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RESUMO

A disponibilidade de agua tratada é vital para a saude puablica, porém sua gestdo é
deficiente. Ha preocupacao com efluentes domésticos e industriais, que contém contaminantes
emergentes dificeis de degradar e detectar por testes fisico-quimicos, sendo muitas vezes
resistentes aos métodos convencionais de tratamento, retornando as aguas superficiais. Nesse
contexto, embora membranas de osmose reversa sejam eficazes, tém custos elevados e vida util
limitada, sendo descartadas em aterros sanitarios. Reciclar essas membranas em membranas de
ultrafiltracdo é uma alternativa sustentavel, mas requer testes bioldgicos para garantir eficiéncia
na remocdo de toxicidade, especialmente de compostos emergentes. O objetivos deste estudo é
avaliar a eficiéncia na remocdo da toxidade de amostras ambientais contendo residuos de
farmacos apds tratamento por membranas de ultrafiltracdo recicladas e modificadas. Para tal,
as amostras contendo uma mistura dos farmacos betametasona, cetoprofeno, fenofibrato,
fluconazol, loratadina e prednisona que foram tratadas pelas membranas modificadas com
dioxido de titénio (TiO.) e Oxido de grafeno (GO). Os diferentes componentes das amostras
(alimentacdo, concentrado e permeado) foram submetidos a bioensaios utilizando organismos
de diferentes niveis troficos: Aliivibrio fischeri e Allium cepa. Nos bioensaios com as bactérias
luminescentes, a toxicidade foi avaliada pela intensidade da bioluminescéncia dos organismos,
enquanto nos bioensaios com A. cepa incluiram parametros fitotécnicos, pardmetros
citogenotdxicos e quantificacBes bioguimicas. Para os testes com as bactérias, as amostras de
permeado demonstraram hormesis, sugerindo que todas as membranas testadas foram eficazes
no tratamento. Porém, a membrana com menor toxicidade no concentrado (membrana M3
modificada com TiO2-GO e fotocatalise), mostrou melhor desempenho, considerando que o
concentrado requer tratamento adicional. Em relacdo aos ensaios com A. cepa, ndo foi
observada toxicidade para pardmetros fitotécnicos. No entanto, houve um aumento na
expressdo de peroxido de hidrogénio e da enzima superéxido dismutase (SOD) nos
concentrados, com maiores valores no concentrado da M3, indicando que o estresse esta sendo
mitigado pelo sistema antioxidante da plantula. J& para a analise citogenotoxica, ndo foi
observado efeito sobre o indice mitdtico, mas registrou-se maiores frequéncias de
anormalidades clastogénicas e aneugénicas para 0 permeado da membrana 3 (M3). Os
resultados obtidos, sugerem que as membranas de ultrafiltracdo recicladas e modificadas estéo
tratando efetivamente os contaminantes emergentes.

Palavras-chave: Contaminantes Emergentes, Tratamento de efluentes, Membranas de

ultrafiltracdo.



ABSTRACT

The availability of treated water is vital for public health; however, its management remains
deficient. Concerns persist regarding domestic and industrial effluents, which contain emerging
contaminants that are difficult to degrade and detect through physicochemical analyses, and are
often resistant to conventional treatment methods, returning to surface waters. In this context,
although reverse osmosis membranes are effective, they entail high costs and have a limited
lifespan, ultimately being disposed of in landfills. Recycling these membranes into
ultrafiltration membranes is a sustainable alternative, but it requires biological testing to ensure
their efficiency in removing toxicity, especially that associated with emerging compounds. The
objective of this study is to evaluate the efficiency of recycled and modified ultrafiltration
membranes in removing toxicity from environmental samples containing pharmaceutical
residues. The samples, containing a mixture of the pharmaceuticals betamethasone, ketoprofen,
fenofibrate, fluconazole, loratadine, and prednisone, were treated using membranes modified
with titanium dioxide (Ti0:) and graphene oxide (GO). Different components of the samples
(feed, concentrate, and permeate) were subjected to bioassays using organisms from different
trophic levels: Aliivibrio fischeri and Allium cepa. In the bioassays with luminescent bacteria,
toxicity was evaluated based on the intensity of bioluminescence, while the A. cepa assays
included phytotechnical parameters, cytogenotoxic parameters, and biochemical
quantifications. In the bacterial assays, the permeate samples exhibited hormesis, suggesting
that all tested membranes were effective in treatment. However, the membrane that resulted in
the lowest toxicity in the concentrate (the M3 membrane, modified with TiO.-GO and
photocatalysis) showed the best performance, considering that the concentrate requires
additional treatment. Regarding the A. cepa assays, no toxicity was observed in the
phytotechnical parameters. Nevertheless, increased expression of hydrogen peroxide and the
enzyme superoxide dismutase (SOD) was detected in the concentrates, with higher values in
the M3 concentrate, indicating that the stress is being mitigated by the seedling’s antioxidant
system. In the cytogenotoxic analysis, no effects were observed on the mitotic index; however,
higher frequencies of clastogenic and aneugenic abnormalities were recorded in the permeate
from membrane 3 (M3). Overall, the results suggest that the recycled and modified
ultrafiltration membranes effectively treat emerging contaminants.

Keywords: Emerging Contaminants, Wastewater Treatment, Ultrafiltration Membranes.
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1 INTRODUCAO

A agua cobre cerca de 71% da superficie do planeta Terra, trata-se do componente
inorganico mais abundante e vital para os seres vivos sendo essencial para a producdo de
alimentos e produtos (Vinicius; Dictoro, 2021). Também tem um papel fundamental para a
determinacdo do clima terrestre e acomodagdo dos ecossistemas marinhos, além de remover e
diluir parte dos poluentes e residuos produzidos (Schongart; Junk, 2020). Apesar de ser
essencial para a vida, a d&gua € um dos recursos com pior gestdo pelos seres humanos,
exemplos disso incluem o desperdicio, a poluicdo e a contaminacdo dos corpos d’agua
(Miller; Spoolman, 2021). Menos de 1% do suprimento de dgua do planeta representa a dgua
disponivel para consumo humano, abastecimento puablico, industrial e aplicacBes agricolas
(Alves dos Reis et al., 2021; Veriato et al., 2015).

Assim, 0 acesso a agua potavel é uma preocupacdo mundial, sendo que, dados
apontam que em 2021 cerca de 1,7 bilhdo de pessoas careciam de servigos de agua (World
Health Organization; The United Nations Children’s Fund, 2022). A preocupagdo com a
disponibilidade de agua prépria para consumo € pauta frequente nas discussées ambientais e
geopoliticas (Amorim; Vaez, 2019; Miller; Spoolman, 2021). Visando aumentar a quantidade
de &gua dulcicola disponivel, diversos paises tém utilizado tecnologias como a destilacdo ou a
osmose reversa para a remogdo dos sais dissolvidos na &gua do oceano ou na &gua salobra,
objetivando a potabilizacdo da agua ou adequacdo a diversos usos industriais (Curto;
Franzitta; Guercio, 2021; De Almeida, Juliano Penteado et al., 2020). O tratamento de adguas
superficiais contaminadas por efluentes urbanos também constitui uma estratégia viavel para a
potabilizacdo dos recursos hidricos, promovendo a remogdo de poluentes e a adequacdo das
aguas aos padrdes de potabilidade (Cartaxo et al., 2020).

Os efluentes urbanos possuem matrizes complexas, visto que se trata da mistura de
efluentes domésticos e industriais. Portanto, conta com a presenca de residuos organicos,
inorganicos e bioldgicos (Fornari et al., 2018). Dentre os compostos que podem fazer parte da
matriz do efluente, citam-se os contaminantes emergentes ou produtos de preocupacéo
emergente. Trata-se de compostos naturais ou sintéticos que podem chegar aos corpos d'aguas
quando ndo houver tratamento dos efluentes gerados ou mesmo quando forem utilizadas
tecnologias inadequadas ou ineficientes. Os poluentes emergentes tém ganhado a atencéo dos
pesquisadores devido ao alto potencial de risco ao meio ambiente, a saide humana e a biota
aquatica (Maryjoseph; Ketheesan, 2020; Ouda et al., 2021). Em geral, sdo considerados

contaminantes emergentes ou contaminantes de preocupacdo emergente (CPE) os farmacos e
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produtos destinados a  cuidados pessoais (PPCPs), pesticidas, produtos quimicos
desreguladores endocrinos (EDCs), compostos perfluorados (PFCs), surfactantes, aditivos de
gasolina, subprodutos de desinfeccdo, toxinas de algas e cianobactérias, contaminantes
patogénicos, compostos organometalicos, retardadores de chama bromados e
organofosforados, plastificantes e nanoparticulas (Lin et al., 2020; Maryjoseph; Ketheesan,
2020).

