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RESUMO

Com a expansao demografica brasileira e o aumento da diversidade e quantidade
dos contaminantes descartados nos corpos hidricos que acabam na rede de esgoto
sanitario, o tratamento de efluentes continua sendo um dos grandes desafios do
saneamento basico nacional. Além de novas tecnologias de tratamento, € necessario
investigar protocolos de analise de impacto que sejam eficientes e rapidos. Nesse
contexto, 0s bioensaios ecotoxicoldégicos, em conjunto com as analises fisico-
guimicas, sao ferramentas estabelecidas para analise dos efeitos de substancias
toxicas de maneira abrangente e correlacionada. O presente trabalho, analisou um
efluente recebido de uma estacéo de tratamento e submetida a um Reator de Leito
Estruturado e Aeracao Intermitente (Structured bed reactor with intermittent aeration
- SBRIA) instalado na Estacéo de Tratamento de Esgotos - ETE-Bortolan, Pocos de
Caldas- MG. A toxicidade aguda foi analisada utilizando biotestes de motilidade CE50
com Ceriodaphnia silvestrii indicando que as amostras pds tratamento tiveram uma
taxa de sobrevivéncia maior em concentracfes intermediarias em comparacdo com
as amostras de efluente bruto. Para a toxicidade cronica, foram instalados biotestes
de fitotoxicidade e citogenotoxicidade com Lactuca sativa L utilizando 30 sementes
germinadas em placas de petri e mantidas em BOD (+ 24°C) por 7 e 2 dias
respectivamente. Nestes foram observados um aumento significativo no tamanho das
plantas germinadas com efluente poés-tratamento em alguns dos biotestes
componentes do estudo. O bioteste de citogenotoxicidade ndo apresentou diferencas
no indice mitético mas demonstrou que ambas as amostras apresentaram uma taxa
maior de frequéncia de anomalias cromossémicas, tendo a amostra de efluente
tratado mitigado parte desses efeitos. Visando aferir os possiveis efeitos dos
efluentes sobre a biota, os resultados dos biotestes foram integrados as analises
fisico-quimicas proporcionando uma discussdo abrangente dos impactos ambientais

associados ao tratamento de efluentes com a tecnologia proposta.

Palavras-chave: Bioensaios; biorreator; citotoxicidade; fitotoxicidade; clad6ceros;
tratamento de efluentes.



ABSTRACT

With the demographic expansion in Brazil and the increasing diversity and quantity of
contaminants discharged into water bodies that end up in the sanitary sewage
network, wastewater treatment remains one of the major challenges of national
sanitation. In addition to new treatment technologies, it is necessary to investigate
impact assessment protocols that are both efficient and rapid. In this context,
ecotoxicological bioassays, together with physicochemical analyses, are established
tools for evaluating the effects of toxic substances in a comprehensive and correlated
manner. The present study analyzed an effluent received from a treatment station and
subjected to a Structured Bed Reactor with Intermittent Aeration (SBRIA), installed at
the Bortolan Wastewater Treatment Station (ETE-Bortolan) in Pogos de Caldas, MG.
Acute toxicity was assessed using CE50 motility biotests with Ceriodaphnia silvestrii,
indicating that the post-treatment samples exhibited higher survival rates at
intermediate concentrations compared to raw effluent samples. For chronic toxicity,
phytotoxicity and cytogenotoxicity biotests were conducted using Lactuca sativa L.,
with 30 germinated seeds placed in Petri dishes and maintained in a BOD chamber
(~24°C) for 7 and 2 days, respectively. These tests showed a significant increase in
the size of plants germinated with post-treatment effluent in some of the study's
bioassay components. The cytogenotoxicity test did not show differences in the mitotic
index but did reveal a higher frequency of chromosomal abnormalities in both
samples, with the treated effluent mitigating part of these effects. Aiming to assess the
potential effects of effluents on biota, the bioassay results were integrated with
physicochemical analyses, providing a comprehensive discussion of the
environmental impacts associated with wastewater treatment using the proposed

technology.

Keywords: Bioassays; bioreactor; cytotoxicity; phytotoxicity; cladocerans;
wastewater treatment.
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1 INTRODUCAO

A expansdo demografica é um fendmeno prevalente nas nacdes em
desenvolvimento, resultando no aumento da concentracdo de atividades urbanas e
industriais que acabam, consequentemente, gerando impactos ambientais
relacionados ao aumento das atividades antrépicas (De Araujo; Caldas; Oliveira Filho,
2022; Ferreira et al, 2021). O Brasil, que iniciou a industrializacao a partir do final da
década de 50, teve uma resposta tardia em relacdo as consequéncias ambientais da
revolucdo industrial e as subsequentes revolucbes verde e tecnoldgica (Costa;
Ferreira Dias, 2020). A intensificacdo das atividades industriais também promoveu o
aumento exponencial da geracdo de residuos, incluindo poluentes quimicos,
contaminantes atmosféricos e rejeitos soélidos, historicamente descartados em corpos
hidricos antes da implementacéo de politicas de saneamento (Santos da Silva et al,
2020).Paralelamente, a dependéncia crescente de derivados de petrdleo, tanto na
producdo de plasticos quanto na geracdo de energia, também contribui para o
acumulo de residuos poluentes e a intensificacdo dos impactos ambientais
(Rodrigues; Boscov; Gunther, 2020). A presenca de medicamentos e contaminantes
emergentes no esgoto doméstico, aumenta as preocupacdes nao apenas devido aos
riscos diretos a salde humana, mas também aos impactos nos ecossistemas
aguaticos (Lin et al, 2020; Maryjoseph; Ketheesan, 2020; Morais, 2019). Assim, a
soma desses diferentes componentes toxicos no esgoto representa uma ameaca
global a saude publica, tornando essencial a pesquisa de métodos eficazes de
remocdo desses compostos nos processos de tratamento de aguas residuarias
(Soares; Souza e Souza, 2020).

Nas Ultimas décadas, significativos esforcos tém sido dedicados a
abordagem das questbes relacionadas a coleta e descontaminacdo do esgoto
sanitario em diferentes instancias governamentais. O Conselho Nacional do Meio
Ambiente (CONAMA), estabelecido pela Lei Federal n® 6.938/81 em 1981, representa
um marco nesse contexto. No estado de Minas Gerais, a Fundacgao Estadual do Meio
Ambiente (FEAM), instituida pela mesma lei federal, promulgada em 31 de agosto de
1981, desempenhou um papel crucial ao estabelecer a Politica Nacional do Meio
Ambiente (PNMA). Além disso, em 1997, o Instituto Mineiro de Gestdo das Aguas

(IGAM) foi criado, vinculado a Secretaria de Estado de Meio Ambiente e

Desenvolvimento Sustentavel (SEMAD), solidificando o compromisso autarquico no
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enfrentamento desses desafios, envolvendo orgdos como Consema, e outros
estaduais e municipais. Contudo, o entendimento abrangente dos impactos
ambientais associados ao crescimento populacional e a producdo de &guas
residuarias, como o esgoto sanitario, requer uma abordagem interdisciplinar tornando
a integracdo de conhecimentos da engenharia ambiental, toxicologia, biotecnologia,
ecologia e outras areas das ciéncias ambientais e politicas essencial (Padua, 2010;
Brasil, 2023; Bundschuh, 2014).

Apesar das analises fisico-quimicas convencionais serem essenciais para a
caracterizacdo dos efluentes ainda sao insuficientes para detectar compostos
emergentes e seus efeitos sinérgicos nos ecossistemas (Morais & Santos, 2019).
Diante desse desafio, a busca por tecnologias sustentaveis para o tratamento de
efluentes torna-se essencial e os biorreatores surgem como uma solugéo promissora
para a remocao eficiente desses compostos e consequente reducéo dos impactos da
poluicdo hidrica. (Metcalf; Eddy, 2003; Moura, 2011, 2014).

Para além dos desafios expostos, residuos sanitérios frequentemente contém
contaminantes recalcitrantes, como farmacos e seus subprodutos, coliformes fecais,
compostos nitrogenados, fosfatados e microplasticos, os quais apresentam potencial
de bioacumulacdo em diferentes niveis tréficos da biota aquética (Boger et al., 2015;
Novaes et al., 2018; Zanin et al., 2018), fazendo com que 0 monitoramento constante
e 0 avanco das tecnologias de andlise sejam, portanto, agentes indispensaveis para
a melhoria da compreensdo da capacidade de determinados biorreatores no
tratamento de aguas residuarias (Murata et al., 2016).

