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RESUMO

As estagoes de tratamento de efluente (ETEs) sao grandes consumidoras de energia elétrica no
ambito municipal. Ao mesmo tempo, as ETEs tém um potencial significativo de geragdo de
energia devido a matéria organica ali presente. De modo a promover a sustentabilidade no
processo, técnicas para recuperacdo deste contetido energético dos efluentes estdo sendo
desenvolvidas rapidamente. Por exemplo, células de combustivel microbianas (CCM) tém sido
amplamente estudadas como tecnologia para produzir eletricidade a partir de compostos
organicos presentes nas aguas residuarias. Como ¢ uma tecnologia recente € em expansao,
existem alguns obstaculos, como condi¢des o6timas de operagdo, meios para utilizar a energia
produzida, aumento da escala e aplicacdo em sistemas reais. No presente estudo, avaliou-se
uma CCM de camara unica (CCM-U) de 2 L para tratamento de efluente sintético (simulando
o efluente sanitario). A CCM-U foi inoculada e aclimatada com lodo anaerdbio operando em
regime de batelada, atingindo estabilidade na tensdo de 0,65 V e 74,60% de remocdo da
demanda quimica de oxigénio (DQO). Em seguida, operando em fluxo continuo, trés etapas
com diferentes tempos de deten¢do hidraulica (TDH) foram executadas, sendo elas 12, 8 ¢ 4 h,
a fim de verificar o impacto no desempenho da CCM. Verificou-se que os valores maximos de
geracdo de eletricidade e eficiéncia de tratamento foram obtidos em TDH de 12 h. A poténcia
produzida pela CCM foi em média 52,04 = 18,00 mW m™ a uma corrente de 159,20 = 26,30
mA m>. Aproximadamente 20% da DQO foi removida com uma eficiéncia couldmbica de
5,44%. Além disso, o teste de toxicidade aguda com Lactuca sativa evidenciou efeitos toxicos
no efluente bruto. No entanto, ndo foi possivel detectar o efeito toxico do efluente da CCM
operado aum TDH de 12 h, indicando o potencial da CCM em reduzir a toxicidade. A operagao
da CCM com resistor externo (CCM-R) ndo proporciona aproveitamento de energia, uma vez
que a mesma ¢ dissipada na forma de calor. Dessa forma, a CCM foi operada com extragdo de
energia ativa (CCM-E). O sistema funcionou em ponto de poténcia maxima e permitiu o
carregamento de uma bateria. Comparado com CCM-R, o sistema de captacdo de energia ativa
(CCM-E) aumentou a poténcia e eficiéncia coulombica em aproximadamente 2,5 e 2,4 vezes,
respectivamente. O filo predominante no biofilme anddico foi Proteobacteria, Chloroflexi,
Bacteroidetes e Firmicutes. A familia Clostridiceae representa os organismos eletroativos no
biofilme anoddico. A toxicidade do efluente de CCM foi avaliada utilizando o ensaio com
Daphnia Magna. Foi possivel verificar que o efluente tratado pela CCM-R e CCM-E promoveu
reducdo na toxicidade do efluente. Esses resultados demonstraram que a CCM-E, abastecida
em fluxo continuo apresenta potencial para atuar na remog¢ao de poluentes e recuperacao de
energia em ETEs. Como pos-tratamento, sugere-se a integracdo da CCM-E com um
eletrobiorreator a membrana (EBRM). A energia produzida e armazenada podera ser aplicada
no EMBR para atuar no pds-tratamento do efluente da CCM.

Palavras-chave: Aumento de escala; Gera¢do de eletricidade; Tratamento de efluente;
Toxicidade; Sequenciamento genético 16S rRNA.



ABSTRACT

Wastewater treatment plants (WWTPs) are significant energy consumers at the municipal level.
Meanwhile, WWTPs have considerable potential for sustainable energy recovery due to their
intrinsic energy content. In order to promote sustainability in the process, techniques for
recovering the energy content of wastewater are developing rapidly. For example, microbial
fuel cells (MFCs) have been widely studied as potential devices to produce electricity from
organic compounds in wastewater. As a novelty technology, there are some bottlenecks, such
as gaps under optimal operational conditions, generation of practically usable power, scaled-
up, and application in practical systems. In the present study, we assessed a scale-up single
chamber MFC (2 L) for treating synthetic wastewater (similar to sewage). The MFC was
successfully inoculated and acclimated with anaerobic sludge. The voltage reached a plateau of
around 0.650 V and 74.60% COD removal under batch mode. After that, in a continuous flow,
three sets of experiments with different combinations of hydraulic retention times (HRT), 12,
8, and 4 h, were performed to verify the impact on the MFC performance. It was found that
electricity generation and wastewater treatment could be enhanced under an HRT of 12 h. The
power produced by the MFC averaged 52.04 £+ 18.00 mW m at a current of 159.20 + 26.30
mA m>. Approximately 20% of the chemical oxygen demand (COD) was removed with a
Coulombic efficiency of 5.44%. Furthermore, testing of acute toxicity with Lactuca sativa
revealed toxic effects of the raw wastewater. However, it was not possible to detect the toxic
effect of the effluent from the MFC operating under 12h HRT, indicating the potential to reduce
toxicity. The operation with an external resistor does not provide energy use since it was
dissipated as heat. Then, the MFC was operated with active energy harvesting (MFC-H). The
system worked under maximal power point and enabled charging of a battery. Compared with
the MFC-H, the active harvesting system increases power generation and Coulombic efficiency
approximately 2.5 and 2.4 times, respectively. The predominant phylum at anode biofilm was
Proteobacteria, Chloroflexi, Bacteroidetes, and Firmicutes. The Clostridiceae family might
represent the electroactive organisms in the anodic biofilm. The toxicity of MFC effluent was
evaluated using bioassay with Daphnia Magna. 1t is possible to verify that the effluent treated
by MFC under resistor and active harvesting scenarios promoted a reduction in wastewater
toxicity. Indeed, post-treatment is indicated to provide complete pollutant removal. These
outcomes demonstrated that scaled-up MFC fed in continuous flow mode with synthetic
wastewater should be an effective system for pollutant removal and energy recovery for
wastewater treatment plants. As a post-treatment, it is suggested to integrate the MFC-H with
an electro-membrane bioreactor (EMBR). The energy produced and stored could be applied in
EMBR to treat the MFC effluent further.

KEY-WORDS: Scaling up; Power Generation; Wastewater Treatment; Toxicity; 16S rRNA
Sequencing.
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ESTRUTURA DA DISSERTACAO

Capitulo 1 - Nesse capitulo ¢ apresentado uma contextualizag¢do geral sobre o tema e apontados
os problemas e hipoteses. Em seguida, os objetivos geral e especificos da pesquisa.

Capitulo 2 — Nesse ambito, ¢ abordada uma revisdo bibliografica sobre célula a combustivel
microbiana, que descreve de forma sucinta o conhecimento prévio e as lacunas existentes dando
as bases para o desenvolvimento das hipdteses consideradas neste trabalho.

Capitulos 3, 4 e 5 - Nestes capitulos, testaram-se as hipdteses propostas para este trabalho.
Cada capitulo apresenta uma introducdo com as lacunas existentes, metodologia aplicada e
resultados obtidos, juntamente com sua discussao.

Capitulo 6 - Neste capitulo sdo apresentadas as conclusdes obtidas através da execugdo do
trabalho. Ademais, sdo citadas recomendagdes para futuras pesquisas. Por ltimo, sdo expostas

as referéncias utilizadas para o desenvolvimento da pesquisa.
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1 INTRODUCAO

Os processos envolvidos para o tratamento de aguas residudrias, muitas vezes
necessitam de grande quantidade de energia elétrica (LI; YU; RITTMANN, 2015; YANG et
al., 2020c). No Brasil, o esgotamento sanitario é responsavel por consumir 1,42 TWh ano ™!
(SNIS, 2019). Segundo Maktabifard, Zaborowska e Makinia (2018), o elevado consumo
energético empregado para o tratamento de efluente estimula a busca por fontes renovaveis,
como por exemplo, a propria energia presente nos esgotos, proveniente da matéria organica.

Dessa forma, a recuperacao energética a partir do tratamento de efluentes ¢ uma
alternativa para auxiliar os sistemas de tratamento a se tornarem sustentaveis (LIU et al.,
2022b). O tratamento anaerdbio ¢ um classico exemplo. A digestdo anaerdbia converte a
energia quimica em biogds, que pode ser utilizado como fonte energética nas estagcdes de
tratamento de efluentes (ETE). Mas, nestes casos, a eficiéncia de conversdo nao ¢ tio elevada
e requer tratamentos adicionais (NGUYEN; BABEL, 2022). Por outro lado, células a
combustiveis microbianas (CCM) tém recebido destaque nos ultimos anos devido a sua
eficiente habilidade de transformar a energia quimica diretamente em energia elétrica (OPOKU
etal.,2022; ROSSI et al., 2022).

A CCM se assemelha a uma pilha convencional, a qual € composta por dois eletrodos,
anodo e catodo. De acordo com Obileke et al. (2021), no adnodo, através da atividade das
bactérias eletroativas (capazes de doar elétrons para um aceptor s6lido), em ambiente anaerdbio,
ocorre a oxidagdo da matéria organica presente nas aguas residudrias e a producao de elétrons
e protons. Os elétrons sdo direcionados para o catodo através de um sistema condutor externo,
acoplado a um resistor, enquanto os protons atravessam uma membrana semipermeavel, e em
ambiente catddico sdo utilizados para reduzir um aceptor final de elétrons (LOGAN, 2008;
SANTORO et al., 2017), podendo ser oxigénio, dicromato de potassio, cloreto férrico,
ferricianeto de potassio, entre outros (KUMAR et al., 2019). A geragdo de energia elétrica ¢
obtida pela diferenga de potencial entre os eletrodos que possibilita o fluxo ordenado de elétrons
(LIU; RAMNARAYANAN; LOGAN, 2004).

Em razdo da CCM ser um biorreator, se torna evidente a necessidade de operar em
condi¢gdes que favorecam o desenvolvimento destas bactérias eletroativas (AN et al., 2020;
CHEN et al., 2019). Embora ndo exista um consenso sobre as condicoes ideais de operacao da
CCM (VILAS BOAS et al., 2019), ¢ importante destacar o tempo de detencdo hidraulica
(TDH). Este interfere diretamente no desempenho do sistema, devido ao fluxo de alimentacgao,

permanéncia e selecdo destes organismos eletroativos e a relagdo alimento/microrganismo
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(SHARMA; LI, 2010a; BEHERA; GHANGREKAR, 2016; YE et al., 2019b). Além disso, o
TDH influencia no volume do reator e deve ser escolhido para facilitar a aplicagdo de CCM em
situagdes praticas.

Frente a esta perspectiva, TDH de 0,06 ha 1,9 he 4 a 20 h (AHN; LOGAN, 2010), 9 a
42 h (SUGIOKA et al., 2022), 12 a43 h (HIEGEMANN et al.,2019), 12 h (ROSSI et al., 2022)
jé foram relatados. Os dados reportados pelas pesquisas diferem muito entre si, em fun¢do das
diversas configuragdes existentes. Vilas Boas et al. (2019) destacam que as condigdes de
operagao precisam ser cuidadosamente consideradas e escolhidas a fim de favorecer a atividade
das bactérias eletroativas e, consequentemente, alcangar o objetivo proposto.

Outro ponto intrigante na tematica da tecnologia ¢ a geragdo de energia elétrica, a qual
¢ baixa, na ordem de miliwatts (DWIVEDI et al., 2022). As CCMs sdo geralmente acopladas
com resistores. Através deste método, a energia ¢ dissipada em forma de calor, ndo sendo
possivel o aproveitamento energético (ALARAJ; RADENKOVIC; PARK, 2017; WANG;
PARK; REN, 2012). Dessa forma, para facilitar a geragdo, extracdo ¢ armazenamento eficiente
da energia produzida pela CCM, um sistema de gerenciamento de energia (Power Management
System — PMS) pode ser acoplado (DUTTA et al., 2022). Por exemplo, os sistemas de extracao
de energia ativa conseguem aumentar a produgdo energética, impulsionar o crescimento de
bactérias eletroativas, facilitar a transferéncia de elétrons e promover o carregamento de uma
bateria (LOBO et al., 2016; LU et al., 2019; MEI et al., 2022).

Quanto a aplicabilidade da CCM no tratamento de efluentes, pode-se destacar a
capacidade de remog¢do de matéria organica (YU ef al., 2021), nitrogénio (CANO et al., 2021)
e fosforo (MARASSI et al., 2020b). No entanto, pouco se sabe quanto a toxicidade do efluente
produzido pela CCM (WANG ef al., 2018a; LUTTERBECK et al., 2020; MARASSI et al.,
2020b). Ademais, a associagdo com biorreatores a membrana (BRM) parece ser uma alternativa
promissora para aprimorar a qualidade do efluente e atingir a autossuficiéncia energética dos
processos de tratamento (REN; AHN; LOGAN, 2014; MEI et al., 2019).

Dito isto, este estudo avaliou como diferentes TDH influenciam na geragdo de energia
elétrica e capacidade de tratamento de efluente em uma CCM abastecida com efluente sintético
similar a0 doméstico. Também, acoplou-se a CCM a um circuito elétrico de extracdo de energia
ativa para possibilitar o aproveitamento energético da energia produzida. O desempenho do
sistema foi discutido em fung¢do de parametros eletroquimicos, qualidade do efluente,
toxicidade e comunidade microbiana. Ademais, solu¢des para aplicagdo da CCM em conjunto

com BRM foram discutidas.
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Esta dissertagdo se insere na linha de pesquisa de Tratamento de Aguas e Efluentes

Domésticos, Industriais e Agropecuarios do Programa de Po6s-Graduagdo em Engenharia

Ambiental (PPGEA) da Universidade Federal de Santa Catarina (UFSC). Esta pesquisa foi

executada pelo Laboratorio de Reuso de Aguas (LaRA), o qual atua intensivamente na

tecnologia de BRM ¢ EBRM (eletrobiorreatores a membrana) para tratamento de efluentes

(BELLI et al., 2017; BATTISTELLI et al., 2018a; COSTA et al., 2019; SOUZA et al., 2020).

No entanto, esta ¢ a primeira pesquisa do LaRA abordando a tematica de CCM, com vistas a

buscar solugdes viaveis na utilizagdo do EBRM, principalmente em relagdo ao consumo

energético.
1.1 PROBLEMAS DE PESQUISA
a) Como se comporta o indculo proveniente de lodo anaerdbio de estacdo de tratamento de
efluente nas condi¢des de operagao propostas?
b) Qual o efeito da variacdo do tempo de detengdo hidraulica na operagdo da CCM-U,
quanto a geracdo de energia elétrica e capacidade de tratamento de efluente?
¢) Qual o efeito da operacdo da CCM com resistor externo e sistema de coleta de energia
ativa na geragdo de energia elétrica, capacidade de tratamento de efluente e
caracteristicas do biofilme?
1.2 HIPOTESES

a) A aclimatacao e estabelecimento da biomassa proveniente de lodo anaerobio durante o

b)

periodo de start-up resultard na estabilidade de geragao de energia elétrica;

A operacdo da CCM com tempo de deteng@o hidraulica maior favorece a geragdo de
energia elétrica devido ao maior intervalo de tempo disponivel para as bactérias
exercerem sua funcao de oxidagdo de matéria organica e transferéncia de elétrons. Esta
variavel ainda atua na selecdo das bactérias presentes na CCM e na formagdo de um
biofilme apto para gerar eletricidade e degradar poluentes;

A operagdo da CCM com sistema de coleta de energia ativa permite maior geragdo de
energia elétrica, uma vez que hd uma maior transferéncia de elétrons. Com isso ¢

possivel obter melhor qualidade de efluente.
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1.3 OBJETIVOS

1.3.1 Objetivo Geral

Determinar o tempo de detencao hidraulica operacional de uma célula a combustivel
microbiana de cdmara tnica (CCM-U) e operar com um sistema de extragdo de energia ativa
com vistas a promover a utilizagdo pratica da eletricidade produzida e a melhoria da qualidade

do esgoto sanitario sintético tratad.

1.3.2 Objetivos Especificos

a) Avaliar o desempenho da CCM-U quanto a geracao de energia elétrica e qualidade
fisico-quimica durante o periodo de partida;

b) Avaliar o impacto da variacdo do tempo de detencdo, na geragdo de energia elétrica,
na qualidade fisico-quimica e toxicologica do efluente gerado da CCM-U;

¢) Comparar a operagdo da CCM-U com resistor (cenario passivo, CCM-R) e circuito
elétrico (cendrio ativo, CCM-E) quanto a geracdo de energia elétrica e qualidade
fisico-quimica e toxicoldgica do efluente gerado da CCM-U, e avaliar a comunidade

microbiana.
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2  REVISAO BIBLIOGRAFICA
2.1 CELULA A COMBUSTIVEL MICROBIANA (CCM)

A energia elétrica ¢ um insumo fundamental para atividades sociais € econdmicas ¢
seu consumo tem aumentado ao longo dos anos. O consumo de energia elétrica ¢ indispenséavel
para operagdo dos sistemas para tratamento de aguas residuédrias (LONGO et al., 2016). O
processo pode representar até 3% do consumo global de eletricidade (LI; YU; RITTMANN,
2015). Por volume de esgoto, o consumo energético varia entre 0,112—0,808 kWh-m > (YANG
et al., 2020c). Estes valores indicam que as estagdes de tratamento de efluente (ETE) sao
grandes consumidoras de energia elétrica (CAMPANA et al., 2021).

Nos Estados Unidos, o tratamento de esgotos domésticos ¢ responsavel por consumir
mais de 30 TWh ano ! (U.S DEPARTMENT OF ENERGY, 2017). Conforme a tiltima pesquisa
realizada pelo Sistema Nacional de Informagdes sobre Saneamento (SNIS), os sistemas de
esgotamento sanitario brasileiros consumiram 1,42 TWh ano! (SNIS, 2019). Esta diferenca
pode ser explicada pelas tecnologias empregadas para o tratamento. Quando mais avangado o
tratamento, maior € o consumo energética da estacio (CAMPANA et al., 2021). Além disso,
no Brasil, o tratamento mais utilizado, € tipicamente anaerobio, o qual ndo requer elevado
consumo energético (VON SPERLING, 2016).

No entanto, as ETEs tém um potencial de gera¢do de energia renovavel devido ao seu
contedo energético intrinseco (YANG et al.,, 2020c). Uma maneira de promover esse
aproveitamento energético ¢ através da digestdo anaerdbia. Seu produto final € a produgao
biogas com potencial de recuperagdo para fontes energéticas (NGUYEN; BABEL, 2022).
Entretanto, o biogas requer tratamentos adicionais para a sua utilizacdo em motogeradores com
consequente geracao de energia elétrica. Frente a esta perspectiva, pode-se citar a tecnologia de
célula a combustivel microbiana (CCM) como uma alternativa promissora e mais eficiente
quanto a geracao de eletricidade direta a partir de efluentes (RAMYA; SENTHIL KUMAR,
2022; ROSSI et al., 2022).

A CCM, do inglés microbial fuel cell (MFC), ¢ uma tecnologia sustentavel, que
consiste em um sistema bioeletroquimico com capacidade de converter a energia quimica
presente em substratos organicos em energia elétrica através da atividade microbiana
(OBILEKE et al., 2021). A CCM pode ser abastecida por esgotos, promovendo a conversao de
compostos organicos diretamente em energia elétrica limpa e renovavel e, simultaneamente,
atuando no tratamento do efluente (LIU; RAMNARAYANAN; LOGAN, 2004; SHARMA; LI,
2010a; ESTRADA-ARRIAGA et al., 2017b).
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Dessa forma, a CCM tem recebido bastante aten¢do dos pesquisadores nos ultimos 30
anos devido a sua habilidade de resolver dois problemas ambientais pertinentes: polui¢do das
aguas e demanda por energia elétrica (SANTORO et al., 2017; VILAS BOAS et al., 2019).
Goswami e Mishra (2018) e Flimban et al. (2019) descreveram a evolucdo historica da
tecnologia de CCM, comecando em 1911, com Michael C. Potter, utilizando cultura de
Escherichia colli e Saccharomyces e eletrodos de platina, porém a eletricidade produzida foi
insignificante. Em 1931, os autores apontam o estudo de Cohen, o qual desenvolveu o primeiro
prototipo de CCM. Em 1963, os autores citam que a Agéncia Espacial Norte Americana
(NASA) aplicou os conceitos de geragdo de eletricidade a partir de microrganismos
catalisadores, utilizando urina como combustivel. Os maiores avangos iniciaram na década de
90, precisamente em 1993, em que, Allen e Bannetto desenvolveram e demonstraram a
operacdo de células de combustivel bioldgicas usando varios microrganismos para aumentar a
eficiéncia da transferéncia de elétrons com o uso de mediadores. Kim er al. (1999),
demonstraram a geracdo de eletricidade sem uso de mediadores, impulsionando o
desenvolvimento de CCM. Em 2004, Liu e Logan apresentaram a CCM de cdmara unica (LIU;
RAMNARAYANAN; LOGAN, 2004).

Desde entdo, diversos estudos foram executados a fim de aprimorar a tecnologia de
CCM e viabilizar a aplicagdo em escala real para o tratamento de diversas fontes de efluente,
como doméstico, industrial, agroindustrial e lixiviado (CHENG; LIU; LOGAN, 2006;
SHARMA; LI, 2010b; SU et al., 2013; REN; AHN; LOGAN, 2014; ESTRADA-ARRIAGA et
al., 2017, MEI et al., 2019; YE et al., 2019b; LUTTERBECK et al., 2020). Além da atuagdo
no tratamento de efluentes e geracao de energia renovavel, a aplicacdo da CCM se estende para
biosensores (ZHAO et al., 2022), produgdo de combustivel (SHI et al., 2021), biorremediacao
(MUKHERJEE et al, 2021), dessalinizagijo (HEMALATHA; SHANTHI SRAVAN;
VENKATA MOHAN, 2020), recuperacao de metais (WU et al., 2019) e de nutrientes (YE et
al., 2020), entre outros.

A CCM tem demonstrado ser uma alternativa promissora para a geracao de energia
elétrica a partir da utilizagdo de dguas residuarias (BOAS et al., 2022). A revisdo da literatura
sobre a CCM abordaré os principais topicos referentes a producao energética. Todavia, ao final,
sera abordada a relagdo da CCM com tratamento de efluentes, de modo a elucidar o potencial

da mesma.
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2.1.1 Definicao e Fundamentos

Segundo Logan (2008), a CCM possui funcionamento similar a de uma pilha
galvanica. O autor explica que a estrutura classica da CCM ¢ composta por uma camara anddica
e uma catddica, as quais sdo separadas pela presenca de uma membrana, sendo denominada de
CCM de camara dupla (CCM-D). Os eletrodos, anodo e catodo, ficam imersos em meio liquido
e sdo conectados por um sistema externo acoplado de um resistor. Na camara anddica mantém-
se o ambiente em condi¢des anaerobias, ideal para as bactérias responsaveis pela geragao de
energia (LOGAN et al., 2019). Na camara do catodo, se faz necessaria a presenga de oxigénio,
através da aeracdo (GOSWAMI; MISHRA, 2018). A estrutura convencional da CCM pode ser

visualizada na Figura 1.

Figura 1 - Configuragao convencional de CCM.

Resisténcia externa

H+
e 0
Subst o - Q
2o Q 4H* | 4e*+0,
®
o H,0
Q
o o
o ° 0
Q 0,
Catodo

\‘ Membrana trocadora de prétons
Fonte: Elaborado pela autora.

Ao longo dos anos, a tecnologia foi se aprimorando e hoje a CCM se apresenta em
diversos formatos (NAWAZ et al., 2022). Uma das principais configuracdes utilizada e mais
promissora at¢ o momento atual ¢ a CCM de cdmara unica (CCM-U), em que ndo hd uma
barreira fisica que separe o anodo e o catodo, dispensando o uso de aeracdo (DING et al., 2017;
ESTRADA-ARRIAGA et al., 2018). No entanto, os principios discutidos nesta secdo
equivalem para ambas as configuragdes. Demais caracteristicas sao discutidas no item 2.1.4.1.

No anodo, estdo presentes as bactérias que atuam como catalisadores na degradacao
da matéria organica presente no efluente. Estas bactérias sdo denominadas como eletroativas
(ou também eletrogénicas ou exoeletrogéncicas). Através da cadeia respiratoria, as bactérias

eletroativas produzem elétrons e os doam para um aceptor final de elétrons insoluvel, o anodo
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(LOGAN, 2008; LOGAN et al., 2019; SANTORO et al., 2017). Na se¢do 2.1.3 sdo discutidas
as caracteristicas desses organismos.

A Equagao (1) representa a reagao de oxidagdo que ocorre no anodo, considerando
acetato (CH3COO) como fonte de carbono. Como produto da reagdo sdo produzidas moléculas
de CO», protons (H") e elétrons (e7). Vale destacar que o CO> reage com o meio formando
bicarbonato (HCO3") (Equagdo 2), um componente importante do sistema tampao da agua

(AHN, 2008). A reacao completa ¢ expressa na Equacao (3).