Assim, com a escassez hidrica e a necessidade de maior robustez no tratamento de
agua e efluentes, a utilizacdo de membranas tem se tornado cada vez mais necessaria. Trata-se
de tecnologias que estdo disponiveis no mercado, entretanto, ainda ha muito a ser elucidado
visando maior eficiéncia e adequacdo da relacdo custo/beneficio (Alhaj; Al-Ghamdi, 2019;
Maftouh et al., 2022).

Nesse sentido, esclarece-se que o tratamento utilizando membranas é extremamente
versatil, podendo ser utilizado como pré-tratamento, tratamento ou pés-tratamento. Nas etapas
finais de tratamento de &gua e esgoto, em que exista a necessidade de um polimento do
efluente tratado, 0 uso da tecnologia de osmose reversa para remover contaminantes ao nivel
ibnico, como nos processos de dessalinizacdo de aguas marinhas, tem se tornado cada vez
mais usual (Arola et al., 2019; Ebrahimzadeh et al., 2021). Apesar disso, 0 custo dessa pratica
é elevado se comparado as tecnologias tradicionais de tratamento, devido aos investimentos
iniciais para aquisicdo dos modulos de membranas e custos operacionais continuos, como uso
de energia, mdo de obra e aquisi¢do de produtos quimicos para manutencdo das membranas
(Bhojwani et al., 2019). Contudo, trata-se de uma tecnologia que consegue absorver melhor as
variacoes de carga dos efluentes, proporcionando um efluente tratado de elevada qualidade.

Paralela a intensificacdo do uso da tecnologia de membranas, tem-se 0 aumento do
residuo gerado, devido ao tempo de vida dos médulos que sdo utilizados para o tratamento de
efluentes. As membranas de osmose reversa possuem um curto periodo de longevidade e,
qguando em boa manutencdo, tem vida Util de 5 anos. Apos esse periodo, sdo descartadas em
aterros sanitarios, sendo uma fonte secundaria de polui¢do (Coutinho de Paula; Amaral, 2017;
Grossi et al., 2021). Nesse contexto, a reciclagem das membranas tem se mostrado uma
alternativa mais sustentavel, sendo uma solugéo técnica e economicamente executavel. Além
disso, pode-se modificar a estrutura da membrana de forma a condiciona-la para diversos
tratamentos especificos.

Um exemplo é a membrana de osmose reversa reciclada e modificada com dopamina,
dioxido de titanio verde (TiO2) e dxido de grafeno (GO), uma alternativa sustentavel para a

remogdo de principios ativos farmacéuticos, tratados como contaminantes emergentes
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(Oliveira et al., 2022). Entretanto, essa tecnologia ainda precisa ser testada a nivel
ecotoxicoldgico a fim de garantir a eficacia do tratamento destes contaminantes emergentes e
atendimento das normativas do Conselho Nacional do Meio Ambiente (CONAMA).
Pesquisas neste cenario sdo relevantes, visto que para a nova tecnologia de membranas
de ultrafiltracdo recicladas e modificadas, ainda ndo foram realizados estudos bioldgicos, a
fim de comprovar a eficiéncia de remocéo de toxicidade dos efluentes tratados, que foram
contaminados com farmacos, adjunto aos ensaios fisico-quimicos ja realizados. O estudo
biolégico foi realizado a nivel de monitoramento ambiental ecotoxicolégico, com duas
espécies de niveis tréficos distintos, como preconizado pela CONAMA 430 art. 18. Diante
desse pressuposto, este estudo tem como objetivo avaliar a capacidade de remocdo da
toxicidade de efluentes contendo residuos farmacos, através da utilizacdo de membranas de

ultrafiltracdo recicladas e modificadas, por meio de bioensaios.
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2 DESENVOLVIMENTO

2.1 CONTAMINANTES EMERGENTES

Os contaminantes emergentes (CEs) referem-se a substancias quimicas ou materiais
que ndo possuem regulamentacdo especifica para monitoramento ou relatérios publicos sobre
sua presenca em recursos hidricos ou aguas residuais. Esses poluentes podem se originar de
novas fontes ou caminhos recentemente identificados e representam uma ameaga potencial ou
real a salde humana e ao meio ambiente (Prajapati et al., 2023). A crescente preocupacdo
com esses contaminantes reflete-se na variedade de estudos que visam entender sua
ocorréncia, transporte e impacto nos diferentes compartimentos ambientais, sendo essencial
desenvolver estratégias eficazes para seu monitoramento e mitigacao.

Os contaminantes emergentes (CEs) tém se tornado uma preocupacdo ambiental
crescente devido ao aumento da qualidade de vida e das exigéncias dos consumidores. Este
problema é exacerbado pela producdo em massa e uso frequente de substancias artificiais,
como pesticidas, fertilizantes, produtos de higiene pessoal, medicamentos e horménios
esteroides, que levam a contaminacdo significativa dos ecossistemas aquéaticos (Khan et al.,
2022). A producéo global desses poluentes aumentou drasticamente, atingindo cerca de 500
milhdes de toneladas anuais (Thomaidis; Asimakopoulos; Bletsou, 2012). Esses compostos,
projetados para interagir com organismos especificos, também podem causar efeitos adversos
em outras espécies ap0os exposicdo prolongada, mesmo em pequenas quantidades (Houtman,
2010; Wilkinson et al., 2017).

Um exemplo, sdo os disruptores enddcrinos (DEs), uma categoria de contaminantes
emergentes que pode interferir no sistema hormonal, causando impactos negativos na
reproducdo, desenvolvimento, sistema neurolégico e imunolégico de humanos e animais
(Gomes; Simdes; Simdes, 2018; Houtman, 2010). Frequentemente detectados em A&guas
residuais, esses compostos também sdo encontrados em tecidos humanos, como leite materno,
sublinhando a urgéncia de monitoramento e controle rigorosos (Anadén et al., 2017). Além
disso, Estudos demonstram que anti-inflamatdérios como naproxeno e diclofenaco podem
prejudicar a saude de organismos aquaticos (Corcoll et al., 2014). Além disso, substancias
como aromas de almiscar e plastificantes, ainda pouco compreendidas em termos de risco
ambiental, foram detectadas em tecidos humanos (Wilkinson Et Al., 2017; WOMBACHER,;
HORNBUCKLE, 2009).
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Diversos compostos sdo classificados como contaminantes emergentes, incluindo
produtos farmacéuticos, cosméticos, produtos de higiene pessoal, pesticidas, retardantes de
chama, nanomateriais e microplasticos (Balaram et al., 2023). Muitos desses compostos, ndo
monitorados regularmente, podem representar riscos substanciais ao ecossistema e a saude
humana (Houtman, 2010; Prajapati et al., 2023). A presenca desses produtos quimicos em
fontes de agua potével e alimentos enfatiza a necessidade de regulamentacdes mais rigorosas
e o desenvolvimento de novas tecnologias para sua analise e mitigacao (Crini; Badot, 2011).

O lancamento de efluentes de estagcdes de tratamento de aguas residuais e outras
atividades antropogénicas, frequentemente introduz contaminantes emergentes nos rios e
corpos d'adgua (Balaram et al., 2023). A contaminacdo por esses poluentes € um problema
global, variando significativamente entre regides (Fekadu et al., 2019). A presenca de
contaminantes emergentes em aguas superficiais esta fortemente correlacionada com efluentes
municipais, embora atividades industriais e agricolas também contribuam consideravelmente
para sua presenca no meio ambiente (Mezzelani; Gorbi; Regoli, 2018; Patel et al., 2019).
Dada a complexidade e o potencial impacto dos contaminantes emergentes, € essencial
desenvolver e implementar estratégias eficazes de monitoramento e remediacdo para proteger
a salde humana e ambiental (Khan et al., 2022).

