziatania mikrobiologicznego ogniwa paliwowego oraz
mechanizmy transportu elektronow.



1.1.2. Typy MFC

Najczesciej w badaniach laboratoryjnych wykorzystywany jest uktad dwukomorowy
MFC (Rys. 2a.). Sktada si¢ on z komory anodowej i katodowej oddzielonych za pomoca
membrany. Gtowng wadg tego typu uktadu jest konieczno$¢ napowietrzania katolitu lub
stosowanie dodatkowych utleniaczy chemicznych. Przyczynia si¢ to do generowania
dodatkowych kosztow i obniza optacalnos¢ systemu. Kolejnym problemem uktadow
dwukomorowych MFC jest akumulacja protonow w komorze anodowej [7]. Efektem jest
niska stabilno$¢ operacyjna iwydajno$¢ wytwarzania energii elektryczne;.
Jednokomorowe MFC posiada komor¢ anodowa oraz oddzielong membrang katode
pozostajaca w bezposrednim kontakcie z powietrzem (Rys. 2b.). Konfiguracja ta nie
wymaga napowietrzania, gdyz tlen jest pasywnie dostarczany w miejsca aktywne katody.
Ponadto uktady jednokomorowe charakteryzuja si¢ nizszymi oporami wewnetrznymi
1 kosztami budowy, dlatego uznawane sa za bardziej efektywne finansowo. Jednak dalszy
wzrost wytwarzanej mocy wymaga przeskalowania uktadu MFC na znacznie wigksze
objetosci. Niestety wolumetryczna gesto$¢ wytwarzanej mocy w MFC zmniejsza si¢
wraz ze wzrostem objetosci. Wykazano, ze podejscie polegajace na miniaturyzacji
1 multiplikacji jest najbardziej realng droga do zwigkszenia mocy wyjsciowej MFC [8].
Dlatego aby zwickszy¢ skale technologii MFC stosuje si¢ uktady modutowe, w ktérych
wiele pojedynczych ogniw tworzy stos. Uklady te moga skiada¢ si¢ zaré6wno z MFC
dwukomorowych, jednokomorowych jak 1 konfiguracji hybrydowych. MFC modutowe
umozliwia kontrolowanie napig¢cia i natezenia pradu poprzez potaczenia szeregowe lub
réwnolegle poszczegdlnych MFC w uktadzie. W rezultacie odpowiednie utozenie stosow
moze spetnia¢ wymagania pradowe dla zasilanych urzadzen elektrycznych. Na przyktad
zaobserwowano, ze polaczenie szeregowe 8 miniaturowych MFC zwigkszylo napigcie
ogniwa 6-krotnie, podczas gdy potaczenie rownolegtle tej samej ilosci ogniw skutkowato
okoto 4 razy wiekszym natezeniem pradu [9]. W innym badaniu opracowano uktad
kaskadowy MFC w celu pelnego naladowania telefonow komodrkowych przy uzyciu
czystego moczu jako paliwa [10].

10



.|©
®

(b) -
Te- le- Te- le-

I I

, 1y | 0,

‘ Fe(CN)> ‘

‘ . Fe(CN)g? . H,0
Anoda Membrana Katoda Anoda Membrana Katoda

Rys. 2. Mikrobiologiczne ogniwo paliwowe: (a) dwukomorowe i (b) jednokomorowe.
1.1.3. Komponenty i materialy konstrukcyjne
Anoda

Anoda w MFC pelni funkcje zarowno siedliska dla spotecznosci drobnoustrojow jak
1 akceptora elektronéw. Powinna charakteryzowac si¢ dobra biokompatybilno$cia, duza
powierzchnig wlasciwa i wysoka przewodnoscia elektryczng [11]. Ponadto powinna by¢
stabilna chemicznie 1 odporna na korozje¢ bioelektrochemiczng. Doboru materiatu anody
do zastosowania w MFC dokonuje si¢ przede wszystkim w oparciu o powyzsze
wymagania. Istnieje wiele materialdéw stosowanych jako anody w MFC, ktére mozemy
sklasyfikowa¢ jako metale, polimery i1 materiaty weglowe [12]. Wsréd powyzszych
materialty weglowe sg bardzo dobra alternatywa ze wzgledu na niski koszt, wysoka
stabilno§¢ chemiczng oraz strukture sprzyjajaca przylaczaniu mikroorganizmow
1 tworzeniu biofilmu [13]. Ponadto struktura poréw i powierzchni materiatdéw weglowych
jest tatwo sterowalna w procesie wytwarzania 1modyfikacji. Do powszechnie
stosowanych materiatow weglowych jako anody nalezg tkaniny weglowe, widkniny
weglowe czy prety grafitowe. Jednak dalsze proby zwigkszania mocy wyjsciowej MFC
wymagaly zastosowania bardziej nowatorskich materialéw anodowych na bazie wegla.
Na przyktad zastosowanie biofilmu kompozytowego na bazie nanorurek weglowych
1 bakterii, dzigki unikalnej strukturze kompozytu pozwolito na natychmiastowy dostep
bakterii do nanorurek weglowych, a tym samym pominigcie etapu tworzenia biofilmu
1 szybkie osiggnigcie maksymalnych mocy wyjsciowych [14].
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Katoda

Materiaty katodowe odgrywaja znaczaca role w pracy MFC, wplywajac na parametry
elektryczne ogniwa [15]. Materialy katodowe stosowane w MFC powinny by¢ wydajne,
stabilne 1 niedrogie. W trakcie dtugotrwatej pracy MFC katoda narazona jest na dziatanie
wody, materii organicznej 1inieorganicznej pochodzacej z anolitu. Dodatkowo
mikroorganizmy tworzace biofilm na anodzie mogg rowniez tworzy¢ biofilm na katodzie,
co moze prowadzi¢ do pogorszenia kinetyki reakcji redukcji tlenu (ORR). Ponadto
parametry ORR materiatow katodowych sa zwykle ograniczone przez wysoka energie
aktywacji oraz opory transferu elektronow i transportu masy. Materialy na bazie platyny
sa czesto stosowane w celu obnizenia energii aktywacji ORR [16]. Jednak takie
rozwigzania znaczaco wptywaja na podwyzszenie kosztoéw inwestycyjnych, a stosowane
materialy wykazuja slaba stabilno§¢ w obecnosci zanieczyszczen. Rownie duzym
zainteresowaniem cieszg si¢ tlenki manganu, kobaltu czy niklu jako zamienne dla platyny
katalizatory ORR. Z drugiej strony metale te moga przedostawac si¢ do anolitu, co jest
toksyczne dla mikroorganizmow [17]. W przeciwienstwie do materialéw na bazie metali,
materialy weglowe, takie jak wegiel aktywny, tkaniny 1 widkniny weglowe oraz grafit sa
alternatywa bardziej stabilng i niedroga.

Wegiel aktywny jest szeroko stosowany w MFC jako niedrogi materiat katodowy
o wysokiej powierzchni wtasciwej [15]. Grupy funkcyjne na powierzchni wegla
aktywnego, jego powierzchnia wiasciwa, struktura porow i obfito§¢ miejsc aktywnych
majace wpltyw na zdolnos$¢ katalityczng ORR sg zalezne od metody ich wytwarzania
1 prekursora [18]. Dodatkowo w celu zwiekszenia wydajnosci ORR wegla aktywnego
stosuje si¢ obrobke chemiczng oraz modyfikacje metalami iniemetalami [19]. Na
przyktad zastosowanie obrobki wegla aktywnego za pomocg H3PO4 spowodowato wzrost
maksymalnej gestosci mocy MFC o 115% w poréwnaniu do MFC wyposazonego
w katode z wegla niemodyfikowanego [20]. W innej pracy wydajnos¢ katody powietrznej
podniesiono przez domieszkowanie wegla aktywnego politetrafluoroetylenem (PTFE)
[21]. W naszej pracy dowiedliSmy, ze rozktad wielkosci poréw w weglu aktywnym ma
kluczowe znaczenie dla zanieczyszczenia katodowego i w efekcie decyduje o utrzymaniu
wysokiej wydajnosci dlugoterminowej uktadu MFC [22]. W zwigzku z powyzszym
wegiel aktywny wydaje si¢ odpowiednim materialem do komercyjnego zastosowania
w MFC, ze wzgledu na jego dostepnos$¢, cene, wlasciwosci oraz tatwos¢ modyfikacji.

Membrana

Membrana w wigkszosci uktadow MFC odgrywa kluczowa rolg w transporcie jonow
wodorowych oraz ogranicza przenikanie substratu itlenu pomiedzy komorg anodowg
1 katodowa [23]. Membrana ma szczeg6lnie duze znaczenie dla wydajnosci uktadow
jednokomorowych, w ktorych jednoczes$nie stanowi materiat konstrukcyjny. Wiasciwosci
membrany wplywaja na efektywno$¢ usuwania zanieczyszczen organicznych
1 wytwarzania energii elektrycznej w MFC. Powszechnie stosowane membrany
kationowymienne, takie jak Nafion lub Ultrex znaczaco podnosza calkowity koszt

12



budowy MFC. Co wigcej, moga by¢ szczego6lnie podatne na zanieczyszczenia chemiczne
1 biologiczne [24].

Doskonatg alternatywe dla drogich membran jonowymiennych stanowig separatory
ceramiczne ze wzgledu na ich unikalne wlasciwosci termiczne, chemiczne
1 mechaniczne. Mogg one pracowac¢ w ekstremalnie kwasnym i zasadowym srodowisku
oraz w wysokim cisnieniu roboczym [25]. Dlatego w badaniach nad zwigkszeniem skali
MFC zwykle stosuje si¢ separatory ceramiczne [26]. Niestety naturalny sktad materiatow
ceramicznych czesto powoduje powstawanie tadunkow ujemnych na ich powierzchniach,
co zwigksza podatnos$¢ na adhezje kationéw z anolitu i w efekcie sprzyja biofoulingowi
[24]. W efekcie wzrasta podatno$¢ na zanieczyszczenie chemiczne i biologiczne
membrany, co negatywnie wplywa na transfer protonow. Skutki te mozna ograniczy¢
poprzez zwigkszenie hydrofilowo$ci, zmniejszenie chropowato$ci membran lub
domieszkowanie biocydami [24]. Przyktadowo mozliwe byto zwigkszenie gestosci mocy
MFC o ponad 60% poprzez domieszkowanie membrany ceramicznej popiotem z tusek
ryzowych [27]. Polepszong wydajnos¢ MFC przypisano zwigkszonej hydrofilowosci na
skutek obecno$ci nanoczastek krzemionki w materiale domieszkujacym. Podobnie
Ww innej pracy zaobserwowano, ze ceramika o wyzszym stezeniu krzemionki wykazywata
lepsza wydajno$¢ produkcji energii elektrycznej [23]. Kolejng strategia poprawy
wydajnosci i stabilno$ci membran ceramicznych w MFC jest zastosowanie powloki
polimerowej o zwigkszonej odpornosci na zanieczyszczenia. Na przyktad, wykorzystujac
recyklingowa wtokning polipropylenowa jako komponent ceramicznej membrany
kompozytowej, udato si¢ zwigkszy¢ moc MFC 092% oraz znaczaco wydtuzy¢
zywotno$¢ membrany [28]. W nasze]j pracy zastosowaliSmy kompozytowa membrane
ceramiczng z membrang znanowlokien PVDF modyfikowang ramnolipidami [29].
W rezultacie uzyskano wzrost maksymalnej gestosci mocy MFC o 38% oraz znaczne
polepszenie wtasciwosci dlugoterminowych membrany.

Projekt MFC

Rozwigzania konstrukcyjne zastosowane przy projektowaniu MFC zaleza od celu
planowanych badan oraz jego skali. W badaniach MFC zwykle stosuje si¢ reaktory
o konstrukcji cylindrycznej lub szesciennej w konfiguracji jednokomorowej lub
dwukomorowej wykonane ze szkla, tworzyw sztucznych, anawet materiatow
ceramicznych [1]. Na przyktad Pasternak iin. [30] zastosowali material ceramiczny
zarowno jako separator, jak i obudowe komory anodowej. Jedng ze strategii poprawy
wydajnosci ogniwa jest optymalizacja parametréw projektowych takich jak odstepy
miedzy elektrodami, stosunek powierzchni elektrod do objetosci 1 objetosci komor [31].
Na przyktad wykazano, ze wolumetryczna gesto§¢ mocy wzrosta o ponad 100%, kiedy
odstep miedzy elektrodami zostat zmniejszony z 3 cm do 1 cm w warunkach cigglego
przeplywu substratu przez komor¢ anodowa [32]. W innej pracy zaobserwowano
pieciokrotny wzrost gestosci mocy, gdy pole powierzchni katody zwiekszono z 24 cm?
do 96 cm? [33]. Podobne badanie wykazato wzrost wytwarzanej mocy w MFC o 200%,
kiedy zwigkszono powierzchni¢ geometryczng katody o 175% [34]. W naszej pracy
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zastosowaliSmy nowy poziomy reaktor MFC skonstruowany z komponentow
wydrukowanych w technologii 3D dla poprawy biodostepnosci substratu olejowego [35].
Konfiguracja ta zapewnita odpowiednie warunki dla syntezy biosurfaktantéw, co
bezposrednio wptyneto na rozwdj biofilmu 1 wydajnos¢ uktadu.

1.1.4. Parametry wplywajace na efektywnos¢ pracy ogniwa

Temperatura

Temperatura pracy MFC ma wplyw na kinetyke reakcji elektrodowych oraz szybkos¢
transportu masy i transferu protonéw [36]. MFC zwykle testowane sg w temperaturze
pokojowej, cho¢ dostepnych jest wiele prac, w ktorych badano zmiany wydajnosci ogniw
w znacznie nizszych i wyzszych temperaturach. Jak wiadomo osiggnigcie optymalne;j
i stabilnej wydajnosci MFC w niskich temperaturach zwykle bedzie wymagato dtuzszego
czasu rozruchu. Dlatego najczestszym rozwigzaniem umozliwiajagcym szybkie uzyskanie
powtarzalnych cykli wytwarzania energii oraz wyzszych maksymalnych mocy jest
podniesienie temperatury pracy MFC [37]. Na przyktad podniesienie temperatury z 20°C
do 35°C spowodowalo wzrost maksymalnej szybkosci usuwania chemicznego
zapotrzebowania na tlen (ChZT) o0 50% oraz znacznie zwigkszylo wytwarzang moc
w MFC [38]. W innym badaniu zmiana temperatury pracy jednokomorowych MFC
z20°C na 35°C spowodowatla znaczne skrocenie czasu aklimatyzacji wymaganego do
osiggniecia napigcia w stanie ustalonym oraz o ponad 300% zwigkszyta stopien usuwania
ChZT [39]. Jednakze, jednoczes$nie stwierdzono wyzsza wydajnos¢ kulombowska
w MFC pracujacych w 20°C. Ponadto w wyzsze] temperaturze (35°C) odnotowano
zwigkszony poziom aktywnosci reakcji wspottowarzyszacych, takich jak metanogeneza,
ktére obnizaja sprawnos$¢ odzyskiwania elektrondw w ukladzie oraz zaobserwowano
stabg stabilno$¢ produkowanej mocy w zmiennych warunkach temperaturowych dla
MFC aklimatyzowanych w temperaturze 35°C. Podnoszenie temperatury pracy MFC
moze wigc by¢ dobrym sposobem na skrocenie czasu aklimatyzacji mikroorganizmow
oraz osiagnigcie wyzszego stopnia usuwania ChZT. Z drugiej strony konsekwencja
dojrzewania biofilmu w wyzszej temperaturze moze by¢ wigksza wrazliwo$¢ na zmiany
temperatury oraz dominacja reakcji wspottowarzyszacych. Dodatkowo podnoszenie
temperatury pracy MFC moze znaczaco podwyzsza¢ koszty operacyjne.

Przewodno$¢ roztworu

Optymalne pH dla rozwoju bakterii anodowych w MFC jest najcz¢sciej zblizone do
neutralnego [40]. Dlatego aby utatwic¢ transport protonow w anolicie 1 w efekcie obnizy¢
rezystancje wewnetrzng ogniwa wymagane jest zwigkszenie przewodnosci anolitu
w MFC bez zmiany pH roztworu poprzez zwigkszenie sity jonowej. Wykazano, zZe
dodanie 20 g L' NaCl do anolitu MFC zmniejszyto opor wewnetrzny o 33% [41]. Dalsze
zwigkszanie st¢zenia NaCl okazato si¢ szkodliwe dla mikroorganizméw. Jednak
najwyzszg wydajnos¢ kulombowska zaobserwowano dla znacznie nizszego stezenia
wynoszacego 5 g L™ NaCl, co sugeruje, Ze juz niewielki wzrost zasolenia miat wplyw na
dziatanie biofilmu anodowego.

14



Rezystancja zewnetrzna

Kolejnym parametrem silnie wptywajacym na rozwdj elektroaktywnego biofilmu na
anodzie jest wartos$¢ rezystancji zewnetrznej przyktadanej do obwodu elektrycznego [42].
Wykazano, ze dojrzewanie biofilmu przy nizszym oporze zewng¢trznym skutkuje wyzsza
wydajnos$cig produkeji energii elektrycznej 1 nizszym oporem wewngtrznym MFC [30].
Ponadto zaobserwowano, ze wplyw rezystancji zewngtrznej na dojrzewanie biofilmu
1 wydajnos¢ catego uktadu byl nieodwracalny. Udowodniono wigc, ze poczatkowe
warunki rozwoju biofilmu maja krytyczny wptyw na strukture i sktad biofilmu i tym
samym dlugoterminowa wydajno$¢ MFC. Podobnie w innej pracy odnotowano prawie
dwukrotny wzrost wytwarzanej gestosci mocy gdy rezystancja zewngtrzna MFC zostata
obnizona z 50 Q do 10.5 Q [43]. Zaobserwowano réwniez zmiany w réznorodnosci
drobnoustrojéw 1 metabolizmie, gdy wobec MFC zastosowano roézne opornosci
zewnetrzne.

Konsorcjum mikrobiologiczne

MFC mozna inokulowa¢ czystymi lub mieszanymi kulturami bakterii. Kultury mieszane
sa czesto bardziej korzystne ze wzgledu na nizsza wrazliwo$¢ na zmiany warunkow
srodowiskowych jakich jak dostepnos¢ sktadnikow odzywczych, temperatura, pH
1 stezenie soli oraz wyzsza zdolnos$¢ adaptacji [44]. Dodatkowo zastosowanie ztozonego
konsorcjum bakteryjnego, takiego jak osad czynny lub gleba jest bardziej korzystne
w degradacji ztozonych substratow ze wzgledu na obecnos¢ réznych rodzajow bakterii
zapewniajacych wysoki stopien rozktadu substancji organicznych oraz duza gestos$¢
mocy. Osad czynny jest dobrym kandydatem do inokulacji MFC ze wzglgdu na
dostepnos$¢ i bardzo zréznicowany sktad bakteryjny bogaty w elektrochemicznie aktywne
szczepy bakterii [45]-[47]. Ponadto, wykazano, zZe inokulacja tlenowym osadem
czynnym pozwolita na szybszy rozruch 1lepsza wydajno$¢ wytwarzania energii
elektrycznej niz osadem beztlenowy, co przypisano bardziej rozwinigtej spotecznosci
drobnoustrojow w osadzie tlenowym. W naszej pracy wzbogacony biofilmu anodowy
MFC zainokulowanego za pomocg tlenowego osadu czynnego pozwolit na konwersje
odpadowego oleju roslinnego do biosurfaktantéw zjednoczesng produkcja energii
elektrycznej [35]. Ponadto zaobserwowana wydajno$¢ kulombowska byla najwyzsza
warto$cig odnotowang dla uktadu zasilanego $ciekami zaolejonymi.

1.1.5. Technologie oparte na MFC
Oczyszczanie Sciekow

Obecne systemy oczyszczania §ciekdw opierajace si¢ na wykorzystaniu osadu czynnego,
sg energochtonne oraz wymagajg wysokich kosztéw kapitatowych 1 operacyjnych.
Konwencjonalne procesy oczyszczania §ciek6w wymagaja bowiem napowietrzania oraz
utylizacji nadmiernego osadu czynnego [48]. Ponadto podczas oczyszczania Sciekow do
atmosfery uwalniana jest znaczna ilo§¢ gazoéw cieplarnianych. Technologia MFC pozwala
na jednoczesng degradacje zanieczyszczen i produkcje energii elektrycznej, moze wigc
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przeksztatci¢ oczyszczanie $ciekOw w proces generujacy energie. MFC eliminuje
konieczno$¢ napowietrzania, dzigki oczyszczaniu beztlenowemu oraz znaczaco obniza
ilo§¢ powstajacych osadéw do utylizacji [49]. Jednocze$nie technologia MFC umozliwia
miedzy innymi monitorowanie w czasie rzeczywistym st¢zenia substancji organicznych
1 zawarto$ci substancji toksycznych w $ciekach. Korzysci ekonomiczne i1 sSrodowiskowe
pokazuja, ze technologia MFC jest bardzo obiecujacg alternatywa dla konwencjonalnych
systemOw oczyszczania $ciekow.

Biosensory

W ciaggu ostatnich lat intensywnie badano MFC pod katem ich zastosowania jako
alternatywnego zrodla energii elektrycznej dla paliw kopalnych. Trwajacy proces wzrostu
wydajnosci MFC zwigzany jest zrozwojem jego elementow funkcjonalnych oraz
konstrukcji reaktoréow [22], [35]. Pomimo ogromnych postepow w zwigkszaniu mocy
wyjsciowych wykorzystanie MFC jest obecnie ukierunkowane na zastosowania
niskoenergetyczne [50]. Na napigcie wyjsciowe MFC ma wplyw stezenie zwigzkow
organicznych, temperatura, pH czy obecno$¢ substancji toksycznych. Dlatego MFC moga
by¢ stosowane jako biosensory, czyli urzadzenia analityczne zawierajace biologiczny
elementow czujnikowych, wytwarzajacy sygnal wyjsciowy w odpowiedzi na
zanieczyszczenia obecne w osrodku [51] (Rys. 3.). Zapotrzebowanie na kontrolowanie
zanieczyszczen w czasie rzeczywistym, zwlaszcza w obrgbie monitorowania jako$ci
wad, stale wzrasta ze wzgledu na rosngce obawy o srodowisko. Biosensory na bazie MFC
pozwalaja na monitorowanie jakosci strumienia zasilajacego z szybka reakcja, wysoka
czutoscig 1 w szerokim zakresem pomiarowym przy niewielkich kosztach operacyjnych,
dzieki czemu stanowig obiecujacg alternatywe dla konwencjonalnych czujnikéw [52].
Wsrdéd wielu typoéw biosensorow opartych na MFC mozemy wyrdzni¢ czujniki
biochemicznego zapotrzebowania na tlen, czujniki toksycznos$ci, czujniki pH oraz
czujniki monitorowania aktywnosci drobnoustrojow. Na przyktad opracowano ptywajacy
biosensor MFC do monitorowania jakosci wody online [53]. W badaniu wykazano, ze
biosensor, ktory sam wytwarzat energie potrzebng do dziatania urzadzenia, byt w stanie
wykry¢ mocz w slodkiej wodzie i1 wlaczy¢ sygnaly wizualne i1 dzwigkowe. Ponadto
zaobserwowano, ze czestotliwo$¢ sygnatu byta proporcjonalna do st¢zenia moczu, co
umozliwia iloSciowe oznaczenie zanieczyszczen wody na podstawie charakterystyki
sygnatu. W innej pracy przedstawiono biosensor MFC wyprodukowany metoda
sitodruku biodegradowalnych elektrod na bazie wegla na pojedynczym arkuszu papieru
1 zademonstrowano jego zastosowanie jako czujnika substancji toksycznych w wodzie
[54].
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Rys. 3. Schemat dzialania biosensora MFC.
Bioelektrosynteza

Elektrosynteza  mikrobiologiczna to  obiecujaca droga rozwoju  ukladow
bioelektrochemicznych umozliwiajagca konwersje odpadéw do cennych produktow
chemicznych (Rys. 4.). Redukcja dwutlenku wegla na katodzie umozliwia zréwnowazong
i ekonomiczng produkcje substancji chemicznych takich jak kwas octowy [55] czy
butanol [56]. Technologia ta zyskuje na znaczeniu, dzigki mozliwo$ci wychwytywania
1 utylizacji dwutlenku wegla u Zrodia, ktoéry w przeciwnym razie bytby uwalniany do
atmosfery przyczyniajac si¢ do globalnego ocieplenia. W takim uktadzie biofilm
anodowy utlenia substancje organiczne, podczas gdy mikroorganizmy biofilmu
katodowego wykorzystuja elektrony do redukcji dwutlenku wegla. Zastosowanie MFC
do redukcji dwutlenku wegla zapewnia wiele korzy$ci w poréwnaniu
z konwencjonalnymi systemami sekwestracji CO.. Technologia MFC moze jednoczes$nie
oczyszcza¢ $cieki na anodzie 1 redukowa¢ CO; na katodzie obnizajac koszty operacyjne
systemu. Ponadto mikroorganizmy katalizujgce reakcje redukcji sg tanie, zdolne do
samoregeneracji 1 pracujg w stosunkowo niskiej temperaturze [57].
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Rys. 4. Synteza zwigzkow organicznych w MFC.

Mikroorganizmy tworzace biofilm anodowy réwniez moga konwertowaé substraty
organiczne do uzytecznych produktéw (Rys. 4.). Wysokie stezenie butanolu w anolicie
wykryto dla MFC zasilanego glukozg i zainokulowanego Clostridium acetobutylicum
[58]. Podobnie wsrod metabolitéw MFC zasilanych biomasg alg wykryto butanol, kwas
propionowy i kwas mastowy [59]. W innej pracy opisano produkcje acetoiny z glukozy
w MFC za pomoca genetycznie zmodyfikowanego szczepu Escherichia coli [60].
Ciekawa grupa syntezowanych biochemicznie zwigzkéw o unikalnych wtasciwosciach
1 szerokim zastosowaniu s3 biosurfaktanty. Jednak pomimo duzego znaczenia
biosurfaktantéw dla przemystu oraz ich wplywie na zwigkszanie wydajnosci MFC
opublikowano niewiele prac, w ktorych biosurfaktanty byty celem syntezy w uktadach
bioelektrochemicznych [61].

1.2. Biosurfaktanty

1.2.1. Budowa i wlasciwosci

Biosurfaktanty to amfifilowe zwigzki chemiczne sktadajace si¢ zugrupowania
hydrofilowego i hydrofobowego. Potaczenie tych ugrupowan umozliwia interakcje
pomiedzy czasteczkami o réznym charakterze polarnym. Czasteczki biosurfaktantow
agreguja na powierzchni mig¢dzyfazowej 1 w zalezno$ci od rodzaju uktadu, czes¢
hydrofilowa biosurfaktantu moze by¢ zwrocona w kierunku zewnetrznego lub
wewnetrznego obszaru. Tym samym biosurfaktanty mogg wptywac na obnizenie napigcia
powierzchniowego 1 miedzyfazowego oraz tworzenie stabilnych emulsji. Minimalne
stezenie biosurfaktantu niezbedne do maksymalnej redukcji napi¢cia powierzchniowego
lub migdzyfazowego okresla si¢ mianem krytycznego stezenia micelizacji (CMC) (Rys.
5.). Dalsze zwigkszanie st¢zenia biosurfaktantu nie wptywa na napigcie powierzchniowe
1 miedzyfazowe, a czasteczki amfifilowe ulegaja agregacji z czgSciami hydrofilowymi
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skierowanymi na zewnatrz czasteczki icze$ciami hydrofobowymi skierowanymi do
wewnatrz, tworzac micele. Wigkszo$¢ biosurfaktantéw ma nizsze wartosci CMC,
napigcia powierzchniowego 1inapigcia migdzyfazowego w poréwnaniu do ich
syntetycznych odpowiednikow, co czyni je bardziej wydajnymi i skutecznymi
w podobnych zastosowaniach. Ponadto syntetyczne $rodki powierzchniowo czynne
pochodzace z przemystu petrochemicznego sg toksyczne 1 mogg powodowac szkody dla
ekosystemow, a ich produkcja jest sprzeczna z celami zrOwnowazonego rozwoju [62].
Biosurfaktanty to produkty naturalne powstajace w wyniku proceséw metabolicznych
mikroorganizmdéw. W poroéwnaniu do syntetycznych srodkéw powierzchniowo czynnych
majg zmniejszong toksyczno$¢, zwigkszong tolerancj¢ na pH, temperaturg i zasolenie
oraz s3 biokompatybilne i biodegradowalne. Na przyktad charakterystyka ramnolipidow
wytworzonych przez Pseudomonas aeruginosa BS20 wykazata brak negatywnych
skutkow autoklawowania w temperaturze 121°C przez 10 minut na aktywnos$¢
powierzchniowa biosurfaktantu [63]. Ponadto testowany ramnolipid wykazat prawie
stabilny profil aktywnos$ci powierzchniowej w zakresie pH od 2 do 13 oraz przy stezeniu
chlorku sodu do 6% (w/v). Réwnie wysoka stabilno§¢ aktywnos$ci powierzchniowe;j
w wysokich temperaturach i st¢zeniu chlorku sodu do 6% (w/v) wykazano dla surfaktyny
wyprodukowanej przez Bacillus subtilis BS5 [64]. Dzigki tym wilasciwosciom oraz
zrownowazonym i przyjaznym dla §rodowiska metodom wytwarzania biosurfaktanty
postrzegane sg jako korzystny zamiennik surfaktantow syntetycznych.
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Rys. 5. Charakterystyka zmian napigcia powierzchniowego w funkcji stezenia
biosurfaktantow.

Biosurfaktanty mozemy podzieli¢ pod wzgledem masy czasteczkowej na zwiazki
o niskiej masie czasteczkowej oraz zwigzki o wysokiej masie czgsteczkowej, nazywane
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bioemulgatorami lub biopolimerami. Bioemulgatory moga skutecznie emulgowac dwie
niemieszajace si¢ ciecze, podczas gdy niskoczasteczkowe biosurfaktanty skutecznie
obnizajg napigcie powierzchniowe [65]. Ze wzgledu na budowe czasteczki biosurfaktanty
dzielimy na glikolipidy, lipopeptydy, fosfolipidy, lipoproteiny i lipopolisacharydy [66].
Najszerzej zbadang podklasg glikolipidow o bardzo korzystnych wtasciwosciach sg
ramnolipidy. Zwiazki te moga obniza¢ zaré6wno napigcie powierzchniowe
1 migdzyfazowe, a do ich produkcji mozna wykorzysta¢ produkty odpadowe pochodzenia
spozywczego [67]. Ramnolipidy zbudowane sa zdwodch czesci: glikonowej oraz
lipidowej [68]. Czes$¢ glikonowa sktada si¢ z jednej czasteczki (monoramnolipidy) lub
dwoch czasteczek (diramnolipidy) ramnozy, potaczonych wigzaniem a-1,2-
glikozydowym i ma charakter hydrofilowy (Rys. 6.). Ugrupowanie lipidowe ma charakter
hydrofobowy 1 sktada si¢ zjednego lub wigkszej liczby nasyconych/nienasyconych
fancuchéw B-hydroksy kwaséw tluszczowych, potaczonych wigzaniem estrowym.
Wykazano, ze biosurfaktant ramnolipidowy wyprodukowany przez Pseudomonas
aeruginosa P6 byt w stanie obnizy¢ napiecie powierzchniowe wody z72 mN m™ do
36 mN m™! oraz wykazat aktywno$¢ emulgacyjng (E24) heksadekanu na poziomie 63.3%,
co $wiadczy o szerokim spektrum mozliwych zastosowan ramnolipidow [69].

ST T

Rys. 6. Przykladowa struktura (a) monoramnolipidu i (b) diramnolipidu.

(a b

1.2.2. Zastosowania
Przemyst naftowy

Wysoka sprawnos$¢ odzysku w powigzaniu z niska toksycznos$cia 1 biodegradowalnoscig
biosurfaktantow, czyni je atrakcyjng dla przemyshu 1srodowiska alternatywa dla
syntetycznych srodkow powierzchniowo czynnych wykorzystywanych w odzyskiwaniu
ropy naftowej z wyczerpujacych si¢ zt6z [70]. W procesie tym biosurfaktanty, ktore moga
by¢ wytwarzane in-situ, skutecznie obnizaja napigcie powierzchniowe pomiedzy ropa
a skala mobilizujac weglowodory uwiezione w porach skat. Przykladowo, wzrost
odzysku ropy o 6% uzyskano dzigki zastosowaniu biosurfaktantu lipopeptydowego
wyprodukowanego przez szczep Bacillus mojavensis PTCC 1696 [71]. Podobnie,
zastosowanie ramnolipidu wytworzonego przez Pseudomonas aeruginosa zwiekszyto
o prawie 12% odzysk ropy naftowej ze zloza, co bylo wartoscia wyzsza niz dla
surfaktantow syntetycznych [72].
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Bioremediacja

Biosurfaktanty sa doskonala ekologiczng alternatywa dla syntetycznych zwigzkow
powierzchniowo czynnych wykorzystywanych w remediacji gleb. Najgrozniejszymi
zanieczyszczeniami gleb generowanymi w przemysle sg weglowodory. Zastosowanie
biosurfaktantow w remediacji weglowodorow, ma na celu zwigkszenie ich
biodostepnosci dla mikroorganizméw. Ponadto biosurfaktanty moga by¢ wytwarzane
bezposrednio u zrodta zanieczyszczen, co obniza koszty calego procesu. Na przykiad
wykazano, ze biosurfaktant wytworzony przez szczep Rhodococcus erythropolis 3C-9
znaczaco zwigkszyt szybko$¢ biodegradacji n -heksadekanu przez Alcanivorax dieselolei
i Psychrobacter celer [73]. Podobnie biosurfaktant wytworzony przez szczepy
Pseudomonas aeruginosa MTCC7815 i MTCC7814 spowodowat wzrost metabolizmu
fenantrenu, pirenu i fluorenu [74]. W innej pracy wykazano wzrost biodegradacji
wielopierscieniowych weglowodorow aromatycznych w obecno$ci biosurfaktantu
wytworzonego przez Bacillus circulans [75]. Yin iin. [76] zaobserwowali 23 krotny
wzrost rozpuszczalno$ci fenantrenu w obecnosci ramnolipidu wytworzonego przez
szczep Pseudomonas aeruginosa S6 wyizolowany ze $ciekOw zawierajacych rope
naftowa. Dodatkowo wyznaczone wspotczynniki solubilizacji i podziatu miedzy fazg
micelarng i wodng dla wytworzonego ramnolipidu byly znacznie wyzsze niz dla
syntetycznych srodkéw powierzchniowo czynnych.