CH5COOH + 2H,0 — 2C0, + 8H* + 8¢~ (1)
CO, + Hy,0 - H,CO5 > HCOF + H* )
CH,CO0™ + 4H,0 — 2HCO3 + 9H* + 8¢~ 3)

A partir disso, os elétrons sdo transportados para o catodo por um sistema externo
acoplado a um resistor. Essa movimentagdo ocorre devido a diferenca de potencial entre o
anodo e o catodo e permite a formagao da corrente elétrica (LOGAN, 2008). No catodo, os
elétrons sdo utilizados em uma reacdo de redugdo (Equagdo 4). Esta utiliza o oxigénio (O2)
como aceptor final de elétrons, o qual pode ser proveniente de fonte natural ou artificial. O O
¢ o aceptor mais utilizado devido a sua viabilidade e elevado potencial redox, todavia, ainda se
pode utilizar dicromato de potassio, cloreto férrico, ferricianeto de potéassio, nitrato, entre

outros (KUMAR et al., 2019).
8H* + 8e~ + 20, » 4H,0 4)

Como pode ser visualizado na Equacao (4), a reagdo de redugdo do oxigénio consome
prétons (H'). Estes sdo produzidos no anodo e transportados até o catodo através de uma
membrana trocadora de protons (OBILEKE et al., 2021). No catodo, os protons se combinam
com os elétrons, produzindo agua. A reacdo global simplificada do sistema ¢ expressa pela

Equacao (5) (AHN, 2008).
CH;COOH + 20, —» 2C0, + 2H,0 + energia elétrica (%)

A tecnologia de CCM teve seus estudos intensificados a partir de 1998 e desde entdo
tem se mostrado como uma alternativa promissora para converter a matéria organica presente
no efluente em energia elétrica (SANTORO et al., 2017). De acordo com Yu et al. (2021), as
maiores densidades de poténcia reportadas para CCM operando com efluente real variam de

200 a 250 W m>. Como beneficio da tecnologia, a CCM tem um grande potencial para
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transformar o tratamento de dguas residuais em processos de energia neutra, ou seja, ser capaz
de produzir a energia demandada (MAKTABIFARD; ZABOROWSKA; MAKINIA, 2018).

Ao extrair a energia contida nos efluentes por meio da degradagdo anaerdbia da matéria
organica, ocorre uma melhora na qualidade da agua. Sendo assim, as CCM apresentam
capacidade de remover matéria organica presente nos efluentes. A exemplo, Linares et al.
(2019) obtiveram remogao de 86% de demanda quimica de oxigénio (DQO) em aplicacao em
escala real. Ye ef al. (2019b) observaram 90% de remog¢do em escala laboratorial. Além disso,
trabalhos reportaram a remogao de nutrientes, tais como nitrogénio (CANO et al., 2021; PARK
et al., 2021) e fosforo (MARASSI et al., 2022; YE et al.,, 2019¢) e também poluentes
emergentes (LIU ef al., 2022a; ZHU et al., 2022).

Até o presente momento, ndo ha consenso entre os pesquisadores sobre a configuragdo
ideal de uma CCM, devido as diferencas nos parametros usados para cada estudo, como
condi¢des operacionais e estruturais, substrato, indculo, as quais dificultam uma comparagao
direta do desempenho da CCM a partir da literatura (VILAS BOAS et al., 2019; FADZLI,
BHAWANI; MOHAMMAD, 2021). Ademais, a produgdo de energia elétrica em grande escala
ainda ¢ um desafio (GUL et al., 2021; RAMYA; SENTHIL KUMAR, 2022; VILAS BOAS et
al., 2019). Frente a isso, ¢ possivel afirmar que, avangos tecnoldgicos e otimizagdo dos
parametros operacionais sdo necessarios dentro da particularidade de cada sistema, para
aprimorar a producdo de eletricidade (CHEN et al., 2019). Os topicos a seguir abordam e

discutem estas questdes.

2.1.2 Parametros Eletroquimicos

A geracdo de energia elétrica pela CCM ¢ alcangada através de uma reacdo quimica
espontanea, que gera um fluxo ordenado de elétrons entre os eletrodos através de um circuito,
conhecido como corrente elétrica (RABAEY; VERSTRAETE, 2005). A transferéncia de
elétrons ¢ impulsionada pela diferenca de potencial (DDP), chamada por tensao, entre o anodo
e o catodo, no sentido do componente de menor potencial elétrico (agente redutor) para o de
maior potencial (agente oxidante), somente quando a reacdo ¢ termodinamicamente favoravel
(LOGAN et al., 2006).

A DDP teorica reflete a maxima tensao (V) possivel de ser produzida em fungdo do
substrato e pode ser calculada pela Equacao (6). O potencial teérico de cada compartimento €
calculado com base em semirrea¢des padrao ocorrendo nos eletrodos, dependendo do tipo de

substrato que esta sendo utilizado, conforme apresentado no Quadro 1 (ESTRADA-ARRIAGA
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et al., 2017). Assim, uma CCM abastecida com acetato e utilizando O> como aceptor final de

elétrons no catodo, pode gerar de maneira teérica, 1,101 V (Equacao 6) (OBILEKE et al., 2021).

Eemf = Ecstodo — Eanodo (6)
Eemf = 0,805 — (—0,296)
Eene = 1,101V

Quadro 1 — Potencial teérico para CCM abastecida com acetato.

Eletrodo Reacao E (V)
Anodo CH;CO0™ + 4H,0 - 2HCO3 + 9H* + 8e~ - 0,296
Cétodo 8H* + 8e~ + 20, - 4H,0 0,805

Fonte: Logan et al. (2006).

A tensdo (V) se refere a diferenca de potencial elétrico entre dois pontos, ou seja, entre
o catodo e o anodo. Esta grandeza pode ser mensurada com o auxilio de um multimetro
conectado nas extremidades do eletrodo (SILVA FILHO, 2018). Sua unidade de medida ¢ o
Volt. De acordo com Estrada-Arriaga et al. (2017), quando a CCM foi conectada a uma
resisténcia externa (1000 ), a tensdo diminuiu para 0,7 V, em condi¢des operacionais ideais.
Os autores pontuam que a tensdo diminui devido a resisténcia interna da CCM, ocasionando
perdas ao sistema (LOGAN, 2008).

A corrente elétrica (I) corresponde ao fluxo ordenado de elétrons dentro de um sistema
condutor, quando existe uma diferenca de potencial elétrico entre as extremidades. Este
parametro € calculado através da Lei de Ohm, a qual estabelece que a corrente que passa através
de um circuito elétrico ¢ diretamente proporcional a diferenca de potencial no circuito e
inversamente proporcional a resisténcia externa (Rext), sendo expressa em ampere (A) (SILVA
FILHO, 2018).

A resisténcia interna (Rin) € resultado das perdas por ativagdo, 6hmicas e por
concentragdo, as quais podem ser identificadas pela analise da curva de polarizacdo (RABAEY;
VERSTRAETE, 2005). Esta consiste na plotagem de um grafico de tensdo em fungdo da
densidade de corrente (volume de trabalho — A cm™, ou 4rea do 4nodo A cm™) produzida pela
CCM (LOGAN et al., 2006). A utilizacdo da curva de polarizagdo se insere na determinagao
das perdas e no monitoramento da CCM, sendo capaz de gerar respostas que permitem avaliar
0 qudo eficaz a alteracdo de microrganismos, mediadores, eletrodos, catalisadores, tipo de
reator, substratos, entre outras variaveis afetam a poténcia final da CCM, por meio da variagao

da resisténcia aplicada no circuito (LOGAN, 2008).
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A curva de polarizagdo ¢ dividida em trés zonas como apresentado na Figura 2, as
quais indicam as perdas ocorridas durante a geragdo de energia elétrica. Na zona I, em baixa
producao de corrente elétrica, ocorrem as perdas por ativacdo, que correspondem a energia
gasta para iniciar as reacoes de oxidagao e reducao (LOGAN et al., 2006). H4 uma queda brusca
da DDP nesta se¢do. Essas perdas dependem do material do eletrodo, presenga ou auséncia de
mediadores, estrutura do biofilme, metabolismo dos microrganismos e demais condigdes
operacionais (ZHAO; SLADE; VARCOE, 2009). Logan (2008) explica que estas perdas
implicam no metabolismo bacteriano, na quantidade de energia que a bactéria ira ganhar ao
doar o elétron para o anodo. Para Mateo et al. (2018), a zona II esté relacionada com as perdas
o6hmicas, em que a tensdo cai de forma lenta, sendo razoavelmente linear com a corrente
elétrica. Estas sdo causadas por resisténcias idnicas da solugcdo, membrana, biofilme e
espacamento de eletrodos, o que dificulta a transferéncia de protons (ZHAO; SLADE;
VARCOE, 2009). Na zona III, regido onde ha maior densidade de corrente elétrica, as perdas
sdo atribuidas a concentragdo de produtos na interface entre eletrodo e meio liquido,
interferindo na transferéncia de elétrons. Dessa forma, as perdas sdo diretamente afetadas pela

estrutura do eletrodo e do biofilme formado (ZHAO; SLADE; VARCOE, 2009).

Figura 2 - Curva de polarizagao tipica de CCM.
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Fonte: Adaptado de Gebresemati (2018).

Portanto, a Rix¢ pode ter relagdo com presenga de membranas trocadoras de prétons,
distancia entre os eletrodos, material do eletrodo, entre outros (DINH et al., 2021). Quanto

maior a resisténcia interna, menor serd a densidade de poténcia produzida, pois uma quantidade
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substancial de elétrons serd perdida para superar a resisténcia formada dentro da CCM
(ULLAH; ZESHAN, 2020). Dessa forma, compreender os fatores que estdo influenciando no
aumento da Rix auxilia os pesquisadores a entender as limitagdes do sistema e,
consequentemente, permite aumentar a producao de energia elétrica (LIANG et al., 2007).

Por fim, determina-se a poténcia (P) da CCM. Essa grandeza corresponde a quantidade
de energia concedida por uma fonte de carbono a cada unidade de tempo, sendo medida em
Watt (W) (LOGAN et al., 2006). O célculo consiste na razdo entre a corrente elétrica (I) e
tensao (V) (RABAEY; VERSTRAETE, 2005). Esses dados sao normalizados pela area do
anodo, pelo volume da célula ou da camara anddica (densidade de poténcia), facilitando a
comparagdo entre CCMs. As equagdes podem ser visualizadas no topico 3.5.1.

A curva pontilhada expressa na Figura 2, representa a curva de poténcia, a qual
relaciona os dados de poténcia em funcdo dos dados de corrente. Logan ef al. (2006) explica
que essa curva ¢ elaborada em conjunto com a curva de polarizacdo. Em circuito aberto, quando
0 sistema opera sem um resistor, os autores destacam que nenhuma poténcia é produzida. A
partir desse ponto, Logan et al. (2006) frisam que ao ligar o circuito, a poténcia aumenta com
a corrente elétrica até um ponto de poténcia maxima. Apds este, ha um declinio da curva devido
aos sobrepotenciais do eletrodo ao ponto em que nao ¢ mais produzida energia.

Ademais, pode-se utilizar outros métodos para monitorar a eficiéncia da CCM, como
a eficiéncia coulombica (LOGAN et al., 2006). O consumo de DQO ¢ efetuado por todos os
microrganismos presentes no compartimento anddico, sejam eles eletroativos ou ndo. A fim de
verificar a atividade da biomassa eletroativa em especifico, o calculo da eficiéncia coulombica
¢ ideal, pois permite identificar a parcela de DQO que efetivamente foi transformada em
corrente elétrica (TANG et al., 2020). Dessa forma, um alto valor indica a presenga de bactérias
eletroativas, uma vez que a DQO estd sendo consumida e convertida em energia elétrica e ndo
sendo somente utilizada para o desenvolvimento e metabolismo das bactérias (MATEO et al.,
2018).

A eficiéncia coulombica varia conforme a estrutura da CCM, respectivas condi¢des
operacionais e substrato empregado, além de outros aspectos. Por exemplo, Ahn e Logan (2010)
obtiveram eficiéncias de 26 a 38% para CCM-U. Ren; Ahn e Logan (2014) apresentaram
valores variando entre 6 ¢ 29% em CCM-U; Zhang et al. (2015b) evidenciaram 90% de
eficiéncia coulombica em CCM-U; Ye ef al. (2020) atingiram 25% (CCM-D), enquanto que
Bagchi e Behera (2021) citam resultados variando de 6,1 a 12,7% em CCM-D.
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2.1.3 Atividade biologica
2.1.3.1 Bactérias exoeletrogénicas

A produgao de elevada poténcia energética ainda € um desafio para a CCM (FU et al.,
2019). Muitas pesquisas se atentam aos materiais ou estruturas, sem dar a devida atengao para
a comunidade bacteriana e como os parametros de projeto podem influenciar sobre esta (NI et
al., 2020). Para Jiang et al. (2016), o desempenho das CCM esta relacionado com as
comunidades bacterianas presentes no sistema. Portanto, fornecer condigdes que promovam o
desenvolvimento de bactérias eletroativas contribui para a eficiéncia da CCM, uma vez que
alteragdes nos parametros operacionais afetam o metabolismo, estrutura e diversidade deste
grupo bacteriano (ZHANG et al., 2011; DINH et al., 2021).

De acordo com Munoz-Cupa et al. (2021), a presenca das bactérias eletroativas ¢ a
chave para geracdo de corrente elétrica. Elas oxidam a matéria organica presente no efluente,
em que parte dessa energia obtida ¢ utilizada no préprio metabolismo, para o crescimento, € o
restante ¢ transferido para o eletrodo (LOGAN et al., 2006). Estas bactérias recebem esta
nomenclatura especifica devido a sua capacidade de gerar e transferir os elétrons para fora da
membrana celular (LOGAN et al., 2019).

As principais bactérias eletroquimicamente ativas em CCM sdo as espécies dos
géneros Geobacter ¢ Shewanella, consideradas organismos anaerobios, sdo conhecidas e
conhecidas pela capacidade redutora de ferro (LOGAN et al., 2006; NAWAZ et al., 2022).
Experimentos de cultura pura mostraram que muitos microrganismos, pertencentes aos trés
dominios, Bacteria, Archea e Eukaria, sdo eletroativos, capazes de atuar na geragdo de energia
elétrica em CCM. Dentre eles, pode-se citar os géneros Geobacter spp., Shewanella spp.,
Rhodoferax ferrireducens, Pseudomonas aeruginosa, Clostridium butyricum, Escherichia coli,
além de outros que foram recentemente descritos na revisao elaborada por Logan et al. (2019).

A transferéncia de elétrons das bactérias eletroativas para o anodo pode ocorrer por
transferéncia direta, via citocromos ligado a membrana celular, estruturas de ligagao
(filamentos ou nanofios) produzidas pelas bactérias ou mediadores externos (naturais ou
artificiais) (SARATALE et al., 2017). Tais mecanismos sdo ilustrados na Figura 3.

Bactérias dos géneros Shewanella e Geobacter sdo capazes de realizar a transferéncia
direta de elétrons, ou seja, por contato direto entre a membrana externa da bactéria e a superficie
do anodo (RUSLI et al., 2019). A troca final de elétrons, entre a célula e o eletrodo, ¢ fornecida
pelas proteinas de membrana do citocromo C (SANTORO et al., 2017). Ainda, estas espécies

reportam a capacidade de producdo de nanofios, estruturas ou extensdes da célula microbiana,
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que se assemelham a cabos de elevada capacidade condutiva utilizados na transferéncia de

elétrons (LOGAN; REGAN, 2006).

Figura 3 - Métodos de transferéncia de elétrons entre as bactérias e o anodo.

H,O

Efluente
) Camada
tratado ”’- Contato direto do @ difasora de g
\ - microrganismo ar (GDE) *
| 99— Transferéncia pela :
[ ‘r“f'1 membrana: Citocromo Eletrodo “‘.‘.
Membrana :

[ | -
Q. M1< Estruturas condutivas @

(nanofios)
ﬁ Moxidado
f = . Mediadores (M)
W secretados pelas bactérias °
&- &( eletroativas

[ Mreduzide — @
o ’ Mediadores externos
. —_— e —

| 3
\ Q (Ex) ®
| |
EXreduzido
) i
@ cétrons H*:l
@ Citocromos l:
icrorganis l'
. P sacteriaseletroativas (E48) 0
- ili

Fonte: Adaptado de Kumar et al. (2019)

trocadorade:
protons :

Oxigénio

Efluente
Bruto

Os mediadores sao moléculas redox que aprimoram o fluxo de elétrons da atividade
bacteriana para o anodo (MUNOZ-CUPA et al., 2021). Estes podem ser sintéticos ou naturais.
Pode-se citar como exemplo de mediadores vermelho neutro, azul de metileno, ferricianeto de
potéassio e sulfatos (RAHIMNEJAD et al., 2011; YE et al., 2020). Durante o processo de
transferéncia de elétrons, o mediador entra na célula, captura os elétrons da cadeia
transportadora de elétrons e os doa ao anodo, o qual ¢ o aceptor final de elétrons (KUMAR et
al.,2019). A operagdo sem adicao de mediadores externos apresenta vantagens como utilizagao
de um mediador atoxico (natural) € menos oneroso (OBILEKE et al., 2021).

A inoculag@o da CCM pode ser feita a partir de culturas puras, a exemplo da Geobacter
sulfurreducens (NEVIN et al., 2008), Geobacter metallireducens (MIN; CHENG; LOGAN,
2005), Shewanella putrefaciens (YANG et al., 2020d), Lactobacillus pentosus (VILAS BOAS
et al., 2019), entre outras previamente investigadas em revisdes do estado da arte (SARATALE
etal.,2017; LOGAN et al., 2019). A CCM inoculada com culturas puras pode ser facilmente
monitorada e analisada quanto a atividade biologica e diferentes fenomenos associados a
transferéncia de elétrons, mas apresentam alta especificidade para substrato e elevado risco de

contaminagdo (KUMAR et al., 2019).
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Em contrapartida, a inocula¢do com culturas mistas (microrganismos eletroativos e
ndo eletroativos) ¢ interessante devido a simbiose dos organismos e sinergia no uso de
substratos (CAO et al., 2019). A cultura mista pode ser obtida através de amostras de efluente
e lodo anaerébio (BAGCHI; BEHERA, 2021) e aerdébio (REN; AHN; LOGAN, 2014;
D’ANGELO et al., 2017) de tratamento de efluentes domésticos, amostras de solo (WEI et al.,
2012), lodo de suinocultura (MA et al., 2016), sedimentos marinhos (HAMDAN; SALAM,
2020), entre outros. Também, ha possibilidade de utilizar o biofilme formado em uma CCM e
inocular uma nova célula (JIANG et al., 2016).

Logan et al. (2019), ao comparar o desempenho de culturas puras e mistas, constatou
que as maiores densidades de corrente reportadas até entdo sdo provenientes de CCM
inoculadas por culturas mistas. Os autores justificam o uso de culturas mistas por serem de facil
operagdo e produzirem densidades de poténcia semelhantes as obtidas com culturas puras.
Ademais, Logan et al. (2019) concluem que ao utilizar culturas mistas, outras bactérias podem
facilitar a geragdo de corrente, pois degradam as substancias quimicas presentes no substrato,
produzindo compostos aptos a serem utilizados pelos microrganismos eletroativos.

Por exemplo, Mateo et al. (2018), utilizando cultura mista, observaram aumento na
abundancia dos géneros Desulfurumonas, Solitalea, Syntrophothermus, Acholeplasma,
Propionicimonas, Sphaerochaeta ¢ Desulfobacula enquanto houve aumento na produgdo de
energia elétrica. No entanto, ao mesmo tempo, os géneros Geobacter ¢ Shewanella estavam
presentes em pouca quantidade e ndo coincidiram com as mudangas na corrente produzida. O
estudo indicou que o desenvolvimento da tecnologia de CCM nao deve ser baseado apenas em
culturas puras, mas nas culturas mistas, que se apresentam como eficazes e robustas.

Nath; Chakraborty e Ghangrekar (2021) também apontam interagdo entre
comunidades microbianas em CCM. Os autores relatam que ocorreu transferéncia direta de
elétrons interespécies entre Geobacter e Methanosaeta, em que a Geobacter transferiu seus
elétrons para a bactéria metanogénica, a qual se comportou como uma bactéria eletroativa.
Ademais, a associagado sintrofica entre Geobacter e Clostridium foi evidenciada por Rivalland
et al. (2022). Bactérias do género Clostridium sdao capazes de consumir hidrogénio e COo,
produzindo acetato ao final da reacdo. Por sua vez, o acetato ¢ a fonte de carbono preferida da

Geobacter, favorecendo o metabolismo das mesmas e a producdo de energia pela CCM.

2.1.3.2 Biofilmes

As bactérias presentes no dnodo se aglutinam, formando biofilme sobre a estrutura do

eletrodo, chamado por biofilme eletroativo (BEA) (ANGELAALINCY et al.,2018). O biofilme
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atua como um biocatalisador para oxidar a fonte de carbono e produzir elétrons e prétons
(LOGAN et al., 2019). Além de fornecer condicdes ideais para o desenvolvimento das bactérias
eletroativas, o estudo sobre a formacgao do biofilme e suas respectivas interagdes entre eletrodos
durante a geracao de eletricidade acarreta resultados positivos para o desempenho da CCM
(ANGELAALINCY et al., 2018).

De acordo com Mukherjee et al. (2020), o biofilme eletroativo ¢ formado em quatro
etapas, apontadas a seguir. Os autores descrevem que as células bacterianas iniciam o processo
de (i) fixagdo sobre a superficie do eletrodo. Em seguida, ocorre (ii) a fixagao irreversivel das
células bacterianas na superficie do anodo, devido a formacdo das substancias poliméricas
extracelulares (EPS). O terceiro estagio envolve (iii) a formagdo de um biofilme maduro com
uma estrutura tridimensional, com canais que permitem o transporte de d4gua e nutrientes. No
ultimo estagio, ¢ observado (iv) descolamento e dispersdo de células do biofilme devido as
mudangas nas condigdes ambientais e preparacao para a formagdo de um novo biofilme. Vale
destacar que em CCM de camara dupla pode ocorrer o desenvolvimento de biofilme também
no catodo (BAGCHI; BEHERA, 2021).

Segundo Saratale et al. (2017), a formacdo do biofilme depende dos aspectos
construtivos da CCM (material e propriedades dos eletrodos, membrana, distdncia entre os
eletrodos), parametros operacionais (regime de alimentacdo, caracteristicas do substrato, pH,
resisténcia externa, tempo de detengdo hidraulica e temperatura) e parametros bioldgicos
(cultura microbiana, inoéculo, interagdes, taxa de crescimento do biofilme, densidade,
diversidade, composi¢do e abundancia de organismos eletrogénicos).

Santoro et al. (2017) apontam que a formacao de biofilmes eletroativos pode ser feita
nos modos de batelada, fluxo continuo ou semi-continuo. Os autores ressaltam que o modo
semi-continuo ¢ o mais comum, o qual consiste em adicionar substrato fresco quando a
producdo de energia reduz, ou adicionar parte de solu¢do em intervalos de tempo determinados.

O periodo em que se d4 a formagao do biofilme ¢ conhecido por aclimatagcdo, em que
as bactérias se adaptam ao novo meio e, consequentemente, se desenvolvem (PASTERNAK;
GREENMAN; IEROPOULOS, 2018). Entre muitos, os métodos de aclimatagdo mais
reconhecidos, que otimizam a sele¢do de espécies eletroativas sdo a adi¢do de vitaminas,
nutrientes essenciais, substratos (MIN; LOGAN, 2004) e eliminacdo especifica de grupos
microbianos por métodos fisicos (BEHERA; GHANGREKAR, 2016).

As EPS sao responsaveis pela estrutura do biofilme (MUKHERIJEE et al., 2020) e
consistem em uma matriz de polissacarideos, proteinas, lipideos e 4cidos nucleicos que envolve

as c¢lulas microbianas, sendo fundamental para determinar as caracteristicas fisico-quimicas
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do biofilme (ANGELAALINCY et al., 2018; LEE, 2018). As EPS constituem entre 50% a 90%
do biofilme microbiano e t€ém como fun¢do promover a fixagdo das células a superficie do
anodo, amadurecer a estrutura do biofilme, aumentar a resisténcia ao estresse ambiental e
permitir as interagdes elétron-eletrodo (ZHANG et al., 2011).

Lee (2018) destaca que a transferéncia extracelular de elétrons, ou seja, direta ou por
meio de citocromos ou nanofios, deve ocorrer em EPS, comumente encontradas em anodos de
biofilme. Os autores reforgcam que as EPS podem atuar como biopolimeros semicondutores que
auxiliam a transferéncia extracelular de eclétrons, exercendo funcdo semelhante a de um
mediador.

Stockl et al. (2019) ao analisarem o biofilme formado por Geobacter sulfurreducens
em CCM, constataram que biofilmes eletroativos apresentaram maior producdo das EPS,
quando comparados com células controle. Os autores ainda citam que a composi¢ao das EPS
era predominantemente formada por proteinas, que possivelmente estd relacionada a
transferéncia de elétrons por nanofios. Além disso, Kouzuma et al. (2010) apresentam que os
polissacarideos presentes nas EPS de biofilmes de Shewanella oneidensis conferiram
propriedades de adesao ao biofilme, o que permitiu que as bactérias eletroativas permanecessem
proximo ao eletrodo e tornassem a transferéncia externa de elétrons mais efetiva. Com isso, os
autores relacionaram a presenca de polissacarideos de maneira positiva com a eficiente geragao
de eletricidade na CCM.

Neste contexto, Stockl et al. (2019) ressaltam que poucos trabalhos investigaram a
composicao de EPS em biofilmes eletroativos de CCM, indicando a necessidade de uma analise

mais detalhada de seus componentes e respectiva influéncia na geracao de energia elétrica.

2.1.4 Aspectos estruturais
2.1.4.1 Configuragoes

Como mencionado anteriormente, a CCM se apresenta principalmente em duas
configuragdes, camara unica (CCM-U) e camara dupla (CCM-D). Na CCM-D, a camara do
anodo e do catodo sdo separadas por uma membrana, em que ambos os eletrodos estdo imersos
no meio liquido (LOGAN, 2008; MUNOZ-CUPA et al., 2021), como exposto na Figura 1.