A ecotoxicologia busca compreender e propor métodos para investigar 0s
impactos dos poluentes ambientais sobre populacdes de organismos vivos (Carvalho;
Pivoto, 2011) e os bioensaios ecotoxicolégicos, surgem como ferramentas eficientes
na identificacdo de substancias presentes em concentragdes abaixo dos limites de
deteccdo e de efeitos ndo detectaveis pelos métodos analiticos tradicionais,
contribuindo para aprimorar a analise dessas substancias (Maseli et al., 2013). Os
avancos na compreensao da capacidade dos biorreatores na descontaminacao de
aguas residuarias demandam, portanto, uma andlise profunda das complexas
interagbes entre 0s componentes presentes nos efluentes e os microrganismos
utilizados nos processos de tratamento. A utilizagdo de organismos-alvo em
diferentes niveis tréficos nos ensaios ecotoxicolégicos proporciona uma avaliacédo

mais sensivel e abrangente dos riscos ambientais (da Cunha Neto et al., 2023,
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Chapman, 2002; Carvalho; Pivoto, 2011).

A necessidade de lidar com a contaminacdo dos efluentes com novas
tecnologias e analises avancadas no pais esta alinhada aos Objetivos de
Desenvolvimento Sustentavel (ODS) para 2030 (ONU, 2015), destacando-se a
relevancia de uma abordagem integrada entre tecnologia aplicada, neste caso
envolvendo biorreatores e analises avancadas utilizando o0s bioensaios
ecotoxicolégicos. Essa estratégia surge como uma solugdo promissora para 0S
desafios ambientais pois além de ter o potencial de mitigar impactos, contribui para
diversos ODS, ao assegurar agua limpa e saneamento (ODS 6) promovendo uma
gestao sustentavel da agua e reduzindo a poluicdo hidrica. Também enfrenta riscos
a saude humana e a biodiversidade aquatica associados a contaminacdo do esgoto
sanitario (ODS 3). Neste sentido, a utilizacdo de bioensaios ecotoxicologicos é
essencial para avaliar a eficiéncia das tecnologias de descontaminacao, fornecendo
informacdes importantes sobre a toxicidade pré e pds-tratamento. Esses bioensaios
desempenham um papel crucial ao observar efeitos na biota ndo percebidos por
andlises fisico-quimicas, contribuindo para uma compreensdo abrangente dos
impactos ambientais. Combinados com biorreatores, essa abordagem ndo apenas
enfrenta desafios presentes, mas também oferece uma base sélida para solucées
sustentaveis, adaptaveis as mudancas nas condicbes ambientais globais,
promovendo progresso tecnoldgico e construindo cidades e comunidades
sustentaveis (ODS 9 e 11) (Nag¢bes Unidas, 2015).

Sendo os efluentes variados em suas caracteristicas gerais, mas comumente
portadores de contaminantes ambientais em quantidades elevadas, € necessario um
constante e continuo esfor¢o na caracterizacdo e andlise do impacto ambiental destas
substancias em diferentes niveis troficos, principalmente nos efluentes domésticos
onde a concentracdo, diluicdo e composicdo varia de acordo com o0s habitos da
populacao local. Desta forma a presente pesquisa visa analisar a ecotoxicidade dos
afluentes de uma estacdo em Pocos de Caldas direcionados para tratamento a um
biorreator de leito estruturado (SBRIA) para avaliar o desempenho do sistema no
tratamento do efluente. Os bioensaios ecotoxicoldégicos sendo uma ferramenta
eficiente para monitorar a eficiéncia das tecnologias de descontaminacdo de
efluentes sdo capazes de observar o efeito e a afeccdo na biota que ndo sao
percebidos pelas analises fisico-quimicas. Assim, integram diversos objetivos

definidos internacionalmente para enfrentar os desafios ambientais relacionados a
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descontaminacdo de corpos dagua e fornecem informacdes valiosas para
compreender a toxicidade destes efluentes pré e pos tratamento, principalmente
quando os resultados sdo comparados as andlises fisico-quimicas relacionadas.
Desta forma, o presente trabalho busca investigar os fatores que podem estar
envolvidos na variacdo de toxicidade de amostras de um efluente receptado de
estacdo de tratamento, seu potencial de fitotoxicidade em diferentes niveis tréficos e
sua genotoxicidade através dos biotestes propostos utilizando a combinacdo dos
bioensaios com Lactuca sativa e Ceriodaphnia silvestrii por permitirem uma

abordagem integrada para a avaliagdo ecotoxicologica de efluentes.

1.1 OBJETIVOS

1.1.1 Objetivo geral

Avaliar a toxicidade crbénica e aguda de efluente doméstico bruto e tratado
por um biorreator de leito estruturado submetido a aeracéo intermitente (SBRIA) e a

correlacéo dos resultados com as analises fisico-quimicas.

1.1.2 Objetivos especificos

a) Avaliar a toxicidade aguda das amostras de esgoto sanitario pré e pos
tratamento pelo biorreator através do bioteste de mobilidade com os
microcrustaceos Ceriodaphnia silvestrii.

b) Avaliar a toxicidade crénica das amostras por meio de biotestes de
fitotoxicidade e citogenotoxicidade com sementes de Lactuca sativa L.,
analisando os parametros de germinacgéo, crescimento inicial, nUmero de
plantas normais, avaliagdo de anomalias cromossOmicas e indice mitotico.

c) Comparar os resultados das amostras pré e pos tratamento entre si e em

conjunto com as analises fisico-quimicas.
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2 DESENVOLVIMENTO
2.1 SANEAMENTO BASICO NO BRASIL

O saneamento basico, elemento fundamental para a saude publica e
desenvolvimento urbano, teve a implementac&o no Brasil de forma tardia e desigual.
Historicamente, os primeiros servigcos de saneamento surgiram em resposta a falta
de infraestrutura urbana, muitas vezes envolvendo parcerias entre o0 setor publico e
empresas privadas estrangeiras (SNS, 2021). Assim, até o século XIX, o saneamento
basico no Brasil era praticamente inexistente, com a economia colonial focada na
exploragdo de recursos naturais. A falta de prioridade neste tema resultou em
condicBes precérias de saude e até meados do século XX poucas iniciativas (em geral
privadas) tentaram atacar esse problema, em geral sem sucesso (Alfaia; Costa;
Campos, 2017).

A expansdo industrial gerou residuos diversos, desde poluentes atmosféricos
até detritos sélidos, inicialmente despejados direto nos corpos hidricos e terrenos a
céu aberto. A revolucdo verde também contribuiu com a adicdo dos residuos
agricolas pelo uso intensivo de insumos quimicos.(Albuquerque et al, 2016; De
Araujo; Caldas; Oliveira Filho, 2022; Paumgartten, 2020) e a era da informacao trouxe
os residuos tecnogénicos, aumentando a diversidade de contaminantes lancado no
meio ambiente (Rodrigues, 2020; De Oliveira Neto et al., 2019). A dependéncia de
derivados de petroleo intensificou a acumulagcédo de residuos poluentes e impactou
as mudancas climaticas e as politicas de saneamento basico, historicamente
negligenciadas (Costa, 2020), junto com um crescimento demografico desigual,
resultaram em problemas crescentes de contaminacao crénica de corpos hidricos.
No século XXI foi através de politicas publicas e a construcdo de estacdes de
tratamento ao longo do territério nacional que o Brasil comecou a enfrentar os
impactos ambientais e de saude publica associados a essas mudancas (Tabelini et
al., 2023).

O investimento em saneamento basico no século passado foram pontuais e
pouco efetivas num contexto geral. Na década de 50 foi consolidado o Plano Nacional
de Saneamento (Planasa) que priorizou o0 aumento nos indices de atendimento por
sistemas de abastecimento de agua, contudo, ndo contribuiu para diminuir o déficit
na coleta e tratamento de esgoto. Nas décadas de 1970 e 1980 houve um aumento

no investimento no setor, mas o déficit na coleta e tratamento de esgoto persistiu e
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até 2006, apenas 15% do esgoto sanitario nas regides urbanas brasileiras era tratado
(Leoneti, 2011). Em 2007, a Lei Nacional de Saneamento (Lei n. 11.445/2007) foi
criada e estabeleceu diretrizes e principios gerais para o0 saneamento basico no Brasil
visando promover a garantia dos direitos a 4gua e aos servigos sanitarios de
qualidade, inclusive para areas rurais. Além disso, a lei criou o Sistema Nacional de
Informacdes sobre Saneamento Basico (SNIS), que articula informacdes sobre o
manejo de residuos sélidos e drenagem e manejo das aguas pluviais urbanas.