1.2.3. Konwencjonalne metody biosyntezy i oczyszczania

Biosurfaktanty produkowane sa najczeSciej na drodze fermentacji tlenowej lub
beztlenowej w klasycznych hodowlach ptynnych. Jednak koszt produkcji
biosurfaktantéw pozostaje nadal wyzszy niz ich syntetycznych odpowiednikow. Bardziej
ekonomiczne 1iprzyjazne dla $rodowiska wytwarzanie biosurfaktantow wymaga
integracji 1 optymalizacji procesu produkcji 1 przetwarzania. Podstawowym kryterium
wpltywajacym na koszt oraz wydajnos¢ biosyntezy jest surowiec. W literaturze opisano
rozne rodzaje substratow stosowanych w produkcji biosurfaktantow. Oprécz
komercyjnych surowcow do syntezy biosurfaktantow zbadano takze produkty odpadowe
z roznych gatezi przemystu, takie jak glicerol [77], odpadowe oleje roslinne [78], czy
melase [79]. Takie podejscie pozwala na jednoczesng produkcje biosurfaktantow oraz
waloryzacje odpadow, a proces biosyntezy czyni bardziej ekonomicznym i przyjaznym
dla $rodowiska, stymulujac przej$cie w stron¢ gospodarki o obiegu zamknietym.
Kolejnym wyzwaniem jest optymalizacja syntezy biosurfaktantow, poniewaz na wzrost
1 metabolizm drobnoustrojéw podczas fermentacji wpltywa wiele czynnikdw biotycznych
1 abiotycznych (Fig. 7.). Uzyskanie optymalnej biosyntezy wymaga okreslenia warunkow
hodowli, obejmujacych zrodio i1 stezenie wegla, azotu, fosforu 1 mikroelementow [80],
wielkos¢ 1 sktad inokulum oraz temperature, pH, napowietrzanie, prgdko$¢ mieszania
[81], [82], jak irozwigzania konstrukcyjne bioreaktora [83]. Dlatego znalezienie
idealnych warunkéw do produkcji biosurfaktantéw w klasycznej biosyntezie byto
przedmiotem wielu badan, wsérdd ktérych obszernie omowiono optymalizacj¢ stezenia
oraz zrddta azotu [84][85]. Wykazano, ze zastosowanie azotanu sodu przy stosunku C/N
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rownym 10 pozwolito na znaczne zwigkszenie efektywnos$ci degradacji odpadowego
oleju posmazalniczego oraz syntezy biosurfaktantow przez nowo wyizolowany szczep
Pseudomonas SWP-4 [86]. W ostatnich latach na znaczeniu zyskuje zastosowanie
inzynierii genetycznej w celu opracowania nowych mikroorganizméw dla poprawy
produkcji 1 wydajnosci biosurfaktantow. Ulepszenie szczepu drobnoustroju za pomocg
technologii rekombinacji DNA moze zapewni¢ wyzszag wydajnos¢ przy nizszych
kosztach. Ponadto biosurfaktanty uzyskane z modyfikowanych genetycznie
mikroorganizméw moga posiada¢ unikalne wlasciwosci. Na przyklad opracowano
systematyczne podejscie inzynieryjne, polegajace na modyfikacji 53 genow u Bacillus
subtilis 168 w celu poprawy biosyntezy surfaktyny [87]. W rezultacie uzyskano
najwyzsza w literaturze wydajnos$¢ surfaktyny, co wedtug autorow moze utorowac droge
do komercyjnej produkcji.

Wegiel

Azot
Inokulum

pH
Temperatura
Inne strategie

» Ekstrakcja

* Precypitacja

* Frakcjonowanie piany
=====p| « Ultrafiltracja

\_/ * Adsorpcja

Przygotowanie inokulum Fermentacja Oczyszczanie

Rys. 7. Schemat ideowy konwencjonalnego procesu produkcji biosurfaktantow.

W zalezno$ci od zastosowania produktu koncowego dalsze przetwarzanie mozna
dostosowac¢ w celu osiggnigcia pozadanej wydajnosci i czystosci (Rys. 7.). Najczesciej
stosowang technikg separacji biosurfaktantow zhodowli mikrobiologicznej jest
ekstrakcja w fazie cieklej przy zastosowaniu réznych rozpuszczalnikow organicznych,
takich jak chloroform, metanol, dichlorometan czy octan etylu. Metoda ta wymaga jednak
zuzycia duzej ilo$¢ rozpuszczalnikow, co wplywa na wzrost kosztow procesu oraz
negatywnie oddziatuje na srodowisko. W zwigzku z tym szeroko badane sg alternatywne
techniki separacji biosurfaktantow, takie jak ekstrakcja do fazy statej, frakcjonowanie
piany czy ultrafiltracja. Techniki te moga umozliwia¢ uzyskanie wysoce czystych
biosurfaktantéw mniejszym kosztem i w bardziej tagodny dla $rodowiska sposob.
Frakcjonowanie piany jest jedng z bardzo ciekawych metod bezrozpuszczalnikowych,
ktora mozna stosowaé w trakcie etapu produkcyjnego. W efekcie metoda ta pomaga
w cigglym usuwaniu tworzacej si¢ piany w trakcie procesu produkcji 1 zapobiega
hamowaniu wzrostu biomasy 1 spadku wydajnosci procesu. Wykazano, ze metoda
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frakcjonowania piany in-situ jest skutecznym narzgdziem do odzysku i oczyszczania
biosurfaktantéw takich jak surfaktyna [88] i ramnolipidy [89]. Rownie atrakcyjng metoda
umozliwiajaca jednoczesne zat¢zanie ioczyszczanie biosurfaktantow jest technika
ekstrakcji do fazy statej. Na przyktad, zastosowanie ekstrakcji do fazy stalej
w oczyszczaniu ramnolipidow  wykazalo wyzsza wydajno$¢ 1 powtarzalnos¢
w porownaniu z metoda ekstrakcji ciecz-ciecz [90]. Podsumowujac, dalsze przetwarzanie
moze stanowi¢ obecnie nawet 80% catkowitego kosztu otrzymania biosurfaktantow,
dlatego optymalizacja technik przetwarzania ma fundamentalne znaczenie dla
ekonomicznosci i konkurencyjno$ci biosurfaktantow na rynku.

1.3. Mechanizmy dzialania biosurfaktantow w MFC
Tworzenie i rozwoj biofilmu

Wydajna produkcja energii elektrycznej w MFC wymaga wytworzenia biofilmu
elektroaktywnego na powierzchni anody. W poczatkowej fazie dziatania MFC
elektroaktywny biofilm anodowy dojrzewa, tworzac bardziej rownomierne pokrycie,
a w efekcie obserwujemy wzrost pradu wyjsciowego. W pierwszym etapie tworzenia
biofilmu, adhezja mikroorganizméw do powierzchni anody znaczaco wptywa na etap
rozruchu MFC. Kolejno w miar¢ wzrostu ilosci mikroorganizméw przytaczajacych si¢
do anody, szybko$¢ transferu elektronéw znacznie wzrasta. Wykazano, ze S$rodki
powierzchniowo czynne mogg reagowac z powierzchniami materialdw anodowych
zwiekszajac ich hydrofilowos¢, co jak wiadomo sprzyja tworzeniu si¢ elektroaktywnego
biofilmu [91]. Srodki powierzchniowo czynne majg réwniez zdolno$¢ zmiany struktury
bton komdrkowych w celu utworzenia kanatow, ktore skutecznie zmniejszaja opor blony
komorkowej, przyspieszaja transport masy przez btony i zwigkszaja degradacj¢ substratu
[92]. Na przyklad, znaczne obnizenie czasu rozruchu MFC oraz wzrost maksymalnej
gestosci mocy o 20%, uzyskano dzigki modytikacji powierzchni anody z eksfoliowanego
grafitu za pomoca dodecylosiarczanu sodu [93]. Ponadto srodki powierzchniowo czynne
moga indukowac tworzenie biofilmu w obecnosci substratow hydrofobowych, poprzez
zwigkszenie ich biodostgpnosci [94]. Tworzenie biofilmu moze wiec by¢ wywotane oraz
wspomagane obecnos$cig biosurfaktantow, ktére moga by¢ wytwarzane in-situ w MFC.
Zhang i in. [92] zbadali mechanizm powstawania biofilméw anodowych i przenoszenia
elektrondbw w obecno$ci ramnolipidow podczas rozruchu i stabilnych etapéw pracy
MFC. Dodatek ramnolipidow w stezeniu 40 mg L' skrocit czas rozruchu MFC o 48h
oraz spowodowatl wzrost maksymalnej gestosci mocy o ponad 43%. Dodatkowo, analiza
bakterii anodowych wykazata, ze ramnolipidy majg istotny wpltyw na wzbogacanie
biofilmu w egzoelektrogeny oraz ich sktad.

Transfer elektronow

Etapem ograniczajacym szybko$¢ rozruchu MFC jest anodowy transfer elektronow
z komorek mikroorganizméw do powierzchni elektrody. Srodki powierzchniowo czynne
mogg wplywa¢ na przepuszczalno$¢ membrany, ktéra jest glowna przeszkoda
w zewnatrzkomorkowym  transferze elektronow za pomoca mediatorow [95].
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W badaniach wykazano, ze dodatek syntetycznych srodkéw powierzchniowo czynnych
skutecznie zwigksza generowang moc w MFC [93], [96]. Podobnie obecnos¢
biosurfaktantéw w MFC moze mie¢ korzystny wptyw na transfer elektronow, a w efekcie
spadek oporu wewngtrznego i wzrost produkowanej mocy. Wykazano, ze dodatek
soforolipidu zwigkszyt przepuszczalnos¢ membrany i1 produkcje piocyjaniny, a w efekcie
skutecznie obnizyt opor wewnetrzny MFC o 36% [97]. Podobnie w innej pracy dodatek
lipidu trehalozy zmniejszyt opér wewnetrzny MFC o 57%, a w efekcie prawie 6 krotnie
zwickszyl maksymalng gestos¢ mocy [98]. W naszej pracy endogennie wytwarzane
biosurfaktanty ramnolipidowe w komorze anodowej MFC spowodowaty spadek oporu
wewnetrznego o 40% [35]. Dodatkowo w kolejnej pracy wykazaliSmy zalezno$¢ migdzy
iloscig produkowanego biosurfaktantu a oporami anodowymi w MFC [99]. W kolejnym
badaniu zwigkszona produkcja endogennych ramnolipidow w wyniku nadekspresji genu
rhlA  znaczaco poprawila zewnatrzkomoérkowy transfer elektrondw  szczepu
Pseudomonas aeruginosa poprzez zwigkszenie produkcji piocyjaniny 1 zwigkszenie
przyczepienia bakterii do powierzchni anody [100]. W rezultacie warto$¢ oporu
wewnetrznego spadta o prawie 30% a gestos¢ mocy wzrosta o ponad 240%.

Degradacja substratow hydrofobowych

Mozna wyrdzni¢ dwa gtéwne mechanizmy rozktadu zwigzkéw hydrofobowych przez
mikroorganizmy w obecno$ci biosurfaktantow w MFC (Rys. 8.). Biodegradacja
hydrofobowych substancji organicznych moze zachodzi¢ poprzez solubilizacje substratu
polegajaca na utworzenie struktury micelarnej z biosurfaktantami, w ktorej hydrofilowe
glowy sa zorientowane w stron¢ wodnej fazy, a lipofilowe ogony sa przylaczone do
hydrofobowego substratu, utatwiajac adsorpcje zanieczyszczen do komorki bakteryjne;,
po ktoérej nastgpuje wewnatrzkomorkowa degradacja. Alternatywnie, biosurfaktanty
moga oddzialywa¢ zzewnetrznymi powierzchniami $cian komoérkowych bakterii,
powodujac wzrost jej hydrofobowosci ipromujagc tym samym adhezje komorek
bakteryjnych do zwigzkow hydrofobowych. W efekcie wzrost drobnoustrojéw na
powierzchni substratu umozliwia jego degradacj¢. Na przyklad wytwarzane in situ
w MFC dwa typy biosurfaktantow pozwolily na uzyskanie wysokiego stopnia degradacji
weglowodoréw pochodzacych zropy naftowej [101]. Ponadto w naszej pracy
wykazali$my, Zze obecnos¢ biosurfaktantow w MFC miata wptyw na $ciezke degradacji
odpadowego oleju roslinnego [35].
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Rys. 8. Mechanizmy degradacji substratéw hydrofobowych w obecnosci biosurfaktantow
w komorze anodowej MFC.

1.4. Synteza biosurfaktantow w MFC

Surowce i rodzaje wytwarzanych biosurfaktantow

Badanie zrodta wegla wykorzystywanego do syntezy biosurfaktantéw jest niezwykle
wazne, poniewaz substrat zastosowany do produkcji biosurfaktantow ma bezposredni
wplyw na wzrost mikroorganizméw, wydajnos¢ syntezy pozadanego produktu oraz
ekonomiczno$¢ procesu. Ponadto rdézne substraty moga prowadzi¢ do powstania
zroznicowanych struktur chemicznych biosurfaktantéw o odmiennych wtasciwosciach
1 zastosowaniach. Biosurfaktanty mozna wytwarza¢ w MFC zar6wno z prostych
substratow jak iznacznie bardziej zltozonych weglowodorow. W pierwszej pracy
opisujgcej syntez¢ biosurfaktantow w uktadach bioelektrochemicznych jako zrodto
wegla wykorzystano octan sodu [102]. W badaniu tym wykazano, ze oddzialywanie
ramnolipidow i fenazyn wytwarzanych przez Pseudomonas sp. pozwolito Brevibacillus
sp. na osiagniecie zewnatrzkomorkowego transferu elektronow. Jednak od tego czasu
opublikowano niewiele prac na temat biosyntezy surfaktantow w BES [61]. Najcze$ciej
stosowanym substratem do produkcji biosurfaktantéw w MFC jest zuzyty olej roslinny
oraz $cieki zawierajace weglowodory ropopochodne (Tab. 1.). Substraty te bogate sa
w zrodla wegla o zréznicowanych strukturach, ktore moga by¢ wykorzystane przez
mikroorganizmy w procesie biosyntezy surfaktantow. Liu i1in. [103] wykazali
jednoczesng produkcje biosurfaktantu 1 energii elektrycznej ze zuzytego oleju roslinnego
w komorze anodowej MFC. W naszej pracy, wykorzystujac jako substrat zuzyty olej
ro$linny uzyskali§my najwyzsza gesto$§¢ produkowanej mocy w MFC, w ktéorym
zachodzi synteza biosurfaktantoéw [99]. Ponadto analiza metabolitow wykazata obecnos¢
jedenastu zwigzkéw nalezacych do grupy mono- idi-ramnolipidow. W innej pracy
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wykazano jednoczesng produkcje surfaktyny iramnolipidow oraz wysoka produkcje
mocy w MFC, dzigki zastosowaniu ropy naftowej jako zrodta wegla [101]. Podobnie
zastosowanie oleju silnikowego jako substratu w komorze anodowej MFC pozwolito na
uzyskanie wysokiej gestosci produkowanej mocy oraz wykazano synteze kilku
biosurfaktantow lipopeptydowych [104].

Mikroorganizmy

Synteza biosurfaktantow 1 jednoczesne wytwarzanie energii elektrycznej wymaga
inokulacji MFC za pomoca bakterii aktywnych elektrochemicznie o zdolno$ciach do
biosyntezy, lub za pomoca mieszanego konsorcjum mikrobiologicznego, ktory wymaga
okresu wzbogacenia w bakterie o tych zdolno$ciach. Wykorzystanie czystych szczepow
przynosi efekty, gdy jako substrat stosujemy proste zwigzki chemiczne o stosunkowo
wysokiej czystosci [100]. Trudnodegradowalne substraty bedace ztozong mieszaning
weglowodoréw zwykle wymagaja rozbudowanego konsorcjum, aby uzyska¢ wysoki
stopien degradacji oraz zadowalajaca wydajno$¢ biosyntezy. Na przyktad wykorzystanie
pojedynczego szczepu Serratia sp. w celu degradacji zuzytego oleju ro$linnego nie
pozwolito na uzyskanie wysokiej wydajnosci generowanej gestosci mocy w MFC [103].
Podczas gdy w naszej pracy wykorzystaliémy osad czynny, ktory po okresie wzbogacenia
pozwolil na osiggnigcie wysokiej wydajnosci zarowno biosyntezy surfaktantow jak
i produkcji pradu [35]. W innej pracy wysoka gestos¢ pradu oraz synteze dwodch
biosurfaktantow uzyskano, dzigki jednoczesnemu wykorzystaniu dwoch szczepow,
B. subtilis i P. aeruginosa, w degradacji ropy naftowej w MFC [101]. Podobnie, efekt
synergiczny S. aureus i P. aeruginosa pozwolil na wysokowydajna degradacje oleju
silnikowego w MFC, zjednoczesng synteza kilku biosurfaktantéw lipopeptydowych
[104].

Strategie poprawy produkcji biosurfaktantow w MFC

Pomimo niewielu prac dotyczacych syntezy biosurfaktantow w MFC zbadano kilka
aspektow w celu zwigkszenia wydajnosci 1 ekonomiczno$ci produkcji tych cennych
biomolekut. Jednym z podejs¢ do obnizenia kosztéw produkcji jest wykorzystanie
nieprzetworzonych substratéw odpadowych w warunkach niesterylnych. Dotychczas
zbadano wykorzystanie odpadowych olejow roslinnych lub $ciekdéw zanieczyszczonych
substancjami ropopochodnymi (Tab. 1.). Jednak poréwnanie produkcji biosurfaktantow
z odpadowego oleju roslinnego w MFC i reaktorze okresowym z cigglym mieszaniem
wykazalo wyzsza wydajno$¢ konwencjonalnego bioreaktora w poréwnaniu do MFC
[103]. Ponadto w badaniu uzyskano niewielka produkcje energii elektrycznej. Aby
umozliwi¢ wydajng biosynteze i1 jednoczesng produkcje elektrycznosci wymagany jest
rozw0j techniczny w zakresie projektowania reaktorow, jak 1 optymalizacja kluczowych
parametrow wplywajacych na procesy zachodzace w ogniwie. W naszej pracy
przedstawiliSmy nowa konstrukcj¢ MFC o horyzontalnym uktadzie elektrod, ktora
pozwolila na znaczne polepszenie biodostgpnosci substratu olejowego, itym samym
polepszenie syntezy biosurfaktantéw i generowania energii elektrycznej [35]. Ponadto
wykazaliSmy bezposrednia korelacj¢ migdzy wzrostem mocy ispadkiem napigcia
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powierzchniowego w MFC. W kolejnej pracy, optymalizujac stezenie azotu w pozywce
stosowane] jako roztwor anodowy MFC horyzontalnego uzyskaliSmy najwyzsza
odnotowana wydajno$¢ produkcji energii w MFC wytwarzajacym jednoczes$nie
biosurfaktanty [99]. Kolejnym podejsciem majagcym na celu zwigkszenie ogolnej
wydajnosci MFC jest modyfikacja elektrod. Na przyktad wykazano, ze nanoczastki
zelaza zastosowane jako katalizatory katodowe poprawity produkcje energii elektrycznej
w MFC zasilanym zuzytym olejem roslinnym o ponad 500% 1 produkcje biosurfaktantow
0 32% [105]. W inngj pracy zastosowano modyfikacj¢ powierzchni anody nanoczastkami
Fe>O3 w MFC zainokulowanym szczepem bakteryjnym rozktadajacym weglowodory
oraz produkujacym biosurfaktanty [104]. W rezultacie moc MFC zasilanego olejem
silnikowym wzrosta o0 37%. Jedna zobiecujacych dréog zwigkszenia produkcji
biosurfaktantéow w MFC jest zastosowanie genetycznie modyfikowanych szczepow.
Zastosowanie inzynierii genetycznej powinno koncentrowaé si¢ na opracowaniu
drobnoustrojéw o wysokim poziomie aktywnos$ci metabolicznej, dzigki czemu
biosurfaktanty moglyby by¢ wytwarzane bardziej ekonomicznie. Na przykiad
opracowano podejs$cie do zwigkszenia produkeji ramnolipidéw w MFC polegajace na
nadekspresji genu rhlA szczepu Pseudomonas aeruginosa. W rezultacie modyfikowany
szczep zapewnit produkcje ramnolipidow i energii elektrycznej o 43% 1 250% wigksza
niz szczep macierzysty [100].
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2. Cel i zakres pracy

Glownym celem badan przedstawionych w rozprawie doktorskiej byta ocena mozliwosci
produkcji biosurfaktantéw w mikrobiologicznych ogniwach paliwowych z odpadowego
oleju roslinnego podczas produkcji energii elektrycznej i wykorzystania biosurfaktantow
do zwigkszenia wydajnosci mikrobiologicznych ogniw paliwowych. Planujac
szczegblowe cele rozprawy zatozono, ze mikrobiologiczne ogniwa paliwowe mogag
produkowac biosurfaktanty z odpadowych olejow roslinnych, a wydajno$¢ wytwarzania
energii elektrycznej i syntezy biosurfaktantow zalezy od optymalizacji wielu czynnikow
biotycznych i abiotycznych. Wyznaczenie optymalnych rozwigzan projektowych
1 parametrow procesowych moze stanowi¢ pierwszy krok w kierunku zwigkszenia skali
tego procesu w przysztosci.

Szczegotowe cele rozprawy doktorskiej obejmuja:

1. Dobdér materiatéw funkcjonalnych mikrobiologicznego ogniwa paliwowego
wykorzystywanego do produkcji biosurfaktantow i energii elektryczne;.

2. Opracowanie konstrukcji mikrobiologicznego ogniwa paliwowego zdolnego do
wydajnej konwersji zuzytego oleju roslinnego do biosurfaktantow.

3. Charakterystyka reakcji bioelektrochemicznych prowadzacych do produkc;ji
biosurfaktantow w mikrobiologicznym ogniwie paliwowym ze zuzytego oleju
roslinnego.

4. Optymalizacja sktadu pozywki zasilajacej mikrobiologicznego ogniwa paliwowego
pod katem produkcji biosurfaktantéw i energii elektryczne;.

5. Identyfikacja i ilosciowe okre$lenie produkowanych biosurfaktantow.

6. Wykorzystanie biosurfaktantow w celu zwigkszenia wydajnosci mikrobiologicznych
ogniw paliwowych.

29



3. Metodologia

3.1. Projektowanie i konstruowanie ogniw

W  eksperymentach wykorzystano jednokomorowe MFC z katoda powietrzna.
Zaprojektowane elementy ogniw drukowano z polipropylenu z wykorzystaniem drukarki
Prusa i3 MK3S (Prusa Research, Czechy) lub wycinano za pomoca lasera z ptyt
polimetakrylanu metylu (PMMA) o grubosci 3 mm. Szczegoty projektowe dla kazdego
badania bgdacego czgscig rozprawy doktorskiej przedstawiono w Tabeli 2.

Tab. 2. Budowa i eksploatacja MFC.

Artykut 1 (5.1.) | Artykut 2 (5.2.) | Artykut 3 (5.3.) | Artykut 4 (5.4.)
Konstrukcja Jednokomorowa drukowana z polipropylenu Jednokomorowa
) polipropy 2 PMMA
Objetosc 20 mL 26 mL
robocza
Anoda Welon weglowy o gramaturze 20 g m™
Wegiel akt ) : .
Katoda QgCl:N; zyzwny Wegiel aktywny | Wegiel aktywny | Wegiel aktywny
] 7-22 7-22 7-22
1 CWZ-35 W W W
Membrany
Membrana Membrana kationowymienna kompozytowe
ceramiczne
Inokulum Tlenowy osad czynny z oczyszczalni sciekow
Zuz lej Zuz lej
Substrat Octan sodu uzyFy O,eJ uzy.ty O,eJ Octan sodu
posmazalniczy | posmazalniczy

3.2. Eksperymenty elektrochemiczne

3.2.1. Pomiar napi¢cia w czasie rzeczywistym

W  kazdym eksperymencie napigcie obwodu zamknigtego mierzono w czasie
rzeczywistym i rejestrowano w odstepach 3 minutowych za pomocg systemu akwizycji
danych KEYSIGHT DAQ970A (KEYSIGHT TECHNOLOGIES, USA) lub PicoLog 6
(Pico Technology, UK).

3.2.2. Eksperymenty polaryzacyjne

Eksperymenty polaryzacyjne przeprowadzono w uktadzie trojelektrodowym lub
dwuelektrodowym, stosujac potencjostat MultiPalmSens4 (Palmsens BV, Holandia).
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W uktadzie trojelektrodowym anode zastosowano jako elektrodg¢ robocza, katode jako
przeciwelektrode, a nasycong elektrode Ag/AgCl jako elektrode odniesienia umieszczong
w komorze anodowej. W uktadzie dwuelektrodowym anoda stanowita elektrode robocza,
podczas gdy katod¢ zastosowano zaroéwno jako przeciwelektrode i elektrode odniesienia.

Krzywe polaryzacji uzyskano przy uzyciu techniki woltamperometrii liniowej w zakresie
od potencjalu obwodu otwartego do 0.0 V elektrody roboczej wzgledem elektrody
odniesienia, przy szybkosci skanowania 1 mV s'. Na podstawie uzyskanych danych
eksperymentalnych wyodrgbniono maksymalng gesto$¢ mocy, gestos$¢ pradu i optymalng
rezystancje, wyliczong w punkcie mocy maksymalne;.

3.2.3. Elektrochemiczna spektroskopia impedancyjna (EIS)

Elektrochemiczng spektroskopi¢ impedancyjng (EIS) wykorzystano do analizy
wydajnosci poszczegdlnych komponentow MFC. Doswiadczenia EIS przeprowadzono
dla catego ogniwa, w ktorym anoda pehita role elektrody roboczej, natomiast katoda
pelnita funkcje przeciwelektrody 1 elektrody odniesienia. Do wykonania EIS
wykorzystano ~ potencjostat ~ MultiPalmSens4 ~ (Palmsens BV,  Holandia).
W eksperymentach zastosowano prad przemienny o amplitudzie 10 mV i zakresie
czestotliwosci od 100 kHz do 10 mHz. Wszystkie widma EIS rejestrowano, gdy MFC
znajdowalo si¢ w trybie napigcia obwodu otwartego.

3.3. Pomiary fizykochemiczne

3.3.1. Przewodnos¢, stezenie tlenu, pH

Stezenie tlenu monitorowano za pomoca galwanicznego czujnika tlenu ELMETRON
COG-1 (ELMETRON, Polska). Czujnik skalibrowano na 0% nasycenia tlenem
w roztworze Na»SOs;, anastgpnie w powietrzu na 100% nasycenia. Pomiary pH
przeprowadzono za pomocg elektrody IONODE 1J44A (ELMETRON, Polska).
Przewodno$¢ mediow zmierzono czujnikiem ELMETRON ECF-1.

3.3.2. Chemiczne zapotrzebowanie na tlen i wydajnos¢ kulombowska

W hodowlanym podtozu wyjsciowym ipo obrobce w MFC okre§lono chemiczne
zapotrzebowanie na tlen (ChZT) metoda utleniania dwuchromianem potasu, zgodnie
z instrukcja producenta (Hach, USA). Zdolno§¢ usuwania ChZT obliczono jako
procentowy stosunek réznicy ChZT w podtozu wyjsciowym i ChZT na koniec cyklu
wsadowego do ChZT w podiozu wyjsciowym.

Wydajnos¢ kulombowska (CE) obliczono zgodnie z ponizszym roOwnaniem :

M [, ldt

CE= —2
FbV,,ACOD
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gdzie M — masa czasteczkowa substratu weglowego; I — natgzenie pradu (A); t — dlugosé
cyklu wsadowego (s); F — stata Faradaya (96500 C/mol ¢); b — liczba wymienionych
elektrondw na mol tlenu; Van — objetos¢ robocza komory anodowej; ACOD — zmiana
stezenia ChZT (mg L ™).

3.3.3. Analiza sorpcji azotu

Metode adsorpcji/desorpcji azotu w temperaturze -196°C przy uzyciu sorptometru NOVA
2000 (Quantachrome Instruments, USA) wykorzystano w celu wyznaczenia powierzchni
wlasciwej irozktadu wielkosci porow wyjsciowych materiatéw katodowych. Przed
pomiarem probke odgazowano pod proéznig w temperaturze 400°C przez noc. Parametry
obliczono zizoterm adsorpcji/desorpcji przy uzyciu réwnania Brunauera-Emmetta-
Tellera (BET), teorii funkcjonatu gestosci (DFT) i réwnania Dubinina-Radushkevicha
(DR).

3.4. Skaningowa mikroskopia elektronowa (SEM)

Wyjsciowe materialty katodowe atakze katody po okresie doswiadczalnym
przygotowano do analizy przy uzyciu skaningowego mikroskopu elektronowego poprzez
suszenie probek w temperaturze 60°C przez jedna godzing. Ponadto, przed analiza,
materiaty trzymano przez noc w temperaturze 50°C.

Membrany nowe 1 po dziataniu w MFC przygotowano do analizy powierzchni wedtug
ponizszej procedury, aby utrwali¢ biofilm wytworzony na powierzchni membran
1 umozliwi¢ jego obserwacje pod mikroskopem. W pierwszym etapie probki zanurzono
na 12 godzin w 2.5% roztworze aldehydu glutarowego w 0.1 M roztworze soli
fizjologicznej buforowanej fosforanami (PBS). Nastgpnie probki membran przemyto
trzykrotnie w 0.1 M PBS 1 odwodniono we wzrastajacym gradiencie etanolu w wodzie.
Na koniec probki zanurzono w czystym HMDS 1 suszono na powietrzu przez 10 minut.
Ponadto, przed analizg probki suszono w temperaturze 50°C przez noc.

Analizy morfologii isktadu powierzchni przeprowadzono za pomocag skaningowego
mikroskopu elektronowego TESCAN VEGA 3 oraz Helios NanoLab™ 600i.

3.5. Pomiary aktywnosci biosurfaktantow

3.5.1. Napiecie powierzchniowe

Napigcie powierzchniowe anolitu mierzono za pomoca tensjometru ci$nienia pecherzyka
BPT Mobile (KRUSS, Niemcy). Urzadzenie skalibrowano z nowg kapilara pomiarowg
przed kazda serig pomiaréw. Do pomiaru pobrano 1 ml anolitu z MFC i zawrdcono
bezposrednio po pomiarze, aby zapobiec napowietrzaniu probki i umozliwi¢ lepsze jej
usrednienie.
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3.5.2. Zdolnos¢ pienienia i stabilnos¢ piany

Zdolnos¢ pienienia i stabilno$¢ piany oceniono dla 20 mL odwirowanego
1 przefiltrowanego anolitu wytrzgsajgc go recznie w probowce 50 mL przez 30 sekund.
Nastepnie mierzono wysokos$¢ piany bezposrednio po zakonczeniu wytrzgsania oraz po
uptywie 10 minut. Na podstawie uzyskanych warto$ci obliczono parametry wedtug
nastepujacych rownan:

Zdolno$¢ pienienia =  x 12 X h,
Stabilno$¢ piany = hio/ho,

gdzie r — $rednica naczynia pomiarowego; ho — poczatkowa wysokos$¢ piany; hio —
wysokos$¢ piany po 10 minutach.

3.5.3. Wskaznik emulgacji (E24)

Wskaznik emulgacji oznaczono przez dodanie 3 mL oleju roslinnego do probowki z 3 mL
odwirowanego 1 przefiltrowanego anolitu. Mieszaning wytrzasano energicznie przez
2 minuty i pozostawiono na 24 godziny. Wskaznik emulgacji (E24) obliczono jako
procentowy stosunek wysokosci warstwy zemulgowanej do catkowitej wysokos$ci stupa
cieczy w probowce pomiarowe;.

3.6. Ekstrakcja i oczyszczanie biosurfaktantow

Procedura przygotowania do izolacji biosurfaktantoéw polegata na odwirowaniu anolitow
przez 10 minut przy predkosci 6000 obrotéw na minute. Nastepnie supernatant wstgpnie
pozbawiony mikroorganizméw filtrowano za pomocg sterylnego filtra strzykawkowego
o $rednicy poréw 0.22 pm.

Do ekstrakcji 1 oczyszczenia biosurfaktantow wykorzystano metode ekstrakcji do fazy
statej. Jako faze stacjonarng zastosowano krzemionke modyfikowang grupami
oktadecylowymi (CHROMABOND® C18, 3 mL, 500 mg). Procedur¢ rozpoczeto od
kondycjonowania kolumny kolejno za pomocg 15 mL acetonitrylu, 3 mL metanolui 3 mL
wody. Nastepnie przez kolumng przepuszczono probke, przemyto 3 ml wody i suszono
kolumng¢ przez 10 minut w przeplywie powietrza. Biosurfaktanty ekstrahowano przy
uzyciu 3 ml acetonitrylu. Rozpuszczalnik odparowano w temperaturze 40°C, otrzymujac
oczyszczone biosurfaktanty.

3.7. Chromatografia gazowa sprz¢zona ze spektrometria mas (GC-MS)

Do analizy skladu zuzytego oleju roslinnego oraz anolitdw po obrobce w MFC
wykorzystano technike GC-MS. Procedure rozpoczeto od ekstrakeji w uktadzie ciecz-
ciecz zwiazkéw organicznych za pomocg dichlorometanu w §rodowisku obojetnym.
Kolejno 2 pl otrzymanego ekstraktu analizowano na aparacie GC-MS (HP 6890-5973).
Jako uktad rozdzielajacy zastosowano kolumne kapilarng HP-INNOWAX (Agilent
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Technologies, USA) o $rednicy wewnetrznej 0.25 mm i dtugosci 30 m. Hel zastosowano
jako gaz no$ny przy natezeniu przeplywu 0.7 ml min™'. Program temperatury pieca
ustawiono nastepujaco: 40°C przez 5 min, nastepnie zwiekszono do 240°C z szybkoscia

20°C min’!, utrzymujac temperature 240°C przez 20 min. Zakres skanowania masy
czasteczkowej ustawiono od 29 do 350 Da.

4. Bibliografia

[1]

(2]

3]

[4]

5]

(6]

[7]

(8]

[9]

B. E. Logan et al., “Microbial fuel cells: Methodology and technology,” Environ.
Sci. Technol., vol. 40, no. 17, pp. 5181-5192, 2006, doi: 10.1021/es0605016.

K. S. Aiyer, “How does electron transfer occur in microbial fuel cells?,” World J.
Microbiol. Biotechnol., vol. 36, no. 2, pp. 1-9, 2020, doi: 10.1007/s11274-020-
2801-z.

L. Huang and I. Angelidaki, “Effect of humic acids on electricity generation
integrated with xylose degradation in microbial fuel cells,” Biotechnol. Bioeng.,
vol. 100, no. 3, pp. 413-422, 2008, doi: 10.1002/bit.21786.

M. Rahimnejad, G. D. Najafpour, A. A. Ghoreyshi, M. Shakeri, and H. Zare,
“Methylene blue as electron promoters in microbial fuel cell,” Int. J. Hydrogen
Energy, vol. 36, no. 20, pp. 13335-13341, 2011, doi:
10.1016/j.ijjhydene.2011.07.059.

M. I. Rashid and S. Andleeb, “Pyocyanin yield improvement for enhancement of
Pseudomonas aeruginosa inoculated Microbial Fuel Cell efficiency,” 4th Int.
Conf. Power Gener. Syst. Renew. Energy Technol. PGSRET 2018, no. September,
pp. 1-6, 2019, doi: 10.1109/PGSRET.2018.8685940.

T. Lin, W. Ding, L. Sun, L. Wang, C. G. Liu, and H. Song, “Engineered Shewanella
oneidensis-reduced graphene oxide biohybrid with enhanced biosynthesis and
transport of flavins enabled a highest bioelectricity output in microbial fuel
cells,” Nano Energy, vol. 50, pp. 639-648, 2018, doi:
10.1016/j.nanoen.2018.05.072.

W. Yang, J. Li, D. Ye, L. Zhang, X. Zhu, and Q. Liao, “A hybrid microbial fuel cell
stack based on single and double chamber microbial fuel cells for self-sustaining
pH control,” J. Power Sources, vol. 306, pp. 685-691, 2016, doi:
10.1016/j.jpowsour.2015.12.073.

P. Ledezma, A. Stinchcombe, J. Greenman, and I. leropoulos, “The first self-
sustainable microbial fuel cell stack,” Phys. Chem. Chem. Phys., vol. 15, no. 7, pp.
2278-2281, 2013, doi: 10.1039/c2cp44548d.

S. Mateo, A. Cantone, P. Canizares, F. J. Fernandez-Morales, O. Scialdone, and
M. A. Rodrigo, “On the staking of miniaturized air-breathing microbial fuel cells,”
Appl. Energy, vol. 232, no. May, pp. 1-8, 2018, doi:
10.1016/j.apenergy.2018.09.213.