Representagdes reais de CCM-D podem ser visualizadas na Figura 4A e 4B. Logan et
al. (2006) apontam que este design permite a separagdo total do ambiente catddico e anddico.
Os autores citam que as reacoes de degradacdo de matéria organica ocorrem no anodo, em

ambiente anaerobio, enquanto no catodo, em ambiente aerdbio, o oxigénio € reduzido. A CCM-
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D pode assumir diversos formatos, como tipo H, cubica, miniatura, plana e tubular (GUL et al.,

2021).

Figura 4 — Célula a combustivel microbiana de camara dupla utilizada em experimentos.

Nota: a) CCM de camara dupla (VILAS BOAS et al., 2015); b) CCM de camara dupla tipo H (LOGAN et al.,
2005).

A utilizagdo de membrana semipermeavel disposta no meio do sistema impede a
passagem do oxigénio para o ambiente anddico e permite a passagem dos protons para o catodo,
todavia, sua presenca causa aumento da resisténcia interna (OBILEKE et al, 2021). A
membrana mais utilizada em CCM é a do tipo trocadora de protons Nafion®, devido a sua
resisténcia e menor propensao a colmatacao (VILAS BOAS et al., 2019). Outros exemplos de
separadores sdo membrana trocadora de cations, membrana trocadora de anions, membrana
bipolar, ponte salina, membrana de ultrafiltragdo, fibra de vidro, separador nao-tecido,
polimeros, separadores biodegradaveis, entre outros (SEVDA; SREEKRISHNAN, 2012;
BAGCHI; BEHERA, 2021).

Na CCM-U, por sua vez, nao hd uma barreira fisica que separa os compartimentos de
anodo e catodo, dessa forma, ndo contém um compartimento anddico ou catoddico estabelecido
(WANG et al., 2017), como pode ser visualizado na Figura 5A e 5B. Essa caracteristica
promove a reducdo de custos da CCM-U, uma vez que ndo utiliza membrana para fazer a
separacao entre ambientes, consequentemente reduz a resisténcia interna e dispensa a aeragao
devido ao catodo ficar exposto ao ar (YANG; KIM; LOGAN, 2015; YU et al., 2021). No
entanto, algumas CCM de cdmara unica que utilizam eletrodo do tipo membrana associada ao
eletrodo, que ¢ abordada no item 2.1.4.2, utilizam membrana em sua configuragdo. Gul ef al.
(2021) apontam como configuragdes de CCM-U a forma cubica, frasco com brago lateral,

tubular e fluxo ascendente.
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Figura 5 — Célula a combustivel microbiana de cAmara tnica (CCM-U).
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Fonte: (A) Adaptado de Obileke et al. (2021); (B) Logan et al. (2007).

You et al. (2007) avaliaram a geracdo de eletricidade a partir do lixiviado do aterro
sanitario em CCM camara dupla e de camara tnica. Os resultados do estudo apontam
desempenho superior da cAmara tnica, sendo 6817,4 mW m™ para esta e 2060,2 mW m™ na
camara dupla. Os autores apontam que essa diferenca ¢ devido a menor resisténcia interna na
CCM-U.

Vilas Boas et al. (2015) avaliaram o design em CCM e compararam as configuracdes
dupla e simples. Para a CCM-U, obtiveram maior resisténcia interna causada pelas perdas
o6hmicas, resultando em decréscimo na geragdo de energia. Todavia, esta mesma configuragao
apresentou melhor desempenho na remog¢ao de DQO. Como discutido anteriormente, diversos
fatores influenciam na resisténcia interna, a exemplo, tamanho e espacamento dos eletrodos,
volume da camara, difusdo do oxigénio e maturidade do biofilme (LOGAN et al., 2006).
Portanto, somente a configuragcdo ndo proporciona aumento na producdo de energia, € sim, o
conjunto das caracteristicas do sistema.

Embora haja divergéncia entre estes resultados, vale destacar que a CCM-U ¢ a
configuracdo mais promissora para se utilizar em sistemas de escala real, devido ao menor custo
associado a ndo utilizagdo de aeracdo, o que demanda menor capital de investimento. Além
disso, a resisténcia interna no sistema € menor, € consequentemente ha maior produgao de
energia elétrica (LIU; RAMNARAYANAN; LOGAN, 2004; ZHUANG et al., 2012; KIM et
al.,2016; ZHANG et al., 2016b; DING et al., 2017; HIEGEMANN et al., 2019). No Quadro 2

sdo sintetizadas as vantagens e desvantagens de cada configuracao.
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Quadro 2 — Vantagem e desvantagens das configuragoes de CCM.
Configuracio Vantagem Desvantagem
Rapido cultivo de bactérias
eletroativas, facil de controlar as
condi¢des em cada compartimento,

Custo elevado, principalmente da

CCM-D . membrana separadora, necessita
ideal para estudos em escala de ~
. ~ de aeragao.
laboratorio; remocao de compostos
nitrogenados no catodo
Design simples, menor custo, oA
dispensa o uso da membrana, menor Presenca de oxigénio no
CCM-U ’ anodo,criagao de biofilme no

resisténcia interna, menor resisténcia
interna; utiliza oxigé€nio da atmosfera.
Fonte: Logan et al. (2006); You et al. (2007); Obileke ef al. (2021); Gul et al. (2021).

catodo

Yu et al. (2021) avaliaram 106 CCM alimentadas com efluente real (doméstico,
industrial, lixiviado, hospitalar ¢ de criagdo de animais) e as classificaram conforme o seu
volume, sendo miniaturas (< 1 L), pequena (1 - 10 L), média (10 — 100 L) e grande (> 1000 L).
Devido a dificuldade de fabricar um grande eletrodo e por aumentar a perda de energia, o
volume da maioria das CCM sdo miniaturas (56,7%), seguido por pequenas (26,8%), médias
(8,5%) e grandes (8,5%).

Para melhorar o desempenho da CCM, viérias modificagdes t€m sido feitas nas
configuragdes. Uma dessas consiste no empilhamento (stacked) de células, sendo elas
conectadas em série ou em paralelo (ESTRADA-ARRIAGA ef al., 2018). Também se pode
citar a configuracdo de fluxo ascendente, do inglés, upflow (MARASSI et al., 2020b),
multieletrodo (AHN et al., 2014), e utilizagdo de componentes ativos para coleta de energia
elétrica (LOBO; WANG; REN, 2017). Outra alternativa ¢ a aplicacdo em sistemas hibridos,

utilizando diretamente a energia produzida, como apresentado no Item 2.2.

2.1.4.2 Eletrodos

Os materiais dos eletrodos podem maximizar a densidade de poténcia do sistema,
desde que suas propriedades de composi¢ao, morfologia e superficie influenciem na adesao de
bactérias, transferéncia de elétrons e reagao de oxidagao e reducdo (CANO et al., 2021).

Os materiais geralmente empregados como anodo e catodo sao derivados de carbono,
como papel, feltro, tecido, espuma, escova de carbono, haste, placa, graos, fibras e escovas de
grafite, malha e placa de ago inoxidéavel, carvao ativado granular, placas de metal, como ouro,
niquel e cobre (LOGAN et al., 2006; CAl et al., 2020). De acordo com a revisdo sistematica
elaborada por Abdallah et al. (2019), os eletrodos mais utilizados para CCM sao tecido de

carbono, feltro de carbono e feltro de grafite. Para aprimorar a geragdo de energia, os
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pesquisadores se concentram nos estudos de novos eletrodos, principalmente utilizando a
nanotecnologia, por exemplo, nanotubos de carbono (KAUR et al., 2020).

No anodo ocorre a oxidagao do substrato através da agao dos microrganismos. Dessa
forma, o material do anodo deve apresentar alta porosidade, elevada area superficial especifica,
biocompatibilidade, ser capaz de sustentar o desenvolvimento do biofilme, ndo ser téxico e
corrosivo, ser bom condutor de elétrons e apresentar viabilidade financeira (CAI ef al., 2020;
OBILEKE et al., 2021).

Ja o catodo ¢ responsavel por suportar a reagao ocorrente entre o oxigénio, protons e
elétrons. Os materiais empregados no catodo e anodo sdo semelhantes, no entanto, no catodo,
¢ empregado um catalisador devido a baixa velocidade em que ocorre a reacdo de reducdo de
oxigénio (ZHOU et al., 2011).

A platina ¢ um catalisador muito empregado, todavia, seu elevado custo inviabiliza
sua aplicagdo em maiores escalas (CHENG; LIU; LOGAN, 2006). Para CCM com catodo
exposto ao ar, o eletrodo possui uma camada difusora de politetrafluoretileno (PTFE), para
facilitar a introdugao do oxigénio e impedir a saida do liquido (ABDALLAH et al., 2019). Estes
componentes sdo prensados a quente (ZHANG et al., 2009). Ao longo dos anos, tem-se buscado
catalisadores alternativos, como carvao ativado (YANG; KIM; LOGAN, 2015), a base de
metais (SANTORO et al., 2015), quitosana (YANG et al., 2020b), além do emprego de
enzimas, polimeros e biocatalisadores (SANTORO et al., 2017).

Vale ainda destacar, que a distancia pela qual os eletrodos estdo separados ¢ uma
varidvel importante dentro da CCM, seja de camara dupla ou Unica. A resisténcia 6hmica
interna pode ser reduzida ao aproximar os eletrodos e, consequentemente, aumentar a produgao
elétrica. Mei et al. (2019) observaram que ao operarem CCM-U com eletrodos afastados em
0,5 e 1 cm, produziram corrente de 1,7 mA. Ao afastarem os eletrodos em 2 cm, houve reducao
para 1,3 mA.

Outra alternativa promissora utilizada para ampliar a producao de energia elétrica em
CCM, especialmente em CCM de catodo exposto ao ar, minimizando as perdas pela resisténcia
interna, ¢ a utilizagdo da configura¢do da membrana associada ao eletrodo, do inglés membrane
electrode assembly (MEA), como eletrodo (KIM et al., 2009). Esse eletrodo ¢ comumente
utilizado em células a combustivel convencionais (células galvanicas), porém foi adaptado para
a tecnologia de CCM (LOGAN, 2008).

Prakash et al. (2010) explicam a estrutura do MEA no campo de CCM, o qual consiste
em um arranjo em que uma membrana trocadora de protons ¢ colocada entre dois eletrodos de

difusdo de gas (GDE), o anodo e o catodo. O catalisador da reagdo anddica e catddica esta
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localizado na face interna do GDE, em contato direto com a membrana. Toda essa estrutura ¢é
prensada a quente a fim de garantir que os componentes se mantenham um ao lado do outro em
contato proximo (KIM et al., 2009).

O GDE ¢ composto de duas camadas distintas, catalitica e difusora, sendo que esta
ultima ¢ conhecida por GDL (camada difusora de géas — gas diffusion layer) (“NovoCell”, 2021).
O GDL ¢ composto por um material a base de carbono (tecido ou papel) e uma camada e
polimero de PTFE (Teflon®). O PTFE torna o eletrodo hidrofébico, para reduzir os problemas
de vazamentos e encharcamento do eletrodo (MIN et al., 2012). Prakash et al. (2010) pontuam
que sobre esta camada ¢ aplicado o catalisador, geralmente a platina.

Prakash et al. (2010) destacam como beneficios de se utilizar a estrutura de MEA como
eletrodos, o melhor contato entre os eletrodos e a membrana, reduzindo assim a resisténcia
interna. O uso de um catodo exposto ao ar diminui o contato do oxigénio com o anodo,
consequentemente aumentando a produgao de energia elétrica.

Nandy et al. (2015) ressaltam que poucos trabalhos reportam a utilizagdo do MEA, no
entanto, no referido trabalho é comparado o desempenho entre MEA e outros eletrodos, sendo
CCM-A (MEA), CCM-B (eletrodos de tecido de carbono e coletores de aluminio) e CCM-C
(eletrodos de tecido de carbono conectados por fios de cobre). Os resultados apontam que a
maior densidade de poténcia foi observada na CCM-A, seguido por CCM-B e CCM-C, com os
respectivos valores de 2212,57, 1098,29 e 124,46 mW m™. Os autores atribuem o elevado
desempenho do MEA devido ao material do eletrodo e o espacamento entre os eletrodos, que
resultou na redugdo da resisténcia interna, sugerindo que os protons gerados no compartimento
anddico, durante a oxidacdo microbiana, percorreram um caminho mais curto para alcangar o
catodo.

Por fim, € possivel notar uma tendéncia dentro da literatura acerca da configuracao de
CCM. Frequentemente se utilizam células de cAmara tnica, com catodos expostos ao ar, com
volume inferior a 150 mL, anodo de escova de fibra de carbono, e catodo de tecido de carbono,
com camada difusora de PTFE e catalisador de platina ou carvao ativado (ROSSI et al., 2019;
ROSSI; LOGAN, 2020; YANG et al., 2020b). Todavia, devido ao tamanho reduzido dos
eletrodos, a energia produzida ¢ baixa, o que sugere a necessidade de investigacdo acerca do

aproveitamento energético da CCM.
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2.1.5 Aspectos operacionais

A CCM ¢ uma tecnologia dependente da acao de microrganismos, dessa forma, muitos
dos parametros empregados para tratamento biologico de efluentes sdao aplicados para estes
sistemas. De maneira semelhante, os parametros operacionais devem ser cuidadosamente
selecionados, a fim de contribuirem de forma positiva com os microrganismos eletroativos,
garantindo eficiéncia na geracao de eletricidade e tratamento de efluentes (BIRD et al., 2022).

A CCM pode operar em regime continuo (ROSSI et al., 2022), semi-continuo (AN et
al.,2020) ou em batelada (MARASSI et al., 2020a). O fluxo continuo de operagdo se aproxima
das condi¢des reais, o que pode facilitar o desenvolvimento da CCM (DO et al., 2018;
LINARES et al., 2019; CABRERA et al., 2022). O modo semi-continuo consiste na troca de
um determinado volume de substrato em definidos intervalos de tempo
(MALEKMOHAMMADI; MIRBAGHERI, 2021). Munoz-Cupa ef al. (2021) apontam que a
operagao em batelada permite maiores taxas de remog¢ao de compostos nitrogenados e matéria
organica, devido aos ciclos serem mais longos, porém o esgotamento de substrato e nutrientes
comprometem a eficiéncia da producao de corrente continua.

A comparacao entre os modos de operacao ¢ discutida por Pannell et al. (2016). Na
operagcdo em modo continuo, percebeu-se uma relacdo de proporcionalidade entre a corrente
produzida e a carga organica aplicada, alcangando 10,7 A m? em 12,5 g L'l.dia™,
respectivamente. No entanto, em batelada, ao aumentar a concentragdo de substrato houve
diminuicdo da densidade de corrente, produzindo 5,8 A m? em 2,6 L'!.dia'e 1,1 A m? com
carga organica de 130,9 g L'.dia"!. Pannell ef al. (2016) também destacaram as alteragdes
ocorridas na composi¢do do biofilme conforme o modo de operagdo. Em modo continuo, a
andlise revelou que os trés grupos dominantes foram Clostridia (52%), seguido por
Proteobacteria Betaproteobacteria (10,7%) e Bacteroides (11,4%). A comunidade microbiana
presente no sistema em batelada consistiu em Bacteroides (44,9%), Firmicutes (39,9%),
Proteobacteria (9,7%), Actinobacteria (0,31%) e Euryarchaeota (0,01%). O estudo aponta o
modo de alimentagao como um fator influente sobre a diversidade microbiana do biofilme. Os
autores justificam que a produgao de eletricidade superior em modo continuo ¢ devido a criagao
de um ambiente favoravel para o crescimento de microrganismos eletroativos. Ja em batelada,
ao se encerrar o ciclo, os microrganismos sao removidos do sistema, devido a troca do substrato,
dificultando a formag¢ao de um biofilme (MUNOZ-CUPA et al., 2021).

As condicdes oOtimas de pH potencializam o crescimento de microrganismos

eletrogénicos, aumentam a degradacdo do substrato, transferéncia de elétrons, concentracao e
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movimento de protons, diferenca de potencial, formag¢do de biofilme e, por consequéncia,
ocorre acréscimo na producdo de energia (DWIVEDI et al., 2022; NAWAZ et al., 2022).
Bactérias eletroativas, como Geobacter sulfurreducens sao sensiveis ao pH, e sua geracao de
eletricidade foi seriamente restringida quando o pH do anodo foi inferior a 6,0 (FRANKS et al.,
2009). Dessa forma, usualmente se trabalha em uma faixa neutra de pH em CCM (OBILEKE
etal.,2021).

Vale destacar que em CCM de camara tnica o controle de pH se torna mais dificil.
Nimje et al. (2011) obteve aumento de producdo de corrente com o aumento do pH. Os
resultados mostraram que a producao de corrente elétrica foi relativamente baixa em condig¢des
acidas, pH 5 e 6, e em pH neutro foi observado um melhor desempenho. A estabilidade de
corrente elétrica foi obtida em condigdes neutras a alcalinas, pH 7, 8 € 9, o que demonstrou que
as bactérias eram mais adaptaveis a ambientes alcalinos do que em condigdes acidas. Marassi
et al. (2020b) reportam que a degradagdo do substrato causou elevagdo do pH, pois liberou ions
organicos e inorgnicos para o meio, além do consumo de H' na reagdo do catodo.

O desempenho de CCM também ¢ afetado pela temperatura, devido a sua influéncia
no metabolismo dos microrganismos, na cinética quimica das reagdes ocorrentes dentro de
CCM, na condutividade da solugdo, e nos potenciais de eletrodos (TANG et al., 2020;
MUNOZ-CUPA et al., 2021). Cada microrganismo tem uma temperatura 6tima para as vias de
crescimento e metabolismo. Os microrganismos eletroativos, como Geobacter, produzem
maiores densidades de poténcia em temperaturas moderadas (LOGAN et al, 2019).
Temperaturas entre 30 e 45 °C podem facilitar a formacdo do biofilme e potencializar a
atividade bioeletrocatalitica (MUNOZ-CUPA et al., 2021).

Isso fica evidenciado no estudo conduzido por Li ef al. (2013). A temperatura testada
inicialmente foi de 37 °C e ap0s foi variada para 10, 30, 43 € 55 °C. Os resultados demonstraram
que a densidade de poténcia produzida pela CCM foi afetada pelas temperaturas de operagao.
A maxima densidade de poténcia produzida em 10, 30, 37 e 43 °C foi igual a 2,64; 6,34, 7,89 ¢
6,26 W m~. Em 43 °C, a densidade de poténcia produzida foi baixa e em 55 °C nio foi possivel
obter producdo estavel de energia. Gaskari et al. (2020) apresentaram resultados semelhantes.
Os autores operaram 5 CCM de camara unica com temperaturas iguais a 20, 24, 30, 34 ¢ 40 °C.
Os resultados apontaram que ao aumentar a temperatura entre 20 e 34 °C, houve aumento na
densidade de poténcia produzida.

Vale destacar a influéncia da resisténcia externa (Rext), aplicada através de um resistor.
De acordo com Lyon et al. (2010), a Rex 1deal se correlaciona com a resisténcia interna da

CCM, dessa forma, a poténcia méxima do dispositivo ¢ alcancada quando a resisténcia externa
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¢ igual a resisténcia interna. Ademais, esta diretamente relacionada com o potencial do anodo
(DWIVEDI et al., 2022). A menor resisténcia aplicada permite a passagem de um numero maior
de elétrons, por unidade de tempo, do biofilme para o eletrodo e também uma maior produgao
de protons (ZHANG et al., 2011). Além disso, a oxidagdo de substratos organicos ¢ mais rapida
porque o metabolismo dos microrganismos estimula o transporte de elétrons, enquanto a alta
resisténcia externa leva mais tempo para a degradacdao do substrato (MUNOZ-CUPA et al.,
2021). Também, Zhang et al. (2011) evidenciaram que a Rex: influenciou a estrutura do biofilme
formado no anodo. Os autores apresentam que a menor resisténcia aplicada permitiu maior
produgdo de biomassa. A medida que a resisténcia externa era aumentada, observou-se redugio
da quantidade das EPS no biofilme. Assim sendo, o biofilme estabelecido em uma resisténcia
externa mais alta apresentou tendéncia em formar uma estrutura compacta com biomassa menos
ativa e contetido inferior das EPS.

Também, ¢ importante destacar a carga organica aplicada em CCM. A carga organica
consiste na concentracdo de DQO aplicada no sistema por volume de efluente. Em CCM nao
ha valores 6timos estabelecidos como para sistemas convencionais de tratamento de efluentes
(ABDALLAH et al., 2019; BIRD et al., 2022). A carga organica aplicada determina o fluxo do
substrato organico na célula e o tempo que a populagdo microbiana possui para degrada-lo
(NAWAZ et al., 2022). Este valor pode ser regulado por duas vias, através da concentracao do
efluente e pelo tempo de detencdo hidraulica fornecido pelo sistema de tratamento (BIRD et
al., 2022). Em aplicagdes praticas, o efluente ndo sofre elevadas variagdes de concentragao,
entdo, regula-se a carga principalmente pelo TDH. Dessa forma, o ponto chave da discussao
volta-se para o tempo de deten¢do hidraulica. O TDH imprime relevante influéncia para a
operacdo da CCM, visto que deve representar tempo suficiente para as células se
desenvolverem, degradarem a matéria organica e transferirem os elétrons produzidos (YE et

al., 2020; ZHAO et al., 2022). Esse topico ¢ discutido em detalhe no Item 2.1.5.1.

2.1.5.1 Efeito do Tempo de Deten¢do Hidraulica

O tempo de detencdo hidraulica € um importante paradmetro para processos bioldgicos,
pois interfere no volume, design e operagdao do reator (VON SPERLING, 2007). Para CCM,
esse parametro também influencia na geracdo de energia elétrica, uma vez que tem capacidade
de controlar a quantidade e tipo de bactérias suspensas presentes no sistema, regula a vazao,
influen no estresse hidrico e na espessura do biofilme, além da relagao alimento/microrganismo

(WEl et al., 2012; YE et al., 2020).
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Para Liu, Ramnarayanan e Logan (2004), em estudo sobre CCM-U aplicada ao esgoto
doméstico, a remogao de DQO aumentou de 40% em TDH de 3 h para 80% em 33 h. Todavia,
a densidade de poténcia produzida reduziu de 17 para 12 mW m™. Sharma e Li (2010) avaliaram
a influéncia do TDH em CCM-U aplicada ao tratamento de efluente anaerobio. Os autores
variaram o TDH entre 6,5 e 50 h. Os resultados demonstram menor densidade de poténcia em
6,5 h (3872 mW m™). Ao passo que o TDH foi aumentado (13,1 h), a producio energética foi
proporcional, atingindo um pico de 4072 mW m>. A partir disso, a densidade de poténcia
diminuiu, equivalente a 3136 mW m™ em TDH de 50 h. Os autores explicam que em TDH
<13,1 h, o tempo de contato ndo foi suficiente para as bactérias degradarem o substrato e
transferir seus elétrons para o anodo, o que induz a uma baixa densidade de poténcia. Em
relacdo a baixa eficiéncia do sistema em alto TDH, os autores sugerem que a quantidade de
substrato foi insuficiente, tornando-se um fator limitante. Wei et al. (2012) avaliaram a
influéncia do TDH de 4, 8, 10, 12, 16 ¢ 24 h em uma CCM-D e concluiram que em TDH de 8
h foi possivel produzir méxima tensdo de 211 mV e densidade de poténcia de 44,52 mW m™.

Com vistas a aumentar a escala da CCM, Abdallah ef al. (2019) sugerem operar a
CCM com TDH entre 6 e 12 h. Liu et al. (2008) ao operarem uma CCM-U de aproximadamente
1,5 L, observaram que a densidade de poténcia aumentou de 17 W m, em TDH de 4,1 h, para
22 W m™ em 11,3 h, e apresentou redugio para 20 W m™ em TDH de 16 h. Wang et al. (2016)
ao realizar a operagdo de uma CCM com 0,88 L obtiveram méaxima densidade de poténcia de
59 mW m?, com eficiéncia couldmbica de 8,56% em TDH de 6,3 h. Liu et al. (2018b)
utilizando CCM-D de 2,2 L apresentaram méxima densidade de poténcia de 36,08 mW m™,
com TDH de 7 h.

Quanto a remoc¢do de DQO, Ren; Ahn e Logan (2014) reportam resultados
semelhantes. Em TDH de 4 h, a remog¢ao de DQO variou de 19 a 32%. Aumentando o TDH
para 24h, a remocao alcangada foi de 67%. Marassi et al. (2020a) verificaram que a remogao
de DQO apresentou reducao em TDH menor. Os autores explicam que a operagao com elevado
TDH possibilita que os microrganismos presentes no biofilme possuam mais tempo de contato
para degradar a matéria organica, contribuindo para a maior eficiéncia de remog¢ao de DQO e
melhor qualidade do efluente final.

Em um reator em batelada, o conceito de TDH passa a ser tempo do ciclo. O
abastecimento da CCM ¢ feito de maneira intermitente. O tempo de ciclo € um fator importante
para a viabilidade econdmica e otimizagdo das caracteristicas de geracdo de eletricidade na

CCM (CIRIK, 2014), uma vez que este parametro contribui para a selecdo e permanéncia de
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bactérias exoeletrogénicas, as quais sdo fundamentais para a geracdo de energia elétrica
(D’ANGELO et al., 2017).

Vilas Boas et al. (2019) verificaram que o tempo de ciclo de 2 dias, para uma CCM-U
operada em batelada, foi ideal para maximizar a geracdo de energia, obtendo 3,52 mW m? e
55% de remog¢ao de DQO. Cirik (2014) avaliou o tempo de ciclo em uma CCM-D em fluxo
intermitente e obteve a maior densidade de energia, 7,205 mW m? e 90% de remogdo de DQO,
com tempo de ciclo de 15 dias. De fato, tais resultados sdo discrepantes e corroboram com a
afirmag¢ao de Vilas Boas et al. (2019), os quais ressaltam que as melhores condig¢des
operacionais ¢ de design para uma configuracdo de CCM nao s3o necessariamente 0 mesmo
para outra configuragdo, indicando a necessidade de otimizagdo conforme o objetivo proposto.