No cenario atual, além do SNS e MDR outras solugBes a nivel nacional e
autarquico foram promovidas por agéncias como ANA, MMA, Conama, Funasa,
ICMBIo e Abcon. No ambito legislativo, a Politica Nacional do Meio Ambiente (PNMA)
e a lei de saneamento (Lei n. 11.445/2007) também foram instrumentos importantes
para a mudancga do cenario. No estado de Minas Gerais, além da Fundacao Estadual
do Meio Ambiente (FEAM) de 1981, o Instituto Mineiro de Gestéo das Aguas (IGAM),
a Secretaria de Estado de Meio Ambiente e Desenvolvimento Sustentavel (SEMAD)
e 6rgdos como Consema, Secretaria Municipal de Meio Ambiente de Pocos de Caldas
e o0 CODEMA em nivel municipal também atuam na promocédo de estratégias que
possam mitigar a crescente contaminacdo dos corpos hidricos pelos efluentes

domésticos, industriais e hospitalares.

2.2 EFLUENTES: ORIGEM, COMPOSICAO E DESAFIOS NO TRATAMENTO

Os efluentes representam uma das principais fontes de poluicdo ambiental,
sendo gerados por diversas atividades humanas e industriais e descarregados em
corpos d’agua, no solo ou na atmosfera. A composigcdo desses residuos varia
conforme a origem, sendo, em geral, classificados em quatro categorias principais:
domeésticos, industriais, hospitalares e agricolas. Cada um desses efluentes possui
caracteristicas fisico-quimicas distintas e demanda abordagens especificas para
mitigacéo dos impactos ambientais (Von Sperling, 2016).

Efluentes domésticos sdo constituidos principalmente por aguas residuais de
uso cotidiano, provenientes de banheiros, cozinhas e lavanderias. Embora sejam
predominantemente compostos por matéria organica biodegradavel, podem conter
substancias potencialmente téxicas, como produtos de higiene pessoal, detergentes
sintéticos e residuos farmacéuticos. A presenca desses contaminantes, muitas vezes

associada ao descarte inadequado de medicamentos e cosmeéticos, tém gerado
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crescente preocupacao devido a toxicidade crbnica e ao risco de mutagénese em
organismos aquaticos expostos a essas aguas residuais (Maryjoseph; Ketheesan,
2020; Sant’anna Junior, 2010). Compostos nitrogenados e fosfatados presentes nos
esgotos urbanos frequentemente contribuem para processos de eutrofizacdo nos
corpos hidricos receptores, afetando a qualidade da agua e a biodiversidade
aguatica, ja os efluentes industriais possuem composicdo altamente variavel,
dependendo do setor produtivo e dos processos utilizados. Podem conter metais
pesados, solventes organicos, hidrocarbonetos e compostos quimicos especificos
gue conferem alta toxicidade e baixa biodegradabilidade. A presenca de substancias
persistentes e bioacumulativas, como compostos organoclorados e metais como
chumbo e mercurio, adicionam mais desafios para os sistemas convencionais de
tratamento de efluentes, além de compostos quimicos industriais apresentam
potencial mutagénico e carcinogénico, aumentando 0s riscos ambientais e a saude
humana (Soltovski, 2022). A gestdo inadequada desses efluentes pode resultar em
contaminacdo de solos e aquiferos, afetando a qualidade da &gua potavel e
comprometendo ecossistemas préximos as areas industriais.

Os efluentes hospitalares possuem uma composicdo quimica mais complexa
e apresentam riscos biolégicos adicionais. Sdo caracterizados pela presenca de
farmacos, antibioticos, horménios, agentes de contraste radioldgico e residuos
biologicos potencialmente infectantes. A elevada concentragéo de antibiéticos nesses
efluentes tem sido associada ao aumento da resisténcia bacteriana em ambientes
aguaticos, um problema emergente de saude publica (APHA, 2012). Além destes, a
presenca de agentes patogénicos, como virus e bactérias multirresistentes, torna o
manejo desse tipo de efluente um desafio, pois os métodos convencionais de
tratamento de esgoto ndo sao totalmente eficazes na remocdo desses
contaminantes. A disposicao inadequada de efluentes hospitalares pode, portanto,
comprometer a segurancga hidrica e intensificar a dissemina¢do de microrganismos
resistentes. Efluentes agricolas, por sua vez, sdo predominantemente compostos por
residuos organicos, fertilizantes, pesticidas e sedimentos provenientes do manejo do
solo e da irrigacdo. O escoamento superficial dessas substancias pode ocasionar
impactos ambientais severos, como a contaminacdo de lencois freaticos por
compostos nitrogenados e 0 aumento da carga de nutrientes nos corpos d’agua,
favorecendo a eutrofizacdo e a proliferacdo de organismos toxicos, como

cianobactérias (Paumgartten, 2020). O uso indiscriminado de pesticidas e herbicidas
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também resulta na contaminacdo de cadeias tréficas, levando a bioacumulacéo e
biomagnificacdo de substancias tdxicas em organismos aquaticos e terrestres
(Rosculete, 2018).

Embora cada categoria de efluente possua caracteristicas distintas, alguns
parametros sdo comumente avaliados para determinar seu impacto ambiental e
orientar estratégias de tratamento. Indicadores como a Demanda Bioquimica de
Oxigénio (DBO) e a Demanda Quimica de Oxigénio (DQO) sdo amplamente utilizados
para mensurar a carga organica e o potencial poluente dos efluentes. Além disso, a
presenca de soélidos suspensos totais (SST), metais pesados, compostos organicos
volateis e pH sdo monitorados para avaliar a qualidade dos despejos e seus efeitos
sobre 0s ecossistemas aquaticos e terrestres (Fornari et al, 2018; Lin et al, 2020;
Morais; Santos, 2019). O avanco de técnicas analiticas e a implementacao de novos
processos de tratamento sdo essenciais para mitigar os impactos desses efluentes e

garantir a preservacao dos recursos hidricos e ambientais.

2.3 BIORREATORES DE LEITO ESTRUTURADO COM AERACAO
INTERMITENTE (SBRIA)

O reator de leito estruturado com aeragéo intermitente (do inglés: SBRIA -
Structured Bed Reactor with Intermittent Aeration) é um sistema de tratamento de
efluentes que remove matéria organica e nitrogénio por meio de processos de
nitrificacdo e desnitrificacdo (Chen, K.; Chen, J.; Houng, 2000), nestes ha o
crescimento heterogéneo de diferentes espécies de microrganismos sobre 0 meio
suporte. Os microrganismos nitrificantes tendem a se fixar na camada externa do
biofilme, onde a concentracdo de oxigénio dissolvido é mais elevada. No interior do
biofilme, a menor concentracdo de oxigénio dissolvido favorece a fixacdo de
microorganismos anaerobios/andxicos. A aeracao intermitente se faz necessaria pois
a nitrificacdo é aerObia e a desnitrificagdo anaerdbia, isso permite que os dois
processos ocorram simultaneamente, sendo controlados por meio da aeracao
(Barbosa, 2023; Oliveira, 2016).

Esse tratamento ocorre por uma sucessao de etapas bioldgicas e fisico-
quimicas integradas. Inicialmente, a sedimentacdo no fundo do reator permite a
deposicao de solidos grosseiros, enquanto as particulas mais finas ficam adsorvidas

nas superficies porosas do leito estruturado, geralmente composto por espumas de
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poliuretano. Em seguida, durante as fases de aeracao, as bactérias aerobias aderidas
ao suporte promovem a oxidacdo da matéria organica soluvel e a nitrificacdo da
amonia presente no efluente, convertendo-o primeiramente a nitrito e, depois, a
nitrato. Nos intervalos sem aeracdo, quando predominam condic6es andxicas no
interior do biofilme, bactérias desnitrificantes reduzem o nitrato a gas nitrogénio,
removendo-o do sistema. Dessa forma, o SBRIA realiza, de maneira simultanea e
sequenciada, as etapas de degradacdo de matéria organica, nitrificacdo e
desnitrificagcéo, potencializando a eficiéncia do processo e reduzindo a necessidade
de adicéo de produtos quimicos para ajuste de pH ou oxigenacao, resultando em uma
tecnologia compacta e sustentavel para o tratamento de esgotos sanitarios (Moura,
2018).