34



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

X. A. Walter, A. Stinchcombe, J. Greenman, and I. leropoulos, “Urine
transduction to usable energy: A modular MFC approach for smartphone and
remote system charging,” Appl. Energy, vol. 192, pp. 575-581, 2017, doi:
10.1016/j.apenergy.2016.06.006.

R. Goswami and V. K. Mishra, “A review of design, operational conditions and
applications of microbial fuel cells,” Biofuels, vol. 9, no. 2, pp. 203-220, 2018,
doi: 10.1080/17597269.2017.1302682.

G. Palanisamy, H. Y. Jung, T. Sadhasivam, M. D. Kurkuri, S. C. Kim, and S. H. Roh,
“A comprehensive review on microbial fuel cell technologies: Processes,
utilization, and advanced developments in electrodes and membranes,” J. Clean.
Prod., vol. 221, pp. 598-621, 2019, doi: 10.1016/j.jclepro.2019.02.172.

X. Fan, Y. Zhou, X. Jin, R.-B. Song, Z. Li, and Q. Zhang, “Carbon material-based
anodes in the microbial fuel cells,” Carbon Energy, vol. 3, no. 3, pp. 449-472, Jul.
2021, doi: https://doi.org/10.1002/cey2.113.

T. Kou, Y. Yang, B. Yao, and Y. Li, “Interpenetrated Bacteria-Carbon Nanotubes
Film for Microbial Fuel Cells,” Small Methods, vol. 2, no. 10, p. 1800152, Oct.
2018, doi: https://doi.org/10.1002/smtd.201800152.

S. Qiu, Z. Guo, F. Naz, Z. Yang, and C. Yu, “An overview in the development of
cathode materials for the improvement in power generation of microbial fuel
cells,” Bioelectrochemistry, vol. 141, p. 107834, 2021, doi:
10.1016/j.bioelechem.2021.107834.

D. V. P. Sanchez, P. Huynh, M. E. Kozlov, R. H. Baughman, R. D. Vidic, and M.
Yun, “Carbon nanotube/platinum (Pt) sheet as an improved cathode for
microbial fuel cells,” Energy and Fuels, vol. 24, no. 11, pp. 5897-5902, 2010, doi:
10.1021/ef100825h.

P. Chatterjee, M. M. Ghangrekar, and D. Leech, “A brief review on recent
advances in air-cathode microbial fuel cells,” Environ. Eng. Manag. J., vol. 17,
no. 7, pp. 1531-1544, 2018, doi: 10.30638/eem;j.2018.152.

V. J. Watson, C. Nieto Delgado, and B. E. Logan, “Influence of Chemical and
Physical Properties of Activated Carbon Powders on Oxygen Reduction and
Microbial Fuel Cell Performance,” Environ. Sci. Technol., vol. 47, no. 12, pp.
6704-6710, Jun. 2013, doi: 10.1021/es401722j.

H. Yuan, Y. Hou, I. M. Abu-Reesh, J. Chen, and Z. He, “Oxygen reduction reaction
catalysts used in microbial fuel cells for energy-efficient wastewater treatment:
A review,” Mater. Horizons, vol. 3, no. 5, pp. 382-401, 2016, doi:
10.1039/c6mh00093b.

Z. Wang et al., “The influence and mechanism of different acid treatment to
activated carbon used as air-breathing cathode catalyst of microbial fuel cell,”
Electrochim. Acta, vol. 246, pp. 830-840, 2017, doi:
10.1016/j.electacta.2017.05.086.

35



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

H. Dong, H. Yu, H. Yu, N. Gao, and X. Wang, “Enhanced performance of activated
carbon-polytetrafluoroethylene air-cathode by avoidance of sintering on
catalyst layer in microbial fuel cells,” J. Power Sources, vol. 232, pp. 132-138,
2013, doi: 10.1016/j.jpowsour.2013.01.036.

A. De Rosset, P. Rutkowski, and G. Pasternak, “The effect of surface and porous
structure on long-term performance of carbon powder cathodes without binder
, during a 300-day trial in microbial fuel cells,” Sustain. Energy Technol.
Assessments, vol. 58, no. April, p. 103340, 2023, doi:
10.1016/j.seta.2023.103340.

G. Pasternak, J. Greenman, and I. leropoulos, “Comprehensive Study on Ceramic
Membranes for Low-Cost Microbial Fuel Cells,” ChemSusChem, vol. 9, no. 1, pp.
88-96, 2016, doi: 10.1002/cssc.201501320.

G. Pasternak, A. de Rosset, N. Tyszkiewicz, B. Widera, J. Greenman, and I.
leropoulos, “Prevention and removal of membrane and separator biofouling in
bioelectrochemical systems: a comprehensive review,” iScience, vol. 25, no. 7, p.
104510, 2022, doi: 10.1016/j.isci.2022.104510.

A. N. Ghadge and M. M. Ghangrekar, “Development of low cost ceramic
separator using mineral cation exchanger to enhance performance of microbial
fuel cells,” Electrochim. Acta, vol. 166, pp. 320-328, 2015, doi:
10.1016/j.electacta.2015.03.105.

I. Das, M. M. Ghangrekar, R. Satyakam, P. Srivastava, S. Khan, and H. N. Pandey,
“On-Site Sanitary Wastewater Treatment System Using 720-L Stacked Microbial
Fuel Cell: Case Study,” J. Hazardous, Toxic, Radioact. Waste, vol. 24, no. 3, pp. 1-
7, 2020, doi: 10.1061/(asce)hz.2153-5515.0000518.

A. Raychaudhuri and M. Behera, “Ceramic membrane modified with rice husk
ash for application in microbial fuel cells,” Electrochim. Acta, vol. 363, p. 137261,
2020, doi: 10.1016/j.electacta.2020.137261.

G. Pasternak, N. Ormeno-Cano, and P. Rutkowski, “Recycled waste
polypropylene composite ceramic membranes for extended lifetime of microbial
fuel cells,” Chem. Eng. J., p. 130707, Jun. 2021, doi: 10.1016/J.CEJ.2021.130707.

A. de Rosset, F. Yalcinkaya, J. Wolska, S. Wactawek, and G. Pasternak,
“Enhancing performance and durability of PVDF-ceramic composite membranes
in microbial fuel cells using natural rhamnolipids,” J. Power Sources, vol. 621, no.
January, p. 235257, Nov. 2024, doi: 10.1016/j.jpowsour.2024.235257.

G. Pasternak, J. Greenman, and I. leropoulos, “Dynamic evolution of anodic
biofilm when maturing under different external resistive loads in microbial fuel
cells. Electrochemical perspective,” J. Power Sources, vol. 400, no. August, pp.
392-401, 2018, doi: 10.1016/j.jpowsour.2018.08.031.

X. A. Walter, S. Forbes, J. Greenman, and I. A. leropoulos, “From single MFC to
cascade configuration: The relationship between size, hydraulic retention time
and power density,” Sustain. Energy Technol. Assessments, vol. 14, pp. 74-79,
2016, doi: 10.1016/j.seta.2016.01.006.

36



(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

S. Cheng, H. Liu, and B. E. Logan, “Increased Power Generation in a Continuous
Flow MFC with Advective Flow through the Porous Anode and Reduced
Electrode Spacing,” Environ. Sci. Technol., vol. 40, no. 7, pp. 2426-2432, Apr.
2006, doi: 10.1021/es051652w.

S. Cheng and B. E. Logan, “Increasing power generation for scaling up single-
chamber air cathode microbial fuel cells,” Bioresour. Technol., vol. 102, no. 6,
pp. 4468-4473, 2011, doi: 10.1016/j.biortech.2010.12.104.

S. E. Oh and B. E. Logan, “Proton exchange membrane and electrode surface
areas as factors that affect power generation in microbial fuel cells,” Appl.
Microbiol. Biotechnol., vol. 70, no. 2, pp. 162-169, 2006, doi: 10.1007/s00253-
005-0066-y.

G. Pasternak, A. de Rosset, and P. Rutkowski, “Horizontal microbial fuel cell
system producing biosurfactants in response to current generation from waste
cooking oil as a fuel,” Energy Convers. Manag., vol. 281, no. March, p. 116807,
2023, doi: 10.1016/j.enconman.2023.116807.

M. Aghababaie, M. Farhadian, A. Jeihanipour, and D. Biria, “Effective factors on
the performance of microbial fuel cells in wastewater treatment—a review,”
Environ. Technol. Rev., vol. 4, no. 1, pp. 71-89, 2015, doi:
10.1080/09593330.2015.1077896.

A. Tremouli, M. Martinos, and G. Lyberatos, “The Effects of Salinity, pH and
Temperature on the Performance of a Microbial Fuel Cell,” Waste and Biomass
Valorization, vol. 8, no. 6, pp. 2037-2043, 2017, doi: 10.1007/s12649-016-9712-
0.

A. Larrosa-Guerrero, K. Scott, I. M. Head, F. Mateo, A. Ginesta, and C. Godinez,
“Effect of temperature on the performance of microbial fuel cells,” Fuel, vol. 89,
no. 12, pp. 3985-3994, 2010, doi: 10.1016/j.fuel.2010.06.025.

I. S. Michie, J. R. Kim, R. M. Dinsdale, A. J. Guwy, and G. C. Premier, “The
influence of psychrophilic and mesophilic start-up temperature on microbial fuel
cell system performance,” Energy Environ. Sci., vol. 4, no. 3, pp. 1011-1019,
2011, doi: 10.1039/c0ee00483a.

S. Puig, M. Serra, M. Coma, M. Cabré, M. D. Balaguer, and J. Colprim, “Effect of
pH on nutrient dynamics and electricity production using microbial fuel cells,”
Bioresour. Technol., vol. 101, no. 24, pp. 9594-9599, 2010, doi:
10.1016/j.biortech.2010.07.082.

O. Lefebvre, Z. Tan, S. Kharkwal, and H. Y. Ng, “Effect of increasing anodic NacCl
concentration on microbial fuel cell performance,” Bioresour. Technol., vol. 112,
pp. 336—-340, 2012, doi: 10.1016/j.biortech.2012.02.048.

L. Zhang, X. Zhu, J. Li, Q. Liao, and D. Ye, “Biofilm formation and electricity
generation of a microbial fuel cell started up under different external
resistances,” J. Power Sources, vol. 196, no. 15, pp. 6029-6035, 2011, doi:
10.1016/j.jpowsour.2011.04.013.

37



[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

P. Aelterman, M. Versichele, M. Marzorati, N. Boon, and W. Verstraete,
“Loading rate and external resistance control the electricity generation of
microbial fuel cells with different three-dimensional anodes,” Bioresour.
Technol., vol. 99, no. 18, pp. 8895-8902, 2008, doi:
10.1016/j.biortech.2008.04.061.

A. S. Mathuriya, “Inoculum selection to enhance performance of a microbial fuel
cell for electricity generation during wastewater treatment,” Environ. Technol.
(United Kingdom), vol. 34, no. 13-14, pp. 1957-1964, 2013, doi:
10.1080/09593330.2013.808674.

C. Gao, A. Wang, W. M. Wu, Y. Yin, and Y. G. Zhao, “Enrichment of anodic
biofilm inoculated with anaerobic or aerobic sludge in single chambered air-
cathode microbial fuel cells,” Bioresour. Technol., vol. 167, pp. 124-132, 2014,
doi: 10.1016/j.biortech.2014.05.120.

S. Firdous et al., “The performance of microbial fuel cells treating vegetable oil
industrial wastewater,” Environ. Technol. Innov., vol. 10, pp. 143-151, 2018, doi:
10.1016/j.eti.2018.02.006.

N. Yu et al., “Electricity and methane production from soybean edible oil
refinery wastewater using microbial electrochemical systems,” Int. J. Hydrogen
Energy, vol. 42, no. 1, pp. 96—102, 2017, doi: 10.1016/j.ijhydene.2016.11.116.

B. Ahansazan, H. Afrashteh, N. Ahansazan, and Z. Ahansazan, “Activated Sludge
Process Overview,” Int. J. Environ. Sci. Dev., vol. 5, no. 1, pp. 81-85, 2014, doi:
10.7763/1JESD.2014.V5.455.

V. G. Gude, “Wastewater treatment in microbial fuel cells - An overview,” J.
Clean. Prod., vol. 122, pp. 287-307, 2016, doi: 10.1016/j.jclepro.2016.02.022.

A. T. Hoang et al., “Microbial fuel cells for bioelectricity production from waste
as sustainable prospect of future energy sector,” Chemosphere, vol. 287, no.
June 2021, 2022, doi: 10.1016/j.chemosphere.2021.132285.

Y. Cui, B. Lai, and X. Tang, “Microbial fuel cell-based biosensors,” Biosensors, vol.
9, no. 3, pp. 1-18, 2019, doi: 10.3390/bios9030092.

M. H. Do et al., “Microbial fuel cell-based biosensor for online monitoring
wastewater quality: A critical review,” Sci. Total Environ., vol. 712, p. 135612,
2020, doi: 10.1016/j.scitotenv.2019.135612.

G. Pasternak, J. Greenman, and |. leropoulos, “Self-powered, autonomous
Biological Oxygen Demand biosensor for online water quality monitoring,”
Sensors Actuators, B Chem., vol. 244, pp. 815-822, 2017, doi:
10.1016/j.snb.2017.01.019.

J. Chouler, A. Cruz-lzquierdo, S. Rengaraj, J. L. Scott, and M. Di Lorenzo, “A
screen-printed paper microbial fuel cell biosensor for detection of toxic
compounds in water,” Biosens. Bioelectron., vol. 102, no. September 2017, pp.
49-56, 2018, doi: 10.1016/j.bios.2017.11.018.

38



[55]

[56]

[57]

(58]

[59]

(60]

[61]

[62]

[63]

[64]

[65]

K. P. Nevin et al., “Electrosynthesis of organic compounds from carbon dioxide is
catalyzed by a diversity of acetogenic microorganisms,” Appl. Environ.
Microbiol., vol. 77, no. 9, pp. 2882-2886, 2011, doi: 10.1128/AEM.02642-10.

E. Blanchet, F. Duquenne, Y. Rafrafi, L. Etcheverry, B. Erable, and A. Bergel,
“Importance of the hydrogen route in up-scaling electrosynthesis for microbial
CO2 reduction,” Energy Environ. Sci., vol. 8, no. 12, pp. 3731-3744, 2015, doi:
10.1039/c5ee03088a.

S. Bajracharya, S. Srikanth, G. Mohanakrishna, R. Zacharia, D. P. Strik, and D.
Pant, “Biotransformation of carbon dioxide in bioelectrochemical systems: State
of the art and future prospects,” J. Power Sources, vol. 356, pp. 256-273, 2017,
doi: 10.1016/j.jpowsour.2017.04.024.

A.S. Finch, T. D. Mackie, C. J. Sund, and J. J. Sumner, “Metabolite analysis of
Clostridium acetobutylicum: Fermentation in a microbial fuel cell,” Bioresour.
Technol., vol. 102, no. 1, pp. 312-315, 2011, doi:
10.1016/j.biortech.2010.06.149.

A. M. Lakaniemi, O. H. Tuovinen, and J. A. Puhakka, “Production of electricity
and butanol from microalgal biomass in microbial fuel cells,” Bioenergy Res., vol.
5, no. 2, pp. 481-491, 2012, doi: 10.1007/s12155-012-9186-2.

A. H. Forster, S. Beblawy, F. Golitsch, and J. Gescher, “Electrode-assisted acetoin
production in a metabolically engineered Escherichia coli strain,” Biotechnol.
Biofuels, 2017, doi: 10.1186/s13068-017-0745-9.

G. Pasternak, T. D. Askitosari, and M. A. Rosenbaum, “Biosurfactants and
Synthetic Surfactants in Bioelectrochemical Systems : A Mini-Review Influence
on Electron Transfer,” vol. 11, no. March, pp. 1-9, 2020, doi:
10.3389/fmicb.2020.00358.

S. Rebello, A. K. Asok, S. Mundayoor, and M. S. Jisha, “Surfactants: Toxicity,
remediation and green surfactants,” Environ. Chem. Lett., vol. 12, no. 2, pp.
275-287, 2014, doi: 10.1007/s10311-014-0466-2.

A. M. Abdel-Mawgoud, M. M. Aboulwafa, and N. A. H. Hassouna,
“Characterization of rhamnolipid produced by pseudomonas aeruginosa isolate
Bs20,” Appl. Biochem. Biotechnol., vol. 157, no. 2, pp. 329-345, 2009, doi:
10.1007/s12010-008-8285-1.

A. M. Abdel-Mawgoud, M. M. Aboulwafa, and N. A. H. Hassouna,
“Characterization of surfactin produced by bacillus subtilis isolate BS5,” Appl.
Biochem. Biotechnol., vol. 150, no. 3, pp. 289-303, 2008, doi: 10.1007/s12010-
008-8153-z.

C. Uzoigwe, J. G. Burgess, C. J. Ennis, and P. K. S. M. Rahman, “Bioemulsifiers are
not biosurfactants and require different screening approaches,” Front.
Microbiol., vol. 6, no. APR, pp. 1-6, 2015, doi: 10.3389/fmicb.2015.00245.

39



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

R. Hausmann and C. Syldatk, “Types and Classification of Microbial Surfactants,”
in Biosurfactants: production and utilization—processes, technologies, and
economics, CRC Press, 2014, pp. 3—19.

M. M. Miiller et al., “Rhamnolipids-Next generation surfactants?,” J. Biotechnol.,
vol. 162, no. 4, pp. 366—380, 2012, doi: 10.1016/j.jbiotec.2012.05.022.

A. M. Abdel-Mawgoud, F. Lépine, and E. Déziel, “Rhamnolipids: Diversity of
structures, microbial origins and roles,” Appl. Microbiol. Biotechnol., vol. 86, no.
5, pp. 1323-1336, 2010, doi: 10.1007/s00253-010-2498-2.

G. S. El-Housseiny, K. M. Aboshanab, M. M. Aboulwafa, and N. A. Hassouna,
“Structural and Physicochemical Characterization of Rhamnolipids produced by
Pseudomonas aeruginosa P6,” AMB Express, vol. 10, no. 1, 2020, doi:
10.1186/s13568-020-01141-0.

R. Sen, “Biotechnology in petroleum recovery: The microbial EOR,” Prog. Energy
Combust. Sci., vol. 34, no. 6, pp. 714-724, 2008, doi:
10.1016/j.pecs.2008.05.001.

H. Ghojavand, F. Vahabzadeh, and A. K. Shahraki, “Enhanced oil recovery from
low permeability dolomite cores using biosurfactant produced by a Bacillus
mojavensis (PTCC 1696) isolated from Masjed-I Soleyman field,” J. Pet. Sci. Eng.,
vol. 81, pp. 24-30, 2012, doi: 10.1016/j.petrol.2011.12.002.

J. M. D. A. Camara, M. A. S. B. Sousa, E. L. Barros Neto, and M. C. A. Oliveira,
“Application of rhamnolipid biosurfactant produced by Pseudomonas
aeruginosa in microbial-enhanced oil recovery (MEOR),” J. Pet. Explor. Prod.
Technol., vol. 9, no. 3, pp. 2333-2341, 2019, doi: 10.1007/s13202-019-0633-x.

F. Peng, Z. Liu, L. Wang, and Z. Shao, “An oil-degrading bacterium: Rhodococcus
erythropolis strain 3C-9 and its biosurfactants,” J. Appl. Microbiol., vol. 102, no.
6, pp. 1603—-1611, 2007, doi: 10.1111/j.1365-2672.2006.03267.x.

N. K. Bordoloi and B. K. Konwar, “Bacterial biosurfactant in enhancing solubility
and metabolism of petroleum hydrocarbons,” J. Hazard. Mater., vol. 170, no. 1,
pp. 495-505, 2009, doi: 10.1016/j.jhazmat.2009.04.136.

P. Das, S. Mukherjee, and R. Sen, “Improved bioavailability and biodegradation
of a model polyaromatic hydrocarbon by a biosurfactant producing bacterium of
marine origin,” Chemosphere, vol. 72, no. 9, pp. 1229-1234, 2008, doi:
10.1016/j.chemosphere.2008.05.015.

H. Yin et al., “Characteristics of biosurfactant produced by Pseudomonas
aeruginosa S6 isolated from oil-containing wastewater,” Process Biochem., vol.
44, no. 3, pp. 302-308, 2009, doi: 10.1016/j.procbio.2008.11.003.

S. N. R. L. Silva, C. B. B. Farias, R. D. Rufino, J. M. Luna, and L. A. Sarubbo,
“Glycerol as substrate for the production of biosurfactant by Pseudomonas
aeruginosa UCP0992,” Colloids Surfaces B Biointerfaces, vol. 79, no. 1, pp. 174—
183, 2010, doi: 10.1016/j.colsurfb.2010.03.050.

40



[78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

S. Sharma, P. Datta, B. Kumar, P. Tiwari, and L. M. Pandey, “Production of novel
rhamnolipids via biodegradation of waste cooking oil using Pseudomonas
aeruginosa MTCC7815,” Biodegradation, vol. 30, no. 4, pp. 301-312, 2019, doi:
10.1007/s10532-019-09874-x.

R.Verma, S. Sharma, L. M. Kundu, and L. M. Pandey, “Experimental investigation
of molasses as a sole nutrient for the production of an alternative metabolite
biosurfactant,” J. Water Process Eng., vol. 38, no. July, p. 101632, 2020, doi:
10.1016/j.jwpe.2020.101632.

C. Chen et al., “Optimization and characterization of biosurfactant production
from kitchen waste oil using Pseudomonas aeruginosa,” pp. 14934-14943,
2018.

E. F. Santos, M. F. S. Teixeira, A. Converti, A. L. F. Porto, and L. A. Sarubbo,
“Production of a new lipoprotein biosurfactant by Streptomyces sp. DPUA1566
isolated from lichens collected in the Brazilian Amazon using agroindustry
wastes,” Biocatal. Agric. Biotechnol., vol. 17, no. October 2018, pp. 142-150,
2019, doi: 10.1016/j.bcab.2018.10.014.

W. Sun et al., “Optimization of biosurfactant production from Pseudomonas sp.
CQ2 and its application for remediation of heavy metal contaminated soil,”
Chemosphere, vol. 265, p. 129090, 2021, doi:
10.1016/j.chemosphere.2020.129090.

P. Bongartz et al., “A scalable bubble-free membrane aerator for biosurfactant
production,” Biotechnol. Bioeng., vol. 118, no. 9, pp. 3545—-3558, 2021, doi:
10.1002/bit.27822.

P. L. Fernandes, E. M. Rodrigues, F. R. Paiva, B. A. L. Ayupe, M. J. Mclnerney, and
M. R. Tétola, “Biosurfactant, solvents and polymer production by Bacillus subtilis
R14914 and their application for enhanced oil recovery,” Fuel, vol. 180, pp. 551—
557, 2016, doi: 10.1016/j.fuel.2016.04.080.

M. Ozdal, S. Gurkok, and O. G. Ozdal, “Optimization of rhamnolipid production
by Pseudomonas aeruginosa OG1 using waste frying oil and chicken feather
peptone,” 3 Biotech, vol. 7, no. 2, pp. 1-8, 2017, doi: 10.1007/s13205-017-0774-
X.

G. Lan et al., “Rhamnolipid production from waste cooking oil using
Pseudomonas SWP-4,” Biochem. Eng. J., vol. 101, pp. 44-54, 2015, doi:
10.1016/j.bej.2015.05.001.

Q. Wu, Y. Zhi, and Y. Xu, “Systematically engineering the biosynthesis of a green
biosurfactant surfactin by Bacillus subtilis 168,” Metab. Eng., vol. 52, no.
November 2018, pp. 87-97, 2019, doi: 10.1016/j.ymben.2018.11.004.

J. Willenbacher, M. Zwick, T. Mohr, F. Schmid, C. Syldatk, and R. Hausmann,
“Evaluation of different Bacillus strains in respect of their ability to produce
Surfactin in a model fermentation process with integrated foam fractionation,”
Appl. Microbiol. Biotechnol., vol. 98, no. 23, pp. 9623-9632, 2014, doi:
10.1007/s00253-014-6010-2.

41



(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

J. Beuker, A. Steier, A. Wittgens, F. Rosenau, M. Henkel, and R. Hausmann,
“Integrated foam fractionation for heterologous rhamnolipid production with
recombinant Pseudomonas putida in a bioreactor,” AMB Express, vol. 6, no. 1,
pp. 1-10, 2016, doi: 10.1186/s13568-016-0183-2.

B. Behrens, J. Engelen, T. Tiso, L. M. Blank, and H. Hayen, “Characterization of
rhamnolipids by liquid chromatography/mass spectrometry after solid-phase
extraction,” Anal. Bioanal. Chem., vol. 408, no. 10, pp. 2505-2514, 2016, doi:
10.1007/s00216-016-9353-y.

K. Guo et al., “Effects of Surface Charge and Hydrophobicity on Anodic Biofilm
Formation, Community Composition, and Current Generation in
Bioelectrochemical Systems,” Environ. Sci. Technol., vol. 47, no. 13, pp. 7563—
7570, Jul. 2013, doi: 10.1021/es400901u.

Y. Zhang et al., “Accelerating anodic biofilms formation and electron transfer in
microbial fuel cells: Role of anionic biosurfactants and mechanism,”
Bioelectrochemistry, vol. 117, pp. 48-56, 2017, doi:
10.1016/j.bioelechem.2017.06.002.

Y.-C. Song, D.-S. Kim, J.-H. Woo, B. Subha, S.-H. Jang, and S. Sivakumar, “Effect of
surface modification of anode with surfactant on the performance of microbial
fuel cell,” Int. J. Energy Res., vol. 39, no. 6, pp. 860—-868, May 2015, doi:
https://doi.org/10.1002/er.3284.

C. Sanchez, “A review of the role of biosurfactants in the biodegradation of
hydrophobic organopollutants: production, mode of action, biosynthesis and
applications,” World J. Microbiol. Biotechnol., vol. 38, no. 11, pp. 1-24, 2022,
doi: 10.1007/s11274-022-03401-6.

R. Kumar, L. Singh, and A. W. Zularisam, “Exoelectrogens: Recent advances in
molecular drivers involved in extracellular electron transfer and strategies used
to improve it for microbial fuel cell applications,” Renew. Sustain. Energy Rev.,
vol. 56, pp. 1322-1336, 2016, doi: 10.1016/j.rser.2015.12.029.

L. Ren, J. C. Tokash, J. M. Regan, and B. E. Logan, “Current generation in
microbial electrolysis cells with addition of amorphous ferric hydroxide, Tween
80, or DNA,” Int. J. Hydrogen Energy, vol. 37, no. 22, pp. 16943-16950, 2012,
doi: 10.1016/j.ijhydene.2012.08.119.

H. B. Shen et al., “Enhanced bioelectricity generation by improving pyocyanin
production and membrane permeability through sophorolipid addition in
pseudomonas aeruginosa-inoculated microbial fuel cells,” Bioresour. Technol.,
vol. 167, pp. 490494, 2014, doi: 10.1016/j.biortech.2014.05.093.

P. Cheng, R. Shan, H.-R. Yuan, G. Dong, L. Deng, and Y. Chen, “Improved
performance of microbial fuel cells through addition of trehalose lipids,” bioRxiv,
p. 339267, Jan. 2018, doi: 10.1101/339267.

A. de Rosset et al., “Bioelectrochemical synthesis of rhamnolipids and energy
production and its correlation with nitrogen in air-cathode microbial fuel cells,”
J. Environ. Manage., vol. 365, no. February, 2024, doi:
10.1016/j.jenvman.2024.121514.

42



[100]

[101]

[102]

[103]

[104]

[105]

T. Zheng et al., “Endogenously enhanced biosurfactant production promotes
electricity generation from microbial fuel cells,” Bioresour. Technol., vol. 197,
pp. 416—421, 2015, doi: 10.1016/j.biortech.2015.08.136.

K. Sharma, V. Singh, S. Pandit, B. Sen Thapa, K. Pant, and T. R. Tusher, “Isolation
of Biosurfactant-Producing Bacteria and Their Co-Culture Application in
Microbial Fuel Cell for Simultaneous Hydrocarbon Degradation and Power
Generation,” Sustain., vol. 14, no. 23, 2022, doi: 10.3390/su142315638.

T. H. Pham et al., “Metabolites produced by Pseudomonas sp. enable a Gram-
positive bacterium to achieve extracellular electron transfer,” Appl. Microbiol.
Biotechnol., vol. 77, no. 5, pp. 1119-1129, 2008, doi: 10.1007/s00253-007-1248-
6.

J. Liu, C. Vipulanandan, and M. Yang, “Biosurfactant Production from Used
Vegetable Oil in the Anode Chamber of a Microbial Electrosynthesizing Fuel
Cell,” Waste and Biomass Valorization, vol. 10, no. 10, pp. 2925-2931, 2019, doi:
10.1007/s12649-018-0331-9.

T. Naaz et al., “Bioremediation of hydrocarbon by co-culturing of biosurfactant-
producing bacteria in microbial fuel cell with Fe203-modified anode,” J. Environ.
Manage., vol. 351, no. December 2023, p. 119768, 2024, doi:
10.1016/j.jenvman.2023.119768.

J. Liu and C. Vipulanandan, “Effects of Fe, Ni, and Fe/Ni metallic nanoparticles on
power production and biosurfactant production from used vegetable oil in the
anode chamber of a microbial fuel cell,” Waste Manag., vol. 66, pp. 169-177,
2017, doi: 10.1016/j.wasman.2017.04.004.

43



5. Publikacje bedace wynikiem pracy doktorskiej

5.1. The effect of surface and porous structure on long-term
performance of carbon powder cathodes without binder, during a 300-
day trial in microbial fuel cells

5.1.1. Omowienie publikacji

Materiat katody jest kluczowym czynnikiem ograniczajagcym wydajnos¢ wigkszosci
konfiguracji MFC z katoda powietrzng. Sktadnikiem zmniejszajacym energi¢ aktywacji
ORR w najbardziej wydajnych katodach jest platyna. Jednak jej wysoki koszt
w potaczeniu ze stabg stabilno$cia w obecnos$ci zanieczyszczen w Sciekach
spowodowaty, ze opracowano nowe katalizatory katodowe zastepujace platyne, wsrod
ktorych uwage stale przycigga wegiel aktywny ze wzgledu na niski koszt, duza
powierzchni¢ wlasciwa, dobre wlasciwosci katalityczne i fatwo$¢ modyfikacji. Ponadto
wegiel aktywny mozna otrzymac z wielu prekursorow, w tym z odpadoéw spozywczych
1 poprzemystowych. Dotychczas wielokrotnie opisywano zastosowanie wegli aktywnych
jako materiatéw katodowych w MFC oraz kilka podejs¢ do jego modyfikacji, jednak
pelne zrozumienie wplywu powierzchni wegla aktywnego na dlugoterminowa aktywnosé
ORR wymaga doktadnej charakterystyki jego porowatosci.

W badaniu oceniono dziatanie dwdch réznych typow wegli aktywnych jako materiatow
katody powietrznej w MFC 1 wpltyw modyfikacji nanoczgsteczkami krzemionki na
wlasciwosci  dlugoterminowe, oraz  skorelowano  wyniki  eksperymentalne
z charakterystyka powierzchni zastosowanych materialow.

W pracy zastosowano MFC z katodag powietrzng wydrukowane w 3D z polipropylenu.
Katody wykonano z trzech rodzajow materialow weglowych: dostgpnych komercyjnie
wegli  aktywnych CWZ-22 1 CWZ-35 oraz CWZ-22 modyfikowanego poprzez
zmieszanie z mikroemulsjg silanowo-siloksanowa do osiggnigcia 1.8% (w/w). Wszystkie
MFC zainokulowano osadem czynnym z komory tlenowej oczyszczalni $ciekow. Po
okresie inokulacji komor¢ anodowg MFC zasilano w systemie wsadowym pozywka
zawierajacg octan sodu jako zrédto wegla dla mikroorganizméw. W prawie rocznej
eksploatacji skutecznos$¢ i stabilno$¢ materiatow katodowych oceniono za pomocg badan
elektrochemicznych, charakterystyki wlasciwosci powierzchniowych i strukturalnych
oraz analizy termograwimetrycznej, dostarczajac informacji na temat dlugotrwalego
dziatania i zanieczyszczenia tanich, dostgpnych na rynku materiatow katodowych do
MEFC.

Monitorowanie wydajnos$ci produkeji energii elektrycznej w MFC wykazato, ze wegiel
aktywny CWZ-35 o najwyzszej wtym zestawieniu powierzchni wilasciwej uzyskat
najbardziej intensywny wzrost produkowanej gestoSci mocy w ciggu pierwszych
3 miesigcy dziatania. Jednak w kolejnym okresie odnotowano spadek wydajnosci
pradowej itrend ten utrzymywal si¢ juz do konca trwania eksperymentu.
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W przeciwienstwie do tych wynikéw CWZ-22 o nizszej powierzchni wiasciwej, ale
jednocze$nie wezszym zakresie pordw idominacji pordw o $rednicy ponizej 1 nm
wykazat najwyzsza w tym do$wiadczeniu maksymalng gestosé mocy (30.7 W m™) oraz
wysoce stabilng wydajno$¢ produkowanej energii elektrycznej do konca trwania
eksperymentu. Pomimo zblizonej wydajnosci i stabilnosci CWZ-22/S1, analiza krzywych
polaryzacji nie wykazata pozytywnego wplywu domieszkowania nanoczgsteczkami
krzemionki na wydajno$¢ mocy 1ijej wihasciwosci dtugoterminowe. Ponadto analiza
elektrochemicznej spektroskopii impedancyjnej oraz ocena zanieczyszczenia materiatow
katodowych solami nieorganicznymi wykazata, ze elektroosmoza umiarkowanej ilosci
soli z anolitu do katody miata pozytywny wplyw na wydajno$¢ katod CWZ-22 i CWZ-
22/Si. Natomiast doprowadzita do szybkiego wzrostu rezystancji katody CWZ-35.

Podsumowujac, w badaniu wykazano, ze niemodyfikowany, tani i dostepny w handlu
wegiel aktywny CWZ-22 bez spoiwa jest lepszym wyborem pod wzgledem dtugotrwate;j
eksploatacji niz silnie porowaty i drozszy wegiel aktywny CWZ-35. Wyniki pokazaly, ze
rozktad wielko$ci porow 1 wynikajaca z niego podatno$¢ na zanieczyszczenia chemiczne
jest kluczowym czynnikiem decydujacym o utrzymaniu wysokiej wydajnosci uktadu
MFC, ktory ma by¢ eksploatowany przez lata.

5.1.2. Publikacja
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ARTICLE INFO ABSTRACT

Keywords:

The performance of microbial fuel cell (MFC) highly depends on the selection of appropriate electrode materials,
in particular — cathodes. Herein, two different activated carbons (CWZ-22 and CWZ-35) without binder, as well
as the activated carbon modified with silica nanoparticles (CWZ-22/Si), were used to improve the performance of
air cathodes. Nearly one year of operation of materials varying in surface area and microporous structure
revealed significant differences in their dynamic behaviour. CWZ-22 with lower surface area and a smaller
micropore size, reached an internal resistance (Rjyt) of 162 Q, and a maximum power density of 23.3 W mS.
CWZ-22/Si, coated with silane-siloxane-based silicone microemulsion displayed a drop of maximum power
generation by 10%. CWZ-35, with higher surface area, but also higher micropore size, displayed 22.8 W m™> and
Rint of 159 Q. The monitoring of electrochemical and performance parameters indicated an improved long-term
behaviour of the cathodes in the following order: CWZ-22 > CWZ-22/Si > CWZ-35. This is the first work in
which the pore size distribution and surface area are demonstrated to have a long-term impact on cathodic
fouling, and, depending on these properties, this impact may be either positive or negative on MFC performance.