Ademais, Penteado et al. (2016) ressaltam que ao fazer o controle do tempo de
residéncia celular ou idade de lodo (TRC), o TDH softria alteragdo simultaneamente. Portanto,
pode-se inferir que através do TDH ¢é possivel controlar o TRC em CCM. Os autores ressaltam
haver evidente relacdo entre o parametro e a produgao de eletricidade. Variou-se o TRC de 7 a
1,2 dias. A densidade de corrente obtida no menor TRC foi 15 vezes superior a operagdo com
TRC de 7 dias, respectivamente sendo 58 e 891 mW m. Tais resultados sugerem que em menor
TRC, os microrganismos nao eletroativos foram eliminados e mais matéria orginica estava
disponivel para ser utilizada pelas bactérias exoeletrogénicas (PENTEADO et al., 2016). Tal
afirmagdo concorda com o exposto por Wei et al. (2012), os quais afirmam que o tipo e
quantidade de bactérias presentes na CCM pode ser diretamente controlada através do TDH.

Dessa forma, pode-se observar uma relagdo entre o TDH e a producdo de energia
elétrica e remogao de DQO. O tempo de contato entre o substrato e o biofilme deve ser
suficiente para que as bactérias eletroativas consigam degradar a matéria organica para produzir
elétrons e os transferir para a superficie do dnodo, potencializando a geracao de eletricidade
(SHARMA; LI, 2010; MARASSI et al., 2020a). Dessa forma, verifica-se a relagao entre o TDH
€ 0s microrganismos, uma vez que controla a relagdo alimento/microrganismo e deve atender o
tempo de geracao celular (NAWAZ et al., 2022; WEl et al., 2012; YE et al., 2020).

Todavia, ndo ha um valor exato ou intervalo 6timo, ou seja, cada CCM apresenta um
TDH ideal para sua especifica configuragdo. Os dados obtidos pelas pesquisas diferem muito
entre si. Isso ocorre em funcao das diversas configuragdes existentes, sejam elas estruturais, de
operagdo e, também, relacionadas ao objetivo da pesquisa, dificultando a comparacgao entre as
CCM (FADZLI; BHAWANI; MOHAMMAD, 2021). Vilas Boas et al. (2019)citam que as

condi¢des de operagdo precisam ser cuidadosamente consideradas e escolhidas para cada
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unidade proposta, de modo a favorecer a atividade das bactérias eletroativas e,

consequentemente, alcancar o melhor desempenho.
2.1.6 Extracido e armazenamento de energia

A CCM ¢ considerada como uma solu¢do sustentdvel para geragdo de energia e para
atingir a autossuficiéncia energética dos sistemas de tratamento de efluente. No entanto, a
geragao de energia passivel de ser utilizada ¢ um dos maiores desafios da aplicacao da
tecnologia em sistemas reais (GUL et al., 2021; WANG; PARK; REN, 2015). Diversas técnicas
vém sendo empregadas para contornar esta problematica, como a unido de varias CCM em série
ou em paralelo (do inglés, stacking) (DAS et al., 2020). Maiores valores de poténcia podem ser
obtidos através desta configuracdo, mas a operagdo apresenta desafios, como instabilidade
devido a reversao de tensdo e outros problemas atrelados ao sistema biologico (LOBO; WANG;
REN, 2017).

As CCM sio geralmente acopladas com resistores externos para permitir o fechamento
do circuito elétrico e, assim, a passagem da corrente elétrica. Através deste método, a energia ¢
dissipada em forma de calor, ndo sendo possivel o aproveitamento energético (ALARAJ;
RADENKOVIC; PARK, 2017; WANG; PARK; REN, 2012). Para facilitar a geracao, extracao
e armazenamento eficiente da energia produzida pela CCM, sistema de gerenciamento de
energia (Power Management System — PMS) podem ser acoplados (DUTTA et al., 2022), como
apresentado na Figura 6A. Podem ser citados como exemplos destes sistemas os capacitores,
bombas de carga e conversores de impulso (GUL et al., 2021; SERRA, 2021).

Além disso, sistemas de coleta de energia com capacidade de rastreamento do ponto
de maxima poténcia (Maximum Power Point Tracking - MPPT) tém sido desenvolvidos para
aumentar a geracdao de poténcia da CCM (MUKHERIJEE et al., 2022). O ponto maximo de
poténcia (Maximum Power Point — MPP) corresponde ao ponto em que ocorre a maxima
geragdo de poténcia (WANG; PARK; REN, 2012) (Figura 6B).

O MPP pode ser determinado através das curvas de poténcia e polarizagdo, como
apresentado na Figura 6. Vale destacar que a operagdo da CCM neste ponto especifico ¢ dificil,
uma vez que se trata de um sistema dindmico (MUKHERIJEE et al., 2022). Dessa forma, a
poténcia gerada pela CCM flutua continuamente devido a variagdes nas atividades microbianas
ou mudancas nos parametros operacionais, ou seja, o0 MPP varia constantemente (WANG;
PARK; REN, 2012). Isso significa que a extragdo de energia sem adaptacdo a condi¢do real da

CCM nao pode capturar o pico de energia o tempo todo e, portanto, hd perdas de eficiéncia.
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Portanto, a utilizagdo do MPPT conseguiria rastrear com sucesso o MPP da CCM em tempo

real, maximizando a produc¢do de energia (ALARAIJ; PARK, 2019).

Figura 6 - Sistema de gerenciamento de energia (A) e pontos operacionais (B).
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Fonte: Traduzido de Wang; Park e Ren (2015).

A fim de contemplar estas demandas, PMS podem rastrear o MPP, gerando condigdes
para alterar a resisténcia aplicada, e também reconhecer a corrente, tensdo e producdo de
energia, mantendo o desempenho méximo de captacdo de energia e a tornando disponivel para
ser utilizada em outros sistemas (GUL et al., 2021). Wang; Park e Ren (2015) afirmam que
sistemas de coleta de energia personalizados, incluindo PMS para rastreamento de MPP, sao
cruciais para o aumento de escala da CCM e aplicag@o em situagdes praticas.

Por exemplo, Wang, H.; Park e Ren (2012) utilizaram um sistema de coleta de energia,
operando em MPPT, acoplado a um capacitor. Esta configuracdo denominada por coleta de
energia ativa (Active Energy Harvesting), resultou no aumento de aproveitamento de energia e
eficiéncia coulombica em 76 e 21 vezes quando comparada ao sistema convencional de resistor.
Por exemplo, Wang; Park; Ren (2012) utilizaram um sistema de coleta de energia, operando
em MPPT, acoplado a um capacitor. Esta configuracao denominada por coleta de energia ativa
(Active Energy Harvesting), resultou no aumento de aproveitamento de energia e eficiéncia
coulombica em 76 e 21 vezes, respectivamente, quando comparada ao sistema convencional de
resistor.

Em 2017, o mesmo grupo apresentou mais uma técnica eficiente para captagao de
energia ativa utilizando um dispositivo comercial para aumentar o desempenho do sistema.

(LOBO; WANG; REN, 2017) utilizaram o circuito elétrico BQ 25505 (Texas Instruments) para
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a coleta de energia ativa. O circuito elétrico foi capaz de controlar a CCM nos pontos de MPP,
ponto de maxima corrente (maximum current point — MCP) e ponto de maxima tensio
(maximum voltage point — MVP). O sistema de coleta de energia ativa aumentou a producao de
poténcia em 81 a 375%, em MPP. No MCP, a eficiéncia coulombica apresentou um aumento
na ordem de 207-805%, quando comparada a CCM operada com resistor. Foi evidenciado que
o sistema de coleta de energia ativa foi capaz de criar um ambiente seletivo para a comunidade
microbiana, em que as vias respiratorias foram reguladas para uma transferéncia de elétrons e
sintese de ATP mais eficientes. Dessa forma, o MPPT pode facilitar a conversao do substrato e
a transferéncia de elétrons para o anodo (LOBO; WANG; REN, 2017).

Além disso, o sistema de extragdo de energia ativa pode promover o enriquecimento
das bactérias eletroativas ¢ aumento da capacidade de transferéncia de elétrons extracelulares
(LU et al., 2019). Da mesma maneira que Lobo et al. (2017) e Lu et al. (2019), Mei et al. (2022)
também avaliaram o uso do circuito elétrico BQ25505 em CCM. Os resultados apontaram que
a carga organica aplicada influencia no desempenho da CCM operada com sistema de coleta de
energia ativa. Operando em MPP, obteve-se 200 a 300 mW m, enquanto a CCM operada com
resistor externo produziu menos poténcia, variando de 34,51 a 182,74 mW m™. Mei et al. (2022)
também destacam que o sistema de coleta de energia ativa pode atuar como uma nova maneira
de regular a concentragdo dos produtos de fermentacao em CCM.

A extragdo de energia ativa pode fornecer rastreamento e captura de energia em tempo
real. Portanto, as tecnologias de coleta ativa demonstraram aumentar a producdo de energia da
CCM, moldar a comunidade eletroativa e a transferéncia de elétrons extracelulares e fornecer
um ambiente para a eletrofermentacao (LOBO; WANG; REN, 2017; LU et al., 2019; MEI et
al., 2022). Entdo, a coleta de energia ativa usando um circuito elétrico ¢ uma potencial

alternativa para aplicagdes em situagdes praticas.

2.2 APLICACAO NO TRATAMENTO DE EFLUENTES

Embora as CCM sejam consideradas uma alternativa promissora para gera¢dao de
energia renovavel, sua aplicagdo ainda ¢ restrita a escala laboratorial. Com desenvolvimento
em design e outros fatores técnicos, a CCM podera ser utilizada e comercializada para as mais
diversas aplicacdoes (DWIVEDI et al., 2022).

A aplicacao de CCM no tratamento de efluentes apresenta uma série de vantagens, que
possibilitam a comparag¢do com os processos convencionais de tratamento, como capacidade de

operar em curto TDH e em estruturas compactas com remog¢do de DQO. Além destas
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caracteristicas, pode-se destacar a viabilidade de CCM serem aplicadas na remocdo de
nitrogénio (CANO et al., 2021; PARK et al., 2021; ZHANG et al., 2014), fésforo (MARASSI
et al., 2022; YE et al., 2019¢), metais (LEIVA et al., 2018), antibioticos (LIU et al., 2022a;
WANG et al., 2018a; ZHU et al., 2022), recuperagao de nutrientes (YE et al., 2019b), além de
atuar em uma vasta gama de efluentes.

A eficiéncia de CCM operando com efluente doméstico real ¢ apresentada no Quadro
3. A remocao de DQO ocorre através da extracao da energia quimica contida no efluente pela
acdo das bactérias eletroativas. Com isso € possivel alcangar resultados promissores, com taxas
de remocgao de DQO de até 95% (Quadro 3).

O nitrogénio existe predominantemente na forma de ion amonio (N-NH4") em aguas
residudrias e seu processo de remogdo convencional envolve nitrificagdo e desnitrificagdao
(VON SPERLING, 2007). Yu et al. (2021) em sua revisdo sobre a aplicacdo de CCM em
tratamento de efluentes identificou quatro vias de remog¢do de nitrogénio. Primeiro, N-NH," &
transportada do anodo para o catodo através da membrana e entdo € volatilizada em NHj3
(aménia) devido ao pH do catodo. Por segundo, os autores pontuam que N-NH4" pode ser
biologicamente oxidada a nitrito (N-NOy") e nitrato (N-NOj3"), em ambiente aerobio. Os autores
também reportaram trabalhos com desnitrificacao, reducao de NO3;™ em N> (nitrogénio gasoso),
em ambiente anddico, além do processo Anammox (oxidagdo anaerdbia de amonia), que
consiste na conversdo direta de N-NH4" em Nz na presenca de N-NO>".

Por sua vez, Park ef al. (2021) investigaram a remog¢ao de nitrogénio, através da analise
de sequenciamento genético. Devido a condi¢do aerdbia do citodo, encontrou-se bactérias
oxidantes de amonia (AOB), Nitrosomonadaceae e bactérias oxidantes de nitrito (NOB)
Nitrospiraceae. Dessa forma, o nitrato produzido por NOB pode ser reduzido de volta a nitrito
por desnitrificantes heterotroficas como Rhodocyclaceae e Comamonadaceae. Proximo a essas
comunidades, identificou-se familias redutoras de nitrito como Ignavibacteriaceae e
Brocadiaceae. Em regides mais internas do biofilme, familias desnitrificadoras foram
encontradas.

Li; Wan e Wang (2020) explicam que as bactérias eletroativas sdo capazes de converter
N-NOj;™ e N-NO;" diretamente em N-NH4", sendo uma estratégia para recuperagdo do nutriente,
possibilitando a aplicacdo na produgdo de fertilizantes, por exemplo. Yang et al. (2019)
atingiram bons resultados de remocao de nitrogénio total (95%) ao inocularem uma CCM com

bactérias do género Thauera, geralmente heterotrofas e bactérias desnitrificantes completas.
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Quadro 3 - CCM aplicada ao tratamento de efluente e sua respectiva capacidade de remogao

de matéria organica e nutrientes.

Producao de

Configuracio Efluente bruto Remociao eletricidade Referéncia
Anodo= N-NH,": 25,4 mg L;
CCM-U com Protat: 54 mg L' DQO: 62% 443 mV; 560
aeracdo do Efluent Aeragio=N-NH;": 16,4 mg L- mW m?;
efluente domlg:tli:() ! Proti: 8,1 mg L''; N-NOs™ ¢ EC:35%
_ - 1_ -1. - 40
e N-NO, :1-2mg L7, DQO: 4% (TAO et al.,
ry . | Anodo= N-NH4": 50 mg L;
N-NH4": 55 mg L Prow: 137,5 mg L'; DQO: 74% 2015)
CCM-D com L P-POS:122,9 | F w120 MBS LIV SR 5h 0 my; 528
~ 1 Apés aeragido= N-NH;": 5,2 =)
aeracdo do mg L o ) 1. mW m™;
efluente do 4nodo mg L Prow: 7,2 mg L N- EC:51%
NO;: 1 mg L!; N-NO,: 32,5 e
mg L!; DQO: 5%
Circuito
Circuito aberto= DQO: 74%; aber;ol=VO,08-
Efluente N-NH4":62% L.
Sistema composto doméstico real | Série= DQO: 84%; N-NH4": 2%1;22.55%% IE‘,F?RSRTIRAAGDAAe_t
por 40 CCM-U DQO: 300 mg L'!; | 80% mW n’rz' al., 2018)
N-NH4": 28 mgL! | Paralelo= DQO: 78%; N- _ ”
NH.*: 73% Paralelo= 5.8
: mW m?; e 24
mW m?;

Sistema composto

Efluente
doméstico real

DQO: 86%; Nrtotar: 30%; Prota:

0,382 V; 0,77

(LINARES et

por 18 CCM DQO: 316 mg L; mA; 0,294 mW;
tubular Nrotat: 61 mg L!; 0 EC: 22% @y AV,
Prota: 7 mg L!
CCM-U em Efluente
regime de d(?mtzs'tlco + o 2
batelada sintético DQO: 90%; N-NH4": 98%; 1250 mW m™; (YANG et al.,
. DQO: 240 mg L' | Nrotar: 95% EC: 60-70% 2019)
inoculada com .
N-NH4": 130
Thauera 0
mg L
317 mW m3; 78
Efluente mW m?;
Protétipo de CCM | doméstico real . . . EC: 29,5%; (HIEGEMAN
sugmersa DQO: 205 mg L'; DQO: 41%; Nrow: 18% 0.184+0.125 | Netal., 2019)
Nrotal: 44 mg L' kWh
kgDQOdeg.™!
Efluente de
laticinio real
DQOr: 5980 mg
CCM-U tubular L', DQOp: 3110 | DQO: 94%; Nrowi: 47%, Prow: | 3,5 Wm?3; 1,1- (MARASSI ef
de fluxo mg L'; Nrotar: 95%, N-NOs3: 100%; SO4>: | 2,4 Am?; EC: 1., 2020b)
ascendente 54,8 mg L!; Pror | 75%. 2,1-4,4% ars
16,2 mg L';NO;:
21,9 mg L'!; SO4%
53 mgL"!

Nota: DQO - Demanda quimica de oxigénio; N-NH4" nitrogénio na forma de ion amonio; N-NOs™ — nitrogénio
na forma de nitrato; N-NO,™ - nitrogénio na forma de nitrito; New — Nitrogénio total; Prow — Fosforo total; PO*
— fosfato; SO4* — sulfato; EC — eficiéncia couldmbica. Fonte: Elaborado pela autora.

Através do Quadro 3, pode-se perceber que sdo poucos os trabalhos que abordam a

remogao de fosforo em CCM. No entanto, Marassi et al. (2020b) atribuem o resultado obtido a

precipitagdo quimica ou processos de assimilagdo pelo biofilme. Li; Wan e Wang (2020)
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destacam que os ions férricos produzidos por bactérias eletroativas podem ser precipitados com
fosfato (PO4>") presente no efluente e posteriormente recuperados na forma de estruvita ou
vivianita. A CCM possui destaque no processo de cristalizacao de estruvita devido as condigdes
alcalinas do catodo provenientes da geragdo de OH™ durante a reagao de reducao de oxigénio
(PALANISAMY et al., 2019). Tao et al. (2015) analisaram o catodo da CCM-U através de
microscopia eletronica de varredura (MEV) e identificaram a deposicdo de cristais com
morfologia prismatica em forma de agulha, tipica de estruvita.

Embora o tratamento de efluente com CCM atinja bons resultados, a dindmica dos
bioprocessos ocorrentes dentro da célula pode resultar na geragdo de subprodutos téxicos
(MARASSI et al., 2020a). Os autores citam como exemplo, que N-NH4" pode apresentar alta
toxicidade aguda para organismos aquaticos, NO3~ e SO4>~ (sulfato) podem causar toxicidade
moderada, enquanto N-NOs~ e P-PO4>~ quando presentes em excesso em ambientes aquaticos
favorecem a prolifera¢do de algas, podendo causar eutrofizagdo. Portanto, a fim de confirmar
que o tratamento realizado pela CCM ¢ seguro do ponto de vista ambiental, a utilizagdo de
ensaios de toxicidade se torna uma importante ferramenta.

Poucos trabalhos avaliaram a toxicidade do efluente da CCM, sendo eles Wang et al.
(2018a), Marassi et al. (2020a), Marassi et al. (2020b) e Lutterbeck ef al. (2020). Marassi et al.
(2020a) avaliaram uma CCM-U com catodo exposto ao ar, para tratamento de efluente de
laticinio e realizaramrealizaram testes de toxicidade com o microcrustaceo Daphnia similis com
efluente bruto e tratado, avaliando a imobilizagdo dos organismos-testes. Para o efluente bruto,
as amostras tiveram efeitos toxicos significativos nas dilui¢des de 2,5 a 40% com valores de
imobilizacao acima 20%, apresentando toxicidade com 50% de imobiliza¢dao (ECso) em 32,5%
dos organismos. No entanto, o efluente tratado pela CCM-U apresentou valores de imobilizagao
inferior a 20% em todas as concentragdes avaliadas.

Lutterbeck et al. (2020) utilizaram ensaios de fitotoxicidade com cebola (Allium cepa)
e alface (Lactuca sativa) para determinar a toxicidade do efluente de hospital tratado pelo
sistema hibrido CCM-wetland. A germinacdo de L. sativa ndo apresentou diferenca
significativa entre as amostras avaliadas (p < 0,05). Todavia, através da avaliacdo do
comprimento total da semente germinada (radicula e hipocético), foi possivel inferir que a CCM
foi capaz de reduzir a toxicidade do efluente se comparado com o comprimento de L. sativa
germinado na amostra de efluente bruto, sendo respectivamente, 2,85 ¢ 1,37 cm. Quanto a
determinagdo de fitotoxicidade utilizando Allium cepa, o comprimento das raizes submetidas a

amostra do efluente de CCM (0,74 cm) apresentou maior desenvolvimento que no efluente
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bruto (0,68 cm). Os autores destacam que a utilizacgdo de CCM integrada a um wetland
apresentou excelentes resultados quanto a reducgdo da toxicidade do efluente hospitalar.

Frente a esta discussdo ¢ possivel verificar que as CCM sao capazes de reduzir a
toxicidade dos efluentes. Ademais, conclui-se que ensaios de toxicidade sao ferramentas tuteis
dentro do campo de estudo de CCM. Como poucos trabalhos reportam a utilizagdo destas
técnicas, identifica-se uma lacuna no estado da arte, evidenciando a necessidade de mais
pesquisas para determinar a toxicidade do efluente produzido pela CCM e ampliar os

conhecimentos sobre esta tecnologia.

2.2.1 Sistemas hibridos

A preocupacdo com a sustentabilidade e viabilidade das tecnologias disponiveis para
o tratamento de efluente, principalmente relacionado ao consumo energético, tem estimulado a
busca por alternativas. Os sistemas hibridos consistem na fusdo de duas ou mais técnicas para
formar um novo processo que incorpora os respectivos méritos das tecnologias individuais, de
carater mais flexivel, a fim de contornar as limitagdes encontradas na operagdo individual e
muitas vezes se mostram mais eficazes do que as tecnologias auténomas (XU et al., 2016).

A tecnologia de CCM também € incorporada aos estudos de sistemas hibridos,
integrada a processos fisicos, quimicos e biologicos para tratamento de aguas residuais e
producdo de eletricidade (ZHANG et al., 2019b). Portanto, a aplicacio de CCM em sistemas
hibridos se apresenta como uma alternativa com potencial para auxiliar as estagdes de
tratamento de efluentes a se tornarem sustentaveis e fomentar a economia circular, capazes de
reduzir ou mesmo neutralizar o seu consumo energético (LI et al., 2020; YU et al., 2021).

Tais sistemas envolvendo CCM ainda estdo em seu estagio inicial de desenvolvimento,
porém, j& se tem conhecimento que as vantagens das tecnologias individuais sdo maximizadas
quando operadas de maneira integrada (XU et al., 2016). Pode-se citar sistemas hibridos
envolvendo a unidade de CCM com sedimentos (GUL et al., 2021), wetlands (OON et al.,
2015), biorreator a membrana (BRM) (REN; AHN; LOGAN, 2014), dessalinizagdo por osmose
reversa (BORJAS; ESTEVE-NUNEZ; ORTIZ, 2017), processo Fenton (ZHANG; YIN; LI,
2015), biorreator algal (SU et al., 2020), células fotoeletroquimicas (LIANG et al., 2016), entre
outros.

Nesse contexto, a integracio CCM-BRM tem recebido bastante atencdo dos
pesquisadores nos ultimos anos, devido aos beneficios mutuos do sistema, em que a eletricidade

produzida pode ser diretamente utilizada no BRM, promovendo menor colmatagdo de
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membranas e aprimoramento da qualidade do efluente produzido (LIU et al., 2018b; IBRAHIM

et al., 2020). Demais detalhes deste sistema hibrido sdo explorados no Item 2.2.1.1.

2.2.1.1 CCM—-BRM

O BRM consolida a uniao dos processos bioldgicos de degradagao de matéria organica
e processo de separagdo por membranas. Para Judd (2008), as principais vantagens no BRM
sdo producao de efluente com elevada qualidade; possibilidade de operagdo com elevado tempo
de retencgdo celular, independentemente do tempo de detengao hidraulica; baixa producao de
lodo ¢ demanda por menor area de instalagao. Belli et al. (2019) salientam que o permeado
produzido pelo BRM tem a possibilidade de ser utilizado como 4gua de reuso. Todavia, aponta-
se como desafios na operacdo do BRM, a colmatacdo das membranas, elevado consumo
energético e custo dos modulos de membrana (KRZEMINSKI et al., 2017).

No sistema hibrido CCM-BRM, o BRM ¢ responsavel pela remog¢do dos poluentes
presentes nos efluentes, enquanto a CCM produz energia elétrica. As configuragdes de sistema
hibrido CCM-BRM consistem na utilizagdo da CCM, de maneira externa, como unidade de
pré-tratamento (REN; AHN; LOGAN, 2014), pdés-tratamento (SU et al., 2013), ou imersa no
BRM (CHENG et al., 2017; WANG et al., 2018b). Ademais, a CCM pode ser utilizada como

um biosensor de monitoramento (ZHAO et al., 2022). Essas configuracdes sao apresentadas na

Figura 7.
Figura 7 — Configuracdes de sistemas hibridos CCM-BRM.
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2013); (C) CCM imersa no BRM (YIN ET AL., 2020); (D) CCM como biosensor (ZHAO et al., 2022).
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De acordo com Ren, Ahn e Logan (2014), o efluente gerado pela CCM necessita de
um pos-tratamento para aprimorar a sua qualidade, a fim de alcancgar os padrdes de lancamento.
Com isso, os autores conectaram 4 (quatro) CCM-U com catodo exposto ao ar a um BRM
anaerobio de leito fluidizado (BRM-ALF). A operacdo do sistema hibrido durante 50 dias
apresentou remocao de 92,5% de DQO, sendo a CCM responsavel por 49,1% e o BRM-ALF
por 43,4%. A capacidade de remog¢ao de DQO e de solidos pela CCM permitiu que o BRM-
ALF operasse em elevado fluxo (16 L m?h'), sem nenhuma interrup¢io para limpeza durante
o experimento. Os autores concluiram que o sistema hibrido teoricamente ¢ capaz de abater o
consumo energético. O BRM-ALF demandou 0,0186 kWh m?. Ao unir 4 CCMs, é possivel
gerar 0,0197 kWh m™. Dessa forma, o sistema hibrido foi autossuficiente em termos de
consumo energético e tratou de maneira eficaz os efluentes domésticos.