De acordo com estudos em escala piloto, o SBRIA tem demonstrado
eficiéncias superiores a 80% tanto para remocdo de nitrogénio total quanto para
remocao de matéria organica em estudos em escala piloto (Barbosa, 2023). Além
disso, o SBRIA permite a reducdo de gastos com aeracéo e dispensa a adi¢cédo de
substancia alcalinizante, tornando-se uma alternativa viavel para o tratamento de

esgotos sanitarios (Moura, 2011).

Figura 1 - Estrutura principal do biorreator (A e C); Amostras Efluente (B)

Fonte: Autor (2025)
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A Resolucdo CONAMA n° 430, de maio de 2011, estipula os padrdes de
lancamento de efluentes, ndo requerendo o padrédo de N-NH4* total para esgoto
domeéstico. Contudo, é necessario monitorar a qualidade da &agua para evitar
modificacdes no corpo receptor. Conforme a Resolugcdo CONAMA n° 357, de margo
de 2005, os limites para N-NOs™ s&o de 10 mg/L e para N-NO2—- s&o de 1 mg/L em
aguas das classes 1, 2 e 3. Os limites de N-NH4* total variam de acordo com o pH,

levando em conta a classificagéo do corpo receptor. (Barbosa, 2023).

2.4 ENSAIOS ECOTOXICOLOGICOS

Os ensaios ecotoxicologicos se concentram na compreensdo dos impactos
negativos que poluentes e contaminantes podem ter nos organismos aquaticos,
terrestres e aéreos, bem como nas interaces entre diferentes niveis troficos em
ecossistemas (Igbal et al, 2019). Sendo essenciais para a avaliagédo e prevencao de
danos ambientais causados por substancias quimicas diversas os métodos de
analise ecotoxicolégica sao variados e permitem examinar um amplo espectro de
variaveis ambientais (Klauck; Rodrigues; Silva, 2015; Da Cunha Neto et al., 2023).
Em geral, os bioensaios utilizam biomarcadores e biossensores para monitoramento
ambiental, permitindo a extracdo de informacfes sobre efeitos sinérgicos ou
antagbnicos de contaminantes em diferentes ecossistemas (Maselli et al., 2013;
Carvalho; Pivoto, 2011; Da Cunha Neto et al., 2023).

A aplicacdo de bioensaios ecotoxicolégicos possibilita uma avaliacdo mais
abrangente da toxicidade ambiental em comparacdo a andlise quimica isolada,
considerando a biodisponibilidade dos poluentes e seus efeitos combinados,
incluindo estressores desconhecidos (Schuijt et al.,, 2021). Esses ensaios expdem
organismos a substancias quimicas e monitoram respostas bioldgicas em diferentes
niveis troficos, permitindo regulamentacdes baseadas em efeitos e reduzindo
incertezas em anadlises de risco. A utilizacdo de mdultiplas espécies-teste é
fundamental para compreender o impacto ambiental de substancias complexas
(Ghosh et al., 2017), embora desafios ainda existam na extrapolagéo dos resultados
para objetivos de protecdo ambiental mais amplos (Schuijt et al., 2021). Para refletir
melhor as condi¢cbes naturais, 0s bioensaios devem levar em conta variaveis como
propriedades dos contaminantes, bioindicadores, regimes de dose e exposicao a

multiplos poluentes e organismos (Saloméo et al., 2020).
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O processo de um ensaio ecotoxicolégico segue etapas padronizadas para
garantir a confiabilidade dos resultados. Inicialmente, as amostras ambientais, como
efluentes, solos, sedimentos ou 4guas superficiais, sdo coletadas e preparadas, em
seguida ocorre a selecdo dos organismos-teste, que podem incluir bactérias (Vibrio
fischeri), microalgas (Pseudokirchneriella subcapitata), invertebrados (Daphnia
magna, Ceriodaphnia silvestrii), plantas (Lactuca sativa, Allium cepa) e vertebrados
aquéaticos, escolhidos de acordo com os objetivos do estudo. Os organismos sao
entdo expostos as amostras, estabelecendo-se grupos controle e experimentais.
Durante o periodo de exposicdo, sdo monitorados parametros biologicos e
fisiol6égicos, como taxa de sobrevivéncia, crescimento, reproducéo, bioacumulacéo
de contaminantes e biomarcadores, como anormalidades cromossomicas e estresse
oxidativo. Os resultados obtidos sédo comparados a valores de referéncia e analisados
estatisticamente para determinar niveis de toxicidade aguda ou cronica, permitindo
inferéncias sobre o impacto ambiental da amostra testada (Figura 2). A interpretacéo
dos dados pode ser complementada por andlises quimicas e fisico-quimicas da
amostra, possibilitando uma avaliagéo integrada dos riscos ambientais e fornecendo

subsidios para tomadas de decisédo na gestdo ambiental e regulamentacao.

Figura 2 - Modelo esquematico de coletas, analises e biotestes que
compuseram o bioensaio

Efluente . Efluente

Bruto Tratado

Fitotoxicidade citotoxicidade Sobrevivéncia
Coletas

’ 'Anélis'es. é Correlagéo dos
Fisico-quimicas resultados

L

Fonte: Autor (2025)
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No Brasil, analises com Allium cepa e Lactuca sativa indicaram inibicdo
significativa do crescimento radicular e danos ao DNA celular em amostras similares,
com reducdo desses efeitos apos o tratamento do efluente (Bortolotto et al., 2009).
Estudos semelhantes ja séo realizados na China ha bastante tempo, demonstrando
através de testes com Triticum aestivum, que concentracdes elevadas de aguas
residuarias aumentaram a frequéncia de micronucleos e trocas de cromatides-irmas,
evidenciando potenciais efeitos mutagénicos (Li et al., 2008).

Os resultados desses bioensaios abrangem uma ampla variedade de
parametros, incluindo mortalidade, comportamento, capacidade reprodutiva,
crescimento, desenvolvimento e respostas bioquimicas (Ghosh, 2021). No contexto
do monitoramento de efluentes, biomarcadores sdo empregados para detectar
contaminantes, sendo sua selecédo influenciada por diferentes variaveis do projeto
experimental. Um monitoramento ambiental ecotoxicologico robusto exige bioensaios
conduzidos em diversos niveis troficos (Silva, 2015), garantindo uma andlise mais
precisa da afeccdo da biodiversidade pelos contaminantes testados (Zagatto;
Bertoletti, 2008). A escolha dos organismos-alvo deve, portanto, ser baseada na
capacidade de obtencdo de dados relevantes para a analise proposta, levando em
consideracao o nivel tréfico e a sensibilidade do organismo ao contaminante avaliado
(Luis De Sa Saloméo; Hauser-Davis; Marques, 2020).

Os bioensaios com plantas, nesse sentido, sdo amplamente utilizados devido
a sua simplicidade, baixo custo e sensibilidade a contaminantes ambientais. Estudos
comparativos indicam a eficiéncia de testes com Allium cepa e Lactuca Sativa
(Kwasniewska et al., 2012). Apesar de variacdes na sensibilidade entre espécies,
esses ensaios sao particularmente Uteis em paises em desenvolvimento, onde a
viabilidade econdmica é um fator determinante para avaliagdes ambientais (Brucker,
2021; Sang et al., 2006). Além disso, a Resolugdo CONAMA 430/2011 estabelece
diretrizes para avaliar a eficiéncia de processos de tratamento que preveem a
utilizacdo de diferentes organismos para uma avaliagdo completa dos impactos
ambientais.

Ensaios citogenéticos também sdo uma ferramenta complementar essencial
para a deteccdo de possiveis agentes mutagénicos presentes nos efluentes,
permitindo a identificacdo de efeitos genotoxicos decorrentes de interacdes
complexas entre elementos organicos e inorganicos (Soares, 2021; Novaes, 2018).

Dessa forma, os ensaios ecotoxicolégicos oferecem uma abordagem abrangente
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para a avaliacdo do impacto ambiental, muitas vezes combinando diferentes
organismos-teste para aumentar a precisdo dos resultados. A utilizacdo de um
modelo experimental que inclua, por exemplo, uma bactéria e um organismo
heterotréfico que bioacumule ou reaja de forma previsivel a amostra testada, permite
avaliar com maior profundidade os riscos ecolégicos e toxicologicos associados aos

contaminantes ambientais.