Microbial fuel cell
Activated carbon
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Long-term
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Introduction

The perspective of fossil fuel consumption in the world and the
impact of its use on the environment, human health, and life safety force
the search for alternative energy sources [1]. In recent years, the
growing role of renewable energy has become one of the key factors for
the sustainable development of society [2]. Therefore, greener and more
economical renewable energy sources have received additional atten-
tion. Another problem resulting from rapid industrialisation and the
development of advanced technologies is the pollution of the environ-
ment, especially water [3].

The microbial fuel cell (MFC) is a bioelectrochemical reactor in
which organic matter is oxidised by electroactive bacteria and converted
to electricity [4]. The typical MFC design comprises anode and cathode
compartments, while more practical MFC designs use an air-cathode
instead of a cathodic chamber. The air-cathode MFC consists of an
anode chamber, separator, and cathode material in direct contact with
air [5]. The advantages of MFC technology compared to fossil fuels are

* Corresponding author.
E-mail address: grzegorz.pasternak@pwr.edu.pl (G. Pasternak).

1 www.gplab.eu - Laboratory of Microbial Electrochemical Systems.
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the direct conversion of organic matter into electricity, the possibility of
using a wide range of organic substrates [6], and the adaptability to
complex matrices such as soil [7]. In addition, the efficiency of bio-
energy recovery from wastewater in MFCs can reach values greater than
80%, which is impossible to achieve with fossil fuel combustion [8].
Furthermore, MFC technology allows the simultaneous treatment of
wastewater and generation of electricity, which brings both economic
and environmental benefits [9].

In recent years, multiple pilot studies have emerged, in which MFCs
were tested to treat urine [10], domestic [11], swine [12] and brewery
[13] wastewater. In many cases, these studies were carried out over a
short-term period of days rather than months. However, some examples
of long-term studies have also been reported. Long-term operation
usually shows deterioration of the performance in time, such as reported
by Liang et al. [14] (from 125 to 50 W/m?, over one year period). This
performance drop is associated with multiple factors, among which
fouling and biofouling of the cathode is probably the most impactful. It
may lead to such a serious deterioration of the performance as more than
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90% in long-term operation leading to undertaking an adequate mea-
sures that have to be taken to regenerate the power performance [15].
This can be also associated to the salt accumulation, such as carbonates
within the cathode structure [16]. Nevertheless, this often likely to be a
synergistic effect of both, the biofilm, and chemicals. Various strategies
can be implemented to limit the deteriorating effect of undesirable
biofilm over the surface of functional MFC materials. These strategies
have been recently reviewed by Pasternak et al. [17].

The cathode material is, in most configurations with an air—cathode,
the key limiting factor in MFC performance. The component that de-
creases the activation energy of oxygen reduction reaction (ORR) in the
most efficient cathodes is platinum. However, its high cost, combined
with poor stability in the presence of contaminants in wastewater,
resulted in the development of new cathode catalysts to replace plat-
inum [18]. Among various cathodic catalysts, activated carbon (AC) is
constantly attracting attention due to its low cost, large surface area,
good catalytic properties, and ease of modification [19]. Furthermore,
AC can be obtained from many precursors, including food and post-
industrial wastes [20,21]. The use of AC as a cathode material and
several approaches of modifications were described so far. The abun-
dance of active sites for the ORR is a key parameter that affects the
cathode efficiency. One solution to improve the MFC performance is to
increase the size of the cathode [22]. As an example, Oh and Logan
showed that a 200% increase in power could be obtained by increasing
the cathode geometric surface by 175% [23]. Another way to improve
the performance of the AC cathode is to modify its catalytic activity, for
example, by increasing the specific surface area of AC. However, a full
understanding of the effect of the AC surface on ORR activity requires
study of the specific surface area and pore size distribution. These are
one of the key parameters that also affect the performance of other
functional elements of MFCs such as membranes and anodes [17,24]. As
previously shown in short-term operation, the content of micropores in
AC has a key impact on ORR activity [25,26]. However, this impact was
not studied during long-term operation, with the exception of work
described by An et al. [27].

Another method to improve the performance of the AC cathode is the
use of dispersed materials, coatings, and binders that change the prop-
erties of the cathode materials. The most commonly used binder is PTFE
[28,29]. Nevertheless, PTFE is an expensive material, and more cost-
effective solutions should be searched continuously. Recently, it has
been shown that the presence of silica in a ceramic separator signifi-
cantly improved proton transfer [30]. Pasternak et al. drew a similar
conclusion, when the highest energy efficiency was obtained for the
MEC equipped with a ceramic membrane with the highest silica con-
centration [24]. Therefore, Si-based coatings could be a promising and
cost-effective alternative for PTFE binders. Commercial low-cost coat-
ings such as silane/siloxane dispersions were often used for applications
such as improving the durability of ceramic materials and the hydro-
phobisation of textiles [31,32]. Thus, due to their properties, Si-based
coatings may also prevent the cathodic material from biofouling.

Overall, the cost-effective ACs for MFCs were studied in long-term in
only a few, individual works. To the best of our knowledge only 3 works
are available, where the performance of AC cathodes for more than 6
months was investigated [33-35]. Long-term studies of the cathodes
must be undertaken prior to large-scale applications because the cost of
the ORR catalyst significantly contributes to the overall revenue of the
technology.

Therefore, the aim of this work was to investigate the long-term ef-
fect of the carbon surface properties, as well as the modification of the
carbon surface with a silane/siloxane-based nanoparticle coating on the
MEC performance. The study focused on commercially available acti-
vated carbons as the cathodes. Their efficiency and stability were
assessed by electrochemical studies, surface and structural properties,
and thermogravimetric analysis, providing insights into long-term
operation and fouling of low-cost, commercially available materials
for MFCs. This will help to provide indications for selecting the
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appropriate materials for upscaling projects.
Materials and methods
Cathodes materials and module preparation

The cathodes were made of three types of carbon materials: activated
carbons CWZ-22 and CWZ-35 (Grand Activated, Poland), produced by
gas-steam activation of charcoal and CWZ-22 modified by mixing with
silane-siloxane microemulsion (SILRES® BS 290, Wacker, Germany) to
achieve 1.8% (w/w) of final silicates concentration. This modified
cathode was labelled within this manuscript as CWZ-22/Si. The pre-
pared AC materials, wetted with distilled water, were mechanically
pressed into a cathode spacer which contained a stainless steel mesh,
acting as a current collector (Fig. S1). Furthermore, a carbon veil was
placed on the outer side as a diffusion and protective layer. The geo-
metric surface area of the cathode was equal to 9 cm? Finally, the
cathodes were air-dried overnight before assembling.

Construction and operation of the MFC

This study used a single-chamber air-cathode MFC, described in an
earlier work [36]. The working volume was 20 cm® and the anode
chamber was separated from the cathode by a cation exchange mem-
brane (CMI-7000, USA). A square-shaped anode was prepared from
carbon veil (PRF Composite Materials, Dorset, UK) with 316LSi steel
wire. The geometric surface area of the anode was equal to 9 cm?. Be-
tween the anode chamber and the prepared cathode module, a rubber
seal was used. The elements were connected with screws. Each cathode
was tested in triplicate. The MFCs were inoculated with a mixture (1:1)
of two activated sludge collected from the aerobic chambers of the
wastewater treatment plant (Scinawka, Poland; Kudowa, Poland). After
5 days of inoculation, the activated sludge was replaced with a mineral
salt medium (MSM) with the same composition and preparation method
as in the previous study [36]. Sodium acetate at a concentration of 0.82
g L ™! was used as the sole carbon source. The MFCs were fed a fresh
portion of MSM medium daily (HRT = 23.09 + 1.92 h). All MFCs were
operated at 25 °C, with a starting external load of 2 kQ. Previous studies
have shown that the best operating conditions of the cell were obtained
when the external resistance (Rey) of the MFC was set close to the in-
ternal resistance (Rjnt) [37,38]. Therefore, after each polarisation
experiment, the optimal resistance calculated at the maximum power
point was applied to each MFC individually.

Real time temporal monitoring and electrochemical experiments

Closed circuit voltage (CCV) was measured in real time and recorded
with 3 min interval by a KEYSIGHT DAQ970A data acquisition system
(KEYSIGHT TECHNOLOGIES, USA). Polarisation experiments were
performed in three-electrode mode using a MultiPalmSens4 potentiostat
(Palmsens BV, Netherlands). The anode was used as working electrode
(WE), the cathode as counter electrode and the saturated Ag/AgCl
electrode as reference electrode, placed in the anode chamber. Power
and polarisation curves were obtained using the linear sweep voltam-
metry (LSV) technique in the potential range from open circuit potential
t0 0.0 VWE vs Ag/AgCl, at a scan rate of 1 mV s~ . Based on the obtained
experimental data, the maximum power density, current density, and
optimal resistance were extracted.

Electrochemical impedance spectroscopy (EIS) was used to analyse
the internal resistance of MFCs equipped with different cathode mate-
rials. The EIS experiments were carried out for the whole cell with the
anode as a working electrode, while the cathode served as a counter and
reference electrode. MultiPalmSens4 potentiostat (Palmsens BV,
Netherlands) was used to perform the EIS. The applied alternating
current with an amplitude of 10 mV had a frequency range of 100 kHz to
10 mHz. All EIS spectra were recorded when the MFC was in open circuit
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voltage (OCV) mode.

Performance of MFC

COD removal and coulombic efficiency

The chemical oxygen demand (COD) was measured using the po-
tassium dichromate oxidation method, according to the manufacturer’s
instructions (Hach, USA). The COD removal efficiency was calculated
using the following equation:

COD, — COD,

ACOD =
COD,

where COD - initial COD of fresh medium in anode chamber (mg L’l);
CODy — COD of the anode solution after the ’t’ time (mg Lh.

The Coulombic Efficiency (CE) was determined for the batch system
according to [5]:

t
M [Tdt
0

CE=——"——,
FbVA,ACOD’

where M — molecular weight of carbon substrate (g mol'l); I — current
(A); t — time of operation (s); F — Faraday’s constant (96, 500 C/mol e);
b — number of electrons exchanges per mole of oxygen; Vu, — working
volurrlle of the anode chamber (L); ACOD - change in COD concentration
(gL™).

Energy production and efficiency

The electricity produced in the operating period was calculated as
the product of the average power generated by the MFC and the working
time of the MFC:

t
[Pdt
EP ="

Vv s

where P — power (kW); t — operating time (h); V — working volume of the
MFC (m®).

The energy efficiency was calculated as the ratio of the energy
recovered in the system to the energy of the starting material, according
to the formula:

t
[Pdt
__0
vre = XH > 0y

where P — power (W); t — operating time (s); AH — heat of combustion (J/
mol); ng — amount (mole) of added substrate during operation time.

Characterization of cathode materials

Surface area and pore size distribution

The specific surface area and pore size distribution of activated
carbons were characterised by nitrogen adsorption/desorption at
—196 °C using a NOVA 2000 Sorptometer (Quantachrome Instruments,
USA). Before the measurement, the sample was degassed under vacuum
at 400 °C overnight. The AC parameters were calculated from the
adsorption/desorption isotherms using the Brunauer-Emmett-Teller
(BET), Density Functional Theory (DFT) and Dubinin-Radushkevich
(DR) equations.

Scanning electron microscope (SEM)

Analysis of the morphology and surface composition of cathode
materials was assessed using a scanning electron microscope with an
EDS attachment (Helios NanoLab™ 600i). The pristine materials, as well
as the cathodes after the experimental period, were dried at 60 °C for
one hour. Furthermore, the materials were kept at 50 °C overnight prior
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Thermogravimetric analysis (TGA)

For cathodes analysis, PerkinElmer TGA8000 thermogravimetric
analyser (PerkinElmer, USA) was used. Sample weight and temperature
were recorded digitally throughout the whole TGA measurement and
analysed with the Pyris 1 TGA software. For each material, measure-
ments were performed in an oxygen atmosphere with a flow rate of 20
mL min~!. The temperature programme was set as follows: 30 °C for 5
min, then 105 °C for 30 min, successively increase the temperature to
900 °C at a rate of 7 °C min ™}, keep the temperature at 900 °C for 1 min.

Data processing

The experimental data were analysed and visualised graphically
using OriginLab 2019. Current, power, and internal resistance were
calculated according to Ohm’s law.

P=UxI(W)

where U - voltage (V); I - current (A); P — power (W); R — resistance (Q).
Results and discussion
Real-time monitoring of MFC power performance

The MFC was supplied with three different carbon cathode materials.
During nearly one-year operation of the microbial fuel cells, the power
density output was monitored in real time. Fig. 1a shows the real time
data of the highest performing MFCs for each cathode type. In this initial
stage of operation, biofilm growth is a process that limits the efficiency
of the MFC [37]. Therefore, the power density during the first month of
operation did not show significant differences in power performance.
Afterwards, a more rapid increase of power was observed for MFCs
equipped with the CWZ-35 cathode. Previous studies reported that
functional MFC elements such as membranes or electrode materials play
a crucial role in the development of well-established biofilm [39,40].
The highest power density of 18.8 W m~3 (377 uW) was recorded for
CWZ-35 after 100 days of operation and resulted from the ongoing
biofilm development due to the increased cathode performance. This
was later proven through polarisation experiments. From this moment, a
gradual decrease in the output power of MFCs with the CWZ-35 cathode
was observed. In contrast to these results, a further increase in the power
density of MFCs was observed for CWZ-22 and CWZ-22/Si, modified
with silica nanoparticles. The highest power density obtained after 197
days of operation for CWZ-22 was equal to 27.8 W m™3 (557 puW)
(Fig. 1b.), while the modified CWZ-22/Si showed a maximum real-time
power density lower by 22% after 183 days (when compared to CWZ-
22). In the 7th month of operation, a significant decrease in the power
of CWZ-22/Si was observed. In contrast, the CWZ-22 retained the
highest power efficiency throughout the entire period of operation,
while similar studies showed a regular decrease in power output during
long-term operation [27,33].

Electrochemical characteristics

Long-term efficiency

Polarisation experiments were carried out throughout the study in a
three-electrode mode to characterise the dynamic changes in the MFCs
performance. Fig. 1c. shows the values of the maximum power densities
extracted from the LSV data. After 105 days of operation, CWZ-35
reached the highest power density of 22.8 + 2.2 W m™3. This trend
was reversed in the following period and a significant decrease in power
efficiency was observed. Furthermore, the power density of one of the
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Fig. 1. Real-time temporal power density output (a) and the characteristics of exemplary feeding cycles (b). Graph of the changes in: power density (c) and internal
resistance (d) during operation. For clarity, the error bars were removed from the plot (d).
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Fig. 2. Polarisation curves of anodes and cathodes for all of the MFCs along the operational period. Each plot represents individual replicates.
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CWZ-35 replicates has decreased rapidly by more, starting with the 50%
drop compared to the previous measurement. In contrary to CWZ-35,
CWZ-22 and CWZ-22/Si were displayed by a relatively high power
density from day 90 to the end of the experiment. On day 190, CWZ-22
reached a maximum power density of 23.3 & 7.1 W m ™. Furthermore,
one of its replicates achieved a power density of 30.7 W m 3. Overall,
this material has shown a reduction in the maximum power density of
31% during the 300-day test, which was the lowest value compared to
the materials available in the literature, at a similar operating time
[33,35]. Modifying CWZ-22 with silica nanoparticles did not improve
maximum power density but maintained high long-term performance.
Moreover, an increasing trend of CWZ-22/Si performance was observed
in the last stage of the experimental period, while the nonmodified CWZ-
22 displayed a decreasing trend. CWZ-22/Si reached a maximum power
density of 21.1 + 2.4 W m ™2 after 184 days of operation.

A similar tendency can be observed for internal resistance (Fig. 1d).
The internal resistance (Riy) values of all MFCs decreased at a similar
rate until day 70, and then stabilised. For CWZ-35, only a short period of
stable internal resistance was observed up to day 105, and then a sig-
nificant increase in Rj,; was noted. The lowest R;, value for CWZ-35 was
159.3 + 35.5 Q on day 105. After 184 days of operation, the minimal
Rint observed for CWZ-22 was 162.3 4+ 42 Q, while CWZ-22/Si achieved
an internal resistance value higher by 10%.

The cathode and anode polarisation curves were obtained by the
three-electrode polarisation tests (Fig. 2.). The open circuit potential of
the anode (OCPypoqde) in the first month of biofilm maturation reached
values of —323.9 +£22.1V, —317 £9.2 V and —345.8 £+ 8.1 V for CWZ-
22, CWZ-22/Si and CWZ-35, respectively. Afterwards, the OCPgpoqe in
all MFCs evolved to a more positive, possibly due to biofilm buildup,
which negatively affects electron transfer resistance and substrate
diffusion rate [41]. This effect was the most prevalent for CWZ-35. The
cathode open circuit potential (OCPathode) Was similar for all MFCs in
the first month of operation. Afterwards, a slight increase in the OCP-
cathode Was observed for CWZ-22 and CWZ-22/Si. On the contrary, the
CWZ-35 during the 9 months of operation showed a decrease in OCP-
cathode DY almost 9%.

When analysing the curves obtained for all materials in the first
month, it was observed that the high R, (Fig. 1d.) was caused by the
ohmic resistance of the cathodes (Fig. 2.). In the third month, CWZ-22
and CWZ-35 were limited by anode mass transfer, while the overall
performance of CWZ-22/Si was further limited by cathode ohmic
resistance. The average current observed for CWZ-35 was 1.96 + 0.45
mA. It should be noted that from the sixth month of operation, the
cathode polarisation curves for all MFCs showed a positive potential at
maximum currents. Thus, the overall efficiency of all MFCs were limited
by the anode operation, which was probably affected by the incapability
of the cathode to accept electrons to the active sites. Nevertheless, CWZ-
22/8Si had a lower rate of cathodic voltage drop, compared to CWZ-22,
starting from the sixth month of operation until the end of the experi-
ment. The average currents for CWZ-22 and CWZ-22/Si were 2.44 +
0.90 mA and 1.97 + 0.13 mA, respectively, in the sixth month of work.
At month 9, the analysis of the polarisation curves showed a deterio-
ration in the performance of all MFCs due to a significant increase in the
anode mass transfer losses and the cathode ohmic resistance. Further-
more, from the sixth month of operation, a strong overshoot phenome-
non was observed on the polarisation curves of the CWZ-22/Si and CWZ-
35. This phenomenon was probably caused by the blockage of the pores
by ions diffusing into the cathode, dominated by sodium and calcium
(Tab. S2.), which hindered the access of oxygen to the active sites and
slowed down the flow of electrons [42]. For the CWZ-22, only a slight
overshoot phenomenon was observed, proving a well-established MFC
system. A possible reason for the increase in losses may be the build-up
of a thick biofilm layer on the anode, which limits the diffusion of the
substrate, causing a negative gradient towards deeper layers [41],
accompanied by the membrane biofouling phenomenon, which limits
proton transfer [17,43].
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Electrochemical impedance spectroscopy

The experimental data acquired by EIS experiments was fitted to the
equivalent circuit model according to [44], where the circuit element Ry
corresponded to the anode, R¢ to the cathode, and Ry corresponded to
the resistance of the membrane and electrolyte. Constant phase element
(CPE) imitate the capacitive behaviour of the electrical double layer due
to several factors such as: electrode surface roughness and porosity, the
presence of biofilm, and the changes in the biofilm thickness [44].
Additionally, at the end of the equivalent circuit model, a Finite Length
Warburg element marked as Wg was applied [45]. The Nyquist plots
obtained with the EIS in the successive stages of operation are shown in
Fig. 3a. The acquired EIS spectra of the MFCs showed three semicircles.
Fig. 3b. presents the results of the analysis of individual impedance
components using an equivalent circuit model [46,43]. The EIS exper-
iment in 3 months of operation showed that CWZ-35 and CWZ-22
indicated a similar sum of impedances of 78.6 + 17.3 Q and 70.1 +
16.2 Q, respectively, while the lowest R¢ was detected in CWZ-35. CWZ-
22/Si exhibited the highest anode and cathode impedance in this period.
A different trend was observed in the 6th month, when CWZ-35 showed
the highest sum of impedances, the main component of which was Rc.
During this period, a decrease in R¢ and Ry g were observed for CWZ-22
and CWZ-22/Si. The sum of the CWZ-22 resistance was of 58.2 Q and
was almost 30% lower than for the CWZ-22/Si. The EIS data for month 9
showed an increase of internal resistance for each MFC, with the highest
values observed for CWZ-35.

The internal resistance as determined by the EIS of CWZ-22 and
CWZ-22/Si decreased by 6 months of operation. It is known, that Ry
decreases with the development of the anode biofilm [37]. Commonly,
the cathode deterioration is associated to the chemical fouling caused by
electro-osmotic drag and consequent biofilm formation [15,16].
Nevertheless, here we are showing that a certain level of chemical
fouling is beneficial for the MFC operation. Similar results were shown
by Cheng et al. [47] who investigated ion precipitation through the real-
time in situ method. The reduction of Ry g could have resulted from
multiple factors including improved release of electron shuttles to the
electrolyte [48]. In contrast to these results, the internal resistance of
CWZ-35 increased with each successive measurement due to increases in
Ra, Rc and Ry The data displayed on Fig. 3, showed that the R¢ and
Ry g had the highest effect on the MFC efficiency deterioration and its
correspondence with the outer cathode surfaces and salt accumulation.
In the third month of operation, small amounts of precipitated salts were
observed only for the CWZ-22 cathodes. However, in the sixth month, a
similar degree of (visual) inorganic fouling was observed for all MFCs,
which was accompanied by the lowest internal resistance values of CWZ-
22 and CWZ-22/Si. Therefore, we conclude that electroosmosis of salts
to the cathode had a positive effect on the efficiency of CWZ-22 and
CWZ-22/Si materials. In contrast, it led to a rapid increase in the CWZ-
35 R¢, which was also revealed in polarisation experiments. In the
second half of the experimental period, despite the increase in cathode
coverage by salts, the CWZ-22 and CWZ-22/Si efficiencies were not
limited by the cathode resistance.

Coulombic and energy efficiency

The efficiency of the substrate degradation was evaluated by deter-
mining the COD removal ability and the coulombic efficiency of the
MFCs (Fig. 4a.). The COD concentration of fresh MSM was of 489 mg
L™!, while the COD after treatment was equal to 90.7 + 15.1 mg L™,
81.8 £ 2.1 mgL ! and 114.8 mg L! for CWZ-22, CWZ-22/Si and CWZ-
35, respectively. Thus, the COD removal values were similar for CWZ-22
and CWZ-22/Si and amounted to 81.46 + 3.80% and 83.27 + 0.52%,
respectively. However, the Coulombic Efficiency (CE) of CWZ-22 was
63.63 + 8.74% and was 19% higher than for the Si-modified variant.
The average COD and CE removal values for CWZ-35 were of 76.52%
and 56.45%, respectively. It should be mentioned that for one of the
CWZ-35 replicates, the COD removal and CE values were close to zero
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and were rejected from the data presented in the Fig. 4a. Despite the without agitation, which increased the diffusion resistances, limited the
lower currents of CWZ-35 obtained during CE measurement compared performance of the MFC system, and affected the COD removal.
to CWZ-22/Si, the CE value of CWZ-35 was higher due to the longer Furthermore, the total energy production (EP) and energy efficiency

batch cycle (Fig. 1b). The COD removal is affected by the design of the (EE) over the entire period of operation were calculated and approxi-
MFC and the operating conditions of the bioreactor [49]. In the present mated to one-year operation (Fig. 4b.). The MFC with the CWZ-22 and
study we used an MFC design with a large volume of the anode chamber CWZ-22/Si cathode produced 32.69 + 4.47 kWh m > a ! and 32.47 +
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7.34 kWh m > a~}, respectively. The slight difference for these param-
eters for CWZ-22 and CWZ-22/Si, was caused by the shorter period of
stable currents in CWZ-22 batch cycles. On the other hand, the lowest EP
and EE values recorded for CWZ-35 resulted from weak long-term
performance.

Table 1 summarises the MFCs efficiencies recorded for this study.
The highest values were observed for MFCs equipped with CWZ-22
cathodes. Therefore, this material is revealed to be the most attractive
and cost-effective to produce a high-performance cathode in MFCs with
good long-term properties. Additionally, the results suggest that the use
of silica nanoparticles as a low-cost additive to improve the long-term
cathodic performance is not an appropriate strategy. In contrast, the
CWZ-35 showed the highest power and current densities in the short-
term period, while the poorest long-term performance among all
tested materials.

Characterization of the carbon cathode materials

Pore size distribution and surface area analysis

The pore size distribution obtained from the Ny adsorp-
tion-desorption curve for the cathode materials tested is shown in Fig. 5.
Micropores (0 to 2 nm diameter) provide active sites for the oxygen
reduction reaction (ORR), while mesopores (2-50 nm) and macropores
(>50 nm) are used as transport channels for oxygen molecules to the
active sites [26]. Fig. 5a,b. shows that CWZ-22 and CWZ-22/Si materials
are dominated by micropores with a diameter of 0.65 to 1.45 nm (over
50% contribution). For CWZ-35, a narrower pore size range was
observed (Fig. 5¢). Pores with a diameter of 1.25 to 1.45 nm accounted
for over 50% of the total pore volume. The results of surface and porosity
measurements are summarised in the Tab. S1. Micropore volumes and
specific surface areas were of 0.38 cm® g ™! and 971.7 m? g%, 0.35 cm®
g 'and 948.3m? g}, and 0.48 cm® g ! and 1272.5 m? g ! for CWZ-22,
CWZ-22/Si and CWZ-35, respectively. Previous studies reported that the
increase in micropore abundance of the AC cathode results in an
improvement of power density, which stands in line with our findings
for the initial period for CWZ-35. On the other hand, the increased
performance of cathodes and thus MFCs may lead to a stronger elec-
troosmosis phenomenon, where the ions pass from the anolyte towards
the cathode. Therefore, a sudden decrease in ORR efficiency after 3
months of CWZ-35 operation can be attributed to blocking of ORR active
sites by diffusing ions. This long-term performance drop was not
observed for CWZ-22 and CWZ-22/Si, which reached a similar level of
power compared to CWZ-35 at a comparable time. It may be considered
that the predominance of pore sizes below 1 nm prevented deactivation
of active sites, maintaining the high ORR activity despite the high
coverage of cathodes by inorganic salts. One of such possible mecha-
nisms of pore protection could have resulted from a possible effect of a
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molecular sieve, which prevented the ion salts to precipitate and accu-
mulate in deeper layers. The above results indicate that the higher
specific surface area, and thus the total volume of micropores of CWZ-
35, resulted in a faster increase of power output over the 3-month
period of operation. However, the high micropore content below 1 nm
observed for CWZ-22 and CWZ-22/Si positively affected the long-term
properties of these cathodes. Although the Si-modification of CWZ-22
resulted in higher total pore volume, a reduction of the micropore vol-
ume was observed for this material when compared to a nonmodified
one. Thus, a slightly lower efficiency throughout the experiment was a
result of micropore content, while the overall long-term characteristics
of these two materials were comparable due to similar pore size
distribution.

Scanning electron microscopy

The catalyst for each cathode material was collected after the
experimental period to investigate its surface morphology and perform
an X-ray microanalysis studies (SEM-EDS). SEM micrograph analysis
(Fig. 6.) showed that the modification of activated carbon CWZ-22 by
silica nanoparticles resulted in regular deposition of typical spherical
structures [51] over the surface of activated carbon. After the experi-
mental period, the concentration of precipitated salts around the
spherical silica structures was observed. This phenomenon was caused
by the ability of silica nanoparticles to control nucleation of the crys-
tallization as it was previously described in the literature [50]. The re-
sults of X-ray microanalysis are summarised in the Tab. S2. After the
experimental period, all cathode materials revealed contamination with
inorganic salts, as shown on Fig. 6, mainly by sodium oxide (Fig. S2.),
but the level of chemical fouling varied, as determined by EDS (Tab. S2).
The CWZ-22 cathode displayed the lowest sodium content on the sur-
face, while CWZ-35 revealed more than three times higher amounts of
this element. In addition, an increase in the content of copper and
manganese was observed in all materials. Oxides of these metals have
the ability to catalyse the ORR reaction [51], therefore, it is suspected
that their presence could be another reason for the dynamic improve-
ment of cathodic performance. Compositional analysis also revealed a
reduction in silicon content in the CWZ-22 modified with silica after the
experiment. It is possible that the silica particles covered with precipi-
tated salts were not detected in the analysis. More detailed studies of the
dynamic elemental composition during chemical fouling of the cathodes
could provide a new insights into their operation.

Thermogravimetric analysis

All of the cathode materials were analysed for their thermal behav-
iour once the operational period has been completed. The differential
curves were also displayed to highlight the temperature changes
(Fig. 7.). The mass changes and rates have provided insights into their

Table 1
Electrical power generation in MFCs. Data represent average values + SD.
References
This work This work This work [271 [33] [35]
Type of MFC Single chamber MFC
Cathode catalyst AC CWZ-22 AC CWZ-22/Si AC CWZ-35 AC + PTFE AC + PTFE AC + PTFE
Power density Wm3 23.3+3.8 21.1 +£2.4 228 +£2.2 22.5 + 0.5 56,2 + 3.6 30.3 +3.1
mW m 2 517.8 + 84.4 468.9 + 53.3 506.7 + 48.9 1286 + 30 1722 + 110 1214 + 123
Rint Q 162.3 + 42.0 178.0 £ 7.0 159.3 + 35.5 n.r. n.r. n.r.
Current density Am™3 122.0 + 45.0 98.5 £ 6.5 98.0 £ 22.5 approx. 85.7 approx. 258.1 approx. 187.5
Am2 27 +1.0 2.2+0.14 22+0.5 approx. 4.9 approx. 7.9% approx. 7.5%
CE % 63.6 + 8.7 51.6 £7.7 56.5 45.4 £ 2.7 n.r. 33
EP kWhm3a’ 32.7 £ 4.5 32.5+7.3 26.07 + 16.4 nr. nr. nr.
EE % 105+ 1.4 10.4 £ 2.3 9.4 +£5.9 n.r. n.r. n.r.
Price €m? 4.7 5.0 5.6 nr. 54.9 nr.
Operation time month 10 10 10 6 12 14
Power reduction % 31 31 72 36 55 40
Volume mL 20 20 20 28 60 28

CE - coulombic efficiency; EP — energy production; EE — energy efficiency; *data taken from the plots, not available in the referenced text; n.r. — not reported.
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Fig. 5. DFT pore size distribution plots of CWZ-22 AC (a), CWZ-22/Si modified AC (b), and CWZ-35 AC (c).

Fig. 6. Scanning Electron Microscopy images. CWZ-22/Si before operation (a), CWZ-22/Si cathode after operation (b), CWZ-22 cathode after operation (c), and
CWZ-35 cathode after operation (d). Each group represent two different magnifications of the same material.
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Fig. 7. Results of thermogravimetric analysis in the oxygen atmosphere of carbon cathode samples after use in MFCs: relative mass changes (a) and derivative

weight (b).

properties. The use of the cathodes in MFCs has significantly reduced
their most dominant oxidation temperatures. While 655 °C was recorded
for CWZ-22 control, the same material after use displayed peaks of
530 °C and 570 °C for CWZ-22/Si and CWZ-22 respectively. The CWZ-35
control displayed prevalent temperature at 635 °C and 478 °C after use.
Therefore, it is expected that the ionic transfer and accumulation of

cations during long-term operation was the highest for CWZ-35, mod-
erate for CWZ-22/Si, and the lowest for CWZ-22. In particular, copper,
manganese, and magnesium could have the most significant effect on
catalytic oxidation of carbon by lowering the oxidation temperatures.
These results were in line with the residual ash content, as shown in
Fig. 7. The ash content for the investigated cathodes was equal to 2.8,
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3,8 and 5.1% for CWZ-22 before, after use, and Si-modified, respec-
tively, while for CWZ-35 2.2% (control) and 7.2% (after use) were
recorded. The oxidation of Si-modified CWZ-22 has also been shifted
due to the protective layer formed over the carbon surface. This data is
consistent with the long-term behaviour of the electrochemical and
performance parameters of the MFCs. Therefore, such results indicate
that excessive electroosmotic drag recorded during initial phase of MFC
operation results in long-term performance deterioration, while mod-
erate ionic transfer to the cathode may induce the oxygen reduction
reaction as it was recorded for the non-modified CWZ-22.

Conclusions

The performance of the two different types of activated carbons as
the air—cathode materials for MFCs and the effect of modification with
silica nanoparticles on long-term properties were evaluated in a 300-day
trial. The results indicated the highest performance of the MFC equipped
with the CWZ-35 cathodes in the initial period. The nitrogen phys-
isorption analysis showed that CWZ-35 is a more microporous material
than CWZ-22, which was the reason for the high efficiency at the
beginning of the study. However, the period of stable power generation
for CWZ-35 was the shortest among all the tested materials. In contrast
to these results, CWZ-22 and CWZ-22/Si showed good stability and
satisfactory power output throughout the experiment. It can be assumed
that the pore size distribution of CWZ-22, with a dominance of pores
below 1 nm, was one of the reasons for the lower susceptibility to
deactivation of active sites. Despite the slight differences in the gener-
ated CWZ-22 and CWZ-22/Si power densities, the analysis of the
polarisation curves showed no positive effects of doping with silica
nanoparticles on power performance and its long-term properties.

According to the above results, it has been shown that an unmodi-
fied, cheap, and commercially available activated carbon CWZ-22
without binder is a better choice in terms of long-term operation than
highly porous and more expensive CWZ-35 activated carbon. The results
show that the pore size distribution and resulting vulnerability to
chemical fouling is the crucial decisive factor to maintain the high
performance of the MFC setup aimed to be operated in years.
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Fig. S1. Structure of the cathode module

Fig. S2. Scanning Electron Microscopy images of salts collected from the air-side of the
cathode. CWZ-22 (a), CWZ-22/Si (b), and CWZ-35 (c).
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Fig. $3. Images of the chemical fouling on the outer surface of the cathode.

Tab. S1. Physical parameters of activated carbons.

CWz-22 | CWZ-22/Si | CWZ-35
BET surface area [m? g ] 971.7 948.3 1272.5
Total pore volume [cm3 g7'] 0.49 0.51 0.69
Average pore width [nm]® 1.20 1.04 1.32
Micropore volume [cm3g?']? | 0.38 0.35 0.48

@ — calculated with DR method

Tab. S2. Composition of the cathodes before and after use in MFCs.

Element Mass [%]
CWz-22 CWz-22/Si Cwz-35

before | after | before | after | before | after
Carbon 80,43 | 89,12 | 88,50 | 83,34 | 81,47 | 80,24
Oxygen 11,36 | 6,31 6,78 | 10,16 | 10,59 | 11,71
Sodium ND 1,49 0,16 3,70 ND 5,04
Silicon ND 0,25 090 | 0,16 | 0,13 ND
Potassium 3,16 0,35 0,96 0,40 2,17 0,60
Calcium 3,02 1,07 2,32 0,91 2,97 1,13
Copper 0,41 0,56 ND 0,58 0,23 0,40
Manganese | 0,12 0,43 ND 0,30 0,18 0,43
Magnesium ND 0,43 0,38 | 0,44 1,17 0,45




5.2. Horizontal microbial fuel cell system producing biosurfactants
in response to current generation from waste cooking oil as a fuel

5.2.1. Omowienie publikacji

Glownym wyzwaniem dla przemystowego wykorzystania biosurfaktantow sg wysokie
koszty produkcji, zwigzane zniska wydajnoscig ich wytwarzania oraz wysokimi
kosztami surowcow i oczyszczania. Jednym z mozliwych rozwigzan jest wykorzystanie
MFC zasilanych olejami odpadowymi zprzemystu spozywczego do syntezy
mikrobiologicznych surfaktantéw i jednoczesnej produkcji energii elektrycznej. Takie
rozwigzanie pomogloby zmniejszy¢ problem zwigzany zodpadami izwigkszy¢
ekonomiczno$¢ i1 konkurencyjno$¢ procesu produkcji biosurfaktantow. Jednak
dotychczas w literaturze opisanych zostalo niewiele badan dotyczacych wykorzystania
odpadowych olejow roslinnych w uktadach bioelektrochemicznych, a uzyskane wyniki
wskazuja na niewielka wydajnos¢ uktadu, ze wzgledu na mocno hydrofobowy charakter
substratu.