Su et al. (2013) avaliaram um sistema hibrido em que cinco CCMs conectadas em
paralelo foram alimentadas com o lodo do BRM, obtendo efluente final com 31 mg L' de DQO,
2,25 mg L' de N-NH4" e densidade de poténcia de 51 mW m™. A producio de lodo foi reduzida
em 61% quando comparada ao processo de lodos ativados. O BRM quando operado sem a CCM
atingiu pressao transmembrana (PTM) de 31,5 kPa em 22 dias, enquanto o sistema hibrido
levou 44 dias para alcangar PTM de 30,5 kPa. Para confirmar, os autores investigaram a
concentracdo de produtos microbianos soluveis (SMP) e EPS, os quais sdo percursores da
colmatagio. O SMP apresentou aumento apds passar pela CCM, 11,5 mg L' a 67,2 mg L.
Todavia, as analises efetuadas indicaram que estas substincias sdo facilmente degradadas no
BRM. Por outro lado, o EPS sofreu hidrolise dentro da CCM, reduzindo sua concentracao de
94,2 mg gSS™! para 75,63 mg gSS™!, resultando na atenuagio da incrustagdo da membrana. Para
Su et al. (2013), estes resultados indicam que o sistema hibrido ¢ capaz de reduzir a produgao
de lodo, gerar eletricidade e mitigar a incrustagdo da membrana.

E evidente que o sistema hibrido CCM-BRM tem potencial para ser utilizado como
uma tecnologia de tratamento de efluentes com neutraliza¢do do consumo energético. Todavia,
se observa uma tendéncia dentro desse campo de estudo que ¢ a aplicacdo de CCM como fonte
geradora de um campo elétrico para aliviar a colmatagdo da membrana através de forgas
eletrostaticas, como € o caso da configuragdo imersa no BRM (IBRAHIM et al., 2020).

A diferenca de potencial gerada pela CCM permitiu a formagao de campo elétrico em
BRM operado por Yin ef al. (2020). O campo elétrico influenciou em diversos processos,
aprimorando a remog¢do de DQO, reduzindo a incrustagdo da membrana e a produ¢do de lodo.
A intensidade do campo elétrico afetou a concentragdo de biomassa no reator, reduzindo-a, mas

também apresentou capacidade de estimular o metabolismo de alguns microrganismos,
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acelerando a degradacdao de DQO. O campo elétrico formado intensificou a produg¢ao de H>.O»
e OH’, substancias oxidantes que transformam os compostos organicos em CO> e H>O, e
também reduziu a quantidade das EPS. A intensidade do campo elétrico formado ¢ proporcional
a forga eletrostatica de repulsdo. Assim sendo, os autores observaram que as cargas negativas
das substincias depositadas sobre a membrana, migram em dire¢do oposta, aliviando a
incrustacdo. Resultados semelhantes foram evidenciados por Hou et al. (2022), em que o
campo elétrico formado pela CCM ao redor da membrana, permitiu a redugao do potencial zeta
dos flocos, menor producdo de EPS e SMP. Dessa forma, reduzindo a colmata¢ao da membrana.

Cheng et al. (2017) operaram um sistema hibrido CCM-BRM de configuragao externa,
em que a CCM foi empregada como fonte de geragdo de um campo elétrico. Ou seja, os
eletrodos da CCM estavam conectados com eletrodos de grafite dentro do BRM. Essa
associacao resultou em menor propensao a incrustagao da membrana devido ao mecanismo de
eletroforese e coagulacdo, através da aplicagdo de um fraco campo elétrico (0,060 V cm™). O
fenomeno da eletroforese fez com que as particulas negativas de lodo fossem atraidas pelos
eletrodos e ndo pela membrana. A concentracdo de EPS e SMP foi reduzida, se comparada ao
BRM sem aplicagdo de campo elétrico. Os flocos formados no sistema hibrido apresentaram
menor potencial zeta, com menor for¢a de repulsdo e espago entre as particulas, resultando em
forte tendéncia de agregacao. Tal processo foi denominado de biocoagulagdo, o qual atuou na
melhoria das condigdes de filtrabilidade e redu¢ao da incrustagao.

Por fim, Zhao et al. (2022) avaliaram um sistema hibrido para tratamento de efluente
de refinaria de petrdleo, composto com CCM e BRM. A CCM funcionou como um biosensor
para controlar o fluxo de efluente para o BRM. Foi observada uma relagdo linear entre a
remo¢ao de DQO e a tens@o maxima da CCM. Com isso, através dessa relagdo linear, os autores
determinaram que a tensdo do sinal para iniciar o fluxo seria equivalente a 658,60 mV. O
sistema CCM-BRM obteve remogdo de DQO e N-NH4" e controle de colmatagdo da membrana
de maneira satisfatoria. A producio de energia no sistema foi de 0,00258 kWh m™>. Portanto,
os autores indicam ser possivel que a energia gerada possa compensar totalmente a energia
necessaria para operar o sistema em condigdes otimas,

A partir desta discussdo, se sugere que o sistema hibrido CCM-BRM pode apresentar
vantagens como minimizacao dos efeitos da colmatacao da membrana, bem como produgdo de
eletricidade, buscando alcangar a neutralizagdo do consumo energético. No entanto, a influéncia
do campo elétrico nos componentes do lodo foi pouco abordada pela literatura, necessitando

mais pesquisas sobre como ocorre a mitigagao de incrustacdo de membrana (YIN ef al., 2020).
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Ademais, identifica-se que ha um grande campo de aplicagdo da CCM integrada ao BRM, no
entanto a unido de ambas as tecnologias ainda ¢ um desafio (LI ef al., 2020).

Ainda explorando os sistemas hibridos envolvendo BRM e processos eletroquimicos,
a utilizacdo da eletrocoagulagao associada ao BRM, Eletrobiorreator a Membrana (EBRM), ¢
evidenciada como uma solucao promissora para aliviar os efeitos da colmatagdo da membrana
(BATTISTELLI et al., 2018c¢) e ndo ha evidéncias da utilizacdo de CCM integrada ao EBRM,
quando se trata de eletrocoagulacao.

O Eletrobiorreator a Membrana envolve a ocorréncia simultanea de processos
eletroquimicos, bioldgicos e filtragdo por membrana em um Unico reator resulta na tecnologia
denominada (BANI-MELHEM; ELEKTOROWICZ, 2010; ENSANO et al., 2016). O EBRM
consiste basicamente em um biorreator a membrana, que possui dois eletrodos, anodo de
sacrificio e catodo, conectados a uma fonte de corrente continua para ocorréncia da
eletrocoagulacdo (Figura 8A).

Geralmente, o0 EBRM se apresenta em formas circulares, dispostos ao redor da
membrana, sendo o anodo com maior diametro (BANI-MELHEM; ELEKTOROWICZ, 2010).
Nessa configuragdo, o EBRM pode ser dividido em duas zonas (Figura 8B). A zona I
compreende o intervalo entre a parede do reator e o catodo, onde ocorrem predominantemente
os processos eletroquimicos e de biodegradacao. A zona II fica localizada entre o catodo e o
modulo de membrana onde atuam principalmente os processos de biodegradagao e filtragcao por

membrana (BANI-MELHEM; ELEKTOROWICZ, 2010).

Figura 8 - Estrutura do Eletrobiorreator a Membrana (A) e vista superior (B).
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A eletrocoagulagdao (EC) consiste na aplicacdo de uma corrente elétrica entre os
eletrodos, em que o anodo de sacrificio e o catodo sdo expostos respectivamente a reagdes de
oxidagao e redugao (ENSANO et al., 2016). Para o anodo, normalmente sao utilizados eletrodos
de metais como aluminio e ferro; no catodo geralmente se utiliza agco inoxidavel ou grafite
(ASIF; MAQBOOL; ZHANG, 2020). Dessa forma, ocorre a geracao de ions metalicos como
A" e Fe**, através da solubilizagio do anodo de sacrificio, enquanto no catodo, ocorre a
hidrolise da agua, produzindo OH-, permitindo a geracdo de agentes coagulantes in
situ,(MOUSAZADEH et al., 2021).

Com a ocorréncia simultanea destes processos, estudos observam melhoria nas
condigoes de filtrabilidade, redug¢do na velocidade de colmatacdo da membrana, criacdo de
ambiente andxico para remocdo de nitrogénio total, precipitacio de fosforo, entre outros
(IBEID; ELEKTOROWICZ; OLESZKIEWICZ, 2013; BATTISTELLI et al., 2018c; SOUZA
et al., 2020).

Battistelli et al. (2018c) apontaram que a aplicagdo de corrente elétrica com fins de
eletrocoagulacdo no EBRM, correspondeu ao aumento do consumo energético de 14%,
passando de 74,5 para 84,9 kWh m>. O consumo de eletricidade do processo de
eletrocoagulacdo no tratamento de efluentes, em condicdes ideais, apresentaram valores em
torno de 0,4 a 4,0 kWh m> (KUOKKANEN et al., 2013).

Nesse sentido, a eletricidade produzida na CCM, pode ser captada através de sistema
de coleta ativa de energia e aproveitada nos processos eletroquimicos do EBRM, consolidando
um inovador sistema hibrido. Dessa forma, hipotetiza-se que energia renovavel produzida pela
CCM pode ser aplicada para reducao da incrustacdo das membranas, melhora na remocgao de
matéria organica e de nutrientes e redugdo do consumo de fontes de energia elétrica ndo-
renovaveis. Assim, o arranjo destas técnicas pode configurar um sistema tratamento de esgoto

tecnicamente eficiente e vidvel em relagdo ao consumo energético.
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3 RESULTADOS E DISCUSSAO

Os resultados obtidos nesta pesquisa foram apresentados na forma de trés artigos. Cada
capitulo a seguir (3, 4 ¢ 5) € referente a um artigo. No artigo 1 (capitulo 3), buscou-se avaliar o
periodo de aclimatacao da CCM. O artigo 2 (capitulo 4), por sua vez, avaliou a variacdo do
TDH (12, 8 ¢ 4 h) na operagdo da CCM. Por fim, no artigo 3 (capitulo 5), estudou-se o efeito

da utilizagao de um circuito elétrico para extragao da energia produzida pela CCM.

3.1 BIOELECTRICITY GENERATION IN MICROBIAL FUEL CELL BY A
MEMBRANE ELECTRODE ASSEMBLE: STARTUP ASSESSMENT*

3.1.1 Introduction

In recent years, microbial fuel cell (MFC) technology has received increased attention.
This technology consists of a bioelectrochemical reactor, which generates electricity directly
from an organic fuel using electroactive microorganisms (YU et al., 2021). Wastewater can be
used as an electron donor, solving two worldwide issues: energy supply and wastewater
treatment (LIU; RAMNARAYANAN; LOGAN, 2004; VILAS BOAS et al., 2019).

Unfortunately, the production of high power generation is still a challenge for practical
applications (FU et al., 2019). Significant work has been done to overcome this issue, such as
improvement in materials and structure (NI ef al., 2020). A promising alternative is employing
membrane electrode assembly (MEA) as an electrode (HUBENOVA et al., 2022; KIM et al.,
2009). The MEA structure consists of the proton exchange membrane sandwiched between the
anode (GDE - gas diffusion electrode) and cathode (GDL — gas diffusion layer). This setup's
benefits include electrode-membrane contact improvement and internal resistance reduction
(PRAKASH et al., 2010). Moreover, the use of MEA dismisses aeration and dissolved oxygen
(DO) diffusion, increasing energy production.

Despite the broad interest in many engineering aspects of the MFC, electroactive
bacteria play the most crucial aspect. Therefore, providing conditions that promote the
development of electroactive bacteria contributes to the performance of the MFC system (DINH

et al., 2021). The bacteria present at the anode build a biofilm on the electrode surface, which

*Qs resultados apresentados na Secao I permitiram a elaboragdo do seguinte trabalho:

SORGATO, A. C.; CUSTODIO, T. J.; LOBO, F. L.; LAPOLLIL F. R. BIOELECTRICITY GENERATION IN
MICROBIAL FUEL CELL BY A MEMBRANE ELECTRODE ASSEMBLE: STARTUP ASSESSMENT. In:
International Conference on Innovations in Energy Engineering & Cleaner Production, 2022, Oxford. Procedings
conference.
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is named electroactive biofilm (ANGELAALINCY et al., 2018). The biofilm acts as a
biocatalyst to oxidize the carbon source, produces electrons and protons, and generates
electrical power from their metabolism (LOGAN et al., 2019). Many of these abilities and
potentials are expressed during the initial biofilm formation and affect MFC performance. The
startup time of MFC is directly related to the biofilm formation on the anode (ZHANG et al.,
2019a).

From this perspective, the aim of this work has been focused on the acclimation of a
scaled-up MEA-MFC. In this research, an MEA was introduced as a high-performance air-
cathode in MFC with the goal to increase bioenergy generation and reduce the chemical oxygen

demand (COD) using a growth medium rich in acetate.

3.1.2 Materials and methods
3.1.2.1 MFC construction

The set-up used in this work consisted of a scaled-up single-chamber MFC. The MFC
was fabricated using acryl sheets, with an anodic work volume of 2 L. The electrode consists
of MEA, with a nominal area of 144 cm? (Figure 9). Air cathode was composed of an MEA.
Each MEA was made up of a Nafion™ (212) membrane, which operated as the chamber
separator. The membrane was sandwiched between a carbon-felt anode (GDL) and a carbon
cloth cathode (GDE) coated with a catalyst loading of 0.4 mg Pt cm™ (Novo- cell, Americana,
Brazil). The MEA also contain carbon nanoparticle (Vulcan XC 72R), which provides excellent
electron conductivity, and polytetrafluoroethylene (PTFE) layer, to prevent oxygen diffusion
into the anode and water leak in the air-cathode. Stainless steel (SS) plates were used as electron

collectors. A single copper wire connected the electrodes externally.

3.1.2.2 Inoculation and operation conditions

The inoculum source was sludge taken from an anaerobic tank installed at a municipal
wastewater treatment plant (Florianopolis, Brazil). The sludge had a volatile suspended solids
concentration of 20 g L'!. MFC was inoculated with a mixture of anaerobic sludge (50 mL) and
a growth medium. The medium contained 1 g L! sodium acetate, vitamins (5 mL L), and
minerals (12.5 mL L), in 50 mM phosphate buffer solution (PBS) (4.576 g Na;HPO4, 2.452 g
NaH>PO4-H>0, 0.31 g NH4Cl, 0.13 g KCI) (LOBO; WANG; REN, 2017). The acclimation was
conducted by feeding the reactors with sludge and growth medium, each 24 h, until voltage

generation. Thereafter, only sodium acetate (1 g L") and PBS were fed into the reactor. In fed-
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batch operation, reactors were refilled each time when the voltage decreased to less than 50
mV, forming one complete cycle of operation. The experiment was conducted with an external

resistance (Rext) of 1000 €, in a constant room temperature of 30 °C.

Figure 9 - MEA electrode structure.
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3.1.2.3 Calculations and measurements

The voltages across the resistor were measured every 3 min using a digital multimeter
(ET-2615A, Minipa). Current, I (mA), was calculated according to Ohmic law, [ = E/Rexi, where
E is the voltage (mV) and Rex is the external resistance (€2). Power, P (mW) was calculated
according to P = L.E. Current density (mA c¢cm 2) and power density (mW m ?) were determined
by normalizing by area of the electrode. Polarization curves were generated by varying the
external resistance, setting the MFC to open circuit for at least 30 min, or until a stable voltage
was observed, and lowering the external resistance from 1000, 500, 200, 100, 50, 20, 10 Q at
10 min intervals. Moreover, the MFC performance was evaluated in terms of COD. For this
purpose, the MFC influent and effluent were collected at the start and end of each cycle. COD
was measured by spectrophotometry (Hach DR5000), using the procedure of the analytic
described in Hach 8000 (Hach Co., Loveland, CO). COD removal efficiency (%), was

calculated based on the initial and final COD. pH and conductivity were obtained using a
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multiparametric probe (AKSO, AKS88). Coulombic efficiency (CE), defined as the fractional

recovery of electrons from the substrate was calculated according to Eq. 7:

t
M [ Idt
cp M, 1t )
n.v.F.v.ACOD

Where M is the molecular weight of oxygen (32 gmol ™), I is the average current (mA),
t is the hydraulic retention time (s), F is Faraday’s constant (96,485 C mol '), n is the number
of electrons exchanged per mole of oxygen (4 mol e mol '), v is the MFC volume (L), and

ACOD is the change in COD over time t (g L") (LOGAN et al., 2006).

3.1.3 Results and discussion
3.1.3.1 Voltage generation

Startup time was defined here as the time needed to produce repeatable current output
over multiple cycles. It is related to biofilm development. According to the voltage generation
(measured over a 1000 € resistor), a latency phase was observed during the two first days,
followed by an exponential increase up to day 3 to 5. After that, the voltage reached a plateau
of around 0.650 V. The MFC produced a maximum voltage of 0.795 V during the period. The
start-up time took 15 days. This data can be seen in Figure 10.

The development of an electroactive biofilm is responsible for MFC performance. In
a typical startup of MFCs, the biofilm formation can be divided into three stages, such as
reversible attachment, irreversible attachment, and biofilm generation (MUKHERIJEE et al.,
2020; ZHANG et al., 2019a). In stage 1, bacteria adapt to the new environment, flow around in
the anode chamber, contact, and isolate with the anode reversibly. In this stage, typically no
voltage can be generated, as can be seen on the first day. Stage 2 is characterized by the
irreversible attachment of electroactive bacteria, and the increase in MFC voltage (Day 2-5).
Subsequently, the microbial community quickly grow to achieve stable voltage output.
Following on, in stage 3, microbial community turn to biofilm, generating continuous and stable
power output (Day 6-15). These steps could be identified in Figure 10.

Similar results were found by Min ef al. (2012). The authors pointed out that the MEA-
MFC produced electric power after about a 50 h lag and stable operation with an average
voltage was 0.519 V between 104 and 168 h after the start-up. In addition, the authors explain

that a mixed culture obtained from domestic wastewater as inoculum, can easily within a short
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period immobilize on the anode electrode even though the anode was very close to the aerobic
cathode chamber (MIN et al., 2012). Moreover, in anaerobic sludge, the anaerobic environment
is more selective and houses only species prone to reduce a terminal electron acceptor different
from oxygen, which facilitates the adaptation (VICARI et al., 2018). MFCs inoculated with the
mixed culture consistently produced more power than MFCs inoculated with the pure culture
(WATSON; LOGAN, 2010). Vicari et al. (2018) compare the performance of different
inoculum sources, aerobic and anaerobic sludge. The authors noted that the MFC inoculated
with the anaerobic sludge gave the best power density of 4.59 W m™2, corresponding to

1.38 Wm™.

Figure 10 — Averaged voltage measured across 1000 € resistor.
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In addition to the inoculum source, other factors such as external resistance
(PASTERNAK; GREENMAN; IEROPOULOS, 2018), the electrode material (HAYS;
ZHANG; LOGAN, 2011), and appropriate methodology for inoculation (PRAKASH et al.,
2010), may have contributed positively to the acclimatization period. Such benefits will reflect
on the long-term performance.

In this present study, after MFC achieved 0.617 mV (Day 4), the bacteria source
(sludge) addition was suspended. Then, MFC was fed only with PBS, acetate, vitamin, and
mineral solution. This procedure was repeated after the voltage drops to 50 mV, approximately.

The voltage always increased immediately after the solution was replaced with a fresh medium,
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maintained a constant value for a period, and gradually decreased as the organic matter (e.g.

COD) was consumed. This cycle took approximately 5 days (hydraulic retention time — HRT).

3.1.3.2 Power density and polarization test

In the start-up phase, the scaled-up MEA-MFC achieved a maximum current density
of 60.11 mA m™ and power density of 47.79 mW m™. This value was obtained at an open-
circuit voltage (OCV) of 0.680 V. The theoretical OCV value for an MFC fed with acetate is
0.805 V (LOGAN et al., 2006). This discrepancy could be attributed to high activation
overpotentials, ohmic losses and concentration polarization, typical MFC disadvantages
(ELMEKAWY et al., 2013). However, the current generation confirms the activity of
electroactive bacteria. Nevertheless, analysis of inoculum and biofilm bacteria would be
interesting to assess which electroactive species was present in MEA-MFC.

Table 1 shows the maximum power production obtained on different days during the
acclimation stage. During the first days, the MFC was fed under fed batch mode, resulting in
an HRT of 1 day. After the system reached a minimum voltage value of 0,5 V, the fed mode
was changed to batch mode, with 5 days of HRT. It is important to note the increase in value
during the period. This performance could be attributed to the adaptation and growth of

electroactive microorganisms and biofilm development.

Table 1 — HRT, COD removal, coulombic efficiency, and power production from MEA-MFC

Operational day HRT COD removal CE Max power density
() (Yo) (%) (mW m?)
1 1 19.34 2.47 0.76
3 1 31.36 5.92 11.71
9 5 74.31 20.82 29.25
13 5 74.60 2391 47.49

Source: Author.

A polarization test was conducted on the last day of the start-up period, to characterize
the overall performance of MFC and illustrate the potential losses. The maximum power density
(Pmax), i.e. the top of the parabola (Figure 11), was 179.05 mW m™ at a current density of 60.85
mA m? (Rext = 500 Q). Based on polarization data, decreasing the external load has increased
the electrical current and decreased the cell voltage, which is typical fuel cell behavior
(PASUPULETI et al., 2015). According to Logan et al. (2006), the polarization curve can be
divided into three zones, which represent a kind of loss, such as activation, Ohmic, and mass
transport. These three zones are observed, suggesting that the system is meeting the steady-state

and showing a good performance (RODRIGO et al., 2009).
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At high current density, the polarization curve shows an overshoot phenomenon
(Figure 11). Its presence could indicate that microbial biofilm has not matured to a sufficient
level. In addition, keep each external resistor at least 1 cycle could solve the overshoot problem
(WATSON; LOGAN, 2011). The assessment of electrode potentials could contribute to
understanding this phenomenon in the MEA-MFC.

Figure 11 - Polarization and power density curve.
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3.1.3.3 COD removal

In evaluating an MFC as a bioelectrochemical device able to produce an electric
current from the oxidation of organic matter, the COD concentration in the outlet of the MFC
(effluent) is worth to be evaluated as one important parameter (VICARI et al., 2018). The
acetate-fed medium has a COD concentration equal to 745 mg L', pH 7, and 6.9 mS cm™ ionic
conductivity. The depletion of COD remains in the current generation. However, in the biofilm,
coexist the electroactive and no-electroactive microorganisms. Both groups are responsible for
COD degradation.

It 1s important to note that over the days, the COD removal increased. In the first
moment, the COD removal was not satisfactory, but expected, due to the adaptation period.
After that, the operation condition changed, and the HRT became 5 days. The COD removal
efficiency increased with the increase in time, which means, how much longer the influent
spend inside the reactor, more available time for biodegradation (SHARMA; LI, 2010b).

This performance could be attributed to several factors. The composition of inoculum
also severely influences the performance of COD removal efficiency, as the carbon source
(glucose, acetate, sucrose) (ULLAH; ZESHAN, 2020). In addition, the external resistor also

contributes to MFC performance. For a COD initial concentration of 840 mg L', Zhang et al.
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(2015) found rates equal to 0.030 h™! with 100 Q and 0.065 h™! for 1000 Q, then in lower
resistance, COD removal rate increased.

Coulombic efficiency (CE) (Table 1) expresses the relation between COD removal and
power production. The CE increased with COD removal, indicating microbial electroactive
activity. Other studies reported similar values for the start-up phase (HAYS; ZHANG; LOGAN,
2011; VICARI et al., 2018; WATSON; LOGAN, 2010).

Furthermore, despite the low percentage of COD removal in the first days, it can be
inferred in Table 1 that a very efficient and robust bacterial community has grown in the anode

as it is capable of converting 23.91% of the energy content of the medium into electricity.

3.1.4 Conclusion

In this study, an air-cathode MEA-MFC equipped with the membrane electrode
assembly (MEA) of 2 L was used for in situ power generation. Stable power generation could
be obtained in 15 days. The inoculum source provides a rapid growth in voltage, resulting in a
short inoculation period. After this acclimatization period, the scaled-up MEA-MFC can be

applied for energy recovery from wastewater.
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3.2 MICROBIAL FUEL CELL: INTERPLAY OF ENERGY PRODUCTION,
WASTEWATER TREATMENT, AND TOXICITY ASSESSMENT WITH
HYDRAULIC RETENTION TIME

3.2.1 Introduction

Wastewater treatment plants (WWTPs) are significant energy consumers at the
municipal level. The process could account for up to 3% of global electricity consumption (LI;
YU; RITTMANN, 2015). In Brazil, sanitary sewage system is responsible for consuming 1,42
TWh year ! (SNIS, 2019). Meanwhile, WWTPs have significant potential for sustainable
energy recovery due to their intrinsic energy content (YANG et al., 2020c). It makes possible
the use of wastewater as a renewable energy supplier and increasing the potential.

In order to attempt the Sustainable Development Goal (SDG) number 7 (affordability,
accessibility, equality, security, sustainability, and efficiency of the energy sector), techniques
for recovering the energy content of wastewater are developing rapidly (LIU et al., 2022b;
UNITED NATIONS, 2022). For example, microbial fuel cells (MFCs) can potentially
minimize the energy required for wastewater treatment by producing electricity simultaneously
oxidizing organic matter through the wastewater (OPOKU et al., 2022; ROSSI et al., 2022).

MFC can be described as a battery operated by electroactive bacteria (EAB) (LOGAN
et al., 2019). These microorganisms develop a biofilm at the anode and are responsible for the
oxidation of the biodegradable organic matter in wastewater (LOGAN et al., 2019). During this
process, the electrons produced by EAB are transferred to the anode and pass through an
external wire with an applied resistance load to the cathode, due to the electromotive force
(MUNOZ-CUPA et al., 2021). At the cathode the electrons and protons (H") from oxidation
are coupled with the oxygen reduction reaction (ORR) to produce electrical power (ROSSI et
al., 2018).