No Brasil, os farmacos mais encontrados nos efluentes sdo os disponibilizados pelo
Sistema Unico de Sadde (SUS) (Silva, Bianca Jenifer De Sa Da; Trevisan, 2021). Nesse
sentido, ap6s serem consumidos e parcialmente metabolizados chegam até as estacbes de
tratamento de efluentes (ETES) para, juntamente com a matéria organica biodegradavel, serem
tratados. Nas ETEs, a contaminacdo por esses compostos € apenas reduzida a niveis ndo
detectaveis em testes convencionais, ndo sendo completamente retirados, sendo langados em
corpos receptores e podendo voltar a serem consumidos nas atividades humanas, mesmo em
baixas concentraces (Bundschuh, 2014). Diversos principios ativos farmacéuticos (PhACs)
foram identificados e caracterizados em amostras de aguas superficiais (Tabela 1). A literatura
disponibiliza uma variedade de informacGes sobre esses compostos, incluindo suas formulas
quimicas, propriedades farmacoldgicas, nimeros CAS e concentrages encontradas em aguas
superficiais, entre outros dados relevantes. Esses detalhes sdo fundamentais para uma

descricdo precisa e abrangente das substancias presentes no ambiente aquatico.
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Quadro 1 - Principios ativos farmacéuticos (PhACs) de interesse, assim como suas respectivas
descricdes encontradas na literatura pesquisada.

NGmero Valor de
PhACs Tipo de farmaco Formula concentragdo referéncia
CAS
(ng/L)
Betametasona glicocorticéide acao CaoH29FOs 378-44-9 0,11 (WILLI et al.,
anti-inflamatoria, 2019)
antialérgica e
imunossupressoras
Cetoprofeno | anti-inflamatorios néo- C16H1403 22071-15-4 1,0345 (WANG etal.,
esterdides 2018)
Fenofibrato pro-farmaco, CooH2ClOs  49562-28-9 0,2 (TETE etal.,
hipolipemiantes regula- 2020)
dor de colesterol e
triglicérides
Fluconazol antifungico triazolico CisH12F2NeO  86386-73-4 5,2 x 10° (CAl etal., 2020)
Loratadina anti-alérgico C2H23CIN2O,  79794-75-5 0,171 (KRISTOFCO;
BROOKS, 2017)
Prednisona glicocorticoide agdo C21H2605 53-03-2 0,013 (OJOGHORO;
anti-inflamatoria SCRIMSHAW,
SUMPTER, 2021)

Fonte: autora, 2023.

Em suma, a crescente presencga de contaminantes emergentes em ambientes aquaticos,
particularmente de farmacos, destaca a urgéncia de desenvolver e aplicar métodos eficazes de
monitoramento e tratamento. As limitacdes dos métodos convencionais de tratamento de
efluentes, que ndo conseguem remover completamente esses compostos, exigem abordagens
inovadoras e sustentaveis. Além disso, a implementacdo de regulamentacGes mais rigorosas €
crucial para mitigar os riscos associados a contaminacdo por esses compostos. Estratégias
integradas, que combinam tecnologias avancadas de tratamento com um monitoramento
continuo, sdo essenciais para proteger tanto a salde publica quanto 0s ecossistemas,
assegurando a qualidade da 4gua em um cenario onde os desafios ambientais sdo cada vez

mais complexos.

2.2 MEMBRANAS DE ULTRAFILTRACAO

Os sistemas de tratamento de agua e efluentes por meio de membranas representam
uma tecnologia altamente eficiente na remocdo de uma vasta gama de contaminantes,
incluindo particulas, microrganismos e substancias quimicas, sendo aplicavel tanto para o
tratamento de aguas residuais quanto para o tratamento de aguas potaveis. Esses sistemas

utilizam membranas semipermeaveis, que funcionam como barreiras fisicas, permitindo a
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passagem de agua purificada enquanto retém os contaminantes. As membranas séo definidas
como barreiras que separam fisicamente duas fases, evitando o contato direto entre elas. Nos
processos de separacdo por membranas, um fluido passa através da membrana devido a uma
forca motriz que promove o transporte de matéria; essa forca motriz pode ser a diferenca de
pressdo, diferenca de concentracdo ou diferenca de potencial, ocasionando a separacéo
seletiva dos componentes. A tecnologia de separacdo por membrana exibe algumas vantagens,
incluindo operacdo simples, alta eficiéncia e economia de energia devido a operacdo em
temperatura ambiente (Cartaxo et al., 2022; Chen et al., 2022; Liu et al., 2024).

Uma subcategoria dos processos de separacdo por membranas sdo os sistemas de
ultrafiltracdo (UF), caracterizados por possuirem poros de tamanho entre 0,01 e 0,1
micrébmetro, o que permite a remocdo eficaz de particulas, coloides e macromoléculas,
incluindo bactérias e alguns virus, enquanto permite a passagem de dgua e pequenos solutos.
No processo de UF, o fluido de alimentacdo, que contém os contaminantes a serem
removidos, é aplicado @ membrana. A fracdo do fluido que atravessa a membrana é conhecida
como permeado, composta predominantemente por agua purificada e pequenas moléculas. O
restante do fluido, que ndo atravessa a membrana e, portanto, retém a maioria dos
contaminantes, € denominado concentrado. Devido a sua eficiéncia e capacidade de operar
sob pressdes moderadas, as membranas de ultrafiltragdo sdo amplamente utilizadas, tanto no
tratamento de agua potavel quanto na purificacdo de &guas residuais e em processos
industriais que requerem a remocao de impurezas de baixo peso molecular (Madaeni, 1999;
Zeman; Zydney, 2017; Zhao et al., 2020). Além disso, a UF pode ser integrada a outros
processos de tratamento, como a osmose reversa, para aumentar a eficiéncia global do sistema
de purificacdo, proporcionando uma barreira adicional contra contaminantes (Dogan et al.,
2016).

A tecnologia de ultrafiltracdo tem sido amplamente adotada para o tratamento de agua
e efluentes em diversos paises, devido a sua capacidade de produzir dgua de elevada
qualidade a partir de diferentes fontes, incluindo aguas superficiais, subterraneas e efluentes
industriais (Arnal et al., 2009; Fane; Tang; Wang, 2011). A intensificacdo do uso da
ultrafiltracdo é impulsionada por legisla¢des rigorosas voltadas & melhoria da qualidade da
agua e pela crescente preocupacdo com a presenca de patdgenos, substancias toxicas e
micropoluentes. Além disso, a ultrafiltracdo se destaca por sua capacidade de operar sob
pressdes relativamente baixas em comparagdo com outros processos de separagdo por
membranas, como a osmose reversa, 0 que reduz o consumo de energia e 0S custos

operacionais (Liu et al., 2024). Outro aspecto relevante é a durabilidade e resisténcia das
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membranas de UF, que, com manutencdo adequada, podem apresentar uma longa vida Util,
tornando-se uma solugdo sustentavel a longo prazo (Yan et al., 2022).

2.3 RECICLAGEM E MODIFICACAO DE MEMBRANAS

A reciclagem de membranas de ultrafiltracdo (UF) tem se tornado uma érea de
pesquisa promissora, especialmente devido ao crescente volume de membranas usadas e a
necessidade de préaticas sustentaveis na gestdo de residuos. O processo de reciclagem de
membranas geralmente envolve a recuperacdo e reutilizacdo de membranas que, de outra
forma, seriam descartadas ap6s o término de sua vida atil. Uma das abordagens para a
reciclagem dessas membranas inclui a regeneracdo por meio de tratamentos quimicos, onde
produtos quimicos sdo utilizados para remover contaminantes e restaurar a permeabilidade da
membrana. Estudos mostram que membranas de polimero, podem ser efetivamente recicladas
e reutilizadas para aplica¢fes de ultrafiltracdo apds um tratamento adequado, o que inclui
lavagem com solucBes acidas ou alcalinas para remover incrustacdes e depositar novos
materiais sobre a membrana desgastada, restaurando sua funcionalidade (Tomczak; Gryta,
2023).

Estudos apontam que as membranas de ultrafiltracdo, associadas a outras técnicas, tém
capacidade de remocédo de farmacos e outros contaminantes emergentes (Santos; Usp, 2015;
Soares, Souza e Souza, 2020). O aumento do uso dos processos de separacdo por membranas
leva a um aumento progressivo dos residuos gerados pelos mddulos de tratamento em final de
vida util. Assim, a reciclagem dos mddulos torna-se uma alternativa viavel. Nesse contexto, o
uso de membranas recicladas e modificadas é uma alternativa sustentavel quando comparada
a outros métodos de tratamento de aguas e efluentes. Além disso, trata-se de um processo de
tratamento com custos reduzidos, sendo considerada uma tecnologia relevante de ser
empregada, objetivando o desenvolvimento sustentavel, segundo o Relatério de Brundtland
1987 (Japiassu, 2017).

