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Resumo 
 
 
 

 
DEMARCO, Carolina Faccio. Mecanismos de absorção e adsorção de biofiltros 
para biorremediação de ambientes aquáticos contaminados com SARS-CoV-2 
e metais pesados. Orientador: Robson Andreazza.146 f. Tese (Doutorado em 
Ciência e Engenharia de Materiais) – Centro de Desenvolvimento Tecnológico, 
Universidade Federal de Pelotas, Pelotas, 2023. 
 
Os ambientes aquáticos são comumente afetados pelas diversas atividades 
antropogênicas, incluindo o lançamento de efluentes domésticos e industriais sem 
tratamento, atividades agrícolas e de mineração. Entre os contaminantes, os metais 
pesados representam grande preocupação pela toxicidade e propriedade de 
bioacumulação, afetando diretamente a qualidade ambiental e saúde da população. 
Entre as alternativas de remoção de metais pesados, a utilização de plantas como 
agentes de descontaminação apresenta destaque, e as macrófitas aquáticas vem 
sendo estudadas devido a habilidade natural de remoção de contaminantes. 
Primeiramente, foi realizada uma comparação entre o potencial natural de remoção 
de metais pesados pelas espécies de macrófitas E. anagallis, H. ranunculoides, H. 
grumosa, e S. montevidensis em uma área altamente antropizada no município de 
Pelotas/RS. Entre elas, verificou-se através dos índices de fitorremediação que H. 
ranunculoides apresentou destaque pelo fator de bioconcentração (BCF). Desse 
modo, a espécie H. ranunculoides foi selecionada para realização do estudo de 
avaliação dos mecanismos de resistência ao Cromo(VI), em um período de exposição 
de 7 dias e com avaliação de parâmetros de crescimento, pigmentos fotossintéticos, 
peroxidação lipídica via ensaio TBARS, compostos fenólicos totais, enzimas 
antioxidantes, FT-IR, teores de cromo e nutrientes, índices de fitorremediação, 
observações de superfície e citológicas, juntamente com análise de TGA. Verificou-se 
que a espécie de planta demonstrou restauração de pigmentos fotossintéticos, 
alteração nos grupos funcionais e nas células epidérmicas, juntamente com o 
aumento das concentrações de Cr(VI). Na comparação inicial entre as espécies, 
também verificou-se que H. grumosa e S. montevidensis destacaram-se pelo potencial 
de fitorremoção (g ha-1). Desse modo, a espécie H. grumosa foi selecionada para o 
estudo de remoção de SARS-CoV-2, vírus causador da pandemia de COVID-19, a 
qual apresentou sérias consequências na saúde da população mundial, tendo 
causado mais de 6,6 milhões de mortes. O enfrentamento à pandemia demandou o 
desenvolvimento de diferentes pesquisas, e este trabalho encontra-se entre elas, 
visando desenvolver um material adsorvente para remoção de SARS-CoV-2 de águas 
residuárias. Para isso, a espécie H. grumosa foi utilizada em sua forma in natura e em 
forma de carvão ativado para a adsorção de SARS-CoV-2. Como resultados 
encontrados, destaca-se o excelente potencial de remoção encontrado: 98,44% por 
H. grumosa in natura, e 99,61% por carvão ativado produzido com H. grumosa. 
Considerando os resultados encontrados, realizou-se uma proposta inicial de 
dispositivos de biofiltros flutuantes a fim de aplicar as espécies H. ranunculoides e H. 
grumosa na descontaminação de cromo e SARS-CoV-2, respectivamente.  
 
Palavras-chave: ilhas flutuantes artificiais; fitorremediação; adsorção SARS-CoV-2; 
remediação cromo hexavalente; biomateriais.   



 
 

Abstract  
 
 
 

 
DEMARCO, Carolina Faccio. Mechanisms of absorption and adsorption of 
biofilters for bioremediation of aquatic environments contaminated with SARS-
CoV-2 and heavy metals. Advisor: Robson Andreazza. 146 f. Thesis (PhD in 
Science and Engineering of Materials) – Technological Development Center, Federal 
University of Pelotas, Pelotas, 2023.  
 