This technology provides energy-neutral wastewater treatment options that are
sustainable. These include the capability to directly transform substrate energy into electricity
without the use of gas treatment; the minimization of activated sludge compared to anaerobic
digestion; the lack of a requirement for energy input for aeration; and the potential to be
employed in areas with inadequate electrical infrastructure (DO et al, 2018; RAMYA;
SENTHIL KUMAR, 2022).
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These characteristics made MFC a promising technology for field exploitation at a
competitive size with other conventional treatment processes. However, the generation of
practically usable power from MFC, the investigation into scaling-up, operation in a continuous
flow mode, and how they will perform at scales relevant to wastewater treatment remain major
challenges for system application (AN et al., 2020; BIRD et al., 2022; WANG; PARK; REN,
2015).

To meet the demand for wastewater treatment and make the size of MFCs competitive
with other conventional treatment processes, it is required to operate the technology under
similar conditions, e.g., continuous mode and lower hydraulic retention time (HRT)
(CABRERA et al., 2022; DO et al., 2018; RAMYA; SENTHIL KUMAR, 2022). Many
attempts have been made. Sugioka et al. (2022) operated an air-cathode MFC with 226 L,
ranging the HRT from 9 to 42 h, achieving 0.072 — 0.51 W m™ of power density and 31 to 58%
for COD removal. Hiegemann et al. (2019) demonstrated the operation of a 255 L single
chamber MFC, ranging the HRT from 12 to 43 h. The obtained results demonstrated a maximal
power density of 0.32 W m™ and COD removal efficiency of 36%. Rossi et al. (2022) operated
a MFC with 12 h of HRT and applied a biofilter post-treatment to attempt to discharge
standards, achieving an overall 91% COD removal and 0.043 W m .

Despite electricity generation and organic matter depletion, MFC should be assessed
regarding toxicity removal capacity (MARASSI, R. J. et al., 2022). Organic loads of effluents
released in aquatic environments represent one of the main sources of pollution. The ions such
as NH4"-N,PO4-P, SO4%, and metals present in wastewater could represent toxicity for the
water bodies or cultures irrigated with reuse water (GERBER et al., 2017; LYU et al., 2018).
The toxicity assay is not a common practice in MFC technology. Lutterbeck et al. (2020)
assessed the effluent toxicity produced by a wetland-MFC treating laundry hospital water.
Marassi et al. (2020) evaluated the toxicity removal from dairy wastewater treated by MFC.
Both studies reported a reduction in toxicity values.

To overcome these current limitations, we evaluated a scaled-up MFC (2 L) using
synthetic municipal wastewater. This study evaluates the operation under standard HRT applied
in conventional wastewater treatment in a continuous flow. In this study, we expect to provide
a clear understanding of the effect of operation parameters on electricity generation, wastewater
treatment capacity, and effluent phytotoxicity. Moreover, determine the optimal operating

condition for the scaled-up MFC developed for this study.
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3.2.2 Materials and methods
3.2.2.1 MFC construction

The performance of a scaled-up air-cathode microbial fuel cell (MFC) was studied
with synthetic wastewater as the substrate. The MFC used in this study were single-chamber
and were fabricated using acryl sheets with an anodic work volume of 2 L (Figure 12). The
experimental setup is presented in Figure 13. The electrode consists of membrane electrode
assembly (MEA), with a nominal area of 144 cm?. Air cathode was composed of an MEA. Each
MEA was made up of a Nafion™ (212) membrane, which operated as the chamber separator.
The membrane was sandwiched between a carbon felt anode (GDL) and a carbon cloth cathode
(GDE) coated with a catalyst loading of 0.4 mg Pt cm™ (Novo- cell, Americana, Brazil). The
MEA also contain carbon nanoparticle (Vulcan XC 72R), which provides excellent electron
conductivity, and polytetrafluoroethylene (PTFE) layer, to prevent the oxygen diffusion into
the anode and water leak in the air-cathode. Stainless steel (SS) plates were used as electron
collectors. MEAs were placed at the cathode site of the cells. A stainless steel mesh was used
as current collector. The electrode and current collector were sandwiched between two silicone

gaskets frames to seal the chamber. A single copper wire connected the electrodes externally.

Figure 12 — View of the pilot MFC showing the air-cathode, external circuit, current collector,
pipeline, and anodic environment.
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Figure 13 — MFC experimental setup.
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3.2.2.2 MFC operation

The inoculum source was sludge taken from an anaerobic tank installed at a municipal
wastewater treatment plant (Florianopolis, Brazil). MFC was inoculated with a mixture of
anaerobic sludge (50 mL) and a growth medium (LOBO; WANG; REN, 2017). The procedure
was described by (SORGATO ef al., 2022). The MFC reached a stable operation in 15 days.
Then, the growth medium was replaced by synthetic wastewater wastewater. After that, the
MFC could be applied to treat wastewater at different HRT with a fixed influent chemical
oxygen demand (COD) concentration. In this way, as the HRT was reduced, the organic load
rate (OLR) increased. Then, the OLR ranges between 1 to 2.94 kgCOD m > d!. The values are
comparable to those applied for high rate domestic wastewater treatment systems, such as
activated sludge < 3 kgCOD m™ d"!(METCALF; EDDY, 2014).

The MFC performance was investigated at three different period and each one lasted
for 15 days (Table 2). During the operation, the temperature was kept in 30 °C, influent pH of
7.5 and external resistance (Rex¢) of 1000 Q. The MFC was fed in a continuous mode using a
peristaltic pump (Watson Marlow, 323-S). The synthetic wastewater, with similar
characteristics to sewage was prepared according to the following composition (SOUZA et al.,
2020): 850 mg L' of CH3COONa, 170 mg L ™! of KH2PO4, 280 mg L™ of NH4Cl, 10 mg L™
of MgS04-7H20, 7.3 mg L™ of CaCl,-2H,0, 0.2 mg L' of CuSO4-5H,0, 2.2 mg L! of
ZnS04-7H20, 0.5 mg L' of CoCl2-6H20, 5.0 mg L' of FeSO4-H>0, 2.15 mg L ™!, and NaCl.
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Table 2 — Operational strategies.

Strategies
Parameters I 10 T
Period 1-15 15-30 30-45
HRT (H) 12 8 4
Flow rate (L d") 4.00 6.06 11.76
Influent COD (mg. L") 650 650 650
OLR (kgCOD m= d™") 1.00 1.51 2.94

Source: Author.

3.2.2.3 Data analysis

The MFC influent and effluent samples were analyzed twice a week. The
concentrations of COD, NH4"-N, PO43-P, and NT were measured by spectrophotometry (Hach
DR5000). The PO4> concentration was determined using the molybdovanophosphoric acid
method (APHA, 2005). The concentration of ammonia nitrogen was measured via Nessler’s
Reagent spectrophotometry (APHA, 2005). COD and TN were measured according to the
manufacturer’s instructions using the method Hach 8000 and 10072, respectively. Suspended
solids (SS), volatile suspended solids (VSS) contents were determined by gravimetric method.
Total alkalinity was measured by the titrimetric method. Total alkalinity was evaluated by the
titrimetric method. The cation and anion (CH;COO-, CI;, N-NOs", and SO4?") concentrations
were determined by ion chromatography (DIONEX ICS-5000). pH, conductivity, dissolved
oxygen and temperature were obtained using a multiparametric probe (AKSO, AKS8S).

The voltages were measured every 3 min using a digital multimeter (ET-2615A,
Minipa). Current (I, mA), was calculated according to Ohmic law, where E is the voltage (mV)
and Rex; 1s the external resistance (€2) (Eq. (8). Power, P (mW), was calculated according to Eq.
(9). Current density and power density were determined by normalizing by area of the electrode

and MFC volume.

,_E
Rext (8)
P=IXE

(€))
Coulombic efficiency (CE, %), defined as the fractional recovery of electrons from the
substrate, was calculated according to Eq. (10), where M is the molecular weight of oxygen (32
g mol™), I is the average current (A), F is Faraday’s constant (96.485 C mol '), n is the number
of electrons (4 mol e mol Ox"); q is the volumetric influent flow rate (L s'); ACOD is the

change in COD over time (mg L™).
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The polarization curves were obtained by setting the MFC to open circuit for at least
30 min and lowering the external resistance every 10 min, from 1000 to 10 Q (YANG et al.,
2020a). The voltage was read by a multimeter. The volumetric power density was normalized
to the net anodic volume. The internal resistance was estimated by Eq. (11), where Vimax (mV)
and Imax (MA) are the voltage and current correspondent to de maximal power produced under
polarization test, respectively.

_ Vmax
Mt ™ Imax (11)

3.2.2.4 Phytotoxicity assay

The method applied in this experiment follows Sobrero and Ronco (2004), with minor
adaptations. L. sativa seeds were used to evaluate the phytotoxicity of the effluents. The assay
consists of exposure of the seeds on Petri dishes with a diameter of 100 mm and lined with 90-
mm filter paper for 120 h under controlled temperature (22 °C) and in the absence of light.
Before exposure of the seeds, the filter paper was soaked in 2 mL of samples (100, 75, 50, 25%,
and 0%). Each assay was run in triplicate, with 10 seeds being exposed per dish. Three
independent experiments were carried out, amounting to 120 seeds at the end of the evaluation.
Mineral water was used as the negative control. L. sativa seeds used in this study were of the
same variety and lot (L. sativa curly variety, ISLA PRO), with no chemical treatment. To
evaluate the phytotoxicity of different strategies, the number of seed germinated of L. sativa
and their epicotyl and root lengths were determined in each sample. The germination index (GI)
was widely applied to evaluate the phytotoxicity of compost. The GI was determined by Eq.
(12) (LEIVA et al., 2019). Seed germination (SG) is the percentage of germinated seeds in
sample dishes divided by the number of germinated seeds in control. Root length (RL) is the
percentage of root length of seeds in sample dishes divided by the root length of seeds in control

dishes.

SG.RL

G1(%) = =5 (12)
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3.2.2.5 Statistical analysis

The Shapiro-Wilk test was applied in order to verify data normality. ANOVA was
applied to test differences between means from data with normal distribution, followed by the
Tukey test. For the data that did not present normal distribution, medians were tested by the
non-parametric Kruskal-Wallis and Dunn tests. A study of Pearson’s correlation (parametric
data) and Spearman’s (non-parametric data) correlation between physical and operating
variables were conducted. The results of the assays carried out with L. sativa were analyzed
with one-way ANOVA followed by Dunnett's multiple comparison test at a significance level
of 0.05. The effluent concentrations reducing lettuce growth in 50% (ECso) were estimated via
non-linear regression models, following Environmental Canada (2007). These statistical

analyses were performed using the Statistica® 13.

3.2.3 Results and discussion
3.2.3.1 Electricity generation

The impacts of HRT on the power output in the MFC reactor were evaluated in the HRT
range of 12, 8 and 4 h. The COD influent concentration was kept around 640 mg L' (Table 4).
The OLR range from 1.00 to 2.94 kgCOD m~ d!. These selected values were accordingly to
conventional wastewater treatment (METCALF; EDDY, 2014).

The Figure 14 depicts the variations in maximal current density at different HRTs. The
obtained values show significance difference (p < 0.05). The current density gradually
decreased with the reduction of HRT. The average current density was 159.20 + 26.30, 119.57
+19.59 € 97.18 £ 7.03 mA m™ with changing the HRT from 12 to 4 h. There was significant
correlation between the HRT with current density (R*=0.7932). The results of the correlational
analysis confirm that higher HRT cause an increase in electricity generation. Table 3 shows the
other electrochemical results.

The power density also decreased with HRT changing. The higher value was obtained
at HRT of 12 h (52.04 £ 18.00 mW m™). Strategies II and III produced 29.31 + 9.80 and 18.98
+ 2.87 mW m>, respectively. Similar power density behaviour were found by Sharma e Li
(2010), who ranged the HRT from 6.5 to 50 h. At 6.5 h, the power density reached 3872 mW
m>. At 13.1 h, the power generation gradually increased to 4072 mW m™. After that, the power
density decreased to 3136 mW m™ (50 h). The 1.5 L MFC evaluated by Liu et al. (2008) also

demonstrated similar behavior, which increased the power production when the HRT was
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higher when the HRT was changed. At 4.1 h the MFC produced 17 W m™. When the HRT was
increased to 11.3 and 16 h, the power density was 22 and 20 W m™ (LIU et al., 2008b). A
possible explanation for this might be that low HRT does not give enough time to degrade the

substrate until a concentration that can no longer be convert into current.

Figure 14 — Maximum current density at different HRT.
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Table 3 - Mean values and standard deviations of current density and electrical power for each

phase.
HRT OLR Voltage Current density Power density
(h) (kg m3.d") (\)) [mA m?] [mA m?] [mW m?] [mW m7]
12 1.00 0.32+£0.05 24.08 +£4.08 159.20 £26.30 7.87+2.72  52.04+18.00
8 1.51 0.24 £0.04 18.08 £2.96 119.57 £19.59 4.43 +£1.48 29.31+£9.80
4 2.94 0.19+£0.01 14.70 £ 1.06 97.18 +£7.03 2.87+£0.43 18.98 +£2.87

Source: Author.

Another possible explanation for this is that lower HRT corresponds to high flux.
Therefore, the reduction in power generation could be related to mixture conditions. Sobieszuk;
Zamojska-Jaroszewicz and Makowski (2017) showed through mathematical model tests, that
elevated fluxes (lower HRT) results in worse mixture conditions and drop in energy production.

HRT variations have a direct influence on the type and amount of bacteria present in the
reactor (SHARMA; LI, 2010b; SOBIESZUK; ZAMOJSKA-JAROSZEWICZ; MAKOWSKI,
2017) and anode biofilm (LECUYER ef al., 2011). It has been observed by Penteado ef al.,
(2016) that the lower the HRT, and consequently lower the sludge age, the faster should be the
growth rate of microorganisms present in the MFC to avoid their washout.

Ye et al. (2020) reported an opposing finding, stating that increasing HRT may

negatively affect the voltage generation in MFCs. The authors draw attention to the possibility
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that high HRT could lower substrate concentrations and cell metabolism at the anode chamber,
inhibiting the MFC reactor from producing energy. Long HRTs cause greater energy losses, as
observed by Zhao et al. (2022). The MFC configuration and other elements that affect the power
output of the MFC reactors may account for this contradiction.

Other aspects should be highlighted. At the beginning of strategy I (HRT 12 h), it is
possible to verify a sudden drop in the production of electric current, which is mainly attributed
to the fed mode operation. MFC was being operated in batch mode (start-up period) and was
changed to continuous mode. These results reflect those of Ahn and Logan (2012), who also
found that changes in fed mode operation promotes reduction on current generation.

In addition, the change in the substrate was also noted as an important parameter for
electricity generation and biofilm formation. The MFC was fed with phosphate buffer solution
(PBS) and sodium acetate at the start-up phase. After that, the substrate was changed to
synthetic effluent. Nam et al. (2010) explains that PBS offers an ideal medium for power
generation due to the chemical composition and interaction between the electrode, electroactive
bacteria, and Nafion membrane. The authors also highlight the PBS ability to keep the constant
pH, which avoids medium acidification or alkalization, and is ideal for microorganism
development.

Moreover, the conductivity of the PBS solution (6.5 mS cm™) was higher than synthetic
wastewater (1.38 to 1.52 mS cm™), similar to Rossi et al. (2019). The solution electrical
conductivity affects the ohmic resistance. Higher values could reduce the resistance, resulting
in increased power (SANTORO et al., 2018). Therefore, MFC applied to domestic wastewater
treatment produces low power densities compared to PBS operation. The low conductivity of
wastewater limits maximal power density in MFCs to a greater extent (LOGAN et al., 2018;
ROSSI et al., 2021). This observation also accords with earlier observations (LIU; ZHAO; YIN,
2018).

At the end of each strategy, a polarization curve was obtained by decreasing the
external resistance from 1000 to 10 Q. Polarization data represent the capability of the MFCs
for power production based on short-term tests (KIM; YANG; LOGAN, 2015). The maximal
power density is obtained when the external and internal resistance is equal (Rint = Rext).
Therefore, when these values are different, electricity generation losses occur. Figure 15
presents a maximal power density of 44.42 mW m™ in HRT of 12 h, which was 2.32 and 3.40
higher than the results obtained in HRT of 8 and 4 h.
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Figure 15 — Power (A) and polarization (B) curve.
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From these results, From these results, it can be suggest that the maximum power density
was reduced while there was a decrease in the HRT, following the same trend of the voltage,
current and power values (Table 3). Comparable pattern of polarization behavior was reported
in previous studies (SUBHA et al., 2019). Increasing the OLR, decrement in power density was
noted. In our study, greater OLR was caused by decreased HRT. According to Subha et al.
(2019), strong OLR may be able to outperform electroactive bacteria's capacity for oxidation
and allow other microbial populations in the anode chamber to use the substrates. Additionally,
a high loading rate might result in a reduction in ohmic, kinetic, and transport resistance.
Tamilarasan et al. (2017) found variations in the maximum power density as the OLR was
changed from 0.7 to 3.8 g COD L d'!. At the OLR of 1.9 g COD L d’!, the maximum power
density 0of116.03 mW m™ (2.2 W m™) was generated. Higher OLR resulted in a drop in power
density, which may be related to the availability of a minimum contact time for the microbial
activity to reach saturation and for the degradation of organic substances, both of which impair

the MFC's ability to produce power.
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The large difference in performance between continuous operation (52.04 — 18.98 mW
m™) and the polarization curve (44.42 — 13.05 mW m™) indicates that the power density was
overestimated during the polarization test. Rossi et al. (2022) explain that it can be caused by
to the rapid change in resistances over time, which has been proved to be effective in small
scale systems, but which does not allow large electrodes to fully discharge their capacitive
current. Moreover, the overshot observed at high current density could be attributed to the time
interval (WINFIELD et al., 2011). Watson and Logan (2011) explain that long times at a fixed
resistance are needed to biofilm adjust to a set resistance and stabilize current generation in
MEC.

From the polarization curve, the internal resistance could be calculated. The obtained
results were 712.15 Q (1), 840.23 Q (1), and 1498.75 Q (III). Attempting to MFC applications
in wastewater treatment, it is mandatory to reduce this internal resistance to derive maximum
power production from the system (ROSSI et al., 2022). The internal resistance of MFC is
determined by various factors like the reactor configuration, type of electrode material, distance
between electrodes, membrane, and loading rate of wastewater applied to the MFC
(TAMILARASAN et al., 2017).

Although it is challenging to make accurate comparisons, the best outcomes have been
obtained when employing small volumes and low to medium strength loads (MARASSI et al.,
2020). It 1s possible that there is an optimum HRT for the electricity generation of each
continuously operated MFC reactor, but these optimum values vary from MFC configurations
to another (RAHIMNEJAD et al, 2011; SOBIESZUK; ZAMOJSKA-JAROSZEWICZ;
MAKOWSKI, 2017; YE et al., 2020). In this work, optimizing HRT to generate electricity in
the air-cathode continuous MFC was one of the main objectives. For this reason, the HRT of
12 h could satisfy this purpose. It should be mentioned that the best operating and design
conditions for one type of MFC are not necessarily the same to another type (VILAS BOAS et
al., 2019).

3.2.3.2 Wastewater treatment performance

The performance of an air-cathode MFC operated in continuous flow, applied to
wastewater treatment efficiency was evaluated by the COD, nitrogen and phosphorous removal

efficiency.
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3.2.3.2.1 COD removal efficiency

The MFC’s efficiency in removing COD was evaluated in three HRT scenarios (12, 8
and 4 h), as shown in Figure 16. The average COD removal was 20.00 + 9.06%; 21.00 + 6.10
e 16.30 +3.02% in HRT of 12, 8 and 4, respectively.

Figure 16 — COD removal.
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The beginning of each strategy produces stress on microorganisms due to the changes
in flow velocity and operational conditions. Then, after the MFC achieved the stabilization
under each scenario, the efficiency of COD removal in strategy I was 29.43 + 1.82% (1), which
was significantly different (p < 0.05) from strategy I (26.33 £0.76%) and III (15.13 + 1.18%).
Moreover, the E1 achieved the highest COD removal efficiency (30.72%). During strategies 2
and 3, the maximum COD removal was 26.87% and 21.52%, respectively. These results suggest
that higher HRT is favorable for COD removal efficiency (R?* = 0.9295).

Similar results concerning the impact of HRT on COD removal in the MFC was
previously reported (HIEGEMANN et al., 2019; SHARMA; LI, 2010b; SOBIESZUK;
ZAMOIJSKA-JAROSZEWICZ; MAKOWSKI, 2017; SUGIOKA et al., 2022). A commonly
stated explanation for this is that higher HRT results in a longer residence time for organic
matter in the anode chamber. Subsequently, the microorganisms are allowed to have more
contact time to oxidize the organics and transfer the electrons, leading to higher COD removal

efficiencies and increase in energy production (SUBHA et al., 2019; YE et al., 2020).
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In this study, the COD removal efficiency could be considered low. However, Ahn and
Logan (2010) found similar results operating a MFC with domestic wastewater in a continuous
flow (OLR 1 kg m™ d!). The COD removal efficiency was around of 30%. Several studies
indicate the use of other technologies to further treat de MFC effluent and attempt the
environmental rules for discharge, such as biofilter (ROSSI et al., 2022), membrane bioreactor
(MEl et al., 2019), anaerobic fluidized bed membrane bioreactor (REN; AHN; LOGAN, 2014),
and wetland (LUTTERBECK et al., 2020).

The COD removal efficiency may be explained by the external resistance (Rext = 1000
Q). The external resistance affect the electron transference rate, metabolically activity and
organic degradation kinetic (ZHANG ef al., 2011). Due to activation and ohmic over potential
reduction, the pollutant removal improves with lower external resistors. Perazzoli (2018)
observed that 22 Q external resistor provide a maximum acetate consumption rate of 293.01
mg L h'l. At 560 Q, the rate was 250 mg Lh!. The average removal efficiency of COD
decreased from 85.63 + 0.08% to 82.70 = 0.31% as the external resistance changed from 200
to 2000 Q (YANG et al., 2022).

During MFC operation, the conversion efficiency of organic substrates into electricity,
which is mediated through microbes is called coulombic efficiency (CE). The CE obtained in
HRT 12, 8 and 4 h was 5.44, 2.23, and 1.12%. Then, CE was higher at 12 h and gradually
diminished as the HRT was reduced. Similar result was found by Hiegemann et a/l. (2019) and
Blatter ef al. (2021), who highlighted that higher wastewater flux reduce coulomb efficiencies.
The results obtained by both authors was 29.5% (flow rate = 5.4 L h'!) and 4.7 to 14.9% (flow
rate = 40 — 1.3 L h"), respectively. The decrement of CE implies that only limited amount of
oxidized substrates could be utilized as electron donors for electricity generation whereas a
large amount of substrates could be utilized for anaerobic biodegradation (SUBHA et al., 2019;
TAMILARASAN et al., 2017).

CE is controlled by three main factors: (i) microorganism activity; (ii) competitive
process for electron donor; and (iii) aerobic respiration due to the diffusion of oxygen into the
anode chamber (CANO et al., 2021). CE would be decreased when some amount of substrates
was utilized for anaerobic processes such as methane formation and fermentation rather than
for metabolism of electroactive bacteria (SUBHA et al., 2019).

Furthermore, Zhuang ef al. (2012) highlight that MFC fed with domestic wastewater
produces lower CE due to the substrate complexity, and interference caused by anaerobic

oxidation, as fermentation and methanogenic. The removed COD during MFC operation could



79

not be completely used for electricity production but could be lost due to other electron
acceptors like sulphate, nitrate and dissolved oxygen present in the wastewater (KIM; YANG;
LOGAN, 2015; SU et al., 2018; SUBHA et al., 2019). For example, the nitrate ions can be
converted into molecular nitrogen by denitrification or to ammonium by dissimilatory nitrate
reduction to ammonium, which could be the most probable process to lower CE (MARASSI et

al., 2020a).
3.2.3.2.2 Nutrient removal

NH4"-N, NOs™-N, and NT concentration in influent and effluent was monitored. The

obtained results are presented in Table 4.

Table 4 - Physical-chemical characterization of the raw water and effluent of each strategy

during MFC operation.

Parameter Raw water Effluent E1 Effluent E2 Effluent E3
CODt mg L 63433 +15.87  513.40 £45.27 503.70 +£35.29 544.40 £27.96
NH4"-N mg L 47.18 £4.18 4526 £2.81 46.03 + 6.05 45.89 +£2.70
NOs-N mg L 0.05+0.03 0.03 +£0.01 0.04 £0.01 0.03 +£0.02
TN mg L 49.91 + 3.03 47.67 + 8.64 49.50 +5.18 49.19+1.29
PO mg L 6.31+£043 6.70 £ 0.65 6.81£0.40 6.43 +£0.48
S042 mg L! 22.92+11.24 18.87£0.93 17.57 £ 6.40 8.80+£2.96
Cr mg L! 101.35+10.63 147.45+9.24 143.99+£3.71 144.90 £ 6.27
Acetate mg L! 143.08 +£10.82 88.85+4.18 89.59 +9.37 82.42 +£10.70
Alkalinity mg L! 341.41+83.90  744.40 +20.30 522.22£73.70 444.44 £22.22
pH - 7.45+0.29 7.90 £ 0.24 8.04 £0.28 8.03+£0.21
Conductivity —mS cm’! 1.43+£0.09 1.42 £0.06 1.35+0.07 1.31 £0.04
TSS mg L 20.21+12.92 27.83+16.92 13.67 +£9.82 17.00 £ 13.11
TDS mg L 919.25+89.73  971.33+217.29 919.60+86.52  1052.00 + 132.41
DO mg L 4.08 +0.76 0.85+£0.42 0.88£0.17 0.34+0.37
Temperature °C 2740+ 1.19 28.16 £ 0.70 27.65+0.97 28.40 £ 1.52

Source: Author.