Investimentos em sistemas de membranas de osmose inversa (Ol), utilizando técnicas
de dessalinizacdo em locais onde a disponibilidade de &gua é baixa e as &guas subterraneas
séo salinas, tém sido realizados. Porém, devido ao ciclo de vida limitado dos modulos de de
Ol, varios estudos tém sido realizados para aprimorar o desempenho do processo e estender a
vida util das membranas, mas mesmo com o preé-tratamento adequado da dgua de alimentacéo,
sua vida util é geralmente limitada de trés a cinco anos (Greenlee et al., 2011), ou cinco a sete

anos (Ziolkowska, 2015). Nesse contexto, a reciclagem e transformagdo das membranas de Ol
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em membranas de UF, torna-se uma alternativa possivel de executar, tanto técnica como

economicamente.

2.4 ENSAIOS ECOTOXICOLOGICOS

Inimeras tecnologias foram empregadas, principalmente apos a Primeira Revolucdo
Industrial, sem que o0s riscos ambientais fossem averiguados com cautela, 0 que trouxe
diversos problemas para toda biota terrestre (Castro, 2019; Soltovski et al., 2020). Assim, a
preocupagdo ambiental tornou-se de extrema urgéncia em decorréncia da elevada
complexidade que abrange os problemas ecossistémicos (Escrivdo; Nagano, 2014). Portanto,
estudos que enfocam na compreensdo e gestdo da salude ambiental sdo fundamentais para
avaliar os impactos de poluentes, substancias quimicas e outros agentes toxicos nos
ecossistemas.

O estudo da toxicologia em geral esta associado a compreensdo dos tipos de efeitos
causados por substancias quimicas sobre diferentes tipos de organismos expostos, podendo
interferir nos processos bioguimicos, fisioldgicos e gendmicos (Chapman, 2002; Fonseca;
Pereira, 2013). Particularizando, a ecotoxicologia é a vertente da toxicologia que auxilia nas
avaliacdes, analises e prevencdo de impactos ambientais causados pelas substancias quimicas,
levando em consideracdo as transformacgdes quimicas e biotransformacdes (Costa; Quadra,
2022; Silva; Pompéo; Paiva, 2015; Zagatto; Bertoletti, 2008). As caracterizacdes de
contaminantes e poluentes sdo realizadas por analises fisico-quimicas, entretanto, essas ndo
representam o impacto causado a biota, além de que, por muitas vezes, as concentracdes dos
analitos nas amostras ndao atingem os limites de deteccdo das analises (Boger et al., 2015;
Silvaetal., 2011).

Por conseguinte, as metodologias mais adequadas na determinacdo dos seus riscos
ecolégicos sdo as técnicas bioldgicas, utilizando organismos como biotestes (Carvalho;
Pivoto, 2011; Tang et al., 2011). Estudos ecotoxicologicos trazem resultados de espécies mais
sensiveis que podem ser extrapolados para as demais, além de que, tais testes ponderam a
interacdo entre os contaminantes, podendo haver acdo sinérgica e/ou antagénica, mensurando
seus respectivos efeitos nos mais diversos ecossistemas (Pinho, 2021). A realizagdo de um
bom monitoramento possibilita que medidas de mitigacdo possam ser instaladas a fim de zelar
pela biota do ecossistema (Dibo et al., 2020).

Para verificacdo da eficiéncia de um processo de tratamento e atendimento a resolucéo

CONAMA 430/2011 deve-se escolher um bioteste que tenha alta capacidade de resposta ao
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agente toxico, suscetibilidade de cultivo e manutengdo em laboratério de maneira simples,
baixo custo, viabilidade de aplicabilidade, disponibilidade de dados sobre a espécie, vida
curta, representatividade das demais espécies expostas. Atualmente, os bioensaios estdo
associados a mortalidade, capacidade reprodutiva, alteracbes no crescimento,
desenvolvimento, comportamento, bioquimica, mudancgas genéticas, entre outros parametros
(Velasquez-Riafio; Meneses-Sanchez; Arias, 2019).

Para realizar um monitoramento ecotoxicoldgico, devem ser realizados bioensaios em
espécies que possuam niveis tréficos diferentes na cadeia alimentar. Essas espéecies devem ser
definidas cuidadosamente, pois devem ser sensiveis a testes de toxicidade. Em estudos
ecotoxicoldgicos, diferentes tipos de organismos e parametros podem ser utilizados, a fim de
identificar a presenca de toxicidade, a selecdo destes variam de acordo com as
particularidades de cada amostra a ser testada (Luis De Sa Saloméo; Hauser-Davis; Marques,
2020; Soares; Coldebella, 2021). A seguir sdo apresentadas as principais alegacdes para uso
dos seguintes biotestes utilizados em ensaios ecotoxicolgicos no presente estudo.

2.4.1 Alegacdes para utilizacdo de bactérias luminescentes, Aliivibrio fischeri

O ensaio ecotoxicoldgico agudo a ser realizado com a bactéria marinha luminescente
Aliivibrio fischeri, antiga Vibrio fischeri (Kumar; Dwivedi, 2021) é realizado desde a década
de 1970 para determinacdo de toxicidade. A Associacdo Brasileira de Normas Técnicas
(ABNT) — NBR 15411-3 de 2012, estabelece a normativa para a utilizacdo desta bactéria
marinha bioluminescente para monitoramento da toxicidade aguda de diferentes tipos de
amostras. Esse teste detém diversas vantagens, tais como rapidez, alta sensibilidade e
facilidade de operacdo (Abbas et al., 2018). Os organismos utilizados sdo bactérias que
emitem luz naturalmente quando se encontram em condi¢cdes ambientais favoraveis, em
oposi¢cdo, com o aumento da toxicidade hd uma diminuicdo na luminescéncia bacteriana
(Colvin; Lewis; Galloway, 2020).

Bioensaios de A. fischeri tém sido usados para avaliar a ecotoxicidade de diferentes
compostos, como antibio6ticos (Froehner; Backhaus; Grimme, 2000; loele; De Luca; Ragno,
2016), liquidos idnicos (Montalban et al., 2016) e pesticidas (Poleza et al., 2008), tornando
seu uso apropriado para avaliagfes ecotoxicologicas. A literatura relata o uso de bactérias
eficiente para apontar efeito toxico de farmacos presentes em aguas superficiais (Gworek et

al., 2019) e o uso de A. fischeri como bioindicador é amplamente conhecido.
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2.4.2 Alegacoes para utilizacédo de semente, Allium cepa

Desde o inicio do seculo XX, diferentes plantas tém sido utilizadas como indicadores
de efeitos toxicos, dentre elas cita-se a Allium cepa que, inicialmente, foi utilizada para
investigar a atividade citotdxica, ou seja, toxicidade a nivel mitético. Diversas vantagens para
0 uso de Allium cepa em bioensaios podem ser apontadas, destacando-se a alta sensibilidade,
facil manuseio, baixo custo, presenca de cromossomos grandes e em pequeno numero
(2n=16), o que facilita a analise citogenética, além de haver correlacdo com efeitos
observados em outros organismos testados, como por exemplo a similaridade com testes em
mamiferos (Almeida et al., 2021; Palmieri et al., 2016; Rosculete et al., 2018).

Os biotestes vegetais sdo ferramentas essenciais na ecotoxicologia devido a sua
capacidade de avaliar os efeitos de contaminantes ambientais em diferentes niveis biologicos.
Os parametros de fitotoxicidade, como a germinacdo de sementes e o crescimento das plantas,
fornecem uma medida direta do impacto das fontes de energia na capacidade de
desenvolvimento das plantas (Leme; Marin-Morales, 2009). Além disso, a citotoxicidade,
medida através de alteracdes cromossémicas e do indice mitotico em células meristematicas, é
fundamental para identificar possiveis danos ao material genético das plantas, que podem ter
consequéncias a longo prazo na reproducéo e sobrevivéncia das espécies (Fiskesjo, 1985).