2.5 A UTILIZACAO LACTUCA SATIVA E CERIODAPHNIA SILVESTRII EM
BIOENSAIOS DE TOXICIDADE DE EFLUENTES.

Os biotestes podem analisar a toxicidade aguda ou crénica de uma amostra,
cada um objetivando avaliar cenarios e parametros diferentes, mas obtendo
respostas que podem se complementar (Rebolledo et al.,, 2020). A selecdo das
espécies alvo levou em consideracdo trabalhos anteriores conduzidos com
organismos suficientemente sensiveis para as condicfes que serdo expostas
(Klauck; Rodrigues; Silva, 2015; Nehme, 2023; Da Cunha Neto et al., 2023).

O bioensaio com Lactuca sativa segue um protocolo padronizado (Figura 3A)
no qual sementes sdo expostas a diferentes concentragbes do efluente testado,
geralmente dispostas em placas de Petri contendo papel-filtro umedecido com a
amostra (Figura 3B). O ensaio é conduzido sob condi¢des controladas de temperatura
e fotoperiodo, garantindo a reprodutibilidade dos resultados. Durante o periodo, sao
analisados parametros como taxa de germinacdo, crescimento radicular e
alongamento de raiz, além da observacdo de anomalias morfolégicas, como

deformacdes nas raizes e necroses (Figura 3C).
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Figura 3 - Unidade experimental de bioteste com Lactuca sativa L.
(A;B); Prancha para morfometria (C) e registro da lamina para
analises citogenotoxicas (D

Fonte: Autor (2025)

Para avaliagdo da genotoxicidade, podem ser realizados ensaios
citogenéticos, nos quais as células meristeméticas da raiz sdo coradas para a
identificacdo de anomalias cromossbmicas, como pontes, fragmentacdes e
micronucleos (Figura 3D). Esses indicadores permitem detectar efeitos fitotoxicos e
genotoxicos, sendo particularmente Uteis para a identificacdo de contaminantes
emergentes, como metais pesados, pesticidas e farmacos, que podem interferir no
metabolismo celular e na integridade do DNA. Além disso, a resposta da planta pode
fornecer informacdes sobre o potencial de bioacumulacdo de determinadas
substéancias e sua persisténcia no ambiente.

O microcrustaceo Ceriodaphnia silvestrii, popularmente conhecida como
pulga d’agua (Figura 4B), € uma espécie importante na cadeia alimentar de algas e
peixes e desempenha um papel como consumidor primario na cadeia alimentar
aguatica, sendo comum em corpos hidricos com pouca energia de movimento como
lagos e represas. E um organismo de vida curta, alta fecundidade e reproducéo

partenogenética, sdo maiores e mais complexos em relacdo a bactéria. Por sua
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sensibilidade a essa classe de contaminantes € possivel coletar parametros
comportamentais e fisioldgicos como biomarcadores para avaliacdo de bioensaios de
toxicidade (Martinez et al., 2022; Tkaczyk et al., 2021). O bioensaio com Ceriodaphnia
silvestrii € conduzido expondo neonatos a diferentes concentragbes do efluente

testado em meio de cultura padronizado (Figura 4A) e realizado em até 48 horas.

Figura 4 - Unidade experimental de bioensaio agudo (A) e Ceriodaphnia silvestrii (B)

Fonte: Autor (A); Wikimedia Commons (B) (2025)

O bioteste avalia parametros como a taxa de imobilizacdo (CE50),
considerando-se como efeito téxico a incapacidade do organismo de nadar em
resposta a estimulos externos. Os ensaios crbénicos, por sua vez, sao conduzidos por
periodos mais longos de exposicdo, analisam efeitos subletais, como reducao na taxa
de crescimento e reproducao, sendo monitorado o nimero de neonatos produzidos
ao longo do ciclo de vida da fémea exposta ao contaminante. Além da avaliacdo da
reproducdo, podem ser observadas alteracoes comportamentais, como reducao na
mobilidade e no padréo alimentar, que indicam efeitos subclinicos da toxicidade
ambiental. A sensibilidade desta espécie a poluentes dissolvidos, como metais
pesados, surfactantes e compostos organicos toxicos, torna esse bioensaio

altamente eficiente na deteccao de poluentes mesmo em baixas concentragoes.
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3 CONSIDERACOES FINAIS

O estudo proposto potencializa a capacidade de compreensao sobre os
efeitos ecotoxicoldgicos de efluentes domeésticos, o efeito do tratamendo por reator
SBRIA e a viabilidade da utilizacdo de biotestes em andlises desse tipo. Assim,
contribue para o progresso cientifico neste tema e encontra vias de continuidade no:
monitoramento temporal de efluentes utilizando os biotestes apresentados; na
apresentacao de sugestdes de novos testes, capazes de ampliar a compreensao dos

efeitos da exposicéo continua dos efluentes domésticos.
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Introduction

The delayed development of Brazil’s sanitation infrastructure has resulted in persistent
environmental degradation, exacerbated by the lack of prioritization in public policies, fast
industrialization, urban expansion, inadequate waste management strategies, intensive use of agricultural
chemicals, and widespread water contamination. These factors have contributed to a critical scenario in
which the indiscriminate disposal of industrial, domestic, and agricultural waste aggravates existing
environmental and public health challenges (SNS, 2021; Albuquerque et al., 2016; De Aradjo, Caldas &
Oliveira-Filho, 2022). Additionally, the continued dependence on fossil fuels and technological advances
has introduced new classes of pollutants, further complicating waste management and sanitation policies
(Calvelli et al., 2023; Rodrigues, 2020). In 2006, only about 15% of urban sewage in Brazil received proper
treatment (Leoneti, 2011). Although the National Sanitation Law (Law No. 11.445/2007) established basic
guidelines for water and sanitation access, regional disparities, limited investments, and inconsistent public
policies still hinder the achievement of sanitation goals across the country (Ferreira, 2021; Narzetti, 2021;
Dias, 2018).

Within this context, water contamination from multiple sources has become an increasing
environmental concern, with effluents playing a central role in pollution dynamics. Originating from
domestic, industrial, hospital, and agricultural activities, these discharges introduce a complex mixture of
chemical, biological, and physical contaminants into natural ecosystems, compromising both water quality
and public health (Lin et al., 2022). Effluents can be defined as liquid mixtures containing dissolved or
suspended substances derived from anthropogenic activities and discharged from industrial processes,
wastewater treatment plants, or other sources into water bodies, soil, or the atmosphere (von Sperling,
2016).

Physicochemical characterization alone, however, provides limited insight into the ecological impact
of these discharges. Therefore, ecotoxicological bioassays play a fundamental role by directly assessing the
biological effects of contaminants, offering a more realistic evaluation of potential environmental risks (de
Vries, 2022).

Toxicity tests complement physicochemical analyses by evaluating biological responses to
wastewater exposure across different organisms, thus contributing to a broader understanding of effluent
impacts. Cladocerans play a key role in aquatic food webs as primary consumers, linking primary

production to higher trophic levels. Their population decline can therefore disrupt entire aquatic
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ecosystems. Due to their sensitivity to pollutants and ease of laboratory culture, these organisms are widely
used as standardized bioindicators in wastewater quality assessments (Environment and Climate Change
Canada, 2007; OECD, 2006; ISO 6341).

Among these, Ceriodaphnia silvestrii—a species native to tropical regions of South America—
stands out for its short life cycle, high sensitivity to various contaminants, and suitability for laboratory
culture, making it highly recommended for ecotoxicological testing (ABNT, 2022; Moruzzi et al., 2025).

Phytotoxicity assays, on the other hand, are widely applied to evaluate the effects of chemical
substances, environmental pollutants, and natural extracts on plant germination and early growth. Lactuca
sativa L. (lettuce) is one of the most frequently used plant models due to its rapid germination, sensitivity
to toxic agents, and ease of handling under laboratory conditions. These features make it an ideal
bioindicator for evaluating environmental toxicity (da Cunha et al., 2023; Aragdo, 2018; ISO 11269-2).
Previous studies have demonstrated that L. sativa responds quickly to pollutant exposure, showing both
genotoxic and growth-inhibiting effects (Cunha-Neto et al., 2023).