Dlatego celem tej pracy bylo zbadanie wptywu konstrukcji MFC na produkcje
biosurfaktantéw 1 energii elektrycznej, ustalenie dodatniego wyniku energetycznego
procesu bioelektrochemicznej syntezy biosurfaktantow z odpadowego oleju
rzepakowego oraz okre$lenie roli wytwarzania energii elektrycznej w syntezie jako
mozliwe] metody monitorowania stezenia biosurfaktantow za pomocg napigcia
wyjsciowego.

W badaniu zastosowano MFC zkatoda powietrzng w pelni wydrukowane w 3D
z polipropylenu. W pierwszym etapie eksperymentu wszystkie MFC zostaty
zainokulowane osadem czynnym z oczyszczalni $§ciekOw, a nastepnie byly zasilane przez
8 tygodni w trybie wsadowym pozywka zawierajaca octan sodu jako zrodto wegla w celu
utworzenia stabilnego biofilmu na anodzie. Drugi etap rozpoczal si¢ po osiaggnieciu
powtarzalnych gestosci mocy w eksperymentach polaryzacyjnych. W drugim etapie
octan sodu zastgpiono odpadowym olejem posmazalniczym o st¢zeniu 0.1% (v/v).
Poczatkowo wszystkie MFC pracowaly jako uktady pionowe z mieszaniem, ale nie
odnotowano znaczacym zmian wytwarzanej energii elektrycznej oraz zaobserwowano
akumulacje substratu olejowego na powierzchni cieczy, dlatego 3 ogniwa
zmodyfikowano, aby pracowaty pasywnie w utozeniu poziomym.

Testy polaryzacyjne oraz rzeczywiste wartosci mocy wyjsciowych wykazaly, ze
konsorcjum mikrobiologiczne cechowato si¢ wyzsza zdolnoscig adaptacyjng do
konwersji zuzytego oleju roslinnego w poziomej konstrukcji MFC, ze wzgledu na
pozadane rozmieszczenie substratu w komorze anodowej 1 na powierzchni anodowego
biofilmu. W rezultacie poziome MFC wykazaty wyzszy wzrost wydajnosci oraz spadek
rezystancji wewngtrznej, w pordwnaniu do pionowego MFC, co przypisano bardziej
intensywnemu rozwojowi biofilmu na poziomej anodzie wskutek korzystniejszego
rozprowadzenia substratu wewnatrz uktadu. Maksymalna uzyskana ggstos¢ mocy MFC
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poziomego byta o ponad 100% wyzsza niz MFC pionowego z mieszaniem. Podobnie
zaobserwowano znaczacy wplyw orientacji elektrod na synteze biosurfaktantow
z odpadowego oleju roslinnego w MFC. Minimalna warto$¢ napigcia powierzchniowego
uzyskana w poziomym MFC wyniosta 45.4 mN m™!, podczas gdy w anolicie pionowego
MFC zaobserwowano jedynie nieznaczny spadek napi¢cia powierzchniowego. Ponadto
odnotowano bezposrednig korelacje pomiedzy wytwarzang moca a napig¢ciem
powierzchniowym anolitu poziomego MFC. Pomiary degradacji substratu oraz
wyliczona wydajnos¢ kulombowska rowniez wykazaty, ze zmieniajac orientacj¢ anody
na pozioma, wydajno$¢ odzyskiwania energii zostala zwigkszona ponad 8-krotnie,
zmniejszajac straty wydajnosci na konkurencyjnych $ciezkach degradacji odpadowego
oleju.

Przedstawione badanie wykazato, ze efektywnos$¢ degradacji zuzytego oleju roslinnego
mozna znaczaco zwigkszy¢ poprzez zmian¢ orientacji elektrod. Produkcja energii
1 wydajno$¢ kulombowska poziomego MFC byly znacznie wyzsze niz pionowego MFC
zmieszaniem. Co wigcej, produkcje biosurfaktantow zaobserwowano jedynie
w poziomych MFC 1iwykazano, Ze ich obecno$¢ jest bezposrednio skorelowana
z wytwarzaniem energii, co moze dodatkowo pozwoli¢ na proste i bezkosztowe
monitorowanie syntezy bioelektrochemicznej w dobrze ugruntowanym systemie.

5.2.2. Publikacja
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ARTICLE INFO ABSTRACT

Keywords: Microbial fuel cells (MFCs) are recognised as a platform technology, where several processes take place at the

MFC same time, including electricity generation. In this study, for the first time, the horizontal MFC system is pro-

Biosurf?”am . posed, capable of synthesizing biosurfactants, where their quantity is directly correlated with the power pro-
ED:sCin? ermentation duction. Waste rapeseed oil was used as a sustainable fuel to drive both processes. Initially, all tested MFCs

worked as vertical systems where only negligible power generation was noted. Therefore, the MFCs were
reconfigured to work as passive, horizontally-aligned system while vertical, agitated control was also investi-
gated. Only a slight reduction of surface tension, resulted from biosurfactant synthesis, was observed in the
anolyte in an agitated vertical MFC system, which produced a maximum power density of 2.37 W m™3. The
horizontal MFC system led to an increase in electricity production of 104.7 % to 4.84 W m°. Furthermore, an
increase in current generation was accompanied by an increase in biosurfactant production which was observed
by the drop of surface tension in anodic chamber to 50.7 mN m™'. Significant, direct correlation (r = -0.77)
between power and biosurfactant generation was noted. The results showed that it is possible to establish the
energy net positive production of biosurfactants, through an appropriately designed MFC system, and provided
the first evidence, that the biosynthesis process is a direct response of current generation. These results represent
a novel approach in monitoring of the biosynthesis of surfactants solely through the use of electrical signal and
design of bioelectrochemical systems. This process occurs through electrofermentative pathways, assisted with
the extracellular electron transport.

Bioelectrochemical synthesis

world [5]. Examples of cathode electrosynthesis processes are acetate
production from carbon dioxide (CO3) [6] or conversion of fumarate to

1. Introduction

Microbial fuel cell (MFC) is a bioelectrochemical reactor in which
organic matter is oxidized by electroactive bacteria and converted into
electricity [1,2]. The typical MFC design comprises of anode and cath-
ode compartments, while more practical MFC designs use an air-
—cathode instead of a cathodic chamber [3]. Several derivatives of these
systems have been established for various processes. Since bio-
electrochemical systems offer a unique ability to generate electricity in
parallel with other processes, one of their promising applications is
microbial electrosynthesis. In this process, autotrophic electroactive
microorganisms interact with a cathode as an electron donor to reduce a
specific substrates such as CO». This leads to the biosynthesis of specific,
potentially valuable products [4]. Interest in this technology has grown
rapidly in recent years, with several ongoing R&D projects around the

succinate [7]. On the other hand, microorganisms at the anode can
convert the organic substrate into butanol [8], ethanol [9] or acetoin
[10]. The anodic and cathodic processes, where the electrode with its
potential acts as the electron source or sink to drive unbalanced
fermentation and synthesis from organic waste, are referred as electro-
fermentation [5,11].

These approaches can be used to enhance the spectrum of possible
by-products of electricity production from waste in MFCs. An interesting
group of biochemically synthesised, but complex compounds is bio-
surfactants (BSFs). BSFs are microbial-derived amphiphilic compounds
which contain hydrophilic and hydrophobic groups that can reduce
surface and interfacial tension [12]. These compounds are mainly pro-
duced by various bacterial genera (such as Pseudomonas, Rhodococctus,
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Streptomyces, Bacillus, Serratia) and fungal species, and posess large va-
riety of structures and properties. The most commonly described groups
and examples (in brackets) of biosurfactants consist of glycolipids
(rhamnolipids), phospholipids (phosphatidylethanolamine) and lip-
opeptides (surfactin) [13]. Biosurfactants can be used as food additives,
detergents, bioremediation agents, and have prospective applications in
the crude oil extraction industry, pharmaceutical industry and envi-
ronmental protection [14,15,16,17]. Compared to chemically synthe-
sized surfactants, biosurfactants have advantages in biodegradability,
biocompatibility, lower toxicity, and higher stability at extreme tem-
peratures, pH and salinity [18,19]. Regardless of the importance of such
useful compounds, a scarce number of reports have been published in
this field where biosurfactants have been the target of
electrochemically-driven biosynthesis, although these compounds can
be directly used to improve the performance of bioelectrochemical
systems [20,21].

The synthesis of biosurfactants in BES was reported in 2008, and it
has been shown, that the interaction of rhamnolipids produced by
Pseudomonas spp. with phenazines allowed Brevibacillus sp. to achieve
extracellular electron transfer [22]. Since then, according to the recent
review by Pasternak et al. [20], there have been only individual studies,
where biosurfactants were investigated in BES and these studies re-
ported some unique characteristics of biosurfactants. When present in
bioelectrochemical systems, these compounds may contribute signifi-
cantly to the operation and efficiency of MFC by improving its power
output [20] and can be further applied in microscale systems to improve
their possible issues caused by low power output [24]. Their presence
improves the bioavailability of hydrophobic substrates [25] and in-
creases the hydrophilicity of the electrode surface, leading to improved
biofilm formation [26]. Furthermore, biosurfactants have a significant
impact on exoelectrogen biodiversity and therefore facilitate their
enrichment in anodic bacterial communities [26]. These studies show
the importance of these amphiphilic compounds in the startup and
operation of bioelectrochemical systems. Nevertheless, the synthesis of
such valuable compounds is full of challenges, one of which is the
oxygen-limiting conditions. One of the approaches to combat the low-
yield synthesis can be synthetic biology. Such an approach was re-
ported for the overexpression (where genetically modified organisms
overproduce specific compound) systems in Pseudomonas aeruginosa and
P. putida species [27,28]. None of the above-mentioned studies have
reported the correlation of the synthesis process with the production of
electricity, and mainly the synthetic substrates such as LB (Lysogeny
Broth) or acetate were used to induce the production.

On the industrial scale, the main challenge for the use of bio-
surfactants is high production costs, therefore, cheaper and more effi-
cient synthesis processes must be developed [29]. The use of waste
products can help solve this challenge. Therefore, the aim of this work
was to establish the net positive energy process of bioelectrochemical
synthesis of biosurfactants from waste rapeseed oil, investigate the ef-
fects of MFC design on biosurfactant and electricity production, and
determine the role of electricity generation in the synthesis as a possible,
real-time monitoring method. Such an approach for real-time moni-
toring of the surfactant biosynthesis through electrical signal may be a
significant breakthrough for low-cost process monitoring.

2. Materials and methods
2.1. Construction and operation of MFC

In this study, a single-chamber air-cathode microbial fuel cell was
used. The MFC assembly was constructed of components printed in 3D
technology from polypropylene (Fiberlogy, Poland). The outer di-
mensions of the cell were 8 cm in width, 5 cm in height, and 5 cm in
length, and the working volume was of 20 cm®. The square-shaped
anode with a geometric area of 9 cm? was prepared from carbon veil
(PRF Composite Materials, Dorset, UK) with 308LSi steel wire. The
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cathode was made of CWZ-22 activated carbon (850 m? g’l). The
cathode materials were pressed into a cathode spacer with a stainless-
steel mesh placed inside the cathode as a current collector. The total
surface area of the cathode was equal to 9 cm?. In addition, on the air
side, a carbon veil was placed as a diffusion and protective layer. The
anode chamber was separated from the cathode by a cation exchange
membrane (CMI-7000, USA). A rubber seal was used between the anode
chamber and the cathode module, and the elements were connected
with screws. The distance between anode and cathode was set as 7 mm.
All MFCs were operated at room temperature, with a starting external
load (Rext) of 2 kQ. Earlier studies have shown that the best results were
obtained when MFCs were operated under Ry closer to internal resis-
tance (Rin) [30,31]. Therefore, after each measurement of the polari-
zation curves, the optimal resistance was calculated at maximum power
point, and the value of the external resistor was adjusted. Since the
experiment was aimed at a net positive energy process, it consisted of
three horizontal MFCs and a single vertical MFC control with agitation
as areference model (Fig. 1). During the operation of the vertical control
MEFC, the anode solution was stirred with a magnetic stirrer at a speed of
160 rpm. Fluidic conditions in horizontal MFCs remained passive
throughout the experiment.

2.2. Culture conditions

The composition of the mineral salt medium (MSM) used in the
anode chamber was as follows (g L '1): NH4Cl (Chempur, Poland) 1.5;
NayHPO4 (POCH, Poland) 0.6; KCl (POCH, Poland) 0.1; NaHCOs3
(Chempur, Poland) 2.5; trace element solution of 10 ml L ! and a carbon
source CH3COOH-3H,0 (Chempur, Poland) 0.82 g L 1. The pH of the
MSM was equal to 8.5. All solutions were prepared with Milli-Q water
and autoclaved prior to use (121 °C, 20 min.).

In the first stage of the experiment, all MFCs were inoculated with
activated sludge from the aerobic chamber of the wastewater treatment
plant (Scinawka, Poland). After 3 days, the activated sludge was
removed and replaced with MSM using CH3COOH-3H0 as the carbon
source at a concentration of 0.82 g LL. The feed solution (MSM/acetate)
was then changed daily for 8 weeks to form stable biofilms on the anode
(HRT = 25.0 + 2.7 h). The second stage started when the repeatable
power densities were achieved. In the second stage, sodium acetate was
replaced with waste vegetable oil at a concentration of 0.1 % (v/v). The
density of the oil was of 0.905 g cm 3. The waste cooking oil was
consequently used as a fuel for the next 8 weeks, until the end of the
experimental period. The medium with waste vegetable oil was replaced
every 1-2 days (HRT = 32.6 + 16.4 h). During the entire experiment,
the evaporated anolyte was resubstituted daily with sterile Milli-Q
water.

2.3. Electrochemical experiments and real time temporal monitoring

Closed circuit voltage (CCV) was measured and recorded in real time
with 3 min interval using KEYSIGHT DAQ970A data acquisition system
(KEYSIGHT TECHNOLOGIES, USA). The electrochemical characteristics
of the cell were tested in a three-electrode system using a Multi-
PalmSens4 potentiostat (Palmsens BV, Netherlands), with the anode as
working electrode (WE), the cathode serving as the counter electrode
and the saturated Ag/AgCl electrode as the reference electrode. Polari-
zation and power curves were obtained using the linear sweep voltam-
metry (LSV) technique in the potential range from open circuit potential
t0 0.0 V WE vs Ag/AgCl, at the scan rate of 1 mV s™. On the basis of the
experimental data obtained, the maximum power density, current
density, and internal resistance were determined. Cyclic voltammetry
measurements were performed in the potential range of —0.7 V to 0.5 V
WE vs Ag/AgCl with a scan rate of 15 mV s %
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Fig. 1. Process of bioelectrochemical conversion of waste cooking oil to biosurfactants investigated in: vertical (a) and horizontal (b) MFC design.

2.4. Monitoring of biosurfactants

2.4.1. Surface tension measurement

The surface tension (SFT) of the anolyte was measured with a BPT
mobile bubble pressure tensiometer (KRUSS, Germany). The device was
calibrated before each series of measurements. For SFT measurements,
1 ml of the anolyte from the MFC was sampled and analyzed. Subse-
quently, the sample was returned to the anodic chamber. Such an
approach allowed us to prevent the anolyte aeration and enabled better
averaging of the sample. The surface tension was monitored at one-hour
interval, until the minimum value was reached. Afterwards, the sam-
pling frequency was reduced as displayed on Figs. 4 and 5. The abiotic
control was also monitored as the reference to underline the surface
tension properties of produced biosurfactants.

2.4.2. Foaming activities
Foaming ability and foam stability were measured and calculated
according to the following equations:

Foaming ability = & x r* X hy,

Foam stability = %,

0

where r — diameter of measuring vessel; hy — initial foam height; h;o -
foam height after 10 min.

2.4.3. Emulsification index (E24)

To determine E24, 3 mL of vegetable oil and 3 mL of supernatant
were transferred to a tube, mixed with the vortex for 2 min and leaved to
stand for 24 h. The emulsification index (E24) is given as a percentage of
height of emulsified layer divided by total high of the liquid column
[12].

2.5. Coulombic efficiency and COD removal

The chemical oxygen demand (COD) of the fresh medium, as well as
the medium after MFC treatment, was determined by the potassium
dichromate oxidation method, according to the manufacturer’s in-
structions (Hach, USA). COD removal efficiency was calculated using
the following equation:

COD, — COD,

COD |=—F—
remova COD, ,

where CODy - initial COD of the fresh medium (mg L'DH; CcoD, - COD of
the anolyte after “t” time (mg Lh.

Coulombic efficiency (CE) was calculated for the complex substrate
in the batch system according to [32]:

t
8 [Idr
0

CE=—"
FV,,ACOD

where 8 — constant, based on molecular weight of oxygen and number of

electrons exchanged per mole of oxygen; I — current (A); t — time of

operation (s); F — Faraday’s constant (96500C/mol e7); Va, — working

\1lolume of anode chamber; ACOD - change in COD concentration (mg L
).

2.6. Data processing

The experimental data were processed and visualized graphically
using OriginLab 2019. The current and power were calculated according
to Ohm’s law:

I =Y(Ampere),

P = U x I(Watt),

where U - voltage (V); R — resistance (Q); P — power (W); I — current

(A).
2.7. Physicochemical measurements

Oxygen concentration was monitored by the galvanic oxygen sensor
ELMETRON COG-1 (ELMETRON, Poland). The sensor was calibrated for
0 % oxygen saturation in Na;SOg solution and in the air, corresponding
to 100 % saturation. pH of the MSM was measured using the IONODE
1J44A electrode (ELMETRON, Poland).

2.8. Analysis of waste cooking oil and its degradation products

Gas chromatography coupled with mass spectrometry was used to
analyse organic compounds. The procedure started with a preliminary
liquid-liquid extraction with CH2Cly in an inert environment. Then, 2 ul
of the extract obtained was analysed on a GC-MS instrument (HP
6890-5973). The HP-INNOWAX capillary column (Agilent Technolo-
gies, USA) with an internal diameter of 0.25 mm and a length of 30 m
was used as the separation system. High purity He was used as the
carrier gas at a flow rate of 0.7 ml/min. The oven temperature program
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of operation.
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was set as follows: 40 °C for 5 min, then increased to 240 °C at a rate of
20 °C/min, keeping the temperature at 240 °C for 20 min. The molecular
weight scan range was set from 29 to 350 Da.

3. Results and discussion
3.1. Electricity generation

In the first stage of the experiment, all MFCs were operated in the
vertical position without agitation, and sodium acetate was used as the
carbon source. After 8 weeks of operation, stable power and similar
performance were achieved for all MFCs. At the beginning of the second
stage of the experiment, all MFCs were left in a vertical position without
agitation and fed with waste vegetable oil. In the initial MFC configu-
ration, no current response was observed in the first 7 days of operation
following the substrate change (Fig. 2a.). Moreover, the waste oil
accumulation over the surface of the anolyte was noticed. Due to the
limited bioavailability of the waste vegetable oil for microorganisms on
the anode, a reconfiguration was made and the electricity production
efficiency of the horizontal MFC was assessed and compared to the
performance of vertical MFC with stirring. The recorded real-time power
performance showed that all MFCs achieved similar values after 10 days
of adaptation to the new substrate (Fig. 2b.). At a later stage however, an
intensive increase in the power density output of the horizontal MFCs
was observed, while no significant changes in the power efficiency of the
vertical MFC with mixing were noticed. In the third week, the power
density of horizontal MFCs was around twice as high as vertical MFC,
and this trend continued until the end of the experiment. The maximum
average power density of horizontal MFCs (4.71 + 0.62 W m™) was
observed on 31 day of operation and was 68 % higher than for vertical
MEFC with agitation. Previous studies have reported that after the time of
adaptation to the new, yet simple substrate, it is possible to generate
electrical power similar to the value observed for the original substrate
[33]. However, the complex composition and hydrophobic nature of the
waste vegetable oil is more challenging in terms of microbial adaptation
in a microaerobic environment. The results obtained from real-time
measurements indicated that the microbial consortium revealed
improved adaptation to the conversion of waste vegetable oil within the
horizontal MFC design, most likely due to the desirable distribution of
the substrate within the anode chamber and anodic biofilm surface.

The cyclic voltammogram of horizontal MFC indicated the existence
of two redox systems involved in the transfer of electrons to the anode
(Fig. 2c.). The oxidation-reduction couples occurred at formal potentials
of —0.293 V and —0.370 V vs Ag/AgCl for horizontal MFCs, implying the
presence of a similar microbial consortium on the anodes, capable of
electrofermentation of the waste oil substrate. Such potentials indicate
that the biofilm created may be dominated with Geobacter sulfurreducens
and Pseudomonas aeruginosa [34,35]. The cyclic voltammogram of the
vertical MFC also showed the existence of two redox systems involved in
the transfer of electrons to the anode. However, the oxidation-reduction
peaks occurred at different formal potentials of —0.330 V and —0.409 V
vs Ag/AgCl, suggesting a different redox pathways of the biofilm.

To characterize the dynamic changes in performance of both MFC
designs, polarisation experiments were carried out throughout the
experiment. Fig. 3a. shows the values of the maximum power densities
extracted from the polarisation data. After 31 days of operation on waste
vegetable oil, the horizontal MFC reached the highest power density of
4.84 + 1.5 W m™>. At the same time, the vertical MFC achieved a power
density of 2.37 W m3. Therefore, the horizontal positioning of the
anode resulted in a 104.7 % improvement in power density, compared to
the typical vertical design with agitation. The electrical power generated
in the vertical MFC with mixing was comparable to the literature data,
while the power density obtained in the horizontal setup have
outreached the values obtained by MFCs with a similar configuration
and fed with waste vegetable oils reported in the literature [36,37,38].

Fig. 3c and 3d show the polarization and power curves obtained on
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the 10th and 31st days of operation. The open circuit voltage (OCV)
ranged from 0.47 V to 0.61 V for all MFCs. The highest OCV value ob-
tained for the vertical MFC (0.61 V), was probably caused by the
improved ion transfer associated with mixing the anolyte [32]. The
shape of the polarization curves can generally be divided into three
sections of the potential losses: the initial voltage drop due to electrode
reaction overpotentials (activation losses), followed by a relatively
linear potential drop, where the ohmic losses (associated i.a. to the MFC
design or electrolyte and biofilm properties) dominate, and finally the
usually sharp potential drop at higher current, for which concentration
losses are responsible (mass transfer effects) [32]. By analysing the po-
larization curves acquired from the 10th day (Fig. 3c), it was observed
that the low power density recorded for MFCs was caused mainly by
ohmic losses. A different trend was observed on the 31st day of

operation with the waste vegetable oil substrate. As shown in Fig. 3d, the
power of the horizontal MFCs was limited by mass transfer effects, while
the overall performance of the agitated vertical MFC was limited by high
activation and still by ohmic resistances. Furthermore, in the polariza-
tion curves of all horizontal MFCs, a strong overshoot phenomenon was
observed. The complexity of the waste cooking oil as a substrate causes
an overshoot phenomenon at higher currents because the bacteria at the
anode cannot sustain the increasing demand for electrons [39,40]. The
maximum current observed for horizontal MFCs on the 31st day of
operation was 0.44 + 0.07 mA, while the maximum current of vertical
agitated MFC was 20 % lower (0.35 mA). The adaptation of MFC to the
new substrate (waste oil), the shape of the polarization curves was
similar for all MFCs. However, after a month of operation, the horizontal
MFC showed a significant increase in efficiency compared to the vertical
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MFC. The decrease in internal resistance was attributed to the improved
development of the biofilm on the horizontal MFC anode, which is
directly related to a better distribution of the substrate inside the hori-
zontal system. The internal MFC environment has a crucial role in
developing well established biofilm, as it was reported previously for
functional MFC elements such as membranes, external load, or presence
of biosurfactants [26,31,41].

A similar trend can be observed in Fig. 3b, which presents changes of
the internal resistance. The Ry, values in both MFC designs decreased at
a similar rate in the first 3 weeks of adaptation to the oil substrate. After
24 days of operation, a similar values of internal resistance for the
vertical and horizontal MFCs was reached (Fig. 3b.). Subsequently, the
internal resistance of the horizontal MFC continued to decrease. On the
contrary to these results, the Ry of the vertical MFC stabilised, reaching
an average value of 1730 Q. The Ry of horizontal MFCs stabilised after
5 weeks of operation at an average value of 1010 Q. By changing the
orientation of the electrodes to horizontal, the internal resistance of the
MFC was reduced by 40 %. Overall, in the first weeks , the internal
resistance of the MFCs decreased along with the ongoing adaptation of
the biofilm to the new substrate. Thus, the lower internal resistance of
the horizontal MFCs suggests improved development of the biofilm,
capable of metabolising waste vegetable oil.

3.2. Electrochemical activity of microorganisms coupled with the synthesis
of biosurfactants

Real-time monitoring of surface tension was used for detecting bio-
surfactants in the anolyte. The decrease in anolyte surface tension is a
consequence of the biosynthesis of surfactants by microorganisms. The
surface tension of the surfactant solution decreases linearly with the

increase in the concentration of surfactant molecules in the system, until
the critical micelle concentration (CMC) is reached [42,43]. After 46
days of using waste cooking oil fuel, changes in surface tension were
monitored during the entire feeding cycle. The results of surface tension
monitoring are shown in Fig. 4a. After 6 h of the newly started batch
cycle, the horizontal MFCs have reached the lowest surface tension of
50.7 + 4.8 mN m’. It should be noted that the minimum value of
surface tension achieved in the horizontal MFC throughout the study
was equal to 45.4 mN m L. In the vertical MFC anolyte, only a slight
decrease in surface tension to 63.9 mN m~! was observed. Additionally,
to characterize the properties of the biosurfactant, the foaming ability,
foam stability and emulsification index (E24) were determined for the
anolyte of horizontal MFC. A foaming ability of 3.3 + 0.3 cm® (per 20
cm?® of anolyte), foam stability of 85.7 + 4.9 %, and E24 of 92.4 + 1.8 %
were obtained (Fig. 4b.).

Depending on the environmental condition in the bioreactor, the
production of biosurfactants by microorganisms can take place aerobi-
cally, microaerobically or anaerobically. The oxygen concentration in
the horizontal MFC was equal to 7.2 %. Thus, the microaerobic pathway
of surfactant biosynthesis is presumed as the predominant in this study.
Such conditions are sufficient to initiate the biosynthesis process by
several microbial species such as Pseudomonas, Bacillus, Clostridium,
Desulfovibrio, and Geobacillus [44]. Moreover, in our other experiment
with an identical method of inoculation, construction and working
conditions, one of the dominant strains was Pseudomonas Aeruginosa,
which indicates the biosynthesis of rhamnolipids in this system. While
considering the low coulombic efficiency and the lack of biosurfactant
presence in vertical system it can be concluded, that biosurfactants are
produced during in electrofermentative pathways, assisted by the
extracellular electron transport.
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For the first time, a direct relationship between the power generated
and the surface tension of the anolyte was observed. The determined
correlation coefficients (r) showed a strong negative correlation (r =
(-0.62 = -0.77)) for the horizontal MFC, while for the vertical MFC this
relationship was weak (r = -0.25). Real-time power density changes and
surface tension changes plots for each MFC are shown in Fig. 5. In the
initial phase of batch-cycle, a sharp decrease in surface tension was
observed, and the minimum SFT values were reached during the highest
power production by electroactive microorganisms. Such a behaviour
suggests a direct correlation of the biosynthesis process with the uti-
lisation and conversion of the fuel into electricity. The limited substrate
availability for bacteria was the main factor which initiated the bio-
surfactant synthesis. There are two main mechanisms of biosurfactant
activity that increase the degradation of hydrophobic compounds by
microorganisms [45,46]. They can increase the solubility of hydropho-
bic compounds in water by creating micellar structures, thereby
increasing the bioavailability of the substrate for microorganisms.
Another way is that biosurfactant molecules adsorb on the surface of
cells, increasing their hydrophobicity and thus facilitating the contact of
the insoluble substrate with microbial cells. Therefore, when the
biosynthesis process is initiated, as a consequence of the increasing
amount of biosurfactants in the system, the amount of bioavailable
substrate increases and thus the amount of generated electrical power.
We presume that a further increase of surface tension results from two
ongoing processes. The catabolism of biosurfactants in the system results
in further power generation, and the interactions of biosurfactants with
the substrate molecules lead to a depletion of biosurfactants at the
water/air interface. This could explain the shift in the observed minimal
value of the surface tension at the maximum value of the power per-
formance. A similar phenomenon was observed in conventional batch
culture, where no electricity was generated [47]. The results indicate
that it is possible to monitor the synthesis of biosurfactants using the
output voltage of the microbial fuel cells in an established and well
characterised, stable system.

The above results indicate that changing the electrode orientation
can lead mutual benefits for both energy efficiency and surfactant
biosynthesis. Furthermore, the horizontal design made it possible for the
first time to monitor biosurfactant synthesis using the voltage output of
microbial fuel cells. Table 1 summarizes the results of this experiment
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and compares them with data from the literature recorded for vegetable
oils. The volumetric power density obtained in horizontal MFC is one of
the highest values in this comparison and the highest value recorded for
the process where both electricity and biosurfactant synthesis takes
place. In addition, in these works the higher-range power densities ob-
tained in the MFCs fed with oily wastewater required an increase in the
operating temperature or the use of platinum as a component of the
cation exchange membrane [48,49]. The simultaneous synthesis of
biosurfactants increases the importance of the horizontal alignment of
the electrodes in MFC fed with waste vegetable oil.

3.3. MFC performance

The biodegradation efficiency of the oil substrate was assessed by
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Fig. 6. COD removal performance and coulombic efficiency.

Table 1
Summary of the experiment results and comparison with the literature data.
Type Operation mode  Fuel Inoculum Separator Electron Maximum power Product/-s Reference
acceptor density
mW mW
m 2 m’3(—|-)
DCMFC Batch Used vegetable oil Serratia sp. Agar salt None 1,13 6,33 Biosurfactant [37]
(H-type) bridge (aeration) electricity
Stirring
UML-MFC Continous (HRT POME Activated None None 44,6¢ 28,35 Electricity [50]
=24h) sludge (aeration)
DCMFC Batch Used vegetable oil Serratia sp. CEM None 6,64 66,4 Biosurfactant [36]
(H-type) (aeration) electricity
Stirring
SCMFC Batch (35 °C) Soybean oil rafinery Activated CEM None 746 24 100 Electricity [48]
wastewater sludge
SCMFC Batch OMW Activated Nafion + Pt None 207 12100 Electricity [49]
sludge
DCMFC Batch POME Anaerobic Nafion 117 KMnO4 22 320 Electricity [38]
sludge
DCMFC Batch (35 °C) Vegetable oil Activated CEM KMnOg4 6119 - Electricity [51]
industrial wastewater sludge
SCMFC Batch waste vegetable oil Activated CEM None 52,56 2 365 Electricity This
Vertical sludge study
SCMFC Batch waste vegetable oil Activated CEM None 146,67 6 600 Biosurfactant This
Horizontal sludge electricity study

DCMFC - Dual Chamber Microbial Fuel Cell; SCMFC - Single Chamber Microbial Fuel Cell; POME — Palm Oil Mill Effluent; OMW - Olive Mill Wastewater; CEM — Cation

Exchange Membrane.
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determining the COD removal ability and the coulombic efficiency of the
MFCs (Fig. 6.). The COD concentration of the fresh medium was 1840
mg L, while the final COD concentration of the anolyte were 565 mg L
and 899 + 160 mg L™! for vertical and horizontal MFC, respectively. The
low coulombic efficiency accompanied by a high degree of COD removal
by vertical MFC was, most likely, the result of the dominance of
competitive degradation pathways such as fermentation. Furthermore,
the agitation performed in the vertical MFC had an impact on the in-
crease in gas diffusion through the CEM and 3-D printed MFC assembly.
On the contrary, the high coulombic efficiency of the horizontal MFCs
indicates a good development of the biofilm, which was revealed in
polarisation experiments. Thus, it was a result of improved contact of the
oil substrate with the electrode, and a biofilm surface was reached in this
MFC design. The lower degree of COD removal is presumably the result
of the accumulation of biosurfactants in the anode chamber, which
remained as a part of COD. By changing the anode orientation to hori-
zontal, the efficiency of electricity recovery has been significantly
improved, reducing the efficiency losses on competitive degradation
pathways. Furthermore, the lack of agitation led to reducing of the
diffusion of oxygen into the anode chamber, which is one of the reasons
for the increase in Coulombic efficiency. These results showed that, by
using a horizontal MFC design, waste vegetable oil can be used as the
sole carbon source for efficient conversion into electricity and bio-
surfactants simultaneously. The observed coulombic efficiency values
were more than 15 % higher than those reported in earlier studies
[48,51].

3.4. Analysis of waste cooking oil degradation residues

Changes in the composition of the anolyte were analysed using the
GC-MS technique. Fig. 7a. shows the results of the GC-MS analysis of
the biotic control sample. The main components of the oil were linoleic
acid (9,12-octadecadienoic acid, C18:2), palmitic acid (Hexadecanoic
acid, C16:0) and oleic acid (9-octadecenoic acid, C18:1), accounting for
7.63 %, 17.04 % and 50.05 % respectively. As shown in Fig. 7b., a higher
oil degradation ratio was observed for vertical MFC, corresponding to
the results of COD removal.

Relative changes in the components of waste vegetable oil after the
degradation process in microbial fuel cells are shown in Fig. 8a and 8b.
The values were normalised to the control samples in such a way that the
0 value on the y-axis for each compound corresponds to the biotic
control value. The results showed that most of the fatty acids were
completely degraded in both MFC designs; only palmitic acid was
difficult to metabolize by bacteria. Furthermore, the quantitative
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analysis showed that the horizontal MFC degraded 86.4 + 5.2 % of
palmitic acid, while the vertical design provided 61.8 % degradation.
Different trends were observed for C12-C26 aliphatic hydrocarbons. The
degradation ratio of these components in the vertical MFC increased
with the elongation of the carbon chain, except for C13, while in the
horizontal MFC an increase in the content of aliphatic hydrocarbons,
especially C12-C18, was observed.

In conclusion, in both types of MFC designs, we were able to
completely break down the saturated and unsaturated acids in the range
C14-C18, except of the palmitic acid. However, a higher degree of pal-
mitic acid degradation was found in horizontal MFC. The difference in
relative changes in the components C12-C26 indicates that different
pathways of fatty acid conversion were involved in metabolism in ver-
tical and horizontal MFC designs. The vertical construction ensured a
high degree of fatty acid degradation and a decrease in the content of
almost all aliphatic hydrocarbons. However, the vertical MFC showed
very low coulombic efficiency and no biosurfactant synthesis was
observed, which brings this system closer to the conventional fermen-
ters. The inverted electrode system ensured the degradation of fatty
acids to a higher degree. The relative increase in the content of aliphatic
hydrocarbons can be explained by the reduction of fatty acids by car-
boxylic acid reductase (CAR) enzymes to the corresponding aldehydes
and then aldehyde decarbonylase enzymes to alkanes [52,53].