QuantificacBes bioquimicas, como a peroxidacdo lipidica, a producdo de perdxido de
hidrogénio e a atividade da enzima superdxido dismutase (SOD), sdo utilizadas para avaliar o
estresse oxidativo em plantas expostas a contaminantes. A peroxidacao lipidica indica danos
as membranas celulares causados por radicais livres, enquanto o peréxido de hidrogénio é um
marcador de estresse oxidativo e pode atuar como sinalizador de respostas defensivas na
planta. A SOD, por sua vez, € uma enzima antioxidante que desempenha um papel crucial na
desintoxicacdo de radicais superoxidos, convertendo-os em peroxido de hidrogénio, e sua
atividade aumentada é um indicativo da ativagdo do sistema antioxidante da planta em
resposta ao estresse (Gill; Tuteja, 2010). Esses parametros, quando analisados em conjunto,
fornecem uma compreensdo abrangente dos mecanismos de resposta das plantas a
contaminantes, permitindo a avaliagdo dos impactos ambientais e a efetividade de tecnologias

de remediacdo, como o uso de membranas de ultrafiltracdo modificadas.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a eficiéncia na remogdo da toxidade de amostras ambientais contendo residuos

de farmacos apds tratamento por membranas de ultrafiltracdo recicladas e modificadas.

3.2 OBJETIVOS ESPECIFICOS

S&o objetivos especificos desta dissertacao:

a) avaliar a toxicidade aguda das solucdes contendo PhACs sob bactérias
luminescentes Aliivibrio fischeri;

b) avaliar a toxicidade das solucdes contendo PhACs, utilizando os parametros
fitotécnicos, de citotoxicidade, quantificacdo de perdxido de hidrogénio,
peroxidacdo lipidica e enzima superoxido dismutase (SOD), utilizando Allium cepa;

¢) no caso dos parametros bioquimicos, avaliar os efeitos do efluente na fisiologia e se
possuem potencial estressor, utilizando Allium cepa;

d) avaliar qual membrana entre as testadas € mais eficiente em remover o toxicante das

solugdes contendo PhACs.
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Oliveira, Jodo Vitor Calvelli Barbosa, Eric Batista Ferreira, Miriam Cristina Santos Amaral,
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Abstract: The treatment of effluents containing pharmaceutical residues is a challenge, as these
compounds require more robust and effective treatment for efficient removal. Thus,
studies on the efficacy of ultrafiltration membranes using bioassays are fundamental to
assess the long-term environmental impacts generated by new technologies. This
study evaluated the efficiency of recycled ultrafiltration membranes modified with
titanium dioxide (TiO2) and graphene oxide (GO) in the removal of pharmaceutical
compounds containing betamethasone, ketoprofen, fenofibrate, fluconazole,
loratadine, and prednisone. Different sample components (feed, concentrate, and
permeate) were subjected to ecotoxicity assessment bioassays using the organisms
Aliivibrio fischeri and Allium cepa. The results of the tests conducted with the bacterium
demonstrated that all tested membranes were effective in the treatment, as no toxicity
was observed in the permeate samples for the evaluated membranes. Regarding the
bioassays with A. cepa, there was no toxicity to germination and early growth for the
tested samples, but biochemical and physiological alterations were observed in the
seedlings. The concentrate samples from the three membranes induced higher stress
in the plants, which was evidenced by increased lipid peroxidation (LP) and greater
activity of the superoxide dismutase (SOD) enzyme. Higher frequencies of clastogenic
and aneugenic abnormalities were also observed in the meristematic cells for the
permeate samples from the third recycled membrane modified with TiO2, graphene
oxide, and photocatalysis. The effectiveness of the ultrafiltration membranes in
eliminating toxic substances was confirmed by the ecotoxicological tests performed in
this study.
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18  The treatment of effluents containing pharmaceutical residues is a challenge, as these compounds
19  require more robust and effective treatment for efficient removal. Thus, studies on the efficacy of
20  ultrafiltration membranes using bioassays are fundamental to assess the long-term environmental
21  impacts generated by new technologies. This study evaluated the efficiency of recycled ultrafiltration
22  membranes modified with titanium dioxide (TiO2) and graphene oxide (GO) in the removal of
23 pharmaceutical compounds containing betamethasone, ketoprofen, fenofibrate, fluconazole,
24  loratadine, and prednisone. Different sample components (feed, concentrate, and permeate) were
25  subjected to ecotoxicity assessment bioassays using the organisms Aliivibrio fischeri and Allium cepa.
26 The results of the tests conducted with the bacterium demonstrated that all tested membranes were
27  effective in the treatment, as no toxicity was observed in the permeate samples for the evaluated
28 membranes. Regarding the bioassays with 4. cepa, there was no toxicity to germination and early
29  growth for the tested samples, but biochemical and physiological alterations were observed in the
30  seedlings. The concentrate samples from the three membranes induced higher stress in the plants,
31  which was evidenced by increased lipid peroxidation (LP) and greater activity of the superoxide
32  dismutase (SOD) enzyme. Higher frequencies of clastogenic and aneugenic abnormalities were also
33  observed in the meristematic cells for the permeate samples from the third recycled membrane
34  modified with TiO:, graphene oxide, and photocatalysis. The effectiveness of the ultrafiltration
35 membranes in eliminating toxic substances was confirmed by the ecotoxicological tests performed in
36 this study.

37  Keywords: ecotoxicology; modified membranes; bioassays; effluent treatment; pharmaceuticals.
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1. Introduction

The complexity of urban effluent matrices, resulting from the mixture of domestic and
industrial waste, presents a significant challenge for the adequate treatment of these residues, as they
contain a wide range of substances, including organic, inorganic, and biological compounds (Fornari
et al., 2018). Among the components of these matrices, emerging contaminants or products of
emerging concern are prominent, which include natural or synthetic compounds that can reach water
bodies in the absence of efficient treatment or when inadequate technologies are employed. These
emerging pollutants have garnered significant attention due to their high potential risk to the
environment, human health, and aquatic biota (Maryjoseph and Ketheesan, 2020; Ouda et al., 2021).
The presence of these compounds in effluents highlights the need for more robust and effective
treatment technologies.

In this context, membranes have emerged as a promising solution in water and wastewater
treatment, especially given the growing water scarcity. Although membrane technologies are already
available on the market, much remains to be investigated to improve their efficiency and economic
viability (Alhaj and Al-Ghamdi, 2019; Maftouh et al., 2022). The versatility of membranes allows for
their application in different stages of treatment, whether as pre-treatment, main treatment, or post-
treatment. Among the most commonly used membranes, reverse osmosis has stood out in the
polishing of treated effluents and in the desalination of seawater (Arola et al., 2019; Ebrahimzadeh et
al., 2021). However, there is a high cost associated with the acquisition and operation of membrane
modules, such as energy expenses due to the use of pumps for effluent circulation, labor, and
chemicals for maintenance, representing a challenge to their utilization (Bhojwani et al., 2019).

Furthermore, there is also an increase in waste generation related to the disposal of modules
at the end of their lifespan. Membranes, when well-maintained, have a duration of approximately five
years, after which they are discarded in landfills, representing a secondary source of pollution
(Coutinho De Paula and Amaral, 2017; Grossi et al., 2021). Thus, a sustainable measure would be the
recycling and modification of these membranes, allowing their adaptation for specific treatments. A
promising example is the recycling of reverse osmosis membranes for the removal of
pharmaceuticals, which are considered emerging contaminants (Oliveira et al., 2022). In this process,
reverse osmosis membranes are recycled into ultrafiltration membranes and modified with specific
substances, such as green titanium dioxide (TiO:) and graphene oxide (GO). However, an
ecotoxicological evaluation of this technology is still necessary to ensure its effectiveness in treating
these pollutants.

Therefore, to analyze the toxicity of effluents, the use of one or more test organisms is

necessary. The bioluminescent marine bacterium Aliivibrio fischeri has been used in luminescence
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inhibition tests to rapidly and sensitively detect acute toxicity in different types of samples (Gworek
et al., 2019). Meanwhile, the plant species A/lium cepa can be utilized to detect phytotoxic and
cytotoxic effects, as well as impacts on the plant's biochemical apparatus (Diniz et al., 2023; Martins
et al., 2025). This bioassay is an essential tool for the long-term assessment of the environmental
impacts of new technologies. Both organisms exhibit sensitivity to the presence of toxic substances
(Abbas et al., 2018; Almeida et al., 2021; Cunha Neto et al., 2023). The combination of two organisms
in toxicity assessment tests offers a robust and comprehensive approach to evaluate whether treatment
technologies, such as recycled and modified ultrafiltration membranes, are safe to implement for the

preservation of biota.