Accordingly, this study aimed to assess the toxicity of influent and treated effluent from a structured-
bed reactor with intermittent aeration (SBRIA) using the following bioassays:

+ Ceriodaphnia silvestrii for the evaluation of acute toxicity (ECso survival bioassay) before and
after treatment;

« Lactuca sativa L. phytotoxicity and cytogenotoxicity assays for assessing germination parameters,

early growth (phytotoxicity), mitotic index, and chromosomal abnormalities (cytogenotoxicity).

Materials and methods
Sample Collection and SBRIA Reactor Configuration

Samples used in the toxicity assays were collected from a municipal wastewater treatment plant
(WWTP) located in southern Minas Gerais State, Brazil (21°47'16" S, 46°33'39” W), during the third week
of August 2024. Samples represented raw influent after preliminary treatment (pre-SBRIA) and effluent
treated by the structured-bed reactor under intermittent aeration (SBRIA).

The SBRIA unit was constructed from fiberglass with a cylindrical shape, an internal diameter of
1.8 m, and a total height of 5.1 m, corresponding to a total volume of 12.3 m3 (Figure 2). The structured
bed consisted of four modules filled with prismatic polyurethane foam (30 x 30 mm), resulting in an

effective volume of 8.4 m? and 66% porosity. Influent was pumped into the reactor using a submersible
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Abs Sulzer pump (Robusta 250 T model), while intermittent aeration operated in 3-hour cycles (2h aerated
and 1h non-aerated) via a Nexco blower (model 2CRN 720 56 DT, 11.53 HP).

During sampling, the system operated at ambient temperature with a hydraulic retention time (HRT)
of 10 hours. Samples were collected hourly throughout one week, yielding 12 representative samples of
both influent and effluent. After collection, samples were stored in disposable plastic containers and

refrigerated at 0 °C.

Erar-s1=1
N~ ot
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0 )
- o - &

Air compressor

Figure 2. Pilot-scale SBRIA reactor at the Bortolan WWTP (Pocos de Caldas, MG), used for sample

collection in the bioassays.

Bioassay Experimental Design

Chronic toxicity was assessed using phytotoxicity and cytogenotoxicity bioassays with Lactuca
sativa L., while acute toxicity was determined using tests with the microcrustacean Ceriodaphnia silvestrii.
Complementary physicochemical analyses were performed for sample characterization. All tests were
conducted under a completely randomized design (CRD) with two treatments (influent and effluent) and

three replicates per treatment.
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Phytotoxicity Assay

For the phytotoxicity assay, 63 Petri dishes were prepared—42 for phytotoxicity tests and 21 for
cytogenotoxicity. Each dish received 30 seeds of Lactuca sativa L. (var. “Baba de Verdo”), irrigated with
0.1 mL per seed of either pre- or post-treated wastewater from the SBRIA system, or distilled water as the
negative control. All treatments were performed in triplicate. Dishes were incubated in a BOD chamber at

24 £ 1 °C for seven days under controlled conditions.

Cytogenotoxicity Assay

Root samples were collected 48 hours after exposure to control, influent, and effluent conditions.
Samples were fixed in Carnoy’s solution (ethanol:acetic acid, 3:1) for at least 24 hours and stored under
refrigeration. Following fixation, samples were washed, hydrolyzed in HCI at room temperature, and
prepared using the squashing technique with acetic acid, sealed under liquid nitrogen. The mitotic index
(MTI) was calculated according to Carvalho et al. (2019) to determine potential effects on meristematic cell
division. Using adaptations from Calvelli et al. (2023), the number of dividing cells (Ndiv) per sample was
divided by the total number of cells in interphase + mitosis (Ntotal).

IM (%) = (Ndiv/Ntotal) x 100

For each sample, 1,000 cells were counted (15,000 in total for the entire assay), and both the mitotic

index and chromosomal abnormality frequency were statistically compared among influent, effluent, and

control groups.

Acute Toxicity Test with Ceriodaphnia silvestrii

The cladoceran C. silvestrii (Daday, 1902; Crustacea, Cladocera, Daphnidae) used in the acute
toxicity test was obtained from the Department of Evolutionary Hydrobiology, Federal University of Sdo
Carlos (S&o Paulo, Brazil) and acclimated in the Limnology Laboratory of the Federal University of Alfenas
(Minas Gerais, Brazil). Cultures were maintained under controlled temperature and photoperiod (25 + 2
°C; 12:12 h light/dark) in reconstituted water (pH 7.0—7.6; conductivity 140-160 uS cm™; hardness 40—48
mg L' CaCQ:s), following ABNT NBR 12713 (2022).

Organisms were fed daily with the chlorophyte Raphidocelis subcapitata (10° cells mL™), cultured
in CHU-12 medium (Miller, 1972), supplemented with a yeast (0.5%) and fish-food suspension (0.5%) at

1 mL L™ (ABNT, 2022). Reference tests with sodium chloride (NaCl) were performed monthly to verify
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organism sensitivity (ABNT, 2022). Based on preliminary tests, exposure solutions were prepared at
dilution factors of 100, 50, 25, 12.5, 6.25, and 3.125% effluent. Each concentration, as well as the negative
control (reconstituted water), included five replicates containing five neonates (6—24 h old) in 10 mL of test
or control solution in polypropylene cups, maintained at 25 + 2 °C in the dark without feeding. After 48 h
of exposure, individuals were examined under a stereomicroscope, and immobilized organisms (no
movement within 15 s after gentle agitation) were recorded to calculate the median effective concentration
(ECso — 48h). Water quality parameters (pH, temperature, electrical conductivity, hardness, and dissolved
oxygen) were measured at the beginning and end of each test using appropriate probes (ABNT, 2022).
Statistical Analyses

For the phytotoxicity and cytogenotoxicity bioassays, means were compared using the Scott—Knott
and Dunnett tests at a 5% significance level. ECso (48 h) values from acute toxicity tests were determined
by nonlinear regression using a three-parameter sigmoidal logistic model in SigmaPlot 12.3 (Systat

Software, 2013) and by generalized linear modeling (GLM) with 95% confidence intervals (p < 0.05).

Results and discussion
Characterization of the Influent Wastewater

The raw influent was characterized as presented in Table 1 and further described in Table S1,
showing indications of industrial effluent contributions, evidenced by the high standard deviations observed

in the evaluated physicochemical parameters.

Table 1. Physicochemical characterization of raw domestic wastewater influent to the SBRIA reactor used
in ecotoxicological bioassays. Chemical oxygen demand (COD); total Kjeldahl nitrogen (TKN);
ammoniacal nitrogen (N-NH4*); nitrite (N-NO2"); nitrate (N-NOs"); total solids (TS); total volatile solids

(TVS); and total fixed solids (TFS)

Assays Concentration * Unit
DQO 806.4 570.2 mg L
Alkalinity 258.4 164.3 mgCaCO3 L*!
pH 8.06 0.9 -
N-NH.* 30.3 21.3 mg L*
N-NO:~ 0.5 0.7 mg L*
NO;3;-N 6.1 10.9 mg L*
TKN 51.2 23.7 mg L
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TS 1063.4 221.5 mg L?
TVS 678.5 141.3 mg L
TFS 383.9 79.9 mg L?

The physicochemical analyses of the influent and effluent samples from the SBRIA were performed
following the protocols specified in the Standard Methods for the Examination of Water and Wastewater
(APHA, 2023). The parameters analyzed in the samples included total, filtered and settled chemical oxygen
demand (COD), pH, alkalinity, total kjeldahl nitrogen (TKN), ammoniacal nitrogen (N-NH4"), nitrite
nitrogen (N-NO2"), total solids (TS), total volatile solids (TVS), and total fixed solids (TFS).

The data presented in Table S2 indicate pronounced variations in the chemical parameters of
samples collected before (influent) and after (effluent) treatment in the SBRIA reactor. Significant
fluctuations were observed in the influent load, with notably high values of total and filtered chemical
oxygen demand (COD) in the raw influent samples, particularly from the second day (D2 - 999.8 mg L),
day 3 (D3 - 1565.5 mg L), and day 5 (D5 - 960.2 mg L), reinforcing the hypothesis of sporadic
contributions of industrial effluents to the domestic sewage system.

In addition, the high concentrations of ammoniacal nitrogen (N-NH4") and total kjeldahl nitrogen
(TKN)—reaching 80.1 mg L™ on day 4 (D4) and 124.2 mg L' on day 2 (D2)—as well as the elevated total
solids (TS) values (exceeding 1 g L' in several samples), highlight the complexity of the raw influent,
which may have significantly affected the efficiency of the biological processes within the reactor. These
variations reinforce the importance of understanding the combined effects of domestic and industrial
effluents on the performance of biological treatment and on the final effluent toxicity, as discussed by
Barbosa et al. (2024) and von Sperling (2016).