The obtained results in the present study suggest a low ammonia removal efficiency.
The nitrification is considered the main pathway for NH4"-N transformation to NOs™-N. Table
4 demonstrates the presence of dissolved oxygen (DO) in effluent due to the cathode contact
with atmospheric air. These conditions do not allow nitrification, which is an aerobic
mechanism (DO > 1.5 mg L). However, other several factors could explain the ammonia
removal. Firstly, the nitrogen is an essential nutrient for microorganism’s development.
Therefore, the low ammonia removal could be attributed for the growth and reproduction of
microorganisms during anaerobic digestion.

Secondly, in air-cathode MFC might occur the ammonia volatilization (13), due to the

hydroxide ions produced in oxygen reduction reaction at the cathode promotes a localized pH
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increase near the cathode (ROSSI et al., 2022; ZHUANG et al., 2012). The effluent was
collected near to cathode, and show pH values equal to 7.90 + 0.24, 8.04 + 0.28 and 8.03 + 0.2
during strategies 1, 2 and 3, respectively. Therefore, the removal could be attributed to

volatilization of ammonia into the atmosphere as ammonia gas.
NH} - NH; + HY (13)

Moreover, electrochemical reactions could explain the removal. Motoyama; Ichihashi
and Hirooka (2021) point out that when the electric potential of anode is sufficiently high,
chloride ions present in the wastewater are known to be oxidized to become chlorine, which is
then hydrolyzed to hypochlorous acid, which further reacts with ammonia, diminishing the
ammonia concentration.

At the same time, the nitrate and acetate show minor concentrations after the MFC
treatment (Table 4). These results suggest that denitrification was the dominant pathway for
acetate metabolism from nitrate-reducing cultures (COBY et al., 2011). It further supports the
idea of the denitrification process (14). The denitrification reaction increases the alkalinity
concentration, which can be observed by the alkalinity increase in the effluent (Table 4). The
total nitrogen (TN) concentration in effluent corroborates with these results (Table 4). To
elucidate the reason for nitrogen compound in the MFCs, it is suggested to analyze microbial

communities in biofilms on the surface of anode by genetic sequencing.
5CH;COOH + 8NO5 — 4N, + 10C0, + 6H,0 + 80H™ (14)

The sulfate concentration was also monitored. The SO42 concentration was reduced in
MFC effluent. Sulfate reducing bacteria (SRB) oxidize organic matter using S species (S°) as
electron acceptor with sulfide being the by-product (15). Sulfate reduction can occur over a
wide range of pH, temperature, and salinity. One product of sulfate reduction, hydrogen sulfide,
is extremely toxic to aerobic organisms, because it reacts with the heavy metal groups of the

cytochrome system (ZHANG et al., 2021).
CH;CO0~ + SO0~ + 3H* - 2C0, + 2H,S + 2H,0 (15)

The sulfate reduction during domestic wastewater treatment was mainly mediated by
Geobacter and Desulfomicrobium. Geobacter 1s widely known as an electroactive bacteria

(LOGAN et al., 2019). Moreover, the produced sulfide could be further used as the electron
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donor for autotrophic denitrification, which is particularly suitable for the treatment of low C/N
ratio wastewater (ZHANG et al., 2021).

Different electron acceptors (nitrate, sulfate, DO) exhibit physically and chemically
different properties (e.g., oxidation potential) and therefore affect the efficiency of electricity
production (MARASSI et al., 2020a; SU et al., 2018). Morris and Jin (2009) evaluated the MFC
operation with NO3™ e SO4*". The results indicated that the presence of nitrate decreased the CE
of the MFC. The authors suggested that a disjointed microbial population grew in the MFC
independent of the anode as an electron acceptor. This population was not utilizing the anode
as an electron acceptor. Instead, they were consuming organic carbon in the anodic chamber of
the MFC, resulting in a decrease of the CE of this MFC with no immediate impact on power
output. These results agree with previous studies. For example, Sukkasem et al. (2008) found
that the CE decreased with the increase in nitrate concentration. The presence of nitrates in the
solution also resulted in the growth of nitrate-utilizing bacteria. The consumption of electrons
for denitrification and the growth of denitrifying bacteria may account for the lower CE of the
MFCs fed with nitrate. Then, the concentration of these different electron acceptors in effluent
could explain the low EC.

The POs* removal was not identified in this present study. Biological phosphorus
accumulation in excess-sludge biomass is mainly conducted by phosphorus accumulating
organisms (PAO), and their activity requires alternating aerobic/anaerobic conditions. The
MEFC is an anaerobic reactor. Thus, PAO degrades the polyphosphate in anaerobic conditions
and releases orthophosphates into the environment. This fact could explain the increase in
phosphorous concentration in the effluent. To date, previous studies have demonstrated the
utilization of electron acceptors in the cathode (N-NOs", P-PO4*, SO4*) aiming the removal or
recovery (HOU et al., 2017; UCAR; ZHANG; ANGELIDAKI, 2017; WU et al., 2021; YANG
etal.,2019).

3.2.3.3 Phytotoxicity assessment

In order to evaluate the toxicity of the synthetic wastewater before treatment,
phytotoxicity tests were carried out. The results showed if the organism-test (Lactuca sativa)
could establish itself in a potentially toxic environment and partially develop with lethal effects
(inhibition of germination) and sublethal effects (inhibition of the development of roots and

radicles) (SANTOS KLIENCHEN DALARI et al., 2022).
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Germination Index is calculated using germination rate and root elongation compared
to that in the control, so it is a more comprehensive evaluation of phytotoxicity (LUO et al.,
2018). According to Figure 17, our results indicate that both raw and treated effluents are
phytotoxic, since the GI were lower than 80% (LEIVA et al., 2019). The GI were greater for
lettuce seeds in contact with the treated effluent than for those in contact with the raw effluent,
except for E3 (Figure 17). Therefore, it could be assumed that the treatment during strategy [
(HRT = 12 h) and strategy II (HRT = 8 h) showed the ability to drop phytotoxic effect present

in the raw wastewater.

Figure 17 - Germination Index of L. sativa seeds for raw wastewater and different treatment
strategies.
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Source: Author.

Root elongation can be more sensitive to chemical compounds exposure in comparison
to seed germination such as demonstrated in previous studies (LYU et al., 2018; PARK et al.,
2016). Based on this, a definitive toxicity test was conducted for all the effluent samples using
a concentration series of 100%, 75%, 50%, and 25% (Table 5). Regarding to ECso, the root
growth inhibition can be observed in the raw wastewater (100%) and MFC effluent from
strategy 3 (100%). Therefore, it indicates phytotoxicity for these samples. The wastewater
treated by MFC, during strategies I and II, present reduction of toxic potential, once was not

possible to calculate the ECso.
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Table 5 - Phytotoxicity effects on L. sativa root elongation (cm) in different MFC effluent
concentration (25, 50, 75 and 100%), expressed as ECso.

L. sativa root elongation (cm) ECso%)
Sample
25% 50% 75% 100% (95% CI)
Raw water 1.61 £0.70 1.59 £ 0.62 1.05 +0.40 0.73 +£0.25 87.72
(76.43 — 99.00)

Effluent E1 2.06+0.63 1.30 + 0.40 1.25+0.42 120+ 037 nd
Effluent E2 1.15+0.24 0.97+0.27 0.86 +0.14 0.83+0.27 nd
Effluent E3 121+057 1.16+0.51 0.92+0.28 0.59 + 0.30 82.09

(60.57 — 103.60)
nd: It was not possible to calculate the ECso, because 50% inhibition was not reached. Source: Author.

The phytotoxic effects produced by organic wastes are the result of a combination of
several factors, such as heavy metals, ammonia, high concentrations of ions and volatile organic
acids (FRANCA FIGUEIREDO et al., 2022; FUENTES et al., 2006). Then, the phytotoxicity
assessed in this study could be attributed for zinc, nickel, copper, manganese and iron, utilized
in the micronutrient solution for synthetic wastewater production. These are essential
micronutrients for plants but can be toxic at high concentrations (LYU ef al., 2018). Charles et
al. (2011) points out that zinc, nickel and copper was mainly responsible for the inhibition of
L. sativa germination. Moreover, the organic matter present in the effluents could affects the
availability of heavy metals in soil differently due to the formation of complexes with organic
matter, making heavy metals easier to dissolve (MIN et al., 2021).

In the present work, the phytotoxicity results and physic-chemical characterization
agreed. Results of previous studies suggest that seed germination is negatively related to NH4 -
N concentration (LUO et al., 2018). Fuentes et al. (2006) point out that in anaerobic sludges, a
negative effect on seed germination and growth could be attributed to the presence of ammonia.
However, the concentration of NH4"™-N is lower after the treatment, which could explain the
increase of GI of E1 and E2. Considering the wastewater treatment, the strategy E1 showed the
best performance, and significant differences in germination index. Therefore, it might be
suggested that E1 produced a lower toxic potencial.

However, wastewater treatment does not always reduce the toxicity of the effluent and,
in some instances, could increase the toxicity. The E3 (HRT = 4 h) showed the worst
performance for wastewater treatment. This result reflects in phytotoxicity removal. The
synergism between various contaminants present in the effluents may have contributed to
formation of toxic intermediates during the fast treatment could explain the result (FRANCA

FIGUEIREDO et al., 2022; GERBER et al., 2017).
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Our results agree with other studies being conducted on toxicity of MFC effluents,
suggesting the ability for toxicity removal (LUTTERBECK et al., 2020; MARASSI et al.,
2020b, 2020a). Then, the Lactuca sativa ecotoxicity assay contribute to affirm that HRT of 12
h could be considered optimal for this study and could be applied as a complement to routine

analysis rules to acquire toxicological information.

3.2.3.4 Implications in the development and integration of MFCs in the wastewater treatment

infrastructure

The development of this research aimed to mimic the actual conditions of conventional
WWTPs. Therefore, continuous mode flow and OLR values align with this proposal. Generally,
researchers employ batch operation in MFC. However, several authors show less efficiency in
continuous flow due to less time available for biological activity (BIRD ef al., 2022). Thus,
obtaining an excellent performance in continuous flow can be considered a challenge within
the MFC (ABDALLAH et al., 2019).

In addition, increasing the scale of MFC up to 2 L and an electrode area of 132 cm?,
aims to enable the application of the technology in practical situations. These values are higher
than commonly reported values in the literature. Marassi et al. (2020) have operated a MFC
with a similar configuration and size in batch mode with dairy effluent. The authors obtained a
current density ranging from 210 to 125 mA m™, similar to that obtained in this present research.
Moreover, the inoculation procedure utilizes anaerobic sludge from WWTP, demonstrating the
feasibility of MFC for integration in the wastewater treatment infrastructure (GHANGREKAR;
SHINDE, 2008).

In this perspective, the MFC could be operated in WWTP for primary effluent
treatment, as suggested by He et al. (2019). According to Metcalf and Eddy (2014), primary
effluent treatment could achieve 25 to 40% COD removal efficiency. Other technologies might
further treat the MFC effluent to attempt the environmental rules. This configuration integrates
both technologies for wastewater, exhibiting a flexible platform to tackle some challenging
problems and often proving more effective than stand-alone technologies (XU et al., 2016).

The integration of MFC with membrane technology is a promising alternative for
wastewater treatment (LIU et al., 2018; SHRESTHA et al., 2017; ZHAO et al., 2022). The
EBRM is an innovative technology that integrates the benefits of biological oxidation,
electrocoagulation, and membrane filtration in a unique reactor. Using this reactor as a post-

treatment is an interesting purpose since the EMBR can produce an effluent with superior



85

quality, with low levels of organic matter and nutrients (ASIF; MAQBOOL; ZHANG, 2020).
In addition, it is hypothesized that the electricity generated by MFC could offset the energy
demand of EMBR.

In this context, the successful large-scale implementation of the MFC technique for
wastewater treatment will positively change the water and energy sectors, transforming the high
energy demanding WWTPs into sustainable energy producers and wastes into valuable energy
resources. Future research should focus on improving the energy production and storage of the
technology before it transitions into use in wastewater treatment facilities (RAMYA; SENTHIL
KUMAR, 2022).

3.2.4 Conclusion

The impacts of HRT (12, 8, and 4 h) on the MFC performance were investigated in
this research study. Results demonstrated that the maximum voltage generated was 598.9 mV
with a corresponding power density of 52.04 + 18.00 mW m™, at HRT of 12 h, in continuous
mode. Strategies II (8 h) and II (4 h) produced 29.31 + 9.80 and 18.98 + 2.87 mW m?,
respectively. The coulombic efficiency also decreased with the HRT, achieving 5.44, 2.23, and
1.12%, for HRT of 12, 8 and 4 h, respectively. These results demonstrate the importance of
ensuring optimal OLRs and HRT as critical factors for scaling up an MFC in continuous flow
mode. Due to the anaerobic conditions, several pathways were suggested to explain the obtained
values. Altogether, to confirm those pathways, it is recommended to evaluate the existing
microorganisms in the biofilm through bioinformatics assays. Hence, it is concluded that MFC
could reduce the phytotoxicity of effluents. However, a post-treatment and alternatives for
electricity recovery are required. Overall, the findings demonstrated that the evaluated MFC is

feasible as a primary effluent treatment to produce electricity from wastewater treatment.
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3.3 ACTIVE ENERGY HARVESTING FROM A LARGE-SCALE MICROBIAL FUEL
CELL SYSTEM

3.3.1 Introduction

Microbial fuel cells (MFCs) have been extensively researched as a device for
producing electricity from organic molecules in wastewater. The extracellular electron transfer
(EET) mechanisms used by the electroactive bacteria allow them to acquire electrons from the
energy source from an oxidation reaction and transport them to the anode (DWIVEDI et al.,
2022). The resultant electrons are subsequently carried to the cathode and utilized in the oxygen
reduction reaction, which generates electrical power (YANG et al., 2020a). As a result, the
MEFC can treat wastewater while producing sustainable energy.

Low power production and generation of practically usable power is a bottleneck
(DWIVEDI et al., 2022). An air-cathode MFC has a theoretical maximum voltage of 1.14 V
across its anode and cathode (OBILEKE et al., 2021). The typical open-circuit voltage (OCV)
of an air-cathode MFC is in the range of 0.2-0.5 V due to activation, concentration, and ohmic
losses (KOFFI; OKABE, 2020). The highest power density obtained in a MFC feed with
domestic wastewater ranged between 200 W m™ to 250 W m™ (YU et al., 2021). Even low-
power electrical devices such as LEDs and wireless sensor radios cannot be directly driven by
this power. (PRASAD; TRIPATHI, 2020). For practical purposes, the MFC power output
should be boosted.

Significant attempts have been made to overcome the practically usable power issue.
Power management systems (PMSs) have been developed to enhance the low MFC output
voltage to a certain necessary voltage and store enough energy to power electronic loads (GUL
etal., 2021; SERRA; A, 2021). A promising alternative is the coupling of PMS with maximal
power point (MPP) for MFC scale-up and real-world application (WANG; PARK; REN, 2015).
Therefore, the PMS can track the power generating condition by changing the external load and
by recognizing current, voltage, and power production as well, maintaining the maximum
energy harvesting performance and shaping it to a usable form (GUL et al., 2021).

Various types of controller based Maximus power point tracking (MPPT) energy
harvesting systems were proposed (MUKHERIJEE et al., 2022). An interesting approach is
using an electronic circuit BQ 25505 (Texas Instruments) to apply active energy harvesting

solutions. This solution increased power output by 81-375% in MPP. Compared to an external
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resistor circuit operating at the same points, the maximum current point (MCP) could increase
Coulombic efficiency by 207-805% (LOBO; WANG; REN, 2017). Moreover, active
harvesting significantly improved MFC performance by simultaneously enriching electroactive
bacteria (EAB) and enhancing EAB capability of extracellular electron transfer (LU et al.,
2019). Studies on MFC anode community structure, such as 16S rRNA marker gene-based,
could provide essential knowledge towards improving the understanding of electroactive
microbial community and active harvesting technologies.

As Lobo et al. (2017) and Lu et al., (2019), Mei et al. (2022) also explored energy
extraction using the BQ25505. Mei et al. (2022) reports that the MFC-MPP achieved 200-300
mW m™, while MFC operated with external resistance obtained lower power densities (34.51
to 182.74 mW m™). Moreover, the interplay between active energy harvesting and organic
loading rate led to a complexity of electricity generation regulation and provided a new way to
regulate the profiles of fermentation products in MFCs. Furthermore, active energy harvesting
allows charging a battery, making the produced energy usable.

However, these studies have employed small volumes, ranging from 28 to 100 mL,
and operating in batch mode (LOBO; WANG; REN, 2017; LU ef al., 2019; MEI et al., 2022).
Moreover, the studies suggested MFC as a promising alternative for wastewater treatment, but
MFC integrated with active energy harvesting were not evaluated in terms of toxicity test. This
assay 1s recommended to determine the toxic effect on organisms from raw wastewater and
effluent since the treatment process cannot remove toxicity from wastewater, or they can cause
toxicity by matter transformation (FRANCA FIGUEIREDO et al., 2022; GERBER et al.,
2017).

In this study, we assessed the effectiveness of a single-chamber, 2 L, air-cathode MFC
for treating domestic-like synthetic wastewater under continuous flow. An electronic circuit
was coupled to keep the MFC under MPP to boost the low MFC output voltage and charge a
battery. The study evaluated the electrochemical and treatment performance in fundamental
parameters, such as voltage, current, power output, polarization curve, coulombic efficiency,
COD and nutrient removal, and acute toxicity test (Daphnia magna). In addition, anode

microbial communities were characterized in detail.
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3.3.2 Materials and methods
3.3.2.1 MFC construction and operation

The single-chamber MFC were fabricated using acryl sheets with an anodic work
volume of 2 L. The electrode consists of membrane electrode assembly (MEA), with a nominal
arca of 144 cm?. The membrane Nafion™ (212) was sandwiched between a carbon felt anode
(GDL) and a carbon cloth cathode (GDE) coated with a catalyst loading of 0.4 mg Pt cm™
(Novo- cell, Americana, Brazil). The MEA also contain carbon nanoparticle (Vulcan XC 72R),
and polytetrafluoroethylene (PTFE) layer. A stainless steel mesh was used as current collector.
The electrode and current collector were sandwiched between two silicon gaskets frames to seal
the chamber. A single copper wire connected the electrodes externally.

The start-up phase was described by Sorgato et al. (2022). After that, the MFC was
filled with synthetic municipal wastewater, according to (SOUZA et al., 2020) (850 mg L ™! of
CH3COONa, 170 mg L ™! of KH2PO4, 280 mg L' of NH4CI, 10 mg L™! of MgSO4-7H,0, 7.3
mg L' of CaCl,-2H,0, 0.2 mg L™ of CuS04-5H,0, 2.2 mg L' of ZnSO4-7H>0, 0.5 mg L' of
CoCly-6H20, 5.00 mg L ™! of FeSO4-H,0, 2.15 mg L' of NaCl). The final substrate contained
650 mg L' COD, 50 mg L' TN, and 8 mg L' PO4>. The MFC was run in continuous mode
using a peristaltic pump (WATSON-MARLOW), under controlled temperature of 30 °C. In
previously study, we determine that the optimal hydraulic retention time (HRT) was 12 h.

The experiment was divided in two phases. The phase I corresponds to the operation
in passive scenarios (MFC-P). A 1000 Q external resistor were connected in parallel with MFC
and the energy was dissipated as heat. Under stable conditions, a polarization curve experiment
was performed to determine the key operating point of maximum power points (MPP). The
polarization curves were obtained by setting the MFC to open circuit for at least 30 min and
lowering the external resistance every 10 min, from 1000 to 10 Q (YANG ef al., 2020a). The
voltage was monitored by a multimeter (ET-2615A, Minipa). In phase II, the MFC were
operated under maximum power with active energy harvesting (MFC-H), controlled by
operating voltages that were determined during phase I. The operational conditions were kept

the same under passive and harvesting scenarios (Table 6).



Table 6 — Operational strategies.
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Parameters

HRT (h) 12
Flow rate (L d') 4
Influent COD (mg L) 650
OLR (kg COD m" d*) 1.00

Source: Author.

3.3.2.2 Energy harvesting

For active harvesting scenarios, it was implemented a commercial energy circuit
(BQ255070EVM-206, Texas Instruments, Dallas, TX, USA), following the methodology
proposed in previous studies (LOBO; WANG; REN, 2017). The system characteristics and
operation were kept similar to Figure 13. This is an integrated energy harvesting Nano-Power
management circuit, specifically designed to efficiently acquire and manage the microwatts to
milliwatts of power generated from a variety of high output impedance (Hi-Z) DC sources with
a highly efficient, pulse-frequency modulated (PFM) boost converter/charger with battery
management. In this study, the circuits were controlled to track maximum power point (MPP)
by a power supply. The energy extracted from each MFC was stored in rechargeable polymer
lithium-ion batteries (3.7 V/ 1000 mAh, Rontek). The Figure 18 illustrates the MFC reactor

setup.

Figure 18 — MFC active energy harvesting setup.
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3.3.2.3 Analysis

The voltages were measured every 3 min using a digital multimeter (ET-2615A,
Minipa). Current, I (mA), was calculated according to Ohmic law, I = E/Rex, where E is the
voltage (mV) and Rex 1s the external resistance (2). Power, P (mV), was calculated according
to P = LE. Current density (mA cm2) and power density (mW m2) were determined by
normalizing by area of the electrode. Coulombic efficiency (CE, %), defined as the fractional
recovery of electrons from the substrate, was calculated according to Eq. (10), where M is the
molecular weight of oxygen (32 g mol™), I is the average current (A), F is Faraday’s constant
(96.485 C mol™), n is the number of electrons (4 mol e mol O>!); q is the volumetric influent

flow rate (L s'); ACOD is the change in COD over time (mg L™).

M.I

EF=e—— 1
F.n.q.ACOD (16)

The MFC performance was evaluated in terms of COD, total nitrogen (TN),
ammonium (NH4"-N) and phosphate (PO4>"-P) removal efficiency. For this purpose, the MFC
influent (synthetic wastewater) and effluent (anode chamber outlet) were collected twice a week
for determination of the mentioned components. COD and TN were measured by
spectrophotometry (Hach DR5000) according to the manufacturer’s instructions using the
method Hach 8000 and 10072, respectively. The concentration of NH4'-N was measured via
Nessler’s Reagent spectrophotometry (APHA, 2005). The PO4*-P concentration was
determined using the molybdovanophosphoric acid method (APHA, 2005). pH, conductivity,
dissolved oxygen and temperature were obtained using a multiparametric probe (AKSO,
AKS8S8). Removals were calculated in percentage terms (%) using the subtraction of final (C)

from initial (Co) concentrations divided by Co.

3.3.2.4 High-throughput DNA Sequencing

At the end of MPPT energy harvesting system operation, anode biofilm samples were
collected for 16S rRNA metagenomic sequencing. Inoculum samples was also collected. The
biofilm was directly collected from anode surface using a sterile spatula. 16S rRNA samples
were stored at -20 °C until analyzed. The 16S rRNA sequencing analysis using the MiSeq
platform (Miseq™, Illumina Inc., USA) was carried out by the company Neoprospecta

Microbiome Technologies, Inc. (Florianopolis, Brazil).
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The variable V3-V4 regions of the 16S ribosomal RNA gene (16S rRNA) were
amplified from 5 ng pL!' DNA using the wuniversal primers 341F 5’
CCTACGGGRSGCAGCAG-3' (WANG; QIAN, 2009) and 806R 5'-
GGACTACHVGGGTWTCTAAT-3" (CAPORASO et al.,, 2012). Fastq files were de-
multiplexed with the MiSeq software according to their index and analyzed using QIIME 2,
version 2 (2019.10) (BOLYEN et al., 2019), on VirtualBox (6.1.10 version). Sequencing reads
were filtered, denoised, merged, and chimeras were removed using DADA2 (Callahan et al.,
2016) for quality control. Subsequently, sequences were taxonomically classified using the
Greengenes database 138 (DESANTIS et al., 2006) and mitochondria or chloroplast related
features were removed. The align-to-tree-mafft-fast tree pipeline from q2-phylogeny was used
for phylogenetic dependent analyses. The percent of reads in each sample matching to the top
abundant phylum and family were plotted and compared among designs in a heatmap using an
average Bray-Curtis metric. Alpha diversity analyses were performed to assess the complexity
ofmicrobial diversity for each sample including observed Operational Taxonomic Units (OTU)
to measure observed species richness, Shannon index to identify community diversity, Good's

coverage index to characterize sequencing depth.
3.3.2.5 Toxicity assay

The toxicity of the wastewaters was assessed using the acute test with the micro-
crustacean Daphnia magna. The methodological procedures followed the guideline 202
(Organization for Economic Co-operation and Development, 2004). The Daphnia magna
culture is described by Vicentini et al. (2019). The method consists of exposure of neonates (<
24 h old) to different effluent concentrations for 48 h in the dark at a controlled temperature (20
+ 1 °C). Raw wastewater (synthetic wastewater) and treated samples (MFC-P and MFC-H
effluent) were assessed. Four concentrations (25, 50, 75, and 100%) were tested in 50 mL
beakers containing 25 mL of the samples. The different concentrations were tested in duplicate,
so 10 individuals were placed in each beaker for 20 individuals/concentration. After the
exposure period, the immobile organisms were counted, with immobilization being scored
when the organisms failed to swim within 15 s of a slight beaker agitation. The results were

expressed as the median effect concentration (ECso).
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3.3.2.6 Statistical analysis

The Shapiro-Wilk test was applied in order to verify data normality. ANOVA was
applied to test differences between means from data with normal distribution, followed by the
Tukey test. For the data that did not present normal distribution, medians were tested by the
non-parametric Kruskal-Wallis and Dunn tests. These statistical analyses were performed using
the software Statistica® 13. The results of the assays carried out with D. magna were calculated

using probity analysis in the software GraphPad Prism® 6.0.