2. Material and methods

The reverse osmosis (RO) membranes used were supplied by a desalination plant. The
recycling and modification of the membranes were performed according to the method described by
Oliveira et al. (2022). Initially, the RO membranes were recycled into ultrafiltration (UF) membranes,
a process in which they are oxidized by immersion in a commercial sodium hypochlorite bath at room
temperature, constituting the first modification stage (Membrane 1). Subsequently, these membranes
were polymerized in a basic medium (dopamine solution at pH 12), and a mixture of green titanium
dioxide (TiO:) and graphene oxide (GO) was incorporated into the medium by sonication,
corresponding to the second modification stage (Membrane 2). At the end of this process, the
modified membrane was obtained. During the sample treatment, ultraviolet radiation was integrated
into the filtration process, inducing a photocatalytic effect on the effluent, thus comprising the third
stage of membrane modification (Membrane 3).

To verify the toxicity removal capacity of the membranes at each modification stage
(Membranes 1, 2, and 3), a complex matrix was used containing 1 pg L' of each of the following
pharmaceutically active compounds (PhACs): betamethasone, ketoprofen, fenofibrate, fluconazole,
loratadine, and prednisone, in order to create a synthetic effluent composed of emerging
contaminants. The efficiency in removing the toxicity of the synthesized pharmaceutical effluent was
evaluated at different stages of the sample treatment process (Figure 1). The feed is the raw sample,
a complex matrix of PhACs that is introduced into the membrane system to be treated; the concentrate
is the sample that is retained by the membranes, and the permeate is the treated sample. Therefore,
toxicity was assessed in the raw sample, as well as in the concentrate and permeate from each

membrane modification stage.
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Figure 1. Diagram of the sample collection scheme.
2.1. Aliivibrio fischeri Bioassay

For the bioassays using the luminescent marine bacterium Aliivibrio fischeri, the
MICROTOX® equipment was used. The tests were performed in accordance with the ABNT standard
(2012), directive NBR 15411-3, following the procedure recommended by the equipment
manufacturer. Before the test, the pH and salinity of the samples were checked, with no adjustment
being necessary, as per the procedure's requirements. The bacteria used in the assays were stored in
lyophilized (freeze-dried) form and were previously activated using a reconstitution solution. The
sensitivity of the bacteria was verified beforehand using a zinc sulfate heptahydrate solution (100 mg
L!) as a reference substance, ensuring the quality of the organisms.

The 50% Effect Concentration (EC50) was determined using the 81.9% Basic MICROTOX®
Test, utilizing nine dilutions (81.9%, 40.95%, 20.48%, 10.24%, 5.12%, 2.56%, 1.28%, 0.64%, and
0.32% v/v). Acute toxicity was determined through sample dilutions and measurements of bacterial
bioluminescence at 5, 15, and 30 minutes. The control for these assays consisted of a 2% sodium
chloride (NaCl) diluent solution, which is appropriate for marine bacteria. As it exhibited no toxicity,
the control results are not presented but were used to validate luminescence and determine the toxic
effect of the tested samples. The MicrotoxOmni® software was employed to compare the light
emission between the samples and the control solution; the higher the light emission, the lower the

toxicity of the sample. Toxicity was expressed as the percentage of effective concentration capable of
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producing an effect on half the population (EC50), with the effect being measured by the inhibition
of luminescence relative to the control sample (Dey et al., 2023; Gamez et al., 2019; Halmi et al.,

2014).

2.2. Allium cepa Bioassay

For the assays, commercial seeds of A/lium cepa L. cv. “Baia periforme” were used, following
the procedures described by Alvim et al. (2011) and Cunha Neto et al. (2023). The experiments were
conducted with 4 replicates in 70 mm Petri dishes, each containing two sheets of germitest paper
moistened with 3 mL of the treatment and 30 seeds. The plates were kept in a BOD (Biochemical
Oxygen Demand) type germination chamber (Ethiktechnology® 411 FPD) at 25°C with a 12-hour
photoperiod for twelve days, conditions considered ideal for this species according to the Rules for
Seed Analysis (Brasil, 2009).

The experiment was conducted in a completely randomized design with 4 replicates. The
dependent variables were analyzed via ANOVA followed by Tukey's test for mean comparison at a
5% nominal significance level. All analyses were performed using R software version 4.3.3 (R CORE
TEAM, 2023) through RStudio 2023.12.1+402 (R Studio Team, 2023) and the ExpDes package
(Ferreira et al., 2014).

2.3. Phytotoxicity

On the twelfth day of the experiment, the following parameters were evaluated: germination
percentage (%G), root elongation (RE), shoot length (SL), and fresh biomass (FB) (Cunha Neto et
al., 2023; Valente et al., 2022). For the measurement of morphological parameters, root elongation
and shoot length, the software ImageJ version 1.51k was used by analyzing photographs of the
seedlings. To determine the germination speed index (GSI), germination was assessed every 12 hours

until the end of the experiment using equation 1, as described by Chiapusio et al. (1997).
GSI=NI1 x 1+N2-N1 x 12+...+ Nn-Nn-1 x 1n
Where: Nn is the number of germinated seeds observed every 12 hours, while n is the evaluation

number.

2.4. Cytotoxicity
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After root protrusion, the root tips of Allium cepa were collected and fixed in Carnoy's
solution, then subsequently stored at -18°C (Martins et al., 2025). The cytological slides were
prepared using the squashing method, as described by Cunha Neto et al. (2023). To determine the
mitotic index (MI), 6000 cells were analyzed per treatment, as described in the following equation,
according to Mohammed et al. (2023). Chromosomal abnormalities, including chromosome bridges,

micronuclei, lost chromosomes, C-metaphases, and sticky chromosomes, were quantified.

MI = (Number of dividing cells / Total number of evaluated cells) x 100

The synthesis of the cyto-genotoxic effect was calculated as the mitotic cyto-genotoxic effect

(CGE), clastogenic alterations (CA), and aneugenic alterations (AA). Where:

CGE = Total mitotic chromosome abnormalities / Number of dividing cells

CA = (Chromosome bridges + breaks) / Number of analyzed anaphase and telophase cells

AA = (Sticky chromosomes + c-metaphases + lost and lagging chromosomes) / Total number of

metaphase, anaphase, and telophase cells

2.5. Quantification of hydrogen peroxide and lipid peroxidation

Using liquid nitrogen, 0.1 g of the plant sample was macerated with the addition of 20%
polyvinylpyrrolidone (PVPP) (w/v), homogenized in 1.5 mL of 0.1% trichloroacetic acid (TCA)
(w/v), and centrifuged at 10,000 rpm for 10 minutes at 4 °C. The concentration of hydrogen peroxide
(H20:) was determined by measuring the absorbance at 390 nm in a reaction medium containing 100
mM potassium phosphate buffer at pH 7.0 and 1 mol L™! potassium iodide (Velikova et al., 2000).

For the quantification of lipid peroxidation, 125 pL of the supernatant was used, which was
mixed with 250 pL of 0.5% thiobarbituric acid (TBA) and 10% trichloroacetic acid. The solution was
heated in a water bath at 95°C for thirty minutes, followed by cooling on ice. The absorbance was

evaluated at 535 and 600 nm (Buege and Aust, 1978).

2.6. Quantification of superoxide dismutase (SOD)

After storage, extracts were obtained from 0.1 g of the sample by cold maceration in liquid

nitrogen with the addition of 20% polyvinylpolypyrrolidone (PVPP) (w/v). The macerated material
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was homogenized in 1.5 mL of extraction buffer (400 mM potassium phosphate — pH 7.8; 10 mM
EDTA, 200 mM ascorbic acid, and water) (Biemelt et al., 1998) and then centrifuged at 10,000 rpm
for 10 minutes at 4 °C. The supernatant was collected and stored in an ultra-low temperature freezer
(-80 °C).

The activity of SOD was determined by the enzyme's capacity to inhibit the photoreduction
of nitroblue tetrazolium (NBT). Readings to determine enzymatic activity were taken at 560 nm. One
unit of SOD corresponds to the amount of enzyme capable of inhibiting the NBT photoreduction by
50% under the test conditions. The results were expressed in U min' kg™ protein™' (Giannopolitis

and Ries, 1977).

3. Results and discussions

3.1. Aliivibrio fischeri Bioassay

The results regarding the effect of the samples on luminescent bacteria are expressed as the
effective concentration percentage (EC50), representing the reduction in luminescence in half of the
initial population at specific exposure times: 5, 15, and 30 minutes (Table 1). A lower EC50 value
indicates that a smaller concentration is sufficient to cause an effect in half the population, thus
suggesting higher toxicity (Schiir et al., 2023). A reduction in the luminescence of Aliivibrio fischeri
bacteria was observed for the mixture of pharmaceutically active compounds (PhACs) in the feed

(raw sample) and in the concentrate for all evaluated membranes.