Although typical concentration ranges are defined, the composition and concentration of domestic
wastewater components vary according to the region, socioeconomic conditions of the served population,
temporal factors, and the occurrence of out-of-standard discharges—such as industrial effluent loads—
despite the regulatory prohibitions of such emissions (Narzetti, 2021). Even so, during the experimental

period, the pH and alkalinity values remained relatively constant (Figure 3A and 3B).
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Figure 3. Input and output values of the physicochemical parameters (y) across the sampling days (x).

In this context, the parameters related to COD also exhibited characteristics typical of out-of-
standard emissions, reinforced by the high organic load values and the variability of the results. The raw
COD showed an average of 998.18 + 316.43 mg L™ in the influent and 681.75 + 199.41 mg L1 in the

effluent (Figure 3C), corresponding to an average reduction of 30.3% (Table 2).

Table 2. Percentage reduction of chemical oxygen demand (COD) parameters after treatment by the
SBRIA. Values highlighted in green represent higher removal efficiency for the indicated parameters, while

values in red represent the lowest efficiencies observed during the experimental period.

Total COD Filtered COD
Removal Removal Settled COD
Day Efficiency Efficiency Removal Efficiency

1 53,7% 89,8% 71,3%
2 33,5% 86,3% 53,9%
3 41,6% 91,2% 85,7%
4 26,3% 86,9% 79,2%
5 7,6% 37,9% 54,6%
6 19,0% 87,9% 91,5%
Mean  30,3% 80% 72,7%
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The filtered COD, representing the soluble fraction of organic matter (Figure 3D), showed an
average of 574.63 = 173.39 mg L in the influent and 114.18 + 123.97 mg L! in the effluent. The mean
reduction was considerable (460.45 mg L) but accompanied by a similarly high variability of 199.15 mg
L™, indicating fluctuations associated with the profile of industrial discharges. Despite these variations, the
reactor operation demonstrated high efficiency in reducing filtered COD, with an average reduction of 80%,
reaching up to 91.2% removal (D3) between influent and effluent values.

The sedimented COD, associated with the particulate fraction (Figure 3E), exhibited similar
behavior, with an average of 998.18 + 302.48 mg L™ at the inlet and 266.39 + 156.31 mg L™ at the outlet.
The mean reduction in this case was 731.78 mg L, representing a 72% difference between influent and
effluent values. The high variability observed in both absolute concentrations and removal efficiencies
reinforces the hypothesis of industrial contributions to the analyzed wastewater, since this type of effluent
is characterized by pronounced fluctuations in organic load, unlike the more stable profile typical of purely
domestic sewage (Barbosa et al., 2024; Mendonga, 2016).

Parameters related to nitrogen and its derived compounds exhibited high concentrations in the
treated effluent, with no significant removal observed throughout the treatment process. These results
indicate inconsistencies in nitrogen removal patterns, possibly due to the variability of the influent load,
which showed evidence of industrial contributions. Such variability may have interfered with the efficiency
of the biological nitrification and denitrification processes, thereby affecting overall system performance
(Barbosa et al., 2024; von Sperling, 2016).

Regarding total solids (Figure 4), elevated values were also observed in the raw influent, suggesting
a possible biomass washout from the system. This result may be associated with operational imbalances
caused by fluctuations in influent composition, which compromise the stability of microbial communities

attached to the support media (Barbosa et al., 2023).

A | Total solids (TS) [ Total fixed solids (TFS) Total volatile solids (TVS)
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Figure 4. Input and output values of total solids parameters across the sampling days (x).
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These results corroborate the literature, which identifies pollutant load variability as a recurring
challenge in the treatment of domestic and industrial wastewater (Moura et al., 2012; Oliveira et al., 2020).
The continuous presence of organic matter and nitrogen compounds confirms the need for treatment
systems with high adaptive capacity, such as structured-bed reactors with intermittent aeration (SBRIA),

whose efficiency was analyzed in the subsequent sections through acute and chronic toxicity bioassays

Acute Toxicity Test (Ceriodaphnia silvestrii)

The analysis of the number of survivors obtained in the motility bioassay with Ceriodaphnia
silvestrii revealed variation in the response of organisms exposed to influent and effluent samples according
to the experimental day, corroborating the variations observed in the other evaluations (physicochemical
and phytotoxicity). Regarding water quality parameters, the control samples (reconstituted water) were
within the limits established by ABNT (2022), with pH values between 7.0 and 7.6, conductivity between
140 and 160 pS cm™!, and hardness between 40 and 48 mg L™! (as CaCQs). For the tested dilutions, the pH
ranged from 6.63 to 7.88 at the beginning of the test, with an increase in values at the end (8.52).
Conductivity was higher in samples containing 100% effluent and influent, reaching 1352 pS cm™. The
higher organic load, mainly nitrogen and phosphorus, present in the tested samples may be related to the
increase in electrical conductivity (Wang et al., 2019; Yu et al., 2019).

Regarding organism survival, the mean response curve of the bioassay (Figure 5) shows that, at
concentrations above 25%, both samples presented a reduction in the mean number of survivors after 48
hours of exposure. This result may be primarily related to the dissolved oxygen (DO) concentration
recorded in the treatments (Table S2). In treatments containing more than 75% sample, DO concentrations
were below 4.0 mg L~'—values near hypoxia—which directly affected the organisms by reducing their
energy production capacity and compromising vital functions such as growth and cellular maintenance

(Luan, 2020).
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Figure 5. Response curves of the acute toxicity bioassay with C. silvestrii exposed to different
concentrations of influent (gray) and effluent (green). The graph on the left shows the results of the
nonlinear regression with a three-parameter sigmoidal logistic curve, while the graph on the right presents

the results of the generalized linear model (GLM) with 95% significance.

The influent sample collected on day 3 (D3) showed the highest toxicity to the cladoceran, with an
ECso of 3.3%, followed by the sample collected in the first day (D1), with an ECso of 7.96% (Table S2).
The sample of the third day (D3) recorded the highest values of total and sedimented COD, along with
elevated levels of TKN and nitrogen. Certain nitrogen forms, such as ammoniacal nitrogen, can be toxic to
aquatic organisms (Horn et al., 2014; Souza-Celente et al., 2020). Therefore, the higher organic load present
in the analyzed samples, combined with other toxic substances, may have caused organism immobilization
in the bioassay.

The bioassay results for the samples D3 and D4 demonstrated a reduction in effluent toxicity
toward the cladoceran, with ECso values of 3.3% and 10.71% for the influent, and 12.97% and 24.53% for
the effluent, respectively (Figure S3). This indicates that the bioreactor was effective in decreasing the
toxicity of the influent on those days. When considering the mean of all samplings, it is also evident that,
from the standpoint of acute toxicity to Ceriodaphnia silvestrii, the effluent samples showed an
improvement in organism survival rates compared to the influent samples (Figure 5).

Souza-Celente et al. (2020) evaluated the acute ecotoxicity using the cladoceran Daphnia magna
in two wastewater treatment units and found that the integrated system composed of an algae—peat biofilter
and vertical-flow constructed wetlands was effective for the acute detoxification of effluents. Another study
evaluated the toxicity of domestic wastewater phytoremediated by Lemna minor on Daphnia magna and

reported that the macrophyte was able to survive in the presence of the effluent and remediate it, reducing
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the toxicity to the cladoceran (Alkimin et al., 2020). Biotechnological strategies focused on the remediation
or treatment of effluents prior to their discharge into the environment are essential to ensure the protection
of natural resources.

During the experiment, it was observed that organisms exposed to the lowest sample concentrations
(3.125% of influent and effluent) exhibited greater body growth and egg development, unlike those in the
control, where individuals did not reach primiparity. Cladocerans are filter-feeding organisms that consume
suspended particles in the water; thus, the organic load present in the lower concentration treatments over
the 48-hour period may have favored the species’ initial development, as the material was filtered, absorbed,

and metabolized by the organisms (Smirnov, 2017).

Phytotoxicity Assay (Lactuca sativa L.)