3.3.3 Results and discussion
3.3.3.1 Variation of MFC voltage, current and power in different scenarios

The MFC operated with an external resistor (MFC-P) was a control reactor to compare
with harvesting scenarios. The maximum voltage obtained by MFC-P was 0.280 V, and the
maximum current was 0.28 mA, corresponding to a maximum current density of 135 mA m™.
Similar results were found by Marassi et al., (2020), who operated MFC with 1000 Q resistor
and working volume higher than 1 L. The voltage value is lower than the previous results due
to the Nafion fouling, which decreased the MFC performance (FLIMBAN et al., 2020). It is
important to highlight that the MFC was continuously operated, without stops and changes in
structure, such as electrodes.

Active energy harvesting could occur in different regions, such as maximum current
points (MCP), maximum voltage points (MVP), and maximum power point (MPP). The
maximum power is extractable in the MPP, where the internal resistance matches the load
resistance (DUTTA et al., 2022). At this specific point, a higher electron transference rate and
the highest electroactive bacteria activities are achieved (LOBO; WANG; REN, 2017). From
polarization curves, the MPP occurred in voltage (VMPP) equal to 0.270 V (Figure 19).
Therefore, we adjusted the energy harvesting circuit to either VMPP = 0.270 V.
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Figure 19 - Power and polarization curve.
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Figure 20 summarizes the profiles of MFC operated passive and harvesting. The
voltage range between 0.302 to 0.240 V, once the harvesting circuit enables real-time feedback
of the MPP changes during operation and adjusts to optimal harvesting condition (Figure 20A).
The active energy harvesting generated a higher current than those operated in external resistors
mode (Figure 20B), reaching on average 0.26 £ 0.08 mA and 0.16 £ 0.03 mA, respectively. The
current output under active harvesting was stable and repeatable. These results indicated that
active harvesting significantly improves energy generation (p < 0.05). Therefore, this leads to
higher power output (Figure 20C).

The better performance achieved with the active energy harvesting scenario could be
explained for several reasons. The harvesting scenario controls the voltage to be constant. In
comparison to resister scenarios, it generates a mechanism to stabilize the redox potentials
closer to the desired anode potential and produces narrower variation (LOBO; WANG; REN,
2017). Therefore, the reduction of the overpotential occurred on the anode drop energy losses,
such as activation, ohmic, and concentration (LU et al., 2019). With this tool, the internal
resistance tended to low values, optimizing the conversion into maximum electricity power
(BLATTER et al., 2021).

Lu et al. (2019) assessed the biofilm community through marker gene and 16S rRNA
metagenomics shotgun sequencing where the results indicate that the biofilm under the
harvesting scenario drastically differed from the passive one. In addition, the authors
demonstrated a statistical increase of abundance in electroactive bacteria Geobacter and c-type
cytochrome genes associated with electron transfer. The results obtained by Lu et al. (2019)

revealed that energy harvesting scenario could shape the structure and function of anode
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microbial community, improve the extracellular electron transference of the anode biofilm and
boost the MFC performance. Then, the harvesting scenario applied in this study
(BQ25570EVM-206) could improve the extracellular electron transference of the anode biofilm
and boost the MFC performance.

Figure 20 - Voltage (A), average current (B) and average power output (C) of MFCs on
passive (MFC-P) and harvesting (MFC-H) scenarios.

0,30
2 020
(0]
[}
|
©°
>
0,10 -
0,00 :
0 50 100 150 200
Time (h)
—e— MFC-P
<0 MFCH
0,35 0,10
0,30 |
0,08
0,25 s
_ £
< = 006
E 020 ]
I H
o
[
5 0157 S 0044
© H / Y
o
0,10 T
0,02 l
0,05
0.00 ‘ : 0,00 ‘ ‘
MEG.P MEG-H MFC-P MFC-H

Source: Author.

The power generation was increased 2.5 times with active harvesting scenario,
achieving 4.46 mW m™. The power density obtained by this study using active harvesting is
lower than those obtained by Lobo; Wang and Ren (2017) and Mei et al. (2022), 108 and 300
mW m?, respectively. It could be attributed to the geometry and configuration of MFC applied
in this study. In the present study, the working volume and flow conditions are higher.
Moreover, the reactor does not represent a cubic shape. It was suggested that the reactor shape

does not provide a complete mixture reactor, and dead zones might be present in the MFC,
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making the fluid distribution and correct contact time of fresh substrate with the anode and
microorganisms difficult (SOBIESZUK; ZAMOJSKA-JAROSZEWICZ; MAKOWSKI,
2017).

In addition, MFC-H could store the electrical energy in rechargeable batteries while
no energy was stored in MFC-P reactors as it was dissipated as heat on the resistor. The increase
in voltage shows that the battery is being charged. According to the manufacturer (RONTEK),
the battery voltage ranges between 3.1 V when discharged and 3.65 V when ultimately charged.
Figure 21 shows the voltage profile of the battery charge during this experiment. The results
obtained in this study indicated that active harvesting is a promising strategy to recover energy

in real applications.

Figure 21 - Battery voltage profile during a cycle.

3,7

36 1

3,54

34 4

Voltage (V)

3,3 A

3,2 4

3,1 T T T T T
0 200 400 600 800 1000 1200

Time (min)
Source: Author.

3.3.3.2 Wastewater treatment

Several studies demonstrate that energy recovery using active harvesting is a practical
approach (LOBO; WANG; REN, 2017; LU et al., 2019; MEI et al., 2022; SERRA; A, 2021).
However, it is important to evaluate the treatment ability to realize the potential for operating
within practical systems, such as WWTPs. Focus on it, in this study, we provide a discussion
about organic matter and nutrient removal under passive and harvesting scenarios. The
characterization of influent and effluent are described in Table 7.

The MFC-P and MFC-H achieved 27.38 + 1.65% and 27.80 + 3.99% COD removal,
respectively (Figure 22). There is no statistical difference between the samples (p > 0.05).

Immediately after the application on the energy harvesting circuit, there was a drop in COD
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removal due to the new operational conditions. After that, the system reached stabilization,
achieving a maximum removal of 33.08%. Therefore, it could be inferred that the energy
harvesting circuit improves COD removal. The active harvesting state, which accelerated the
rate of substrate conversion to current, may be responsible for this performance (MEI ef al.,
2022).

Table 7 - Characterization of influent and effluent.

Parameter Influent MFC-P MFC-H
CODr mg L! 658.40 + 18.82 470.30+11.30 477.40+21.15
NH4*-N mg L! 47.18 £4.18 4526 £2.81 46.03 £ 6.05
POs-P mg L! 6.31+0.43 6.70 £ 0.65 6.81+0.40
TN mg L} 51.73+2.44 48.73 £2.02 46.04 £2.99
Alkalinity mg L} 396.83 +29.89 633.33 +£47.14 595.56 + 50.67
pH - 7.42 +£0.48 8.03+0.38 7.89 +0.30
Conductivity mS cm™! 1.40+£0.03 1.37+£0.03 1.33+0.04
DO mg L} 427+1.18 0.65+0.26 0.65+0.33
Temperature °C 25.10+1.76 26.23 +0.59 27.24 +1.39

Source: Author.

The results of coulombic efficiency support these findings. Similarly, the active
harvesting mode led to much higher coulombic efficiency, increasing approximately 2.45 times,
from 2.48 + 0.66% in MFC-P to 6.07 + 0.70% in MFC-H (Figure 22). Due to the management
on the biofilm electron transfer rate, the active harvesting system could harvest more electrons
(LOBO; WANG; REN, 2017; MEl et al., 2022). This control is interesting as it means improved
conversion efficiency from organic substrate to power and quicker wastewater treatment (LU

etal.,2019).

Figure 22 — Average COD removal and coulombic efficiency of MFCs under harvesting
scenarios: resistor and active energy-harvesting circuit.
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Concerning the nutrients, especially NH4"-N, a low removal in both scenarios, such as
4.27+0.35% for MFC-P and 8.07+3.13 % for MFC-H was observed. The low NH4'-N removal
was expected. The nitrification process requires dissolved oxygen (DO). However, the reactor
works under anaerobic conditions. In this way, the result can be attributed to the growth and
reproduction of microorganisms. Secondly, ammonia volatilization is very common in the air-
cathode MFC (ROSSI et al., 2022). In addition, Motoyama; Ichihashi and Hirooka (2021)
points out that when the anode potential is sufficiently high, chloride ions present in the
wastewater could be oxidized to become chlorine, which is then hydrolyzed to hypochlorous
acid. Then, the acid reacts with ammonia, diminishing the ammonia concentration. Lu et al.
(2019) compared the anode potential under passive and harvesting scenarios. The author found
that MFC coupled with resistor showed -154 mV anode potential, while active energy
harvesting showed lower potential (-454 mV).

As expected, the MFC cannot remove phosphates due to the inexistence of an aerobic
environment. Under passive and harvesting scenarios, the phosphate effluent concentration was
7.82 and 6.81 mg L', respectively. The influent concentration was 6.00 mg L™'. Phosphorus
accumulating organisms (PAO) degrades the polyphosphate in anaerobic conditions and release
orthophosphates into the environment. This fact explains the increase in phosphorous
concentration in the effluent (CYDZIK-KWIATKOWSKA; NOSEK, 2020).

The effluent quality needs to be improved to attempt the environmental standards.
Therefore, post-treatment is recommended to improve the wastewater quality (ROSSI et al.,
2022; SUGIOKA et al., 2022). In this sense, a good alternative is the use of an electro-
membrane bioreactor (EMBR). This innovative technology integrates the biological,
electrochemical, and membrane filtration processes in a unique reactor, achieving complete
COD and nutrient removal (BATTISTELLI et al., 2018; SOUZA et al., 2020). However,
electrical consumption is a bottleneck for this technology, due to the elevated consume for
pumps, filtration, aeration and electrocoagulation (ASIF; MAQBOOL; ZHANG, 2020).

The application of electrocoagulation in a MBR increased the energy consumption by
around 14% (BATTISTELLI et al., 2018c). The authors suggest the implementation of other
techniques to control the electrocoagulation could contribute to the reduction of energy
consumption. Therefore, the electricity generated by the MFC-H could be applied in the EBRM
while the reactor act as a post-treatment. Studies in this area are highly suggested to contribute
to the development of hybrid systems and energy-positive wastewater systems (RAMYA;
SENTHIL KUMAR, 2022).
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3.3.3.3 Microbial community structure

The microbial community structure in the inoculum and anode biofilm of MFC-H
samples was investigated by 16S rRNA sequencing. The sequencing allows identifying the
communities in the inoculum and which could be developed under an active harvesting
scenario, which is one of the purposes of this study.

For the alpha diversity indices, community species richness (Operational Taxonomic
Units - OTU), and community diversity (Shannon index) an increase in inoculum to MFC
conditions was observed. Shannon index reflects microbial community diversity (SILVEIRA
et al.,2022). Thus, in this study, the MFC showed a higher microbial diversity (Shannon index
7.82) than the Inoculum (Shannon index 6.21). Microbial density (OTU) corresponds to a
number of unique species in a sample (SILVEIRA et al., 2022). Also, in this study, the OTU
numbers in MFC (557) were higher than in inoculum (277), indicating that the
bioelectrochemical conditions can promote system metabolic biodiversity, which is consistent
with previous studies (ZHANG; JIANG; ZHOU, 2022).

The alpha diversity results demonstrated that the microbial community structure
changed significantly from the inoculum, and the diversity and richness were significantly
affected due to conditions imposed by the MFC. A mixed culture can improve the current
production and may be more efficient due to the larger carbon source affinity, substrates
specificity and inter-species cooperation in anodic biofilm as compared with the pure cultures,
which presents low diversity (LOGAN et al., 2019; MATEO et al., 2018; RIVALLAND et al.,
2022). Accordly to He et al. (2021), the higher diversity in MFC biofilm indicate a potential
existence of other function members in anodic biofilm, who contributed to organic matters
degradation and bioelectricity conversion through a variety of metabolic pathways. Moreover,
the mixed community at higher diversity levels usually promotes better performance in COD
removal and power production, and contribute to preservation of community functionality and
stability (CAO et al., 2019; HE et al., 2021). Also, higher richness (number of unique species,
OTU) can increase metabolic diversity, favoring the removal of the less readily biodegradable
compounds at the same time increasing the range of microbial diversity acting in the system
(SILVEIRA et al., 2022)

Further investigations into the microbial structural were conducted. Taxonomic
analysis revealed variations at the phylum level (Figure 23). This was expected because the

microbial diversity indices indicated such dynamics (SILVEIRA et al., 2022). The most
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abundant Proteobacteria phylum, identified by containing a large number of electroactive
microorganisms, electroactive species, such as Gammaproteobacteria and Deltaproteobacteria
(THAPA et al., 2022), accounts for 43.10% of relative abundance among the other microbial
groups in the sample.

Apart of this, the highest relative abundance on the anode biofilm surface were under
the phyla Chloroflexi (linked to nitrogen removal in WWTPS and involved in fermenting
carbohydrates (ZHANG, Luan; JIANG; ZHOU, 2022), Chlorobi (degrade organic pollutants
and improve the capacity of nitrogen removal (LI, L. et al, 2018), and Bacteroidetes
(fermentative bacteria frequently observed in anaerobic processes (ZAKARIA; DHAR, 2020),
and Firmicutes (functional roles in electroactivity through directly anodic reduction (WANG,
Yingmu et al., 2019). Similar results were found in previous studies (MEI ef al., 2022; XIA et
al., 2019).

Figure 23 - Taxonomy classification at the most dominant phylum level distribution. The top
corresponds to the sample. The dendrogram on the right represents the clustering microbial to
relative abundance. On the frequency scale, the darker the color, the more abundant the

phylum in the sample.
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Figure 24 illustrates the microbial community structure of the inoculum and MFC

biofilm at the family level. Ten dominant families were the most abundant (mean value of
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relative abundance > 1%) in MFC anode biofilm, which Anaerolinaceae was the predominant
family, with a relative abundance of 22.3%, while in the inoculum was 2.97%. It is important
to note that some families were inhibited after inoculation, while others had their development
favored by the environment imposed by MFC and active energy harvesting.

Some microorganisms in the MFC anode sample present electroactive ability and
could contribute to the present study's electricity generation. The electroactive organisms in the
anodic biofilm might be represented by the Clostridiceae family (3.55%), such as Clostridium
(LIN; LU, 2015; LOGAN et al., 2019). Moreover, microorganisms such as Janibacter
(Intrasporangiaceae family), have an electrogenic function and were responsible for the voltage
output in a constructed wetland coupled with an MFC system (ZHU et al., 2022). In this study
was found microorganisms that belong to the Intrasporangiaceae family (5.92%) which may
indicate the presence of this genus also in the system evaluated. The bacteria Rhodobacter from
the family Rhodobacteraceae (3.39%) also present electricians function (WANG et al., 2019).

Thus, it can be suggested that the MFC could favor enrichment of electroactive bacteria.

Figure 24 shows the abundance of a typical methanogenesis family, such as
Methanosaetaceae (4.14%), in MFC biofilm. In the past, methanogens were believed to act as
competitors to exoelectrogens by acetate. Actually, direct interspecies electron transfer (DIET)
occurred between Geobacter and Methanosaeta (ZHANG et al., 2017b). The syntrophic
metabolism could be explained by the electrons flow from exoelectrogenic bacteria to another
electrotrophic methanogen via cytochrome c¢ and pili (ZHANG ef al., 2017b). Recent
investigations exhibit that methanogens can produce electricity in MFC and possess the ability
to perform extracellular electron transfer (EET) by cytochrome-c and Type IV pili (Logan et
al., 2019). According to Nath; Chakraborty and Ghangrekar (2021), methanogens can behave
as exoelectrogens in MFC. Further investigations would be necessary to evaluate the possible
interaction between EAB and methanogens and how this would influence electricity production
in MFC (LIN; LU, 2015).

Meanwhile, some microorganisms have multiple functions (THAPA et al., 2022).
Anaerolinaceae was an abundant family in MFCs and played important roles in MFCs using
domestic wastewater due to the ability to degrade carbohydrates (LU; XING; REN, 2015;
PARK et al., 2017). Species belonging to Gordoniaceae are common in the wastewater
treatment process since most of them have abilities to degrade organic matter, hydrocarbons,

sulfonated substances, and other environmental pollutants (SOWANI; KULKARNI;
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ZINJARDE, 2019). Moreover, Gordonia species can convert sugars to extracellular
polysaccharides (EPS), which are responsible for forming biofilms (REBOLEIRO-RIVAS et
al., 2016). Fermentative bacteria are often found in MFC electrode biofilm. Therefore, Mei et
al. (2022) suggest the co-occurrence of electrofermentation (MEF) and electricity generation in

air-cathode MFC.

Figure 24 - Taxonomy classification at the most dominant family level distribution. The top
corresponds to the sample. The dendrogram on the right represents the clustering microbial to
relative abundance. On the frequency scale, the darker the color, the more abundant the family

in the sample.
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Furthermore, Zhang et al (2017) also detected Rhodobacteraceae,
Hyphomicrobiaceae (3.29%), and Sphingomonadaceae (3.76%) families in MFC biofilm. The
authors highlighted that those families might have important contributions to reducing oxygen
concentration providing a suitable environment for denitrification reaction and electroactive
bacteria. Therefore, these families could play a vital role in the present study, maintaining
anaerobic conditions by removing oxygen. Aerobic methanotrophs of the Methylocystaceae
(2.93%) in the present study can be involved in nitrate/nitrite under oxygen-limitation (CHENG
et al., 2022). The nitrogen removal that occurred in this study could also be attributed to these

bacteria.
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Interestingly, the typical EAB Geobacter was detected but in low relative abundance
(below 1%) in the present study. However, the abundance was higher in MFC-H biofilm than
in inoculum. Lu et al. (2019) observed that Geobacter abundance increased with operation time
among harvesting scenarios while its abundance in passive systems decreased, indicating the
formation of selective pressure for EAB enrichment by active harvesting. Previous studies in
passive harvesting systems generally depended on the 16S rRNA gene sequencing, which could
not provide information on community function (BLATTER et al., 2021; HUBENOVA et al.,
2022; MEI et al., 2017). Lu et al. (2019) showed that the 16S rRNA gene method, which
analyzes the microbiota structure, could underestimate the abundance of Geobacter, leading to
an obscure conclusion. Thus, the authors suggest the use of other analyses, such as Cyclic
Voltammetry, to identify the indirect presence of electrolytic bacteria, like Geobacter.
Furthermore, a multiphasic study, which utilize both structural and functional measures, are
preferable to provide a deeper understanding of the structural and functional dynamics of the
microbial community present in a sample (SILVEIRA et al., 2022).

Based on the findings of this study, it is suggested that the microbial community
diversity in the biofilm is linked to a wide range of metabolic capacities. It is supported by OTU
and Shannon index, which indicate that MFC anode microbial communities were different from
inoculum. Among the potential electroactive microorganism detected in this study, the families
in the anodic biofilm Clostridiceae, Intrasporangiaceae, and Rhodobacteraceae are highlighted.
This ability of MFC to favor the development of electroactive microorganisms and other
community might provide synergies between the diverse microbial populations, resulting in a

promising alternative for energy generation during wastewater treatment.
3.3.3.4 Toxicity assays

The MFC is a promising alternative for energy recovery in WWTPs. Therefore, it is
important to evaluate the pollutant removal efficiency. Chemical analyses can only measure
some pollutants, such as COD, nitrogen, phosphorous, which are not always in accordance with
toxic effects of wastewater (YU et al., 2019). On the other hand, toxicity tests can detect the
mixture effects of all chemicals in a sample and provide adverse biological effects. Then, as an
emerging technology, its emphasis the need to perform toxicity assessment in MFC effluent.

The toxicity of raw wastewater and MFC effluent was evaluated using bioassay with
Daphnia Magna. The effect of the wastewater was expressed as the immobility of D. magna

after 48 h of exposure. All the concentrations of raw wastewater were highly toxic to daphnids;
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and no organisms were identified with mobility after 48 h (Table 8). Since the raw wastewater
mimic the characteristic of a domestic wastewater, the results obtained agree with Liu et al.
(2022). In addition, the authors suggest that a variety of contaminants, such as volatiles fatty
acids (products from fermentation), metals, oxidants, and organics are identified as the major

toxicity contributors in WWTPs influent (LIU et al., 2022c).

Table 8 - Results of the toxicity assays considering Daphnia magna immobility after 48 h of

exposure.
95% Confidence limits (mg L")
0,
Sample ECso (%) Lower Upper
Raw wastewater - - -
MEFC-P effluent 86.09 75.15 98.61
MFC-H effluent 45.89 35.31 59.64

Source: Author.

It is possible to verify that the wastewater toxicity was reduced after MFC treatment,
under both scenarios. Similar results were found by Lutterbeck et al. (2020) and Marassi et al.
(2020). The ECso values indicated that MFC-H effluent was approximately 2 times more toxic
than MFC-P, demonstrating that the use of active harvesting scenario increased the effluent
toxicity. The wastewater treatment performance was improved with the active harvesting
system. However, wastewater treatment does not always reduce the toxicity of the effluent and
could increase the toxicity (YU et al., 2019). As the active energy harvesting have the ability
to shape the respiration pathway (LOBO; WANG; REN, 2017), it could contribute to the
formation of different products compared to MFC-P. Moreover, the synergism between various
contaminants present in the effluents may have contributed to the formation of toxic
intermediates (FRANCA FIGUEIREDO et al., 2022; GERBER et al., 2017).

Then, toxicity assays show promise as a complementary approach to chemical analysis
to assess the efficacy of wastewater treatment processes in MFC. Moreover, multiple species
and different trophic level in toxicity characterization are recommended to track toxicity

variations (LIU et al., 2022¢; YU et al., 2019).
3.3.4 Conclusion

Compared with using a resistor in MFCs without harvesting usable energy, this study
showed that active energy harvesting significantly enhanced electrical energy recovery from
synthetic wastewater under continuous flow MFC. The power, current and coulombic

efficiency generated by MFC-H were approximately 2.5, 1.7 and 2.4 times higher than MFC-P
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respectively. The maximal COD and NH4"-N removal occurred under active harvesting
scenario, achieving 33.00% and 12.91%, respectively. The anaerobic inoculum was a precious
source of electrogenic communities and provided a diverse microbial community with a wide
range of metabolic capacities. The anode biofilm predominant phylum was Proteobacteria,
Chloroflexi, Bacteroidetes, and Firmicutes. Clostridium was recognized as potential
electroactive bacteria responsible for electricity generation. The toxicity assay
demonstratesdemonstrated that the MFC could reduce the effluent toxicity. However, the
results indicated the formation of sub-products in MFC-H operation. Therefore, the effluent
needs a post-treatment. Integrating MFC and EMBR is suggested as a feasible option for

sustainable wastewater treatment.
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4 CONCLUSAO

Os resultados obtidos nos experimentos realizados neste trabalho de pesquisa

mostraram a influéncia das condigdes operacionais da célula a combustivel microbiana na

geracdo de energia elétrica e no desempenho quanto ao tratamento de efluente. Ademais,

sistemas de coleta de energia sdo potenciais instrumentos para ampliar a geracdo de energia e

possibilitar a integracao de CCM em sistemas convencionais de tratamento. Além disso, a partir

dos resultados obtidos e da discussao apresentada por este trabalho, pode-se concluir que:

O inoculo utilizado foi uma fonte rica de microrganismos, o qual permitiu
estabelecer um biofilme com caracteristicas eletroativas e capacidade de
degradagdo de compostos organicos em curto periodo de tempo.

Maiores TDH permitem a geracdo de maiores valores de densidade de poténcia,
visto que a comunidade microbiana possui maior intervalo de tempo para degradar
0s compostos presentes no efluente e transferir os elétrons para o eletrodo;

A capacidade de tratamento de efluentes ¢ igualmente influenciada pelo TDH,
permitindo gerar uma melhor qualidade de efluente quando operada sob maiores
TDH;

O sistema de extragdo ativa de energia operando sob o ponto maximo de poténcia
permitiu a geracdo de maiores valores de poténcia, corrente e eficiéncia
coulombica, quando comparado a operacdo com resistores. Ainda permitiu o
carregamento de uma bateria, possibilitando a posterior utilizagdo da energia
gerada pela CCM-U em situacdes praticas;

Quanto a remoc¢ado de matéria organica, era esperado um melhor desempenho da
CCM operando com circuito elétrico, no entanto, se observou uma sutil diferenga.
Isso pode ser atribui;o as condi¢des do meio, principalmente a questdes de
mistura.

A condig¢do imposta pelo meio permitiu o desenvolvimento de microrganismos
com caracteristicas eletroativas, como bactérias da familia Clostridiceae.

A CCM-U se mostrou adequada quanto a redugao de toxicidade do efluente. No
entanto, a maior velocidade das reacdes sob operagao do circuito elétrico pode ter

contribuido para formag¢ao de subprodutos com potencial efeito toxico.
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4.1 RECOMENDACOES

Tendo em vista os resultados observados na presente pesquisa, sdo sugeridas as

seguintes recomendagdes para trabalhos futuros:

Operar a CCM-U em conjunto com um EBRM. Nesse sentido, a CCM-U atuaria
como unidade de tratamento primario e de geracdo de energia. A energia
produzida e armazenada em uma bateria podera ser descarregada no EMBR. O
EMBR sera responsavel pelo pos-tratamento do efluente da CCM, promovendo a
melhoria da qualidade do efluente e atendendo a normativas vigentes.

Operar a CCM-U com efluente doméstico real, de modo a verificar os efeitos da
caracteristica no efluente na geracao de energia elétrica;

Utilizar outras analises metagendmicas que avaliam a fungdo/atividade da
comunidade microbiana, tal como shotgum, para auxiliar a identificagdo de
géneros eletroativos e na compreensao das vias metabdlicas que ocorrem em uma

célula microbiana a combustivel.
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