4. Conclusions

The effectiveness of two microbial fuel cell designs powered by waste
vegetable oil in the production of electricity and the biosynthesis of
surfactants was compared. The observed power density, current, and
internal resistance indicated an improved efficiency of the MFC in a
horizontal setup by 104.7 %, 25.7 % and 40 % correspondingly, when
compared to the vertical system supplied with agitation of the anolyte.
The horizontal configuration improved the distribution of the oil sub-
strate inside the anode chamber, increasing the bioavailability of the oil
to microorganisms, which directly influenced the biofilm development
and subsequent oil degradation. Moreover, a decrease in surface tension
to 50.7 + 4.8 mN m™}, indicating the presence of biosurfactants, was
observed only in the horizontal MFC. Therefore, it has been shown that
the efficiency of the degradation of waste vegetable oil can be signifi-
cantly increased by changing the orientation of the electrode. The power
production and Coulombic efficiency of the horizontal MFC was signif-
icantly higher than that of the vertical MFC with agitation. Most
importantly, the production of biosurfactants was observed only in
horizontal MFCs and we have demonstrated that their presence is
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Fig. 7. Composition of the biotic control (a) and the oil degradation ratio in MFCs (b).
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Fig. 8. Relative change in the content of organic components after the treatment in vertical (a) and horizontal (b) MFC.

directly correlated (r ranging from —0.62 to —0.77) to power genera-
tion, which may further allow for simple and costless monitoring of
biosurfactant synthesis in well-established bioelectrochemical synthesis
setup.
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5.3. Bioelectrochemical synthesis of rhamnolipids and power generation
and its correlation with nitrogen in air-cathode microbial fuel cells

5.3.1. Omowienie publikacji

Osiggniecie wysokiej wydajnosci syntezy biosurfaktantow w klasycznych hodowlach
pltynnych wymaga optymalizacji zrodta wegla, zrodta 1 stezenia sktadnikoéw odzywczych
pozywki, takich jak azot czy fosfor, atakze pH, napowietrzenia i zasolenia podtoza.
Oproécz sktadu pozywki fermentacyjnej duze znaczenie dla wydajnos$ci biosyntezy maja
warunki pracy bioreaktora, takie jak temperatura, mieszanie czy rozwigzania projektowe
reaktora. Znalezienie idealnych warunkow do produkcji biosurfaktantow w klasycznym
podejsciu do biosyntezy bylo przedmiotem wielu badan, wsrod ktorych szeroko
omawiano optymalizacje zrodila istgzenia azotu. Azot jest niezbednym do zycia
sktadnikiem dla mikroorganizméw i ma istotny wptyw na zawarto$¢ weglowodandw,
biatek, kwaséw nukleinowych i1 ATP w biofilmie, oraz odgrywa kluczowa role
w regulacji genow bioracych udzial w produkcji biosurfaktantéw. Niemniej jednak
dotychczas nie zbadano wptywu tego parametru na synteze biosurfaktantéw w nowych
warunkach procesu, takich jak elektrofermentacja.

Celem pracy ,,Bioelectrochemical synthesis of rhamnolipids and power generation and
its correlation with nitrogen in air-cathode microbial fuel cells” bylo zbadanie wptywu
stezenia azotu w elektrolicie na efektywno$¢ syntezy biosurfaktantéw 1 wytwarzania
energii elektrycznej z odpadowego oleju roslinnego w MFC, atakze okreslenie
optymalnego stosunku molowego wegiel/azot i struktury chemicznej wytworzonych
produktéw biosyntezy.

W badaniu wykorzystano horyzontalne MFC z katoda powietrzng wydrukowane w 3D
z polipropylenu. Wszystkie MFC zainokulowano osadem czynnym z komory tlenowe;j
oczyszczalni Sciekow. Po okresie inokulacji komor¢ anodowa zasilano pozywka
mikrobiologiczng w trybie wsadowym, w ktorej stezenie NH4Cl wahato si¢ od 0 do 1
g L, ajako jedyne zrodto wegla dla mikroorganizméw uzyto oleju posmazalniczego.
W pracy oceniono wpltyw stezenia azotu w pozywce na wydajnos¢ produkcji energii
elektrycznej isyntezy biosurfaktantow za pomoca charakterystyki elektrochemicznej
ogniw, pomiard6w aktywnos$ci biosurfaktantow w anolicie oraz pomiardw wydajnosci
degradacji substratu. Ponadto wykonano analiz¢ spolecznosci drobnoustrojow
tworzacych biofilm anodowy oraz okres$lono strukture chemiczng wytworzonych
biosurfaktantow.

Obserwowana gesto$¢ produkowanej mocy wskazywata na poprawe wydajnosci wraz ze
wzrostem st¢zenia NH4Cl w anolicie, az do osiagnigcia maksymalnej wartosci dla
0.5gL"'. Dla tego stezenia zaobserwowano rowniez najwickszy spadek napiecia
powierzchniowego, $wiadczacy o syntezie biosurfaktantow. Co wigcej, wyniki pokazaty
silng korelacj¢ zmian gestosci mocy i spadku napigcia powierzchniowego w funkcji
stezenia azotu w pozywce, co udowadnia, ze synteza biosurfaktantow i skuteczno$¢
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degradacji zuzytego oleju w MFC zalezy bezposrednio od stezenia zrodla azotu. Podobng
tendencj¢ zaobserwowano w pomiarach EIS. Przeprowadzony eksperyment EIS wykazat
spadek sumy impedancji iimpedancji anody wraz ze wzrostem stezenia NH4Cl
w pozywece, az do osiagniecia warto$ci minimalnej dla 0.5 g L™!. Wnioskujemy zatem, Ze
najnizsza warto$¢ oporoéw wewnetrznych MFC, najwyzsza wydajno$¢ produkcji energii
elektrycznej oraz syntezy biosurfaktantéw dla 0.5 g L™! byla wynikiem wydajniejszego
rozwoju biofilmu na anodach, a takze efektow przypisywanych syntezie biosurfaktantow
iich wplywowi na dziatanie innych komponentow MFC. Analiza spotecznos$ci
drobnoustrojéw  wykazala obecno$¢ dominujacego szczepu wytwarzajacego
biosurfaktanty - Pseudomonas aeruginosa, a takze innych gatunkow elektroaktywnych
mogacych bra¢ udziat w biodegradacji substratu olejowego i biosyntezie. Ich aktywnos¢
doprowadzita do biosyntezy jedenastu typéw mono- i di-ramnolipidow.

W badaniu udowodniono, ze st¢zenie zrodta azotu w pozywce hodowlanej jest jednym
z kluczowych czynnikow utrzymania wysokiej wydajnosci degradacji zuzytego oleju
ros$linnego, produkcji energii ijednoczesnej syntezy biosurfaktantow. Ponadto jest to
pierwsze badanie, w ktérym zoptymalizowano st¢zenie azotu w celu poprawy syntezy
biosurfaktantow i wytwarzania energii w ukladzie bioelektrochemicznym, co przybliza
o krok wydajng synteze biosurfaktantow w tego typu uktadach do implementacji.

5.3.2. Publikacja
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ABSTRACT

Microbial fuel cells (MFCs) have been recently proven to synthesise biosurfactants from waste products. In classic
bioreactors, the efficiency of biosynthesis process can be controlled by the concentration of nitrogen content in
the electrolyte. However, it was not known whether a similar control mechanism could be applied in current-
generating conditions. In this work, the effect of nitrogen concentration on biosurfactant production from
waste cooking oil was investigated. The concentration of NH4CI in the electrolyte ranged from 0 to 1 g L™ The
maximum power density equal to 17.5 W m 3 was achieved at a concentration of 0.5 g Lt (C/N = 2.32) and was
accompanied by the highest surface tension decrease (to 54.6 mN m™') and an emulsification activity index of
95.4%. Characterisation of the biosurfactants produced by the LC-MS/MS method showed the presence of eleven
compounds belonging to the mono- and di-rhamnolipids group, most likely produced by P. aeruginosa, which was
the most abundant (19.6%) in the community. Importantly, we have found a strong correlation (R = —0.96) of
power and biosurfactant activity in response to C/N ratio. This study shows that nitrogen plays an important role
in the current-generating metabolism of waste cooking oil. To the best of our knowledge, this is the first study
where the nitrogen optimisation was investigated to improve the synthesis of biosurfactants and power gener-

ation in a bioelectrochemical system.

1. Introduction

Microbial fuel cells (MFCs) are recognised as devices capable of
degrading many types of organic pollutants and simultaneously recov-
ering energy from the substrate (Logan et al., 2006). Such process can be
carried out both various groups of microorganisms and novel applica-
tions are emerging due to recent discoveries of electroactive extrem-
ophilic microorganisms (Edel et al., 2022), while the most commonly
investigated comprise of Geobacter and Shewanella species. The use of
MFCs as an alternative energy source is currently aimed at low-energy
applications, while each year of their research and development in-
creases their power performance (Hoang et al., 2022). The ongoing
process of MFC performance growth is related to the development of its
functional elements (Rosset et al., 2023; Vazquez et al., 2023). Multiple
efforts have been made to develop alternative bioelectrochemical sys-
tems (BESs) such as microbial electrolysis cells and microbial
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E-mail address: grzegorz.pasternak@pwr.edu.pl (G. Pasternak).
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https://doi.org/10.1016/j.jenvman.2024.121514

desalination cells, as well as the processes of microbial electrosynthesis
and electrobioremediation (Chen et al., 2019). One of the promising
directions for BES development is microbial electrofermentation, where
the electrode with its potential acts as a source or sink of electrons to
drive the conversion of organic waste (Moscoviz et al., 2016). In the
anodic process, multiple products can be produced, such as butanol
(Finch et al., 2011), ethanol (Yuan et al., 2022), acetoin (Forster et al.,
2017), and even more complex, biosurfactants (Pham et al., 2008). The
latter have a wide range of applications and high production costs using
current classical bioreactor methods (Marchant and Banat, 2012b),
while material and metabolic engineering can be successfully applied to
further enhance their efficiency (Klein et al., 2023).

Biosurfactants (BSFs) are microbial-derived amphiphilic compounds
that can reduce surface/interfacial tension (Pasternak et al., 2020). The
main advantage of BSFs over synthetic surfactants is lower toxicity and
greater biodegradability, selectivity, and stability (Marchant and Banat,
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2012a). BSFs can be used in the pharmaceutical, food, and cosmetic
industries, as well as in bioremediation and environmental protection
(Sarubbo et al., 2022). These compounds, which possess a wide variety
of structures and properties, are mainly produced by different bacterial
genera, such as Pseudomonas, Rhodococcus, Streptomyces, Bacillus, and
Serratia. The most frequently described groups of BSFs consist of gly-
colipids, phospholipids, and lipopeptides. The biggest challenge in the
production of BSFs, on an industrial scale, is the high cost of their pro-
duction. Therefore, BESs, with their ability to generate electricity from
waste substances, such as waste vegetable oil, can be a promising
alternative.

Biosurfactants may contribute significantly to the operation and
performance of MFC by increasing the bioavailability of hydrophobic
substrates (Kaczorek et al., 2018) and improving the hydrophilicity of
the electrode surface (Gomaa et al., 2021), leading to better biofilm
formation. However, there are few studies to date where BSFs have been
studied in BESs (Pasternak et al., 2020), and only three works are
available, where BSFs have been synthesised from waste vegetable oil
bioconversion in MFC. Two of these studies used dual chamber MFCs
with large volumes that require anolyte mixing and generate high power
losses (Liu et al., 2019; Liu and Vipulanandan, 2017), while Pasternak
et al. (2023) investigated a new MFC design with a horizontal electrode
arrangement. This allowed to achieve a high BSF activity and the highest
power production. In such a way, BSFs and electricity were generated
simultaneously. In addition, the authors showed for the first time a
direct correlation between the synthesis of BSFs and the energy pro-
duction in MFCs.

Biosurfactants produced by microorganisms in the classical biosyn-
thesis approach are excreted into the solution or adhere to the cells. One
of the roles of BSFs in the metabolism of a hydrophobic substrate is to
increase bioavailability or to enable the growth of microbial cells on the
substrate surface by reducing interfacial tension (Sharma and Pandey,
2020). To achieve the high performance of BSFs synthesis in classical
liquid cultures, many studies have been carried out to optimise the
carbon source (Jain et al., 2013), the source and concentration of elec-
trolyte components such as nitrogen (Chen et al., 2018) or phosphorus
(Priya and Usharani, 2009), as well as the pH, aeration and salinity of
the medium (E. F. Santos et al., 2019). In addition to the nutrient
composition of fermentative media, the influence of bioreactor oper-
ating conditions such as temperature, mixing (Sun et al., 2021) or
reactor design solutions (Bongartz et al., 2021) has been examined. The
industrial approach to increase the efficiency of BSFs production may
also comprise the utilisation of high-yielding genetically modified
strains. For example, modification of 53 genes in a non-producing strain
of B. subtilis allowed a surfactin production efficiency of 12.8 g L™ (Wu
et al., 2019). Finding ideal conditions to produce BSFs in the classical
biosynthesis approach has been the subject of many studies, among
which optimisation of the nitrogen source and concentration has been
extensively discussed (Abdel-Mawgoud et al., 2008; Abouseoud et al.,
2008; Fernandes et al., 2016; Ozdal et al., 2017).

Simple inorganic compounds such as ammonium or nitrate salts, as
well as urea, yeast extract, and peptone were tested as a nitrogen source
in classic liquid cultures producing BSFs (Onwosi and Odibo, 2012; Zhao
et al., 2016). Nitrate sources most often allow for higher yields of BSFs
production in the classical biosynthesis approach (Zhao et al., 2016).
However, another study showed that the use of various nitrogen sources
in production affects similarly the efficiency and structure of BSFs (A. S.
Santos et al., 2002). It was shown that the use of ammonium nitrogen
favoured the production of monorhamnolipids, while nitrate nitrogen
favoured the production of dirhamnolipids. Therefore, the selection of
the nitrogen source should be dictated by the yield of BSF, as well as in
terms of the usability of the obtained products. Ammonium nitrogen for
MFC medium supplementation is more suitable. Nitrate ions can reduce
the efficiency of MFCs due to competition between the processes of
electricity generation and denitrification (Sukkasem et al., 2008).
Moreover, nitrogen in wastewater occurs mainly in the ammonium
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Table 1

Characterisation of the MFC power performance, electrolyte properties, as well
as the properties of BSFs produced in the anolyte. The data of MFC performance
and BSFs properties represent average values of two replicates.

NH,CI (g LY

0 0.05 0.2 0.5 1
C/N molar ratio - 23.16 5.79 2.32 1.16
pH 8.609 8.612 8.489 8.320 8.155
Conductivity mS 8.143 8.370 9.024 10.500 12.544
em™!
Power density Wm3 7.3 8.0 10.7 12.4 9.9
mW m~?2 162.2 177.8 237.8 275.6 220.0
Current density Am™ 27.0 35.1 48.3 57.5 35.1
Am2 0.6 0.8 1.1 1.3 0.8
Surface tension mN m™? 62.2 61 55.9 54.6 56.2
Emulsification index % 52.8 89.8 94.4 95.4 88.9
Coulombic % 34.0 42.1 52.1 44.7 27.4
efficiency
COD removal % 93.5 94.9 95.0 95.0 95.5

form, which brings the experimental conditions closer to real
applications.

Nitrogen is an essential ingredient for microorganisms to create
proteins, cell wall components, and nucleic acids (Thompson et al.,
2006). Ramos et al. (202.3) investigated the effect of the C/N molar ratio
on the formation and performance of the biofilm created by Pseudo-
monas aeruginosa. The study showed that the C/N conditions had a sig-
nificant effect on the content of carbohydrates, proteins, nucleic acids,
and ATP in the biofilm and therefore played a key role in the removal of
COD from wastewater. Furthermore, the influence of C/N on the in-
duction ratio of N-acetyl-L-homoserine lactone (AHL), a biomolecule
responsible for biofilm formation and regulation of genes involved in
BSFs production, was revealed. Nevertheless, it is not known how this
parameter affects a novel process condition such as electrofermentation,
proposed herein.

Therefore, the aim of this work was to investigate the influence of
nitrogen concentration in the electrolyte on the efficiency of BSFs syn-
thesis and electricity generation in MFC, as well as to determine the
optimal carbon/nitrogen (C/N) molar ratio, and chemical structure of
the produced BSFs. The efficiency of the production of electricity and
BSFs was assessed using electrochemical tests, surface activity mea-
surements, and substrate degradation measurements, providing infor-
mation on the impact of the C/N ratio on the start-up and operation of
the MFC fed with waste vegetable oil. Moreover, the produced BSFs
were characterised by the LC-MS/MS technique. This work describes the
first step in optimising the synthesis of BSFs by combining the classic and
electrochemical methods to boost their quantity.

2. Materials and methods
2.1. Construction and operation of MFC

This work used a horizontal air-cathode microbial fuel cell, manu-
factured as described in the previous work (Pasternak et al., 2023). In
brief, the square-shaped anode was prepared from carbon veil (PRF
Composite Materials, Dorset, UK) and 316LSi steel wire. The cathode
was made of activated carbon CWZ-22 (972 m? g’l). The cathode ma-
terial was pressed into the cathode module with stainless steel mesh
placed inside as a current collector, according to the previous study
(Rosset et al., 2023). The geometric surface area of the anode and
cathode was equal to 9 cm?. The anode chamber was separated from the
cathode module by a cation exchange membrane (CMI-7000, USA). The
total displacement volume was equal to 20 mL. All MFCs were operated
at 25 °C, with a starting external load (Rex) of 2 kQ. After each mea-
surement of the polarisation curves, the optimal resistance (Rj) was
calculated and the external resistor setting was adjusted (Aelterman
et al., 2008).
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2.2. Biosynthesis conditions

The composition of the mineral salt medium (MSM) was as follows (g
L~1): Na;HPO4 (POCH, Poland) 0.6; KCl (POCH, Poland) 0.1; NaHCO3
(Chempur, Poland) 2.5; trace element solution of 10 mL L1 and NH,4Cl
(Chempur, Poland) ranged from 0 g L ™! to 1 g L. The concentration of
NH4Cl, pH, and conductivity of individual MSM are summarised in
Table 1. The pH of MSM for all MFC decreased to ~ 6.5 during the
process. Therefore, the pH throughout the batch cycle remained within
the optimal range for the anodic MFC biofilm (Puig et al., 2010). Each
MSM was tested in triplicate. All graphs in this study show the average
value of the two repetitions with the highest power and BSFs production
efficiencies. The solutions were prepared with Milli-Q water and auto-
claved prior to use (121 °C, 20 min.). Waste vegetable oil (p = 0.905 g
cm3) at a concentration of 0.1% (v/v), was used as a sole carbon source.
All MFCs were inoculated with a mixture (1:1) of two activated sludges
collected from the aerobic chambers of the wastewater treatment plant
(Scinawka, Kudowa, Poland). After 6 days of inoculation, the activated
sludge was removed and replaced with adequate MSM. The medium was
then changed every 1-2 days (HRT = 39.1 + 13.8 h). Evaporation of the
anolyte was supplemented daily with sterile Milli-Q water.

2.3. Electrochemical measurements

Closed circuit voltage (CCV) was recorded with a 3 min interval
using a KEYSIGHT DAQ970A data acquisition system (KEYSIGHT
TECHNOLOGIES, USA). Linear sweep voltammetry (LSV) was per-
formed using a MultiPalmSens4 potentiostat (Palmsens BV, The
Netherlands) in a three-electrode mode, with the anode as the working
electrode, the cathode as the counter electrode, and the saturated Ag/
AgCl electrode as the reference electrode, placed in the anode chamber.
The power and polarisation curves were obtained in the potential range
from open circuit potential (OCP) to 0.0 V WE vs Ag/AgCl, at a scan rate
of 1 mvsl.

Electrochemical impedance spectroscopy (EIS) for the whole cell was
performed with the anode as the working electrode and the cathode as
the counter and reference electrode. EIS spectra were obtained using a
MultiPalmSens4 potentiostat (Palmsens BV, The Netherlands). An
alternating current with an amplitude of 10 mV and a frequency range
from 100 kHz to 10 mHz was applied. All EIS measurements were per-
formed in the OCV mode and analysed with the EC-Lab V10.40 software.

2.4. Analysis of biosurfactant activity

2.4.1. Surface tension measurement

The BPT mobile bubble pressure tensiometer (KRUSS, Germany) was
used to determine the surface tension (SFT) of the anolyte. The device
was calibrated before each series of measurements. To prevent sample
aeration and enable better sample averaging, 1 mL of MFC anolyte was
taken to measure the SFT and returned after the measurement. Surface
tension was monitored with a 1-h interval until reaching the minimum
value, then the sampling frequency was reduced, as presented in Fig. 4.

2.4.2. Emulsification activity index (E24)

The 3 mL of vegetable oil and 3 mL of the centrifuged and filtered
anolyte were mixed for 2 min in a 15 mL tube and left for 24 h. The
emulsification index (E24) is defined as a percentage of the height of the
emulsified layer in relation to the total high of the liquid column (Chen
et al., 2018).

2.4.3. Foaming activity

Foaming activity was measured for 20 mL of anolyte in a 50 mL tube
by shaking the sample manually for 30 s. Foaming ability and foam
stability were calculated according to equations (1) and (2).

Foaming ability =n x r* x hy D)
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Foam stability = % ()
0

where r — diameter of the measuring vessel; hg — initial foam height; hio—
foam height after 10 min.

2.5. Chemical oxygen demand and coulombic efficiency

For fresh medium and anolyte after MFC treatment, the chemical
oxygen demand (COD) was determined by the potassium dichromate
oxidation method, according to the manufacturer’s instructions (Hach,
USA). The COD removal efficiency was calculated using equation (3).

COD, — COD;

ACOD =
co COD,

3

where CODy - initial COD of the fresh medium; COD; — COD of the
anolyte after ‘t’ time.

Coulombic efficiency (CE) was determined for the batch system and
the complex substrate according to equation (4) (Logan et al., 2006).

t
8/Idt
0

E =
¢ FV, ACOD “)

where 8 — constant, based on molecular weight of oxygen and number of
electrons exchanged per mole of oxygen; I — current (A); t — time of
operation (s); F — Faraday’s constant (96,500 C/mol e™); Va, — working
volume of anode chamber (L); ACOD - change in COD concentration
(mg L.

2.6. Microbial community analysis

2.6.1. DNA isolation

The microbial biomass was collected from the anolyte. DNA extrac-
tion was performed using Bead-Beat Micro AX Gravity kit (A&A
BIOTECHNOLOGY, Warszawa, Poland). The quality and quantity of
DNA extracts were assessed spectrophotometrically using NanoDrop™
2000/2000c (ThermoFisher Scientific, USA).

2.6.2. 16S rRNA

Microbial diversity was determined using targeted sequencing of the
V3-V4 region within the 16S rRNA gene. The 16S rRNA primers, namely
341F and 785R were used for amplification and subsequent library
preparation (Klindworth et al., 2013). The amplification process was
conducted by utilising the Q5 Hot Start High-Fidelity 2X Master Mix,
with adherence to reaction conditions described by the manufacturer.
Paired-end sequencing was conducted using the Illumina v3 kit on the
MiSeq device, resulting in read lengths of 2 x 300 nucleotides. The
bioinformatic analysis was carried out through the QIIME 2 platform
(Bolyen et al., 2019), in combination with the DADA2 package (Callahan
et al., 2016). The initial bioinformatic analysis covered quality control
and sequence preprocessing. For quality control, dynamic control pa-
rameters were generated based on the error model specific to each
sample using the FIGARO tool. Moreover, quality control measures were
taken to ensure that each sample’s maximum expected error rates were
within acceptable limits. The obtained sequences have been subjected to
preprocessing using the Cutadapt tool. Taxonomic classification of
Amplicon Sequence Variants (ASVs) representative sequences was per-
formed using the Silva 138 reference database with a two-step hybrid
approach. First, an exact matching of reads to the reference database
was carried out using vsearch (Rognes et al., 2016). Any reads that were
not matched in the previous step were classified using a sklearn method
available in the q2-feature-classifier module of QIIME (Bokulich et al.,
2018).
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Fig. 1. (a) Real-time temporal power performance and (b) characteristic of the exemplary feeding cycle.

2.7. Biosurfactant analysis

2.7.1. Solid phase extraction

Anolytes were collected during the stationary phase of growth, when
the surface tension value was the lowest, indicating the highest con-
centration of BSFs. The culture broth was centrifuged for 10 min at 6000
rpm and then the supernatant was filtrated using a 0.22 pm sterile sy-
ringe filter to remove cells. The solid phase extraction (SPE) method was
used for the extraction and purification of BSFs. For this purpose, C18
cartridges (CHROMABOND; 3 mL volume; 500 mg adsorbent weight)
were used. Column was conditioned with 15 mL of acetonitrile and 3 mL
of methanol and equilibrated with 3 mL of water. Then 130 mL of
sample was loaded into column, followed by washing step with 3 mL of
water. Column was dried for 10 min and the BSFs were extracted using 3
mL of acetonitrile. Solvent was evaporated in 40 °C to obtain crude BSFs.

2.7.2. LC-MS/MS analysis

The crude BSFs were dissolved in 150 pL aqueous 5 mM ammonium
formate buffer/acetonitrile 60/40 (v/v). The sample was then diluted
100 times and analysed using the LC-MS/MS approach. BSFs charac-
terisation was carried out using a Synapt G2 Si Q-TOF MS equipped with
an electrospray ion source (ESI) combined with the Acquity UPLC I-class
chromatographic system (Waters, USA). For compound separation,
reversed-phase chromatography on a ACQUITY UPLC® BEH Shield
RP18 1.7 pm (2.1 x 100 mm) column was used. Mobile phases were
composed of 10 mM ammonium formate in 5:95 can:water (A) and 10
mM ammonium formate in 95:5 ACN:water (B). The flow rate was set to
0.300 mL min ! with a total run time of 6.5 min. Linear elution was
carried out as follows: 1.00 min—-20% B, 2.50 min-90% B, 4.50 min-90%
B, 4.60 min—-20% B, 6.50 min-20% B. The sample and column temper-
atures were set at 10 °C and 45 °C, respectively. The injection volume
was set at 2.00 pL. Data acquisition was performed using MassLynx
software (version 4.1, SCN932, Waters, USA). Samples were investi-
gated using negative ion mode. The MS ion source parameters were set
as follows: the capillary voltages, 2.50 kV; sampling cone, 40 V; source
temperature, 130 °C; desolvation temperature, 450 °C; desolvation gas
flow, 800 L h™! and cone gas flow, 60 L h Ll

2.7.3. TLC analysis

For analysis, TLC Silica gel 60 F254 plates (Merck, Germany) were
used. TLC analysis was performed to detect different classes of BSFs:
glycolipids, lipopeptides, and lipids. For sugars detection (hexoses and
pentoses) orcinol approach was used according to Laabei et al. (2014).
To visualise peptides and free amino acids used ninhydrin test (Das
et al., 2008) and for lipids identification used iodine staining. BSFs were

extracted using the SPE approach and then diluted in pure methanol for
TLC analysis.

2.8. Analysis of waste cooking oil degradation

Gas chromatography coupled with mass spectrometry (GC-MS) was
used to analyse organic compounds in the fresh anolyte, as well as the
MFC-treated. In the first stage, liquid-liquid extraction with CH,Cly was
performed in an inert environment. Then, 2 pl of the extract achieved
was analysed on a GC-MS instrument (HP 6890-5973). The HP-
INNOWAX capillary column (Agilent Technologies, USA) with an in-
ternal diameter of 0.25 mm and a length of 30 m was used as a sepa-
ration system. High purity He was used as the carrier gas at a flow rate of
0.7 mL min~'. The oven temperature program was set according to the
previous work (Pasternak et al., 2023).

2.9. pH, conductivity and oxygen concentration

The galvanic oxygen sensor ELMETRON COG-1 (ELMETRON,
Poland) was used to monitor the oxygen concentration in the anolyte.
The sensor was calibrated in NaySO3 solution (0% oxygen saturation)
and then in the air (corresponding to 100% oxygen saturation in the
liquid phase). The pH of the medium was determined using the IONODE
1J44A electrode (ELMETRON, Poland). The conductivity of the MSM
was measured using the ELMETRON ECF-1 conductivity sensor.

2.10. Data processing

All data were processed and visualised graphically using OriginPro
software (OriginPro 2019). Current and power were calculated ac-
cording to the Ohm’s law (Equation (5) and (6)).

8]
I=x A €)
P=UxI1[W] (6)
where U - voltage (V); R - resistance (Q); P — power (W); I — current (A)
3. Results and discussion
3.1. Electrochemical characteristics
3.1.1. Real-time temporal monitoring

During 7 months of MFCs operation, the power density output was
monitored in real time. Fig. 1 shows real time data from the most
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Fig. 2. (a) Power density changes, as well as polarisation curves for (b) 98th
and (c) 182nd day of operation. The data on the plot (a) represents average
values of two replicates. *MAX — maximal values observed for an individ-
ual replicate.

efficient MFCs (out of the three replicates) for each concentration of
NH4Cl in MSM. The recorded power density output revealed that all
MFCs did not show a significant increase in efficiency in the first 3 weeks
of operation. During this period, the biofilm was enriched with micro-
organisms capable of metabolising waste vegetable oil. As shown on
Fig. 1a, from 20th to 90th day of operation, a similar increase in power
density was observed for all MFCs except of 0.0 g L1, As is known, in the
initial stage of operation, biofilm growth is the limiting process of MFC
efficiency (Pasternak et al., 2018) and nitrogen plays a key role in the
growth of stable biofilms on the anode (Fernandes et al., 2016).
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Therefore, the power efficiency for MFC without a nitrogen source in
MSM (0.0 g L_l) differed from the remaining MFCs (0.05-1 g L_l). In the
later stage, an increasing trend in power density was observed only for
0.5 g L1, For the remaining concentrations, a stable phase of power
density was observed. On the 204th day the maximum power density
output in this experiment was reached for 0.5 g L™! (14.3 W m~3). For
the remaining variants, the maximum power densities were lower by
19%, 34%, 41% and 50% for 0.2 gL™!,1gL™},0.05gL™}, and0 gL},
respectively. An example of these individual differences is shown on
Fig. 1b for the individual batch cycle. Therefore, it may be concluded
that the composition of the biofilm created at a concentration of 0.5 g
Lt NH4Cl1 (C/N = 2.32) allowed for the effective degradation of waste
cooking oil. Furthermore, the high and stable power densities for 0.5 g
L' indicated low degradative activity of planktonic bacteria, which is
confirmed by the high CE value (Fig. 5).

3.1.2. Long-term electrochemical behaviour

Polarisation experiments were carried out throughout the experi-
ment to characterise long-term dynamic changes in the MFC power
performance. Fig. 2a shows the values of the maximum power densities
extracted from the polarisation experiments, as well as the highest
power densities achieved in this study, recorded for the best-performing
replicate. Until day 90, all MFCs obtained similar power density, except
for 0 g L1, In the following period, an intensive increase was observed
only for 0.5 g L™}, while 0 g L™}, 0.2 g L' and 1 g L™! stabilised, and a
decrease in power efficiency was observed for 0.05 g L 1. After 140 days
of operation, 0.5 g L ™! reached the highest power density of 12.4 Wm 3.
It is worth noting that the power density for one of the 0.5 g L™ repli-
cates reached as high as 17.5 W m 3. This value is the highest recorded
for an MFC fed with oily wastewater and operating under similar con-
ditions (Bermek et al., 2014). The only study where the higher power
density was recorded is the work of Yu et al. (2017), who conducted
their studies at 35 °C, which is 10 °C higher when compared to our
study. The maximum power densities obtained in this study for 0 g L2,
0.05gL!,02gL ™ and 1 gL~ were lower by 58%, 54%, 39% and
43%, respectively. In terms of performance degradation, after 140 days,
a stable power density was observed for 0.05 gL™,0.2gL ' and 0.5 g
L}, while for boundary conditions of 0 g L' and 1 g L™! a decrease in
power efficiency by 38% and 36% was recorded at the end of the
experiment. During the first 3 months of biofilm maturation, only MFC
fed with 0 g L~! showed significant differences in power performance,
due to the lack of a basic component for the growth of microorganisms
and biofilm construction (Thompson et al., 2006). Afterwards, the
different MFCs power outputs were probably caused by distinctions in
the biofilm composition caused by metabolic changes at different C/N
ratio in the medium.

Fig. 2b and c shows the polarisation curves obtained from polar-
isation experiments performed at 98 and 182 days of operation. The
open circuit potential of the anode (OCPp) at the 98th day was
congruous for all the MFCs (—274.1 + 1.6 mV). Similarly, the cathode
open circuit potential (OCP¢) was uniform in this period (230.9 + 7.0
mV). Afterwards, the OCP, for 0.05 gL ™%, 0.5 gL' and 1 g L™! evolved
towards a more positive potential due to the biofilm overgrown, which
reduced substrate diffusion rate into deeper biofilm layers (Greenman
et al., 2021). Only for 0.2 g L7! the OCPp has changed towards the
negative potential. It is suspected that the biofilm efficiency of these
MEFCs developed further during this period. The OCP¢ changed signifi-
cantly only for 0.05 g L™} and 0.5 g L™. The OCP¢ evolved toward a
more positive potential due to salt electroosmosis from the anolyte to the
cathode surface (Rosset et al., 2023). The shape of the polarisation
curves from the 98th day showed that the performance of all MFCs was
mainly limited by concentration losses at the anode, which are recorded
at the higher current range on the plot. In this period, the lowest anodic
losses were observed at 0.5 g L™, Furthermore, the overshoot phe-
nomenon was observed for MFCs. The complexity of the waste cooking
oil as a substrate and the immaturity of the biofilm can caused an
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Fig. 3. (a) Nyquist plots and (b) EIS data analysis using the equivalent circuit model presented in the middle of the graph obtained after 182 days of operation.

overshoot phenomenon at higher currents, because the bacteria at the
anode cannot sustain the increasing demand for electrons (Watson and
Logan, 2011; Winfield et al., 2011). Significant differences in the
polarisation curves were observed on the 182nd day of operation. As
shown on Fig. 2¢ a decrease in ohmic (middle range of current) and
concentration losses was observed for 0.2 ¢ L™ and 0.5 g L™}, while for
the other MFCs these losses increased. The maximum current achieved
for 0.5 g L™! on the 182nd day was 1.15 mA, while for 0 g L™}, 0.05 g
L7}, 02¢gL ™ and 1 g L7} the maximum current values were lower by
63%, 39%, 16% and 39%, respectively. Polarisation data from the
182nd day revealed dominant concentration losses for each of the MFCs.
The observed further decrease of internal resistance in time for 0.2 g L™*
and 0.5 g L1 could be attributed to a better biofilm development and
bioavailability of the substrate due to BSFs production. Furthermore, the
increase in NH4Cl concentration has affected the conductivity of the
electrolyte.