Aquatic environments are commonly affected by several anthropogenic activities, 
including the release of untreated domestic and industrial effluents, agricultural and 
mining activities. Among the contaminants, heavy metals are of great concern due to 
its toxicity and bioaccumulation property, directly affecting the environmental quality 
and population health. Among the alternatives for removing heavy metals, the use of 
plants as decontamination agents stands out, and aquatic macrophytes have been 
studied due to their natural ability to remove contaminants. Firstly, a comparison was 
made among the natural potential for removal of heavy metals by the macrophyte 
species E. anagallis, H. ranunculoides, H. grumosa, and S. montevidensis in a highly 
anthropized area in the municipality of Pelotas/RS. Among them, it was verified 
through the phytoremediation indices that H. ranunculoides was highlighted by the 
bioconcentration factor (BCF). Thus, the species H. ranunculoides was selected to the 
study to evaluate the mechanisms of resistance to Chromium(VI), in an exposure 
period of 7 days and with the evaluation of growth parameters, photosynthetic 
pigments, lipid peroxidation via TBARS assay, total phenolic compounds, antioxidant 
enzymes, FT-IR, chromium and nutrient contents, phytoremediation indices, surface 
and cytological observations, along with TGA analysis. It was found that the plant 
species demonstrated restoration of photosynthetic pigments, alteration in functional 
groups and in epidermal cells, along with increased concentrations of Cr(VI). In the 
initial comparison between species, it was also verified that H. grumosa and S. 
montevidensis stood out for their phytoremoval potential (g ha-1). Thus, the H. grumosa 
species was selected for the study to remove SARS-CoV-2, the virus that caused the 
COVID-19 pandemic, which had serious consequences for the world's population 
health, been responsible for more than 6.6 million of deaths. Coping with the pandemic 
demanded the development of different researches, and this work is among them, 
aiming to develop an adsorbent material to remove SARS-CoV-2 from wastewater. For 
this, the species H. grumosa was used in natura form and in the form of activated 
carbon for the adsorption of SARS-CoV-2. As results found, it is highlighted the 
excellent removal potential found: 98.44% by H. grumosa in natura, and 99.61% by 
activated carbon produced with H. grumosa. Considering the results found, an initial 
proposal of floating biofilter devices was made aiming to apply the species H. 
ranunculoides and H. grumosa in the decontamination of chromium and SARS-CoV-
2, respectively. 
 
 
Keywords: artificial floating islands; phytoremediation; SARS-CoV-2 adsorption; 
hexavalent chromium remediation; biomaterials. 
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1  Introdução 

 
 

A degradação dos recursos hídricos está intrinsecamente relacionada com a 

rápida urbanização, atividades industriais e formação de aglomerados urbanos em 

conjunto com uma gestão ineficiente de uso e ocupação do solo (LU et al., 2015). A 

liberação de poluentes através de emissões veiculares, disposição inadequada de 

resíduos sólidos, indústrias químicas e atividades de mineração, comumente afetam 

a qualidade dos solos e consequentemente a qualidade da água, devido à adição de 

metais pesados e outros compostos (AHMED; AHMARUZZAMAN, 2016).  

A poluição da água por contaminantes orgânicos e inorgânicos representa um 

desafio atual, e a tentativa de remoção desses elementos é objeto de estudo de 

diferentes pesquisas (SAJID et al., 2018). Os metais pesados, em particular, 

apresentam propriedades de não-biodegradabilidade, toxicidade e potencial de 

bioacumulação, representando desse modo uma ameaça à qualidade ambiental e 

saúde da população (QING; YUTONG; SHENGGAO, 2015). 

Outra questão de extrema relevância é presença de patógenos emergentes, 

que tem atraído atenção devido aos riscos que apresentam à saúde da população. 