Table 1. Results as the effective concentration percentage (EC50) that causes a 50% reduction in the
luminescence of the bacterial population at 5, 15, and 30 minutes. Feed - raw sample; C - concentrate
sample; P - permeate sample; M1 - first recycled ultrafiltration membrane without modifications; M2
- second recycled membrane modified with green titanium dioxide (TiO:) and graphene oxide (GO);
M3 - third recycled membrane modified with TiO:-GO and photocatalysis.

Sample 5 15’ 30
Feed 10.39% 9.75% 0.60%
M1C 11.32% 11.79% 11.01%
M2 C 23.30% 21.95% 20.81%
M3 C 49.77% 79.04% 49.93%
M1P - hormesis hormesis
M2 P hormesis hormesis hormesis
M3 P hormesis hormesis hormesis

Among the concentrate samples, the mixture from the membrane that was only recycled (M1

C) showed the highest toxicity (EC50 of 11.01% at 30 minutes of exposure), while the concentrate
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from membrane 3 (M3 C) exhibited the lowest toxicity, requiring 79.04% of the sample to cause an
effect on the Aliivibrio fischeri population at 15 minutes of exposure (Table 1).

Regarding the permeates, response patterns characterized by the induction of hormesis were
observed, a phenomenon in which exposure to low doses of a stressing agent results in a beneficial
or adaptive response. This phenomenon can be observed when the tested substance shows a
stimulatory effect on biological activity at low doses, followed by an inhibitory or toxic effect at
higher doses (Mattson, 2008). For the permeate of the first membrane (M1 P) at 5 minutes, it was not
possible to calculate the regression due to the irregular dispersion of the bioluminescence data. Other
studies conducted with the bacterium A. fischeri have also reported the hormesis effect in bioassays
performed with pharmaceutical effluents (Mennillo et al., 2018; Silva et al., 2019).

Based on the results obtained from the exposure of the bacterium A. fischeri to the
pharmaceutical effluents, it can be affirmed that all tested membranes were efficient in removing the
analyzed toxicants. Li et al. (2023) confirmed that ultrafiltration (UF) membranes are effective in
controlling antibiotic resistance pollution in wastewater treatment systems. Similarly, Palma et al.
(2016) reported a reduction in toxicity to A. fischeri with nanofiltration and reverse osmosis
membrane treatments. In their study, the efficiency of reverse osmosis (RO) and nanofiltration (NF)
membranes was analyzed for samples of three different types of water (drinking water, irrigation
water, and domestic wastewater). The authors verified that both had excellent performance in
removing toxicants; however, considering the high energy consumption for the operation of the
reverse osmosis membrane, the use of NF is more economically favorable, justifying the use of RO
only for waters with high toxicity.

When analyzing the effective concentration percentage that causes a 50% reduction in the
bacterial population's luminescence (EC50), the membrane that retains the most compounds, the
recycled membrane without modifications (M1 C), could be a viable choice when considering
retention exclusively. However, the evaluation of concentrates from membrane-based treatment
processes is also an essential step for assessing treatment efficiency, given that the concentrate may
either be directly discharged into the watercourse or recirculated back into the treatment process along
with the feed (Mierzwa et al., 2008). Thus, for both situations, the quality of the concentration is a
crucial factor for decision-making.

In addition to retention by ultrafiltration, the treatment capacity attributed to the presence of
titanium dioxide (TiO2) and graphene oxide (GO) must also be considered. In the third membrane
(M3), the inclusion of photocatalysis intensifies the degradation process of organic matter in the
effluent. According to Siagian et al. (2021), ultrafiltration membranes with photocatalytic action tend
to have superior performance compared to simple ultrafiltration membranes, tending to generate low

molecular weight molecules, which can agglomerate, change conformation, or have synergistic or
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antagonistic effects during and after effluent treatment (Yang et al., 2021). Another study with a TiO:-
modified membrane demonstrated that the efficiency of the photocatalytic treatment generated a
permeate similar to that of a hybrid system of radiation peroxidation with UV/H.O. oxidation
(Szymanski et al., 2018).

Li et al. (2023) observed greater performance for membranes treated with carbon nanotubes,
with higher degradation of the antibiotics tetracycline, chloramphenicol, and sulfamethoxazole. That
study was also conducted using bioassays with the bacterium A. fischeri. Furthermore, those authors
observed an improvement in anti-fouling properties, which further proves the viability of hybrid

electroactive membranes in real-world advanced wastewater treatment processes.

3.2. Allium cepa Bioassay

The germination percentage, germination speed index, shoot length, and root elongation
showed no statistical difference between the treatments and the negative control, according to Tukey's
mean comparison test (Figure 2). Therefore, no toxicity from the samples was found for germinative
and early growth parameters. Maselli et al. (2015) also found no toxicity in effluent samples generated
and treated by a veterinary pharmaceutical company in assays with Allium cepa and Lactuca sativa.
Those authors suggest that the low toxicity of the samples used in the bioassays was due to the lower

concentrations of antibiotics present in the treatments.
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Figure 2. Effects of synthetic emerging contaminants treated by recycled and modified membranes
on the germination and early growth variables of Al/lium cepa seeds. Treatments shown are: negative
control (CN), feed (A), and the concentrate (C) and permeate (P) for each membrane. M1: first
recycled ultrafiltration membrane without modifications; M2: second recycled membrane modified
with green titanium dioxide (TiO2) and graphene oxide (GO); M3: third recycled membrane modified
with TiO.-GO and photocatalysis. The panels represent: A) germination percentage (%); B)
germination speed index; C) shoot length (cm) and root elongation (cm). Columns with the same
letter are not statistically different from each other according to Tukey's test at a 5% significance
level.

The efficacy of phytotoxicity tests for detecting the toxicity of effluents containing
pharmaceutical toxicants is reported in the literature (Souza et al., 2022; Omotola et al., 2023). Hillis
et al. (2011) also observed low phytotoxicity for 10 antibiotics on the germination and early growth
of plants, using L. sativa, Medicago sativa, and Daucus carota, with an EC25 ranging from 3.9 to
10,000 pug L', The present study used concentrations of 1 pug L' for each of the pharmaceutically
active compounds, which justifies the lower toxicity observed in the germinative parameters for A.
cepa.

The results for the variables related to the biochemical apparatus of the onion seedlings
(Figure 3), according to Tukey's mean comparison test, indicate that there was stress on the lipid
bilayer of the cells in seedlings exposed to the concentrates from the three ultrafiltration membranes.
This is indicated by the increased quantification of lipid peroxidation (LP), with the highest value

observed for the concentrate of membrane 3 (M3).
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Figure 3. Effects of synthetic emerging contaminants treated by recycled and modified membranes
on the biochemical quantification variables of Allium cepa seeds. Treatments shown are: negative
control (CN), feed (A), and the concentrate (C) and permeate (P) for each membrane. M1: first
recycled ultrafiltration membrane without modifications; M2: second recycled membrane modified
with green titanium dioxide (TiO2) and graphene oxide (GO); M3: third recycled membrane modified
with TiO2-GO and photocatalysis. The panels represent: A) Quantification of superoxide dismutase
(SOD) (U min! kg™ protein'); B) quantification of lipid peroxidation (nmol MDA g' FW); C)
quantification of hydrogen peroxide (mmol H20. g FW). Columns with the same letter are not
statistically different from each other according to Tukey's test at a 5% significance level.

Hydrogen peroxide is a reactive oxygen species that indicates oxidative stress in plants and
can accumulate in response to environmental stresses (Gaschler and Stockwell, 2017). The hydrogen
peroxide values for all treatments were lower compared to the negative control (Figure 3 C). In
contrast, the permeate samples from the three membranes caused less stress in the plants when
compared to the feed and concentrate samples. This lower stress was observed in the quantification
of lipid peroxidation (Figure 3 B) and in the activity of the superoxide dismutase enzyme (Figure 3
A), suggesting that all membranes are efficient in treating the sample containing the mixture of
pharmaceutically active compounds (PhACs).

Garcia-Medina et al. (2020) also observed an increase in the levels of lipoperoxidation and
hydroperoxides, even in organisms exposed to the lowest concentration of the emerging pollutant.
According to Gworek (2019), many plant species are susceptible to antibiotics that can affect
chloroplast replication, transcription and translation of metabolic biosynthesis pathways, and fatty
acid synthesis; however, this was not visualized in the present study.