3.1.3. Electrochemical impedance spectroscopy

The EIS experimental data were fitted to an equivalent circuit model
(ECM) according to (Sekar and Ramasamy, 2013). The circuit element
Ra corresponded to the anode, R¢ to the cathode, and Ry + g to the
ohmic resistances, mainly caused by the membrane and electrolyte
resistance. Constant phase element (CPE) was used in the ECM, which
corresponds to the capacitive behaviour of the electrical double layer
due to the roughness and porosity of the electrode surface, with the
presence of biofilm and changes in biofilm thickness (Sekar and Ram-
asamy, 2013). At the end of the ECM, a Finite length Warburg element
designated as Wg was used (Lepage et al., 2012). The Nyquist plots
obtained with the EIS are shown in Fig. 3a. The results of the analysis of
individual impedance components using the ECM are presented on
Fig. 3b. (Borole et al., 2010; Pasternak et al., 2021). The EIS experiment
after 182 days of operation showed a decrease in the sum of impedances
with increasing concentration of NH4Cl in the MSM, until it reached the
minimum value for 0.5 g L. The sum of the impedances for 0.5 g L ™!
was equal to 33.9 Q, while the values for 0 g L™%, 0.05 g L™}, 0.2 g L-1
and 1 g L! were higher by 118%, 27%, 22% and 3% respectively. The
same trend was observed for the Ry. Anode impedance for 0.5 g L™! was
5.9 Q. It is known that R decreases with biofilm maturation (Pasternak
et al., 2018). Therefore, we conclude that the lowest Ry value for 0.5 g
L~! was the result of improved biofilm development on the anodes, as
well as the effects attributed to BSFs synthesis. Previous studies have
shown that rhamnolipids can lead to improved biofilm formation at the
anode (Pasternak et al., 2020; Y. Zhang et al., 2017). The observed

decrease in R¢ with increasing NH4Cl concentration was attributed to
the beneficial effect of salts precipitation on the CWZ-22 activated car-
bon cathode (Rosset et al., 2023). However, despite the higher con-
ductivity for 0.5 g L™ and 1 g L™! (Table 1.), it is suspected that the
increase in Ry 4 g was the result of membrane biofouling caused by more
efficient growth of microorganisms at higher nitrogen concentrations in
the anolyte. Furthermore, the Ry + g values were related to the presence
of BSFs as detected by surface tension measurements. It is known that
surfactants can influence the permeability of the cell membrane (Sotir-
ova et al., 2008), which is necessary for the movement of electrons in the
mediated electron transfer process, as well as we believe that rhamno-
lipids can improve the antifouling properties of membranes.

3.2. Biosurfactant synthesis

Biosurfactant synthesis was monitored by measuring the surface
tension (SFT) of the anolytes. The drop of the SFT is caused by the
presence and increased concentration of BSFs in the medium. On the
98th day of operation, changes in SFT were measured for all MFC ano-
lytes throughout the feeding cycle (Fig. 4a.). The microaerophilic con-
ditions (oxygen concentration = 7.2%) in anodic chamber were
sufficient for the enriched biofilm to synthesise BSFs. Furthermore,
significant changes occurred in the production of BSFs, depending on the
concentration of NH4CI. One hour after the feeding cycle was initiated,
the lowest SFT values equal to 62.2 mN m~! and 56.2 mN m™, were
reached for 0 g L™! and 1 g L™}, respectively. For the remaining MFCs, a
further drop in SFT was observed. In the second hour of the batch cycle,
the minimum SFT value was reached for 0.2 g L1, equal to 55.9 mN
m~ L. Afterwards (4th hour), the SFT values equal to 54.6 mN m~! and
61.0 mN m ™! were recorded for 0.5 g L ™! and 0.05 g L™}, respectively. In
the last phase, the SFT of the anolytes increased due to the catabolism of
the BSFs and/or the interactions of the BSFs with the substrate mole-
cules, as previously indicated (Pasternak et al., 2023). The observed
changes in SFT relative to nitrogen content were consistent with previ-
ous research. Other authors indicated that the production of BSFs in
conventional liquid cultures showed that microbial metabolic disorders
can be caused by an excessive nitrogen load in the reactor and thus limit
the synthesis of BSFs (Lan et al., 2015). On the other hand, the absence
of a nitrogen source in MSM results in a serious limitation of biomass
production. Another study identified a significant effect of the C/N ratio
on the regulation of genes involved in the production of BSFs by Pseu-
domonas aeruginosa (Ramos et al., 2023). Fig. 4b shows the relationship
between the minimum SFT and the maximum power density measured
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in the same batch cycle as a function of the NH4Cl concentration in the
MSM. The determined Pearson’s correlation coefficient (r) showed a
strong negative correlation (r = —0.96). It can be concluded that the
concentration of NH4Cl had the same effect on power production and
conversion of the waste cooking oil to BSFs, which further indicates
direct relationship between power production and BSFs synthesis. Our
previous work demonstrated a strong correlation between electricity
production and BSFs synthesis in the horizontal MFC design (Pasternak
et al., 2023), while herein an additional effect of nitrogen content on
these parameters was revealed. To characterise the properties of the
BSFs produced, the emulsification activity index (E24) was determined
for the anolytes of all MFCs (Fig. 4c.). The highest E24 was noted for 0.5
g L ! equal to 95.4%, while the lowest E24 in the study was observed for
0 g L™! equal to 52.8%. For the remaining MFCs, the values were similar
(88.3 £ 3.8%). Furthermore, the foaming ability and foam stability were
determined for the anolyte of 0.5 g L™} (Fig. 4d.). The foaming ability
equal to 4.0 cm® (per 20 em® of anolyte) and the foam stability equal to
87.5% were obtained.
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3.3. Coulombic efficiency and COD removal

The effect of NH4Cl concentration in culture medium on waste
vegetable oil degradation was assessed by determining the COD removal
and the coulombic efficiency (CE) of the MFCs (Fig. 5). The COD con-
centration of the fresh MSM with the oil substrate was of 2822 mg L™},
while after MFC treatment the COD was equal to 184 mg L™}, 143 mg
L7141 mgL™},142mg L and 128 mg L' for 0 gL}, 0.05 g L1, 0.2
gL™1,0.5gL and 1 gL}, respectively. Thus, the COD removal values
were similar for all MFCs (94.8 + 0.7%). The highest CE value was
recorded for 0.2 g L™! (52.1%), while for 0.5 g L™1, 0.05 g™}, 0 g L™}
and 1 g L7! the CE values were lower by 14%, 19%, 35% and 47%,
respectively. Despite the lower maximum current obtained at 0.2 g L™
(in comparison to 0.5 g L™!) during the CE measurement, the CE value
was higher for 0.2 g L~ (C/N = 5.79) due to the higher average current
obtained throughout the batch cycle (Fig. 1b.). The COD removal is
highly affected by the design of the MFC and the operating conditions of
the bioreactor (Zhang et al., 2015). In this study, we used the same
design for all MFCs, operated at the same temperature, therefore, we did
not expect a significant difference of the COD removal in the given,
relatively long batch cycle. However, a significant effect of NH4CI con-
centration in the culture medium on the CE value was recorded. As
previously reported, the development of stable biofilms and substrate
metabolism is correlated with the concentration of the nitrogen source
in the culture medium (Rochex and Lebeault, 2007). Therefore, the
lowest CE value observed for 1 g L1 was the result of the non-optimal

structure and composition of the biofilm, which may limit the sub-
strate diffusion rate (Greenman et al., 2021; Pasternak et al., 2018), and
was indicated by the high Ry values (Fig. 3.). Furthermore, it is known
that nitrogen-induced logarithmic growth of microorganisms in the
anolyte may affect the predominance of the competitive to current
generation, degradation pathways (Chen et al., 2018). The CE value for
0.2 g L7! is higher by over 40% than obtained for MFCs fed with oily
wastewater (Baranitharan et al., 2015; Firdous et al., 2018).

3.4. Microbial community and biosurfactants analysis

Biomass and anolyte from the most efficient MFCs (0.5 g L_l) were
collected for analysis of the microbial community and BSFs. Microbial
community analysis demonstrates the most abundant phyla as Proteo-
bacteria (68.53%), Bacteroidota (18.28%) and Firmicutes (7.57%)
(Fig. 7a). Other studies confirm the dominance of these phyla in the
bacterial communities responsible for electricity generation (Guo et al.,
2020; Hassan et al., 2018). At the genus level Azospira (23.6%), Pseu-
domonas (22.71%), Dysgonomonas (16.73%) and Aeromonas (6.61%)
were identified. Microorganisms belonging to the Azospira genus are
known for denitrification capabilities under anaerobic conditions and
may demonstrate ability to use the electrode as an electron acceptor
(Borole et al., 2009; Yang et al., 2022). Members of Pseudomonas genera
have been reported to produce secondary metabolites such as phena-
zines and BSFs. First group of metabolites act as redox mediators in MFC
systems (Ilamathi et al., 2019), while BSFs facilitate biodegradation of
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hydrophobic compounds (Pasternak et al., 2020). Both play a crucial
role in quorum sensing processes. In another study, it was observed that
the presence of Dysgonomonas genus increased the power generated by
the MFC, indicating its role in the flow of electrons to the anode
(Watanabe et al., 2011). Microbial community analysis at species level
revealed domination of Pseudomonas aeruginosa in relative frequency of
19.60%. It is known that strain is a main producer of rhamnolipids
(Soberon-Chavez et al., 2005; Zhao et al., 2021), what is confirmed in
this work by LC-MS/MS analysis. Eleven types of rhamnolipids were
identified and classified as mono- and dirhamnolipids. In the mono-
rhamnolipid group Rha-C10, Rha-C10-C10, Rha-C8-C10/Rha-C10-C8,
Rha-C10-C12/Rha-C12-C10, Rha-C8:1-C10/Rha-C10-C8:1 and Rha-C10
-C12:1/Rha-C12:1-C10 were detected. A representative spectrum for
one compound (Rha-C10) in this group is shown in Fig. 6. In dirham-
nolipids group, we have observed: Rha-Rha-C10, Rha-Rha-C10-C8/R-
ha-Rha-C8-C10, Rha-Rha-C10-C10/Rha-Rha-C10-C10, Rha-Rha-C10-
C12:1/Rha-Rha-C12:1-C10 and Rha-Rha-C10-C12/Rha-Rha-C12-C10.
An example spectrum for Rha-Rha-C10-C8/Rha-Rha-C8-C10 is shown
in Fig. 6. Detailed data about m/z values and retention time can be found
in Table S1 in Supplementary data. A similar characterisation of rham-
nolipids produced by P. aeruginosa using frying oil as the sole carbon
source was achieved in the previous study by Sun et al. (Sun et al,,
2021). TLC analysis with orcinol assay additionally confirms the
glycolipid composition of the produced BSFs. The results reported
herein represent variety of rhamnolipid types produced by electroactive
consortium, while previously available research for BES reported these
groups of compounds, only when dedicated pure cultures known to

synthesise these groups, as well genetically modified microorganisms
were used as the inoculates (Askitosari et al., 2020; Harnisch et al.,
2024; Zheng et al., 2015). Furthermore, to the best of our knowledge,
this is the first work where a wild type communities were investigated to
identify the produced types of biosurfactants.

3.5. Analysis of waste cooking oil and its degradation residues

Composition of the anolytes after MFC treatment was analysed using
the GC-MS method. The GC-MS analysis of the biotic control sample is
shown on Fig. 7b. The main components of the waste cooking oil were
oleic acid (9-octadecenoic acid, C18:1), palmitic acid (Hexadecanoic
acid, C16:0) and phenol (2,4-bis(1,1-dimethylethyl)), accounting for
24%, 16% and 14% respectively. Moreover, in the composition of the
waste vegetable oil a high total amount of aliphatic hydrocarbons equal
to 43% was observed. As shown in Fig. 7c., the oil degradation ratio was
similar for all MFCs (74.2 + 1.5%) except for 1 g L1 (80.5%).

The degradation ratio of individual waste oil components in the MFC
is shown in Fig. 7d. The results showed that all MFCs completely
degraded the fatty acids, tetracosane, eicosane, and tridecane. However,
a difference in the degradation of the remaining components depending
on the concentration of NH4Cl in the culture medium was observed.
Quantitative analysis showed the least phenol degraded for 0 g L1,
while for the other MFCs a similar degradation of this component was
noted. Furthermore, an improvement in the degradation of two main
aliphatic hydrocarbons, hexadecane and tetradecane, was observed with
an increasing concentration of NH4CI in MSM, except for 0.5 g L™, It is
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assumed that the lower degradation of aliphatic hydrocarbons for 0.5 g
L7 was the result of the reduction of fatty acids by carboxylic acid
reductase (CAR) enzymes to the corresponding aldehydes and then to
alkanes by aldehyde decarbonylase enzymes (Kalim Akhtara et al.,
2013; Venkitasubramanian et al., 2007). Similar results were shown by
Pasternak et al. (2023). In conclusion, all MFCs were able to completely
degrade saturated and unsaturated fatty acids and three aliphatic hy-
drocarbons (Ca4, C20, and Cy3). The differences in the degradation ratio
of the remaining components support our previous remarks that the
different pathways of fatty acid metabolism were revealed, depending
on the nitrogen concentration in the anolyte. The lowest degradation of
the majority of the waste oil components, observed for 0 g L™}, was the
result of weak biofilm performance. On the other hand, 1 g L™} (C/N =
1.16) provided the highest degradation of all waste oil components, but
showed the lowest CE value in this study, which corresponds to our
conclusions from the COD removal. The data from the GC/MS analysis
correspond to the MFC performance indicators such as the mentioned
COD, CE as well as power performance and impedance parameters.

4. Conclusions

The effect of nitrogen source concentration in the culture medium on
the efficiency of biosurfactant and electricity production in horizontal
microbial fuel cells was assessed. The observed power production indi-
cated an improvement in efficiency corresponding to the increase in the
concentration of NH4Cl in the medium, and the maximum power density
(124 W m’3) was recorded for 0.5 g Lt (C/N = 2.32). Similarly, the
highest decrease in surface tension to 54.6 mN m !, which indicated the
synthesis of biosurfactants, was also observed for this concentration.
Importantly, we have shown a strong negative correlation (r = —0.96) of
changes in power density and decrease in surface tension as a function of
NH4Cl concentration. Therefore, we prove that the biosurfactant syn-
thesis and degradation efficiency of the waste cooking oil is directly
dependent on the concentration of the nitrogen source. Other parame-
ters such as COD, CE, compounds biotransformation, and MFC imped-
ance elements also corresponded to the nitrogen concentration. The 16S
biodiversity analysis indicated the presence of biosurfactant-producing
dominant strain of P. aeruginosa, along with other biodegradative,
electroactive and biosynthesising species. Their activity resulted in
biosynthesis of eleven types of mono- and di-rhamnolipids as detected
by the metabolomic approach. These results show that the concentration
of the nitrogen source in the culture medium is one of the crucial factors
to maintain high efficiency of waste vegetable oil degradation, power
production and simultaneous biosurfactant synthesis and brings the
efficient synthesis of biosurfactants in bioelectrochemical systems, one
step closer to the application.
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Tab. S1. Summary of LC-MS/MS analysis for detected biosurfactants.

No. m/z Rhamnolipids Molecular Retention Lipidmaps ID
formula time [min]
1 333,1915 Rha-C10 Ci16H3007 1,80 LMFA13030003
2 475,2907 Rha-C8-C10/Rha-C10-C8 C24H4404 2,56 LMFA130300
3 473,2802 | Rha-C8:1-C10/Rha-C10-C8:1 C24H4204 2,55 -
4 503,3220 Rha-C10-C10 Ca26H4509 2,76 LMFA13030001
5 529,3376 | Rha-C10-C12:1/Rha-C12:1- CasH5004 2,87 LMFA13030016
c10
6 531,3521 | Rha-C10-C12/Rha-C12-C10 CasHs204 2,97 LMFA13030013
7 479,2492 Rha-Rha-C10 C22Ha0011 1,72 LMFA13030006
8 621,3485 Rha-Rha-C10-C8/Rha-Rha- C30H54013 2,47 -
C8-C10
9 649,3799 Rha-Rha-C10-C10 C3oHs5013 2,65 LMFA13030005
10 | 675,3937 Rha-Rha-C10-C12:1/Rha- C34He0013 2,76 -
Rha-C12:1-C10
11 677,4112 Rha—Rha—ClO—ClZ/Rha—Rha— C34H62013 2,85 -
C12-C10
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5.4. Enhancing performance and durability of PVDF-ceramic composite
membranes in microbial fuel cells using natural rhamnolipids

5.4.1. Omowienie publikacji

Separatory ceramiczne stanowig obiecujgcg alternatywe dla drogich membran
jonowymiennych ze wzgledu na niski koszt produkcji, dobrg stabilno$¢, wysoka trwatos¢
1 dostgpnos¢. Ze wzgledu na te zalety w wigkszos$ci badan nad zwigkszaniem skali MFC
stosuje si¢ membrany ceramiczne. Jednak skiad materialdéw ceramicznych najczesciej
powoduje powstawanie fadunkéw ujemnych na powierzchni materiatu, co sprzyja adhezji
kationéw z anolitu i zmniejsza szybko$¢ przenoszenia protondow. Dodatkowo porowata
struktura membran ceramicznych sprzyja przenikaniu substratu itlenu pomiedzy
komorami.  Dlatego  ograniczenie  skutkéw  chemicznego i biologicznego
zanieczyszczenia membran wymaga zwigkszenia hydrofilowo$ci, zmniejszenia
chropowato$ci membrany lub domieszkowanie biocydami. Stosunkowo nowa strategia
poprawy wydajnosci i stabilno$ci membran ceramicznych w MFC jest zastosowanie
powloki polimerowej o zwigkszonej odporno$ci na zanieczyszczenia. Membrana
z nanowlokien PVDF moze by¢ dobrym komponentem kompozytowej membrany
ceramicznej, ze wzgledu na wysoka powierzchni¢ wilasciwa, ekstremalnie porowata
strukture 1waski rozmiar poréw. Ponadto wytwarzanie tego materialu technikg
elektroprzedzenia pozwala kontrolowa¢ morfologi¢ powierzchni nanowtodkien,
a wytworzony materiat jest tatwy do funkcjonalizacji.

W artykule przedstawiono nowatorska kompozytowa membrane ceramiczng z powtoka
z nanowlokien PVDF. Dodatkowo po raz pierwszy zastosowano modyfikacj¢ membrany
ramnolipidami w celu zwigkszenia wydajnosci MFC oraz wyjasniono w jaki sposdb
interakcje  molekularne  migdzy  czasteczkami  ramnolipidu i modyfikowane;j
1 niemodyfikowanej membrany z nanowtokien PVDF mogly wplyna¢ na obserwowang
wydajnos$¢ mocy.

W badaniu wykorzystano jednokomorowe MFC z katodg powietrzng skonstruowane
z elementéw wycietych laserowo z arkuszy PMMA o grubosci 3 mm. Jako wewnetrzng
warstwe kompozytowej membrany ceramicznej zbadano membrang z nanowtokien
PVDF wytworzong technika elektroprzedzenia, atakze PVDF o modyfikowanej
powierzchni metoda obrobki alkalicznej (PVDF-OH), obrobki ramnolipidami
(PVDEF/BS) i kombinacji obu podejs¢ (PVDF-OH/BS). Korzystajac z charakterystyki
elektrochemicznej, fizykochemicznej 1powierzchniowej, oceniono skuteczno$¢
modyfikacji oraz zbadano dlugoterminowg eksploatacje kompozytowych membran
ceramicznych.

Membrana wyjsciowa znanowtokien PVDF 1ipo obrobee alkalicznej (PVDF-OH)
wykazaly najwyzsze wtasciwos$ci hydrofobowe, ktore byty stabilne w czasie, podczas
gdy najbardziej hydrofilowe wlasciwosci wykazata membrana modyfikowana
dwustopniowo (PVDF-OH/BS). Tym samym najwigksza zmiang wlasciwosci
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powierzchniowych uzyskano modyfikujac membrane za pomoca obrébki alkalicznej
1 biosurfaktantami, natomiast modyfikacja biosurfaktantami bez wcze$niejszej obrobki -
OH ujawnita umiarkowane zmiany wlasciwosci powierzchniowych membrany.
W rezultacie zastosowanie warstwy PVDF jako komponentu membrany ceramicznej
w MFC nie dalo =zadowalajacych efektéw. Charakterystyka elektrochemiczna
1 powierzchniowa ujawnita najwigckszg podatno$¢ na zanieczyszczenia biologiczne
1 chemiczne dla membrany Ceramic+PVDF. Membrana PVDF modyfikowana grupami -
OH zwigkszyta maksymalng moc MFC, jednak jej wlasciwosci dlugoterminowe okazaty
si¢ najstabsze w calym zestawieniu. Natomiast modyfikacja nanowtokien PVDF
biosurfaktantami (Ceramic+PVDF/BS i Ceramict+PVDF-OH/BS) znaczaco poprawita
hydrofilowo$¢ membran, tworzac warstwe polprzepuszczalng o wihasciwosciach
przeciwbiofoulingowych. Najwyzsza w badaniu gestos$¢ mocy oraz najlepsze
wlasciwosci  przeciwbiofoulingowe uzyskalo MFC wyposazone w membrang
kompozytowa Ceramic+PVDF-OH/BS.

Uzyskane wyniki udowodnity, Ze naturalnie wytwarzane ramnolipidy moga oddziatywac
z membranami polimerowymi w MFC. Zastosowana modyfikacja komponentu
polimerowego kompozytowej membrany ceramicznej za pomocg biosurfaktantow
ograniczyta negatywne skutki biofoulingu itym samym poprawita dlugoterminowa
wydajnos$¢ energetyczng i trwato§¢ membran. W badaniu po raz pierwszy wykazano, ze
zrownowazone produkty ekologiczne, takie jak biosurfaktanty, moga stanowi¢ metode
modyfikacji membran MFC ipo raz pierwszy ujawniono mechanizmy interakcji
biosurfaktantéw z membranami.

5.4.2. Publikacja
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ARTICLE INFO ABSTRACT
Keywords: Ceramic membranes are widely used in microbial fuel cells (MFCs) owing to their cost-effectiveness and avail-
MEC ability. However, these membranes often face challenges such as biofouling and negative mass-transfer effects.
s‘e;;nic This study explored the use of a polymer layer to mitigate these issues, focusing on a polyvinylidene fluoride

(PVDF) nanofibre membrane with various surface modifications. The modifications included alkaline treatment
(PVDF-OH), rhamnolipids treatment (PVDF/BS), and a combination of both (PVDF-OH/BS). The ceramic
membrane integrated with PVDF-OH/BS achieved the highest power density of 13.8 W m~3, which was 38 %
higher than that of the unmodified ceramic membrane. Additionally, during the long-term study (days 90-101),
the Ceramic + PVDF-OH/BS maintained a 64 % higher power performance compared to the unmodified ceramic
membrane, indicating superior antifouling properties. Electrochemical and surface characterisation revealed that
rhamnolipid-modified PVDF nanofibers enhanced fouling resistance. The findings demonstrate that natural
biosurfactants which can be produced in situ within MFCs, can form a protective layer over membranes and
significantly enhance their long-term power performance. This study represents the first instance of using natural
microbial biosurfactants to improve membrane efficiency in a bioelectrochemical system.
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A. de Rosset et al.
1. Introduction

Recent years have seen an increased interest in substituting fossil
fuels with renewable energy sources. Microbial fuel cell (MFC) tech-
nology has emerged as a promising environmentally sustainable solu-
tion, effectively removing organic contaminants from wastewater while
generating bioelectricity [1]. MFCs are sophisticated bioelectrochemical
systems that utilise bacteria to oxidise organic matter, thereby produc-
ing electricity.

Despite significant advancements, commercialisation of the MFC
technology remains challenging due to various technological, economic,
electrochemical, and microbiological barriers that hinder scalability [2].
Typically, MFC designs feature an anode and cathode chamber sepa-
rated by a proton-exchange membrane. These membranes are crucial for
transporting hydrogen ions from the anolyte to the cathode while pre-
venting substrate and oxygen crossover between the chambers [3]. Their
role is vital for both efficient organic pollutant removal and electricity
generation in MFC systems. Moreover, membranes can account for
approximately half of the total MFC construction cost, especially when
using standard cation exchange membranes (CEMs) such as Nafion or
Ultrex [4]. CEMs are particularly vulnerable to chemical and biological
fouling, which often necessitates membrane replacement or regenera-
tion to restore efficiency [5]. Consequently, recent research has focused
on the development and modification of new, durable, and cost-effective
materials for MFC separators. Significant efforts have been made to
create membranes from porous fabrics [6], polymers [7], ceramics [8],
composites [9], and numerous modification approaches [10-12].

Ceramic separators are promising alternatives to expensive ion-
exchange membranes because of their low production cost, good sta-
bility, high durability, and availability [13]. Given these advantages,
many scaled-up studies on MFCs have employed ceramic membranes.
For instance, Das et al. assessed the long-term efficiency of MFCs used
for real wastewater treatment in a system with a total working volume of
720 L, utilising a ceramic separator [14]. However, the inherent
composition of ceramic materials often results in the formation of
negative charges on their surfaces, which can attract cations from the
anolyte and decrease the proton transfer rate. Additionally, the porous
nature of ceramic membranes can facilitate the unwanted penetration of
substrate and oxygen between the chambers [15]. Therefore, modifi-
cation approaches for ceramic membranes are desirable to achieve
satisfactory performance and long-term operational stability.

To mitigate issues such as biofouling and chemical contamination,
several strategies have been explored, including increasing hydrophi-
licity, reducing membrane roughness, and doping with biocides [5]. For
example, hydrophilicity can be improved by incorporating graphene
oxide (GO) into the ceramic matrix, resulting in an approximate 18 %
increase in Coulombic efficiency [16]. In another study, ceramic mem-
branes composed of barium, cerium, and gadolinium oxides doped with
cobalt demonstrated enhanced biofouling resistance compared to Nafion
117 [8]. Despite these advancements, some of these materials may not
be cost-effective for large-scale applications.

An effective strategy for enhancing the performance and stability of
ceramic membranes in MFCs involves the application of a polymer
coating to improve fouling resistance. Although there have been limited
studies on polymer-ceramic composite membranes, recent advance-
ments show promising results. For instance, Pasternak et al. utilised
recycled polypropylene nonwoven fabric in a ceramic composite mem-
brane, which resulted in a 92 % increase in power output from the MFC
and a 600 % improvement in performance at the end of a long-term
study period [17].

A relatively novel approach involves the use of a polyvinylidene
fluoride (PVDF) nanofibres membranes [18]. Studies have demonstrated
that MFCs equipped with composite membranes of PVDF nanofibres and
Nafion exhibit higher power generation and Coulombic efficiency
compared to those with pristine Nafion membranes [19]. Similarly, a
composite membrane made from PVDF nanofibres and perfluorinated
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sulfuric acid ionomer (PFSA) showed superior power production
compared to commercial Nafion membranes [20]. PVDF nanofibres
offer significant advantages due to their high specific surface area,
highly porous structure, and precise pore size control. Additionally, the
electrospinning technique used to produce these nanofibres allows for
controlled surface morphology and easy functionalisation [21,22].

Biosurfactants (BSFs) are surface-active compounds produced
through microbiological processes. They exhibit properties similar to
synthetic surfactants but are generally less toxic and more stable under
extreme conditions of temperature, pH, and salinity [23]. In bio-
electrochemical systems, BSFs can enhance efficiency by improving the
bioavailability of hydrophobic substrates [24], increasing the hydro-
philicity of electrode surfaces [25], influencing electron transfer mech-
anisms, and inducing biofilm formation and stability [26].

Herein, we present a novel composite ceramic membrane incorpo-
rating PVDF nanofibres. Furthermore, this is the first instance of mem-
brane modification with rhamnolipids aimed at enhancing MFC
performance. A PVDF nanofibers membrane produced by electro-
spinning technique, as well as surface modified PVDF by alkaline
treatment, rhamnolipids treatment and a combination of both ap-
proaches were tested as the inner layer of the composite ceramic
membrane. The effectiveness of these modifications in terms of long-
term operation in air-cathode microbial fuel cells was assessed using
electrochemical characteristic. Furthermore, physicochemical, and sur-
face characterisations revealed the mechanism of changes in membrane
stability under the influence of the applied modifications. Additionally,
we explored how the molecular interactions between rhamnolipids and
PVDF, both modified and unmodified, may have influenced the
observed power performance.

2. Materials and methods
2.1. Preparation and modification of PVDF nanofiber membranes

Polyvinylidene fluoride (PVDF) nanofibre membranes were prepared
using an NS 1S500U Nanospider machine (Elmarco, Liberec, Czech
Republic) as previously reported [27]. The nanofibers density was
measured to be 3 g m™2, with each layer having a thickness of 0.28 mm.
To enhance the mechanical properties of the PVDF nanofibers, the
nanofiber web was laminated with an additional 100 g m~2 poly-
ethylene terephthalate nonwoven support (from Mogul Nonwovens,
Gaziantep, Turkey) for 3 min at 130 °C and 75 kN pressure. The surface
of the PVDF membrane was chemically modified through alkaline
treatment as described previously [28]. A 10 % (w/v) KOH solution in
isopropyl alcohol was prepared at 50 °C and then cooled to room tem-
perature. The PVDF membranes were immersed in this alkaline solution
for 15 min. After treatment, the membranes were rinsed with Milli-Q
water and subsequently soaked in a solution containing 0.5 g of rham-
nolipids (AGAE Technologies) in 100 mL of Milli-Q water for 1 h. The
modified membranes were then washed three times with distilled water
to remove any excess solvent and allowed to air dry.

2.2. Preparation of ceramic separators

Ceramic separators were prepared from white clay (Goerg &
Schneider no. 468, Siershahn, Germany) as previously described [17].
The clay was manually pressed into a mould and sintered at 1000 °C for
90 min, with a heating rate of 4 °C min~'. The membranes were pro-
duced with dimensions of 4 cm x 4 cm and a thickness of 3.5 mm.
Composite membranes were created by assembling a PVDF nanofibrous
membrane with a ceramic membrane in a sandwich configuration. The
active area of the MFC membranes was 12.25 cm?.

2.3. Microbial fuel cell construction and operation

In this study, a single-chamber air-cathode microbial fuel cell (MFC)
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was employed. The MFC design featured laser-cut components from 3
mm-thick PMMA sheets, with a working volume of 26 cm®. The anode,
with a geometric area of 9 cm2, was constructed from a carbon veil (PRF
Composite Materials, Dorset, UK) and connected to the external circuit
via a 316LSi steel wire. The cathode comprised activated carbon CWZ-
22, with specific surface area of 972 m? g™, according to a previous
study [29]. The cathode material was pressed into the cathode module,
with a stainless-steel mesh incorporated as a current collector. Addi-
tionally, a carbon veil was placed on the air side of the cathode to serve
as a diffusion and protective layer. The active surface area of the cathode
was also 9 cm?. The membranes prepared were used as separators be-
tween the anode and cathode chambers, with an anode-cathode distance
of 9 mm. All experiments were conducted at 25 °C, starting with an
external load (Rext) of 2 kQ. Subsequently, the optimal resistance (Rint)
was calculated, and Reye was adjusted to match it after each polarisation
experiment [30].

The MFCs were inoculated with a mixture of two activated sludges
from the wastewater treatment plant (Kudowa, Scinawka, Poland). After
2 days of inoculation, the activated sludge was replaced with a mineral
salt medium (MSM/acetate) with the following composition (g L™Y:
NH4Cl (Chempur, Poland) 1.5, NaoHPO4 (POCH, Poland) 0.6, KCI
(POCH, Poland) 0.1, NaHCO3 (Chempur, Poland) 2.5, a trace element
solution of 10 ml L™! and CH3COOH-3H,0 (Chempur, Poland) 0.82. The
feed solution (MSM/acetate) was changed daily throughout the entire
experiment (HRT = 23.3 + 3.7 h). The pH of the medium was main-
tained at 8.5. All solutions were prepared with Milli-Q water and
autoclaved prior to use (121 °C, 20 min).

2.4. Electrochemical experiments

Real-time data acquisition was conducted using a KEYSIGHT
DAQ970A system (Keysight Technologies, USA) with a 3-min interval.
Electrochemical characteristics were assessed with a MultiPalmSens4
potentiostat (Palmsens BV, Netherlands). Linear sweep voltammetry
(LSV) measurements were performed using a three-electrode setup: the
anode served as the working electrode (WE), the cathode acted as the
counter electrode, and a saturated Ag/AgCl electrode was used as the
reference electrode, placed in the anode chamber. Power and polar-
isation curves were recorded over a potential range from the open-
circuit potential to 0.0 V WE vs Ag/AgCl at a scan rate of 1 mV s~

Electrochemical impedance spectroscopy (EIS) experiments were
conducted in a two-electrode configuration, with the anode acting as the
working electrode and the cathode as both the counter and reference
electrodes. An alternating current (AC) with an amplitude of 10 mV was
applied over a frequency range of 100 kHz to 10 mHz. All EIS spectra
were recorded in open-circuit voltage (OCV) mode and analysed using
EC-Lab V10.40 software.

2.5. Chemical oxygen demand and coulombic efficiency

The chemical oxygen demand (COD) was measured using the po-
tassium dichromate oxidation method, following the manufacturer’s
instructions (Hach, USA). COD values were determined for the fresh
medium and for the anolyte collected at the end of the feeding batch
cycle. COD removal efficiency was calculated as the ratio of the reduc-
tion in anolyte COD during MFC operation to the COD of the fresh
medium.

Coulombic Efficiency (CE) was determined according to the
following formula:

t
M/Idt
o

CE = FbV,,ACOD’

where M — molecular weight of carbon substrate (g mol’l); I — current
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(A); t—time of operation (s); F — Faraday’s constant (96500 C/mol e"); b
— number of electrons exchanges per mole of oxygen; Va, — working
volume of the anode chamber (L); ACOD — change in COD concentration
(mg L’l).

2.6. Physicochemical measurements

2.6.1. Conductivity and pH

An IONODE 1J44A electrode (ELMETRON, Poland) was used to
monitor the solution pH. The conductivity of MSM was measured using
an ELMETRON ECF-1 conductivity sensor.

2.6.2. Contact angle

The hydrophilicity of the membranes was determined by measuring
the dynamic contact angle of deionised water using a PG-X goniometer
(Fibro Systems). At least three membrane sections from different areas
were analysed to ensure accuracy.

In addition to the contact angle measurements, the water spreading
area (WSA) was evaluated to examine the membrane’s wettability. For
the WSA analysis, a single drop of distilled water (20 pL) was carefully
placed on the membrane surface. Subsequently, the resulting spreading
area image was quantified using ImageJ software.

2.6.3. Fourier-transform infrared spectroscopy (FT-IR)

To characterise the functionalisation of PVDF nanofibers, middle
infrared (4000-400 cm™ 1) spectra were obtained using a Fourier-
transform infrared spectrometer (Jasco FT/IR-4700). The sample was
placed on the diamond crystal of an attenuated total reflectance device.
Spectral data were recorded at a resolution of 4 cm ™! by performing 64
scans. The collected data were analysed using Jasco Spectra Manager
software.

2.6.4. Biosurfactants release tests

To evaluate the binding strength of rhamnolipids to the membrane
surface, biosurfactant release tests were conducted on the two modified
membranes, PVDF/BS and PVDF-OH/BS. The membranes, previously
modified with biosurfactants, were immersed in Milli-Q water at 25 °C.
Water samples were collected at specific time intervals to measure sur-
face tension using a mobile bubble pressure tensiometer (KRUSS, Ger-
many) and were analysed using a spectrophotometer (Unicam Helios
Alpha, USA).

2.7. Evaluation of cathodic biofouling

Cathodic biofouling, which is often linked to electro-osmotic drag
and indicates high power efficiency in MFCs, was evaluated by
measuring the number of colony-forming units (CFUs) after the exper-
imental period. Samples of activated carbon (0.2 g) were collected,
plated on LB growth agar, and incubated for 72 h at 25 °C. The number
of microbial colonies was then counted. Additionally, the dry weights of
the cathode samples were measured to determine the number of bacteria
per gram of dry weight.