Phytotoxicity bioassays provide integrated evidence of the presence of toxic substances in the
environment, including those not identified by conventional analytical methods (Farré et al., 2003). In this
study, parameters related to early plant development were evaluated, including germination rate (%G),
number of normal plants (NPN), shoot length (SL), and root elongation (RE), over a one-week experimental
period, aiming to assess behavioral patterns of seeds exposed to the influent and treated effluent.

The early development results indicated that germination rates (>95%) and the number of abnormal
plants (<20%) remained consistent across all treatments, with no significant differences observed in any of
the bioassays.

Even with consistent germination rates (%G) and numbers of normal plants (NPN) throughout the
experimental series, morphometric evaluations revealed a steady increase in shoot length (Figure 6A) and
root elongation (Figure 6B) in seeds germinated with the effluent sample, which also showed significant
differences in total mean length (Influent — 4.64 cm; Effluent — 6.87 cm; NC — 5.14 c¢cm) according to
Dunnett’s test (Figure 6C).

The difference observed in the mean length of individuals across all bioassays was further supported
by the evaluation of shoot length and root elongation per experimental day, which showed a persistent
increase in the mean values of the effluent group compared with the influent throughout the experimental
period (Figure 7). This difference is especially evident in the root elongation (RE) parameter, which

presented higher average values in the treated samples.
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Figure 6. Overall mean of: shoot length (A), root elongation (B), and total length (C) in cm (y) of L. sativa
seedlings germinated with distilled water (NC) and exposed to the influent and effluent (x). Groups
statistically different from the negative control according to Dunnett’s test at 5% significance are indicated

by an asterisk (*). Error bars represent standard error.

The most pronounced differences between the influent and effluent were observed on day 4 (D4),
when the mean shoot length increased from 2.25 c¢cm in the influent to 2.83 cm in the effluent, while root
elongation rose from 2.78 cm to 4.82 cm, demonstrating a considerable positive effect of the treatment. On
day 5 (D5), an even more marked difference was observed, with root elongation increasing from 1.15 cm
(influent) to 4.68 cm (effluent), along with an increase in shoot length from 1.68 cm (influent) to 3.22 cm
(effluent). These data suggest a significant recovery of plant development in response to treatment,
particularly in root structures, which are highly sensitive to chemical alterations in the growth medium

(Figure 7).
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Figure 7. Mean shoot length (SL — upper bars) and root elongation (RE — lower bars) of L. sativa seedlings
germinated with distilled water (NC) and exposed to the influent and effluent throughout the experimental
days (x). The sample groups were statistically clustered using the Scott—Knott test at a 5% significance

level. Error bars represent standard error.

The observed increase in root elongation can be explained by the greater availability of nitrogen
compounds present in the samples compared with the distilled water used in the negative control, as
nitrogen is widely recognized as a primary nutrient for plant growth (Novoa & Loomis, 1985).
Nevertheless, the differences observed between the mean root lengths of the influent and effluent groups
may involve more complex relationships than nutrient availability alone. It is possible that the SBRIA
treatment promoted: (i) the removal or sequestration of inhibitory substances (Celente, 2020); (ii) the
neutralization of toxic compounds that may have limited the growth of plants exposed to the influent (Luan,
2020); and (iii) an increase in nutrient bioavailability and transformations in the microbial community
present in the effluent samples, benefiting root and shoot growth rates (Grundy, 2024). These considerations
are supported by the reduced mean shoot length observed in influent samples compared with the negative
control, since, according to the nutrient absorption and transport pathways in L. sativa, the aforementioned
toxic compounds primarily affect the development of the upper plant structures (Abdel Bar, 2023).

Such complex interactions may generate by-products with potential environmental impact,
reinforcing the value of an integrated approach combining physicochemical characterization and

ecotoxicological assessment.
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Cytogenotoxicity Assay — Lactuca sativa L.

In cytogenotoxicity assays, the mitotic index (MI) reflects the proportion of cells undergoing
division within a given cell population. Changes in this index suggest that cytogenotoxic effects of
substances present in the sample are inhibiting cell division.

In the bioassay performed, the mitotic index (MI) was evaluated in meristematic root cells of
Lactuca sativa exposed to influent and effluent samples. When compared to the negative control, only the
influent samples collected on day 3 (D3) were significantly different from the others, showing 16% of cells
in division relative to the total analyzed (Figure 8). Regarding the other sampling days and the overall mean,
there were no statistically significant differences in the mitotic index (M) between the effluent, influent,
and negative control, indicating that the effects observed in the phytotoxicity assays were not derived from

changes in the cell division rates of seeds exposed to the samples.

. Prophase. . Metaphase . Anaphase . Telophase

6%
%
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20% .
%
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s

Mitotic Index (%)
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Figure 8. Mitotic Index (MI) by experimental day (x-axis). The stacked bars represent the stages of mitotic

division, expressed as a percentage (%) of the total number of dividing cells (y-axis).

The evaluation of chromosomal abnormalities in the root meristems of L. sativa revealed distinct
variations among the control, effluent, and influent samples. Considering each experiment independently
(Figure 9), the mean number of chromosomal abnormalities was calculated for each treatment group. In the
control group, abnormalities remained minimal, with an average of two cases per sample. The pre-treatment
conditions exhibited a higher frequency of chromosomal alterations, with an average of 5.67 abnormalities

per experiment, and this difference was most pronounced in the experiments conducted on day 6 (D6),
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where an average of 23 abnormalities was observed in the influent samples—43.5% higher than the mean

of 13 chromosomal abnormalities recorded in the raw effluent sample slides.

Figure 9. Lagging chromosome in metaphase (A); anaphase bridge (B and D); sticky chromosome (C); lost

chromosome (E). Graph: Mean frequency of chromosomal abnormalities (y) by day and treatment.

Among the most common chromosomal abnormalities, both sample types showed a higher
frequency of lagging chromosomes, chromosomal bridges, and sticky chromosomes. Other abnormalities,
such as micronuclei, occurred at lower frequencies but were consistently observed in the influent samples.
The fact that chromosomal bridges and lagging chromosomes were among the most consistently observed
abnormalities suggests a delay, lethargy, or dysfunction in the mitotic mechanisms of seedlings exposed to
the samples, indicating the possible presence of heavy metals that may have influenced the increase in
chromosomal abnormalities in both influent and effluent samples (da Cunha et al., 2023). It is also possible
that interactions between the influent and the microbial community present in the bioreactor contributed to
reducing these deleterious effects.

The increase in the number of chromosomal abnormalities compared with the negative control
suggests that exposure to the influent acts as a source of mutagenesis for L. sativa. The effluent samples, in
turn, showed a reduction in the total number of chromosomal abnormalities relative to the influent,
indicating some degree of mitigation of cytogenetic effects compared with pre-treatment conditions. The
increase in chromosomal abnormality indices observed in the effluent samples corroborates the findings of
Freitas et al. (2023), who reported clastogenic and aneugenic effects in samples with similar characteristics.

In this regard, even though there is a scarcity of studies directly evaluating the effect of SBRIA
bioreactor treatment on domestic wastewater samples using L. sativa, it is possible to establish a relationship

with studies that investigated similar scenarios and reached comparable conclusions (Pereao et al., 2021;



©CO~NOOOTA~AWNPE

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

424
425

17

Celente, 2020; Carvalho et al., 2019). Thus, the results indicate a positive relationship between the
treatment of influent by the SBRIA system and the reduction of observed toxic effects, reinforcing the value

of this technology in the context of domestic wastewater treatment.

Conclusion

The results indicate that, despite the fluctuations observed in physicochemical parameters
(characteristic of industrial emissions), the SBRIA bioreactor demonstrated satisfactory performance in the
treatment of domestic wastewater. These fluctuations partially compromised the consistency of the influent
data, affecting the efficiency of the system, which was originally designed to treat a specific type of
wastewater. Nevertheless, a significant reduction in COD values was observed, corroborated by the results
of the bioassays performed.

From an ecotoxicological perspective, the treatment promoted an apparent decrease in toxicity:
there was an increase in the average size of germinated seedlings, a reduction in the frequency of
chromosomal abnormalities, and a slight improvement in the survival rate of microcrustaceans exposed to
the treated effluent. These findings suggest that the SBRIA system can positively contribute to mitigating
the toxic effects associated with domestic wastewater, even under adverse influent load conditions.

Therefore, continued investigations are recommended, including experiments in which the effects
of prolonged exposure to the effluents can be assessed, such as fertigation bioassays, which are capable of

evaluating the effects of these samples when used as a nutrient source for non-food crops.
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