Regarding the results of the mitotic index for A//ium cepa (Table 2), no statistically significant
differences were observed among the means. However, for the frequency of abnormalities, the
analyses show significant differences in the clastogenic and aneugenic potential of the solutions

containing PhACs, particularly for the permeate of membrane 3 (M3).
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Table 2. Effects of synthetic emerging contaminants treated by recycled and modified membranes on
the mitotic index of Allium cepa. FCA = Frequency of chromosomal abnormalities; CGE = Cyto-
genotoxic effect.

T Cyto-genotoxic effect (%)
Treatments Mitotic index FCA* Nuclear

% Lok ok

(%) CGE Abnormality Clastogenic Aneugenic
CN 3.70 0.38b  0.02 0.0 9.96b 10.49b
A 3.12 0.40b 0.02 0.0 12.7a 12.09b
C 3.20 0.27b 0.0 0.0 8.30b 8.30b
M P 3.27 0.17b  0.02 0.90 3.91b 4.88b
M2 C 2.50 0.32b 0.0 0.0 12.75a 12.74b
P 3.91 0.32b 0.0 0.60 7.97b 8.35b
M3 C 3.57 0.38b 0.0 0.0 11.02a 11.02b
P 3.90 0.68a 0.0 0.0 16.74a 17.61a

Variables with an asterisk (*) show a significant difference according to Tukey's test (5%).

In general, the tested samples did not cause effects on the mitotic index; however, a cyto-
genotoxic effect was observed with higher frequencies of clastogenic and aneugenic abnormalities
for the permeate of membrane 3 (M3). Therefore, the size of the particles generated by M3, and even
the interaction between these molecules at the end of the photocatalysis process (permeate sample),
may cause genotoxic damage to the plant cells.

Garcia-Medina (2020) found DNA damage in the nuclei of 4. cepa root meristems exposed
to 1 and 31.36 pg L' of carbamazepine at different exposure times, an effect that is related to the
oxidation of lipids and proteins. Diniz et al. (2023) also observed chromosomal abnormalities in 4.
cepa exposed to samples with the active pharmaceutical compound nevirapine and a nevirapine-based
medication. The authors also recorded a greater aneugenic effect in the analyzed meristematic cells.

Therefore, from the results obtained through the bioassays, it is observed that the concentrate
from the three membranes is toxic, except for the concentrate from membrane 3 (M3) to A. fischeri.
The hypothesis is that, in the concentrate of membrane 3 (M3), the molecules are not available to the
bacteria, which may be related to the membrane permeability of these organisms or to the size of the
particles formed, given that the molecules were likely fragmented by photocatalysis. However, these
molecules are available to the plant cells, causing mechanical damage to the tissue, which was
indicated by the biochemical analyses. The higher lipid peroxidation (LP) suggests greater damage is
occurring to the plant cell membranes and, consequently, there is an activation of the superoxide
dismutase (SOD) enzyme, proving that the plant experienced stress. Thus, in response, the plant had
an efficient antioxidant system, evidenced by the activation of SOD.

The separation of toxic pollutants using ultrafiltration membranes is a process that

decontaminates water through interception, representing a promising technology due to its high flux,
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good performance, and low negative effects (Ren et al., 2021). However, the performance of
ultrafiltration membranes can be hindered by selectivity and permeability (Park et al., 2017), being
ineffective in removing low molecular weight organic compounds and heavy metal ions (Shi et al.,
2017). Thus, to improve the efficiency of these membranes, catalytic oxidation and other treatment
processes are advantageous for better decontamination, as they can produce reactive species (such as
radicals), which then degrade and mineralize organic pollutants or transform low-valence inorganic
substances to reduce toxicity (Boczkaj and Fernandes, 2017; Ren et al., 2021).

The results of this study highlight the importance of a comprehensive toxicity and
environmental impact assessment when using new water treatment technologies, such as recycled and
modified ultrafiltration membranes. The efficiency of these membranes in removing toxicants was
confirmed through ecotoxicological tests with the species Aliivibrio fischeri and Allium cepa, offering
a dual-organism approach for toxicity evaluation. These analyses demonstrated that in addition to
contaminant removal, it is essential to understand the interactions that can occur during treatment,
which may interfere with the biological response. This type of study is essential for analyzing toxicity
at a biological level, something chemical analyses cannot encompass, and for verifying that

innovations in effluent treatment do not introduce new risks to the environment.

4. Conclusion

For the species Aliivibrio fischeri, although toxicity was verified in the system's feed samples,
analysis of the permeate samples showed that all membranes used were effective in removing this
toxicity, especially when photocatalytic processes were employed. The bacteria exhibited hormesis
in response to the permeate samples, indicating that the tested substance may have a stimulatory effect
on biological activity at low doses, followed by an inhibitory or toxic effect at higher doses.

No phytotoxic effect was observed for Allium cepa in the germination and early growth
parameters, but a geno-cytotoxic effect was present for the concentrate and permeate samples from
the analyzed membranes. The biochemical analysis demonstrated greater oxidative stress in the plants
exposed to the concentrate samples, with the highest values for membrane 3 (M3). Higher frequencies
of clastogenic and aneugenic abnormalities were also observed in the permeate samples from M3.
These results suggest that the size of the particles generated by M3, and possibly even the interaction
between these molecules at the end of the photocatalysis process, may cause genocytotoxic damage
to the plant cells.

It is concluded, therefore, that all recycled ultrafiltration membranes modified with titanium
dioxide and graphene oxide were effective in removing pharmaceuticals and their toxic effects in

aquatic environments, with better efficiency observed for membranes M1 and M2. These findings
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emphasize the need to evaluate not only the efficiency of contaminant removal but also the potential
impacts on aquatic biota, reinforcing the relevance of ecotoxicological studies to ensure that new

treatment technologies do not introduce additional risks to the environment.
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5 CONSIDERACOES FINAIS

A crescente presenca de contaminantes emergentes, especialmente farmacos, em
ambientes aquaticos evidencia a urgéncia no desenvolvimento de soluces inovadoras e
sustentaveis para o tratamento de efluentes. Tecnologias convencionais tém se mostrado
insuficientes diante da persisténcia desses compostos, reforcando a necessidade de métodos
eficientes, viaveis e ecologicamente responsaveis. Nesse contexto, a reciclagem de membranas
de osmose reversa para ultrafiltracdo surge como alternativa promissora, conciliando
reaproveitamento de materiais com eficiéncia no tratamento.

Os resultados obtidos nesta pesquisa demonstram que as membranas recicladas e
modificadas foram capazes de reduzir a toxicidade das amostras contendo residuos
farmacéuticos, conforme evidenciado principalmente pelos ensaios com Aliivibrio fischeri, que
apontaram toxicidade nas solugcfes de alimentagdo do sistema e reducdo significativa dessa
toxicidade nos permeados. Observou-se ainda que todas as membranas avaliadas apresentaram
eficiéncia satisfatéria na remocdo dos compostos, com destaque para aquelas submetidas a
fotocatalise, que promoveram melhor desempenho no tratamento. Em determinados casos, a
resposta bacteriana apresentou hormese, indicando estimulo da atividade biol6gica em baixas
concentragdes seguido de efeito inibitdrio ou toxico em concentracdes mais elevadas.

No bioensaio com Allium cepa, a auséncia de efeitos nos parametros fitotécnicos indica
baixa toxicidade residual, embora o aumento de peroxido de hidrogénio e SOD aponte estresse
celular nos concentrados. Esses resultados reforcam a necessidade de pos-tratamento e
integracdo com estratégias complementares, como processos oxidativos avancados ou sistemas
hibridos. A andlise citogenotoxica mostrou auséncia de efeito no indice mitotico, mas maior
ocorréncia de anomalias cromossdmicas no permeado da M3.

Espera-se que esta pesquisa incentive o0 avanco de novos estudos na area, incluindo
avaliacGes de longo prazo, aplicagdo em matrizes reais, aprimoramento dos métodos de
modificagdo de membranas e associacdo com outras tecnologias de tratamento. Sugere-se,
ainda, a ampliacdo de bioensaios com diferentes organismos-teste para validagdo
ecotoxicoldgica mais robusta frente a diversidade de contaminantes emergentes. O
desenvolvimento e consolidacdo de solugdes eficazes para o tratamento de aguas residuais €
essencial para promover equilibrio ambiental, reduzir riscos a biota e garantir a preservacéo dos

recursos hidricos em um cenario de crescente pressao sobre 0s ecossistemas aquaticos.
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