2.8. Scanning electron microscopy

The membrane morphology was examined using a scanning electron
microscope (SEM; TESCAN VEGA 3). Both pristine membranes and
those used in MFC were prepared following the method described by
Szydlowski et al. [31]. First, the samples were immersed for 12hina 2.5
% glutaraldehyde solution in 0.1 M phosphate-buffered saline (PBS).
After washing three times with 0.1 M PBS, the samples were dehydrated
using an increasing gradient of ethanol in water. Subsequently, the
samples were immersed in pure hexamethyldisilazane (HMDS) and
air-dried for 10 min. Finally, the samples were dried at 50 °C overnight
prior to analysis.
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2.9. Data processing

The experimental data were calculated and graphically visualised
using OriginLab 2019. The current, power, and internal resistance were
calculated according to Ohm’s law.

U
P=UxI1(W),

where U - voltage (V); I - current (A); P — power (W); R — resistance (2)
3. Results and discussion
3.1. Pristine membranes characterisation

3.1.1. FT-IR analysis

FTIR analysis was conducted to investigate the interactions between
the membrane and the biosurfactant (Fig. 1a).

All materials exhibited characteristic C-H stretching vibrations at ~
2850 and 2950 cm . A slight shift in these bands was observed in the
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modified PVDF-OH, indicating a change in the environment of the —-CH,
functional groups.

PVDF-OH showed a small peak at 3430 cm ™, corresponding to O-H
stretching, and another peak at 1713 em ! (C=0), confirming the hy-
droxylation of PVDF to PVDF-OH, consistent with previous studies [36].
In addition, a new, small peak at ~ 1600 cm~! was observed attributed
to the formation of a double bond in the PVDF-OH structure [37].
However, the intensity of this bond was low due to the minimal activity
of C=C bonds in the infrared region. Furthermore, in the fingerprint
region, changes in the C-F groups were noted between 1250 and 1000
cm™, aligning with literature reports [37].

The biosurfactants adsorbed on PVDF and PVDF-OH (denoted as
PVDF|||biosurfactant and PVDF-OH|||biosurfactant, respectively)
exhibit similar group frequency regions, with some notable differences.
Broad bands in the 3800-3400 cm ! range likely correspond to ~OH
stretching vibrations. These bands are slightly redshifted in PVDF-OH
and show a significant increase in intensity. Concurrently, there is a
notable decrease in the intensity of the band representing C=0
stretching at 1711 cm ™. This observation confirms the presence of an
intermolecular hydrogen bonding network between the hydroxyl,
carbonyl, and carboxylic functionalities of PVDF-OH and the
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Fig. 1. a) FTIR spectra of rhamnolipids, PVDF, PVDF-OH, PVDF-OH with adsorbed biosurfactant and PVDF with adsorbed biosurfactant, b) ground state model of
PVDF with adsorbed biosurfactant with visible O-H:--F and C-H---O interactions and c) ground state model of PVDF-OH with adsorbed biosurfactant with visible
hydrogen bonding interactions (all computations were performed in Gaussian16 [32] with functional/basis set: B3LYP/3-21G; Multiwfn software [33] was used for
the elaboration of data; visualisations were made in Avogadro [34] and ChemCraft [35] and atoms are coloured: black — carbon, white — hydrogen, red - oxygen,
green/blue - fluorine; double bonds were omitted). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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biosurfactant. This hydrogen-bonding network is further illustrated in a
model studied using density functional theory (DFT; Fig. 1b and c). The
interactions between PVDF-OH]|||biosurfactant are visibly stronger
compared to PVDF|| |biosurfactant (O-H---O distance: ~ 1.4 A compared
to O-H---F distance: ~ 1.9 A). The hydroxylated PVDF and bio-
surfactants exhibit mutually complementary and interacting binding
sites, which enhances the interactions between PVDF-OH and the bio-
surfactant and facilitates electron transfer between the two species [38].

3.1.2. Contact angle and biosurfactants release measurements

Significant differences in contact angles were observed among the
various membrane types (Fig. 2¢). The pure PVDF nanofibers membrane
and the alkali-treated sample (PVDF-OH) exhibited the highest hydro-
phobic properties, which remained stable over time. In contrast, the
two-stage modified membrane (PVDF-OH/BS) demonstrated the most
hydrophilic properties and displayed the most dynamic contact angle
characteristics. The greatest change in surface properties was achieved
by combining alkaline treatment with biosurfactant attachment. Modi-
fication with biosurfactant alone, without the ~OH treatment, led to only
moderate changes in membrane surface properties.

To assess the stability of the surface modification and the potential
release of biosurfactants into the anolyte, PVDF/BS and PVDF-OH/BS
membranes were immersed in Milli-Q water for 16 h. Fig. 2a shows
the results of surface tension and UV absorption (225 nm) measurements
over time. For PVDF/BS, no significant changes were observed, sug-
gesting minimal release of biosurfactants. However, for PVDF-OH/BS, a
slight decrease in surface tension and an increase in UV absorption were
noted, indicating some biosurfactant release into the solution. The bio-
surfactants were then re-adsorbed onto the membrane, as reflected by
the changes in surface tension and absorbance. This suggests that the
biosurfactants on the -OH-modified nanofibers membrane can dynam-
ically interact with other components of the MFC environment. Such
interactions improve the bioavailability of substrates and enhance the
hydrophilicity of the electrode surface, leading to better biofilm for-
mation [25,39]. Even small amounts of released biosurfactants may
improve the initial stage of biofilm development (Fig. 4). This obser-
vation is consistent with the electrochemical impedance spectroscopy
results, where the lowest anode impedance was recorded on day 31 of
operation for the Ceramic + PVDF-OH/BS membrane (Fig. 6). Addi-
tionally, the intensity of the peaks corresponding to rhamnolipids
(Fig. 1a) was more pronounced in PVDF-OH/BS, suggesting higher
accumulation of these compounds, likely due to stronger binding of
some molecules.

Table 1 presents the water spreading area (WSA) values for each
sample. The WSA analysis indicates that droplets on both PVDF and
PVDF-OH membranes had reduced WSA values, meaning the droplets
did not penetrate the membrane, as shown in Fig. S1. This observation
aligns with the contact angle analysis results. Conversely, the mem-
branes modified with biosurfactants (BS) exhibited excellent drop
penetration. When droplets were applied to these surfaces, they spread
rapidly and wetted the membranes, demonstrating that the hydrophilic
properties of the BS enhanced the overall water contact angle of the
membranes. Among the samples, the -OH- and BS-modified membrane
exhibited the best water-spreading and drop-penetration properties.

3.2. Membranes and electrodes after MFC treatment

3.2.1. Cathode fouling and biofouling

The number of living bacteria was assessed using the colony-forming
unit (CFU) technique to characterise cathode biofouling. The results
indicated that all tested membranes displayed varying degrees of sus-
ceptibility to biological contamination of the cathode (Fig. 2b). The
Ceramic + PVDF membrane exhibited the lowest level of cathode
biofouling, consistent with the low power densities observed in this
study (Fig. 4). In contrast, the Ceramic + PVDF-OH membrane showed
fewer CFU than the biosurfactant (BS)-modified membranes, but had the
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Fig. 2. Results of: (a) Biosurfactants release analysis, (b) cathodic biofouling
measurements, and (c¢) dynamic contact angle of the investigated mem-
brane materials.

lowest long-term power durability among the tested membranes. The
highest levels of cathodic biofouling were detected for Ceramic + PVDE/
BS and Ceramic + PVDF-OH/BS membranes. This observation aligns
with previous study conducted by Pasternak et al. [40], which demon-
strated that cathodic biofouling directly correlates with ceramic MFC
performance. Similarly, our earlier research indicated that the amount
of salt accumulation at the cathode was related to the MFC’s long-term
performance [29]. The high number of microorganisms on the cathode
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Table 1
WSA of modified and unmodified separators.

Sample Area of spreading in cm?
Ceramics 0.682
PVDF 0.075
PVDF-OH 0.073
PVDE/BS 1.192
PVDF-OH/BS 3.823

electrode likely resulted from prolonged stable power generation and
increased organic and inorganic compound crossover, attributed to
electroosmotic drag [40,41]. The relatively low CFU count and
high-power stability observed for Ceramic could be due to their dimin-
ished performance towards the end of the experiment when these data
were collected.

Ceramic
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3.2.2. Scanning electron microscopy

After the experimental period, the MFCs were disassembled, and the
membranes were retained for surface imaging using scanning electron
microscopy (SEM) (Fig. 3). All membranes displayed signs of chemical
and biological fouling, although the extent varied. The control ceramic
membrane exhibited a smoother surface compared to the pristine (un-
used) ceramic, indicating significant coverage with extracellular poly-
mer substances (biofilm EPS) as a form of chemical fouling [17]. In
contrast, the surfaces of the ceramic components in the composite
membranes resembled those of the pristine ceramic, suggesting that the
PVDF layer acts as a semipermeable barrier to microorganisms. This
barrier limits their access to the ceramic component and improves the
durability of the MFC system. SEM micrographs revealed that the
ceramic component of Ceramic + PVDF was most affected by biofouling,
while the lowest contamination was observed for Ceramic + PVDF/BS
and Ceramic + PVDF-OH/BS. Among the PVDF components, the lowest
biological contamination was recorded for Ceramic + PVDF/BS, where

PVDF

Fig. 3. (a) SEM micrographs of pristine membranes, as well as membranes after 101 days of operation, marked as: (b) Ceramic, (c) Ceramic + PVDF, (d) Ceramic +

PVDF-OH, (e) Ceramic + PVDF/BS and (f) Ceramic + PVDF-OH/BS.
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the original nanofiber layer was visible beneath the biofilm. The
remaining PVDF components exhibited a similar morphology of the
biofilm on their surfaces. Hydrophilic separators tend to be less sus-
ceptible to biofouling due to reduced interactions between microor-
ganisms and the separator surface [5]. The reduced biological
contamination observed on the ceramic components of Ceramic +
PVDF/BS and Ceramic + PVDF-OH/BS is likely due to the enhanced
hydrophilicity of the PVDF membranes modified with biosurfactants
(Fig. 2c). However, it is important to note that the membranes were
collected for SEM analysis during a period when the energetic effects of
biofouling were apparent in all MFCs (Figs. 4 and 5a). The PVDF and its
rhamnolipids modifications create a semipermeable layer over the
ceramic element, reducing microorganism access. Therefore, modifying
PVDF with biosurfactants plays a crucial role in the long-term perfor-
mance of ceramic composite membranes.

3.3. Electrochemical monitoring

3.3.1. Real-time temporal performance

The power densities of MFCs equipped with four different ceramic
composite membranes and a control ceramic membrane were monitored
in real time over 101 days of operation. The results are shown in Fig. 4.
During the first 10 days, the highest increase in power was observed for
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Ceramic + PVDF-OH/BS. However, from day 15 onwards, a significant
increase in power was recorded for all MFCs. This initial stage of oper-
ation, characterised by biofilm maturation, often limits MFC efficiency
[30]. Previous studies indicated that biosurfactants significantly influ-
ence biofilm development [26]. Therefore, the highest increase in power
density during this period for Ceramic + PVDF-OH/BS can be attributed
to the small amount of biosurfactants released into the anolyte, as shown
by the biosurfactant release analysis (Fig. 2a). On day 32, the maximum
power densities for Ceramic and Ceramic + PVDF were achieved at 8.9
W m> and 6.8 W m~3, respectively, while the power density for the
other MFCs continued to rise. The power density obtained for the control
ceramic membrane was comparable to that reported in our previous
study [17]. Furthermore, this value was within the range of power
densities obtained for other ceramic materials [42-44]. Nevertheless,
only a short period of stable power output was observed for Ceramic,
followed by a rapid drop in performance. On day 55, Ceramic +
PVDF-OH reached its peak power density of 10.5 W m~3, but soon after,
a sharp decrease in power was noted. The low long-term stability of
Ceramic and Ceramic + PVDF-OH was attributed to high membrane
biofouling, as confirmed by SEM micrographs (Fig. 3). The maximum
power densities for Ceramic + PVDF/BS (9.5 W m*3) and Ceramic +
PVDF-OH/BS (9.8 W m~>) were achieved on days 70 and 79, respec-
tively, with these modifications resulting in the smallest decrease in
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Fig. 6. (a) Nyquist plots and (b) EIS data analysis using the equivalent circuit model (ECM). The ECM is presented in the middle of plot (b).
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generated power. The average of the maximum power densities of batch
cycles during the last 10 days of the experiment for Ceramic +
PVDF-OH/BS was equal to 7.39 + 0.77 W m~3, while for Ceramic,
Ceramic + PVDF, Ceramic + PVDF-OH, and Ceramic + PVDF/BS, the
value was lower by 39 %, 54 %, 55 % and 12 %, respectively. Previous
studies highlight the critical role of membranes in establishing
well-developed biofilms in MFCs [5]. Therefore, the superior perfor-
mance stability of Ceramic + PVDF/BS and Ceramic + PVDF-OH/BS can
be attributed to the enhanced antifouling properties of these modifica-
tions, as confirmed by contact angle measurements (Fig. 2c¢) and SEM
images (Fig. 3). Despite Ceramic + PVDF-OH achieving the highest
power output, its long-term stability was the lowest in this study, with
the highest power stability recorded for Ceramic + PVDF-OH/BS.

3.3.2. Long-term dynamic changes in MFC performance

Polarisation experiments were conducted throughout the study to
characterise changes in MFC performance and assess the impact of
membrane modifications on MFC lifetime. Fig. 5a shows the maximum
power densities obtained from LSV data. During the first 15 days, the
highest increase in power density was observed for Ceramic and
Ceramic + PVDF-OH/BS. After this period, the power density for
Ceramic stabilised, while a continued increase was noted for Ceramic +
PVDF-OH/BS. This rapid upward trend in power density for Ceramic +
PVDF-OH/BS can be attributed to the efficient maturation of anodic
biofilms, as observed in the real-time performance graph (Fig. 4). By day
37, the maximum power densities were recorded as 10 W m’3, 6.7 W
m~3 and 8.9 W m™ for Ceramic, Ceramic + PVDF and Ceramic + PVDF/
BS, respectively. On day 46, Ceramic + PVDF-OH and Ceramic + PVDF-
OH/BS reached their peak power densities of 12.9 W m~> and 13.8 W
m 3, respectively. The power density achieved by the best MFC in this
study exceeded that obtained for other composite ceramic membranes
under similar conditions [16,17,45]. In the subsequent period, all MFCs
showed a decrease in power density, with the highest drop of 70 %
recorded for Ceramic + PVDF-OH. The low performance stability of
Ceramic + PVDF-OH was attributed to its high hydrophobicity (Fig. 2¢)
and consequently high membrane biofouling (Fig. 3). At the end of the
experimental period (day 101), the power density for Ceramic +
PVDF-OH/BS was 9.9 Wm 3, compared to lower values for Ceramic (34
% lower), Ceramic 4+ PVDF (58 % lower), Ceramic + PVDF-OH (60 %
lower), and Ceramic + PVDF/BS (45 % lower). The superior long-term
stability of Ceramic + PVDF-OH/BS was due to its lower contact angle
(Fig. 2c), indicating better antifouling properties and improved con-
ductivity, as shown by FTIR analysis (Fig. 1). Therefore, PVDF modifi-
cation with a biosurfactant significantly impacts the long-term operation
of MFCs by ensuring excellent antifouling properties. A similar trend
was observed in the changes in internal resistance (Rj,;) during opera-
tion (Fig. 5b). Initially, Ry for Ceramic, Ceramic + PVDF, and Ceramic
+ PVDF-OH/BS decreased at a similar rate, reaching comparable values
by day 17, then stabilised. A slower decrease in Rj,; was observed for
Ceramic + PVDF-OH and Ceramic + PVDF/BS, with stable R;, reached
after 37 days of operation. The shortest stable Riy¢ period was noted for
Ceramic + PVDF-OH. The dynamic decrease in Rjy early in operation
resulted from biofilm development, which reduced electron transfer
resistance and activation energy of the electrode reaction [46]. The
average value of stable Rjy for Ceramic + PVDF-OH/BS was 251.3 +
97.4 Q. While for Ceramic, Ceramic + PVDF, Ceramic + PVDF-OH, and
Ceramic + PVDF/BS was higher by 53.1 %, 122.9 %, 240.7 % and 18.7
%, respectively. The operational stability of the MFC system is attributed
to the long-term properties of the membrane, cathode, and biofilm [5,
30,47]. Therefore, the lower stable Rj, values was a result of the
improved antifouling properties of the biosurfactant-modified mem-
branes (Ceramic + PVDF-OH/BS and Ceramic + PVDF/BS), as indicated
by the water spreading area test (Table 1).

The individual cathode and anode polarisation curves obtained on
days 37 and 88 of operation are presented in Fig. 5c and d, respectively.
On day 37, the open circuit potential of the anode (OCPpoqge) for all
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MEFCs reached similar values of approximately —286.9 + 11.6 mV,
except for Ceramic + PVDF-OH/BS, which had a more negative value of
—351.5 mV. Subsequently, the OCP4;4e €volved to a more negative for
all MFCs, except Ceramic + PVDF-OH/BS. The evolution of the OCPgp0de
to a more positive could be attributed to excessive biofilm accumulation,
which negatively impacted electron transfer resistance and substrate
diffusion rate [48]. The open circuit potential of the cathode (OCP,.
thode) Was also similar across all MFCs, at approximately 212.7 + 9.7
mV, except for Ceramic + PVDF-OH/BS. By day 88, a decrease in
OCP athode Was observed for Ceramic + PVDF-OH/BS and Ceramic +
PVDEF/BS, whereas no significant changes were noted for Ceramic and
Ceramic + PVDF. On day 88, Ceramic + PVDF-OH showed the highest
OCP,athode Value of 275.1 mV.

By analysing the polarisation curves from day 37 of operation, it was
observed that the main component of the internal resistance (Riy) for
Ceramic and Ceramic + PVDF was the ohmic resistance of the cathode
(Fig. 5b), whereas for the other MFCs, performance was predominantly
limited by anode concentration losses (Fig. 5¢) [24,49]. On day 37, the
maximum currents were 2.01 mA for Ceramic, 1.36 mA for Ceramic +
PVDF, 1.45 mA for Ceramic + PVDF-OH, and 1.04 mA for Ceramic +
PVDEF/BS. By day 88, a decrease in the slope of the cathode polarisation
curve was observed for Ceramic + PVDF/BS and Ceramic +
PVDF-OH/BS (Fig. 5d). This change was likely due to the electroosmosis
of inorganic salts from the anode chamber to the cathode, which can
positively influence the performance of the CWZ-22 cathode, as
demonstrated in our previous study [29]. For the remaining membranes,
the increase in slope angle was attributed to chemical and biological
fouling of the cathode [40], as well as membrane biofouling, which can
decrease proton transfer and overall MFC performance [50]. An over-
shoot phenomenon observed in the Ceramic polarisation curves was
likely caused by the blockage of pores in the activated carbon by
diffusing ions, which restricted oxygen access to active sites and
impeded electron flow [51]. Additionally, biofouling of the cathode and
membrane further hindered proton transfer [5,17]. A significant
decrease in activation, ohmic, and concentration losses was noted for
Ceramic + PVDF-OH/BS, while an increase in these losses was observed
for the remaining MFC types. The increase in anode losses may be due to
the growth of a thick biofilm layer on the anode, which impedes sub-
strate diffusion to deeper biofilm layers [48]. The maximum current for
Ceramic + PVDF-OH/BS on day 88 was 2.58 mA.

3.3.3. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) data for the
whole cell was fitted to an equivalent circuit model (ECM) as per the
methodology described by Sekar and Ramasamy [52]. In this model, Ra
represents the anode resistance, R¢ represents the cathode resistance,
and Ry ; g represents the combined resistance of the membrane and
electrolyte. The constant-phase element (CPE) models the capacitive
behaviour of the electrical double layer [52], and a finite-length War-
burg element (Wg) is used at the end of the ECM to account for diffusion
effects [53]. The Nyquist plots from days 31 and 101 of operation are
shown in Fig. 6a. Three semicircles observed in the EIS spectra allowed
for the analysis of individual impedance components using the ECM
(Fig. 6b) [17,54]. On day 31, the Ceramic + PVDF-OH exhibited the
lowest sum of impedances and Ry + g, with values of 780.8 Q cm? and
622.0 Q cm?, respectively. For Ceramic + PVDF-OH/BS, there was a 22
% higher sum of impedance and the lowest Ry observed. The imped-
ances for Ceramic and Ceramic + PVDF/BS were similar during this
period, though Ceramic + PVDF/BS showed a lower Ra. It is hypoth-
esised that some biosurfactants bound to the membrane may have been
released into the solution, aiding biofilm development on the anode and
decreasing Rp [26]. The highest sum of impedances, primarily due to Ry
+ g, was recorded for Ceramic + PVDF. On day 101, the EIS results
indicated an increase in the sum of impedances for all MFCs. However,
significant differences were observed between the membrane types.
Ceramic + PVDF-OH/BS exhibited the lowest Ry g and overall sum of
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impedances, measured at 1625.2 Q cm?. For the other MFCs, imped-
ances were 42 %, 241 %, 22 %, and 68 % higher for Ceramic, Ceramic +
PVDF, Ceramic + PVDF-OH, and Ceramic + PVDEF/BS, respectively. The
increase in Ry was due to biofilm overgrowth, which restricts substrate
diffusion to deeper biofilm layers and adversely impacts microbial ac-
tivity [48]. However, the increase in R¢ was associated with chemical
contamination of the cathode caused by electroosmotic drag [48].
Notably, Ry ; g for Ceramic + PVDF-OH/BS decreased by only 7 % over
the 70-day period, whereas for the other membrane types, Ry + E
increased by 45 %, 90 %, 90 %, and 58 % for Ceramic, Ceramic + PVDF,
Ceramic + PVDF-OH, and Ceramic + PVDF/BS, respectively. The in-
crease in Ry ; g for these membranes was attributed to membrane
fouling and biofouling, which negatively affected proton transfer resis-
tance [55]. Therefore, the relatively small decrease in Ry ; g for
Ceramic + PVDF-OH/BS indicates its superior long-term condition,
attributed to limited fouling effects, as corroborated by SEM micro-
graphs (Fig. 3) and real-time MFC performance monitoring (Fig. 4).

3.4. Coulombic efficiency and COD removal

The COD removal ability and Coulombic Efficiency (CE) were
determined after 31 days of operation to assess the substrate degrada-
tion efficiency (Table 2). The initial COD of the fresh mineral salt me-
dium (MSM) with sodium acetate was 574 mg L7L. After treatment, the
COD values for all MFCs were similar, averaging 201.7 + 17.2 mg L.
The highest COD removal rate was observed for Ceramic + PVDF-OH/
BS, achieving a removal efficiency of 67.7 %. The CE values varied
among the different membrane types, with Ceramic + PVDF/BS
recording the highest CE at 58.7 %. This high CE was attributed to the
longest duration of the batch cycle and the extended period of stable
current for this MFC. The CE values for the Ceramic, Ceramic + PVDF,
Ceramic + PVDF-OH, and Ceramic + PVDF-OH/BS were lower by 31 %,
30 %, 56 %, and 41 %, respectively. Notably, that COD removal and CE
were assessed during the early phase of the study, before all MFCs
reached their maximum performance. Nonetheless, these results reflect
the overall power performance of the various membrane types during
the initial maturation period of the MFC (Fig. 4). The high oxygen
diffusion observed in ceramic membranes, combined with a large anode
chamber volume, may lead to competitive metabolic pathways in the
anolyte [44]. However, the obtained CE for Ceramic (Table 2.) was
higher than those reported for other ceramic membranes in previous
studies [56-58].
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4. Conclusions

In this study, a two-step modification approach was employed to
enhance the durability of ceramic membrane used in MFC. Initially, a
polyvinylidene fluoride (PVDF) nanofibre membrane was applied for
modification. Subsequently, the impact of rhamnolipid modification
was evaluated. The results indicated that the application of a PVDF layer
alone did not yield satisfactory outcomes. Electrochemical and surface
characterisations revealed that the Ceramic + PVDF membrane exhibi-
ted the highest susceptibility to both biological and chemical fouling.
However, the incorporation of biosurfactants into the PVDF nanofibers
significantly improved the membranes’ hydrophilicity. The modified
membranes, Ceramic + PVDF/BS and Ceramic + PVDF-OH/BS, formed
a semipermeable layer with enhanced antifouling properties. Among the
membranes tested, the MFC equipped with the Ceramic + PVDF-OH/BS
composite membrane achieved the highest power density of 13.8 W
m . Additionally, the average maximum power density of batch cycles
for this MFC during the final 10 days of the experiment was 64 % higher
than that of the control ceramic membrane. This study highlights the
potential of using composite membranes as a promising approach for
improving MFC performance. Notably, it demonstrates for the first time
that naturally produced rhamnolipids can interact effectively with
polymer membranes in MFCs. This interaction mitigates negative
biofouling effects and enhances the long-term power performance and
durability of the membranes. This study is the first to demonstrate the
use of sustainable green products, such as biosurfactants, for modifying
MFC membranes. Additionally, it is the first to unravel the mechanisms
behind the interactions between biosurfactants and membranes.

CRediT authorship contribution statement

Aleksander de Rosset: Writing — original draft, Visualization,
Methodology, Investigation, Formal analysis, Data curation. Fatma
Yalcinkaya: Writing - original draft, Visualization, Methodology,
Investigation, Formal analysis, Conceptualization. Joanna Wolska:
Writing - original draft, Visualization, Investigation. Stanistaw
Waclawek: Writing — original draft, Visualization, Investigation, Formal
analysis. Grzegorz Pasternak: Writing — review & editing, Supervision,
Resources, Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Conceptualization.

Table 2
Comparison of the performance of ceramic membranes with membranes from this study.
Volume Operation Power density Current density Rint CE
time
Membrane type Type of MFC ~ mL Days Wm? mWm? Am?® Am2 Q % Ref.
Ceramic SCMFC 26 101 10.0 288.9 77.3 2.2 208 40.8" This
work
Ceramic + PVDF SCMFC 26 101 6.7 193.6 52.3 1.5 354 41.4" This
work
Ceramic + PVDF-OH SCMFC 26 101 12.9 372.7 55.8 1.6 252 25.5" This
work
Ceramic + PVDF/BS SCMFC 26 101 8.9 257.1 40.0 1.2 256 58.7" This
work
Ceramic + PVDF-OH/BS SCMFC 26 101 13.8 398.7 99.2 29 164 34.4" This
work
Ceramic coated with recycled polypropylene (PP80) SCMFC 50 90 n.r. 81.0 ~38.0" nr. n.r. 11.6 [17]
Polymer derived ceramic doped with graphene oxide DCMFC 140 45 7.2 n.r. n.r. ~1.8" 123  28.8 [16]
(GO)
Clayware SCMFC 450 75 4.4 146.4 ~70.0" n.r. 23 10.6 [56]
Ceramic membrane modified with rice husk ash DCMFC 2480 60 2.1 80.2 n.r. 0.4 n.r. 2.0 [59]

SCMFC - single chamber MFC; DCMFC - dual chamber MFC; CE - Coulombic efficiency; Ry, — internal resistance; n.r. — not reported.

# Data taken from the plots, not available in the referenced text.
b Determined in the initial (31 day) period.
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6. Podsumowanie i wnioski

W rozprawie wykazano, ze mozliwa jest jednoczesna produkcja biosurfaktantow i energii
elektrycznej z odpadowych olejéw roslinnych, a wydajno$¢ ich wytwarzania jest
uzalezniona od materiatow funkcjonalnych i konstrukcji mikrobiologicznego ogniwa
paliwowego oraz sktadu pozywki hodowlanej. Ponadto wykazano, ze biosurfaktanty
moga by¢ wykorzystywane do modyfikacji materialdow funkcjonalnych, w celu
zwickszenia wydajnosci energetycznej mikrobiologicznego ogniwa paliwowego.
Wykorzystanie mikrobiologicznych ogniw paliwowych zasilanych olejami odpadowymi
z przemystu spozywczego do syntezy biosurfaktantow i jednoczesna produkcja energii
elektrycznej moze doprowadzi¢ do zmniejszenia problemu zwigzanego z odpadami
i zwigkszy ekonomiczno$¢ i1 konkurencyjno$¢ procesu produkcji biosurfaktantow.
Ponadto technologia ta spetnia wymagania stawiane w zatozeniach zréwnowazonego
rozwoju oraz gospodarki obiegu zamknigtego.

W pierwszym rozdziale w wyniku niemal rocznego okresu funkcjonowania ogniw
oceniono wydajno$¢ dwodch réznych typow wegli aktywnych jako materiatow katody
powietrznej w MFC 1 wplyw modyfikacji nanoczastkami krzemionki na wtasciwosci
katalityczne w dlugim okresie eksploatacji. Wyniki wykazaly najwyzsza wydajnos¢
produkcji energii elektrycznej w poczatkowym okresie eksploatacji dla MFC
wyposazonego w katod¢ o najbardziej mikroporowatej strukturze i najwigkszej
powierzchni wlasciwej (CWZ-35). Jednak okres stabilnej generacji mocy dla CWZ-35
byt najkrétszy sposrod wszystkich testowanych materiatow. W przeciwienstwie do tych
wynikoéw, wegiel aktywny o nizszej powierzchni wtasciwej (CWZ-22) oraz CWZ-22
modyfikowany nanoczgstkami krzemionki (CWZ-22/Si) wykazaly dobra stabilnosé¢
1wysoka moc wyjSciowa w calym eksperymencie. Charakterystyka porowato$ci
materiatow wykazata, ze rozktad wielkosci porow CWZ-22, z przewaga poréw ponizej
1 nm, byt jednym z powoddéw mniejszej podatnosci na dezaktywacje miejsc aktywnych
w dhlugim okresie eksploatacji. Ponadto analiza krzywych polaryzacji nie wykazata
pozytywnego wpltywu domieszkowania nanoczastkami krzemionki na wydajno$¢
energetyczng i jej dlugoterminowe wiasciwosci katalityczne. W pracy wykazano, ze
niezmodyfikowany, tani 1 dostepny w handlu wegiel aktywny moze by¢
wysokowydajnym materialem katody powietrznej, jednak rozktad wielkosci porow
1 wynikajgca z tego podatno$¢ na zanieczyszczenie chemiczne sg kluczowym czynnikiem
decydujacym o utrzymaniu wysokiej wydajnosci dlugoterminowej konfiguracji MFC.
Badania te stanowily podstawe do doboru materiatu wykorzystywanego w dalszym
etapie.

W drugim rozdziale poréwnano skutecznos$¢ klasycznego pionowego uktadu MFC
z ukltadem poziomym w produkcji energii elektrycznej 1 biosyntezie surfaktantow
z odpadowego oleju roslinnego. Obserwowana produkcja energii elektryczne;,
wydajno$¢ kulombowska i rezystancja wewnetrzna wskazywaly na poprawe wydajnosci
MFC w uktadzie poziomym w poréwnaniu z uktadem pionowym z mieszaniem. Ponadto
spadek napigcia powierzchniowego, wskazujacy na obecno$¢ biosurfaktantow,
zaobserwowano tylko w poziomym MFC. Wykazano, ze konfiguracja pozioma poprawita
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dystrybucj¢ substratu olejowego wewnatrz komory anodowej, zwigkszajac
biodostepnos¢ oleju dla mikroorganizmow, co bezposrednio wptyneto na rozwoj biofilmu
1 degradacje substratu. Co wigcej, wykazano, ze synteza biosurfaktantow
w horyzontalnych MFC jest bezposrednio skorelowana z wytwarzaniem energii, co moze
pozwoli¢ na proste i stosunkowo tanie monitorowanie syntezy bioelektrochemicznej
w stabilnym uktadzie biosyntezy elektrochemiczne;.

W trzecim rozdziale oceniono wptyw stezenia zrédta azotu w podtozu hodowlanym na
wydajnos¢ produkcji biosurfaktantoéw i energii elektrycznej w poziomych MFC.
Zaobserwowana produkcja energii elektrycznej oraz spadki napigcia powierzchniowego
wskazywaly na poprawe wydajnosci MFC wraz ze wzrostem stg¢zenia NH4Cl w podtozu,
a maksymalng gesto$¢ mocy oraz najwickszy spadek napiecia powierzchniowego
odnotowano dla 0.5 g L™! (C/N = 2.32). Ponadto, wykazano silng ujemna korelacje zmian
gesto$ci mocy 1 spadku napigcia powierzchniowego jako funkcji stezenia NH4Cl, co
dowodzi, ze synteza biosurfaktantoéw 1 wydajno$¢ degradacji oleju odpadowego oraz
wynikajaca z tego wydajnos¢ produkeji pradu elektrycznego sa bezposrednio zalezne od
stezenia zrddla azotu. Analiza biordznorodnosci 16S wskazala na obecnosé¢
dominujacego szczepu Pseudomonas aeruginosa produkujacego biosurfaktanty, wraz
z innymi elektroaktywnymi gatunkami zdolnymi do biodegradacji i biosyntezy. Ich
aktywnos¢ skutkowata biosynteza jedenastu typoéw mono- i di-ramnolipidéw. Wyniki
pokazuja, ze stezenie zrddla azotu w podtozu hodowlanym jest jednym z kluczowych
czynnikOw utrzymania wysokiej wydajnosci degradacji odpadowych olejow roslinnych,
produkcji energii 1 jednoczesnej syntezy biosurfaktantow.

W ostatnim rozdziale zaprezentowano nowa kompozytowa membran¢ ceramiczng
zawierajaca nanowldkna polifluorku winylidenu (PVDF) oraz po raz pierwszy
zastosowano modyfikacje membrany za pomoca biosurfaktantdw majaca na celu
zwigkszenie wydajnosci energetycznej MFC. Membrang PVDF oraz PVDF
modyfikowang ramnolipidami wykorzystano jako wewngtrzng warstweg kompozytowe;j
membrany ceramicznej stosowane] w MFC w celu zwigkszenia jej trwalosci. Wyniki
wykazaty, ze zastosowanie samej warstwy PVDF nie dato zadowalajacych rezultatow.
Ceramiczna membrana kompozytowa z membrang PVDF wykazata najwyzsza podatnos¢
na zanieczyszczenie biologiczne i chemiczne. Z drugiej strony wlgczenie biosurfaktantow
do nanowtokien PVDF znacznie poprawito hydrofilowo§¢ membran. W efekcie MFC
wyposazone w ceramiczng membrane kompozytowa z membrang PVDF modyfikowang
ramnolipidami osiagn¢to najwyzsza wydajno$¢ produkcji energii elektrycznej w dlugim
okresie eksploatacji. W pracy wykazano, ze membrana PVDF modyfikowana
ramnolipidami utworzyla na powierzchni membrany ceramicznej potprzepuszczalng
warstwg o zwiekszonej odpornosci na zanieczyszczenia chemiczne 1 biologiczne
1w efekcie poprawita dlugoterminowa wydajnos¢ energetyczng MFC 1 trwatos$¢
membrany ceramicznej. Wyniki te pokazuja, ze produkowane wewnagtrz ogniwa
ramnolipidy mogg stanowic nie tylko produkt, ale takze czynnik zwickszajacy zywotnos¢
membrany MFC oraz podkres$laja potencjat wykorzystania membran kompozytowych
jako obiecujacego podejscia do poprawy wydajnosci elektrycznej MFC.
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2019/33/B/NZ9/02774.

Kierownik projektu: dr hab. inz. Grzegorz Pasternak, prof.

3. Beneficjent grantu na krétkoterminowy staz naukowy (STSM): Modyfikacja
powierzchni membran z elektroprzedzonych nanowtokien dla mikrobiologicznych
ogniw paliwowych, realizowanego w ramach programu badawczego COST Action
PHOENIX: Protection, resilience, rehabilitation of damaged environment
(CA19123).

STYPENDIUM NAUKOWE:

1. Stypendium o zwigkszonej wysokosci 2023/2024
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