Um exemplo é o SARS-CoV-2, tendo em vista a pandemia de COVID-19. A detecção 

de partículas virais em águas residuárias acendeu um alerta em termos de 

transmissão de doenças através dos sistemas de esgotamentos sanitários. No caso 

do SARS-CoV-2, apesar da rota significativa de transmissão ser via inalação de 

aerossóis, a excreção de partículas virais através das fezes, saliva e fluidos corporais 

fez com que cargas virais fossem detectadas em águas residuárias (LAHRICH et al. 

2021). 

Entre os processos convencionais de remoção de contaminantes de soluções 

aquosas, encontra-se a adsorção. Diversos estudos visam identificar novos materiais 

que possam ser utilizados como adsorventes, de modo a obter maior eficiência de 

remoção com um menor custo de produção. As biomassas vegetais, incluindo as 

macrófitas aquáticas, são alternativas para a produção de novos adsorventes e vem 

sendo estudadas devido a facilidade de obtenção dessas espécies (BIND et al. 2018).  

Devido a sua composição e estrutura, as biomassas lignocelulósicas 

apresentam características que favorecem o processo adsortivo, como por exemplo, 

a presença dos grupamentos funcionais específicos que permitem a ligação do 



12 
 

material ao contaminante. Visando aumentar a eficiência do processo, os adsorventes 

podem ser modificados quimicamente ou fisicamente (MAIA; SOARES; GURGEL, 

2021).  

As macrófitas aquáticas apresentam também potencial de remoção de 

contaminantes no meio, servindo como filtros naturais em áreas contaminadas. 

Estudos demonstram que nutrientes como fósforo e nitrogênio podem ser absorvidos 

naturalmente (SUDIARTO; RENGGAMAN; CHOI 2019), bem como metais pesados 

(ALI et al. 2020). As macrófitas aquáticas também são responsáveis por promover um 

ambiente favorável ao aparecimento de microrganismos na zona de raízes, o que 

facilita a retenção e/ou transformação dos contaminantes. Outra característica é a 

redução da velocidade do fluxo da água, permitindo a redução dos sólidos dissolvidos 

e consequentemente reduzindo a turbidez (WANG et al. 2021). 

Uma das formas de aplicabilidade das plantas vivas para remediação de corpos 

hídricos contaminados são os biofiltros do tipo ilha flutuante. O sistema consiste em 

um dispositivo onde as plantas permanecem flutuando na coluna de água e, as raízes 

realizam a filtração e permitem a formação de biofilme de microrganismos (SAMAL; 

KAR; TRIVEDI 2019). Para eficaz utilização desse sistema, deve-se mencionar a 

necessidade de retirada das plantas após a capacidade limite de remoção de 

contaminantes, visando evitar a reentrada dos compostos na coluna d’água devido ao 

processo de decomposição dos tecidos da planta (WANG et al. 2020). A destinação 

adequada dessa biomassa após a retirada é parte fundamental para garantir que não 

exista geração de poluição secundária e, ao mesmo tempo, permite gerar subprodutos 

de valor agregado. Alguns estudos já demonstraram a conversão da biomassa de 

macrófitas em adsorventes, produção de biogás, biochars, entre outros. Essa 

conversão da biomassa vai ao encontro da economia circular e produção limpa e 

demanda maiores estudos para efetiva aplicação (KURNIAWAN et al. 2021).  

Desta forma, o presente trabalho propõe comparar os mecanismos naturais de 

fitorremediação através dos quais as macrófitas aquáticas Enydra anagallis, 

Hydrocotyle ranunculoides, Hymenachne grumosa, e Sagittaria montevidensis estão 

naturalmente removendo os metais pesados cromo, zinco, níquel, cádmio, chumbo e 

cobre in situ, em uma área altamente antropizada no município de Pelotas/RS.  

Entre essas espécies, duas foram selecionadas para os experimentos 

posteriores. Uma delas foi utilizada como bioadsorvente – tanto in natura quanto na 

forma de carvão ativado e outra espécie foi utilizada em sua forma viva. Mais 
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especificamente, a pesquisa visa identificar os mecanismos através dos quais outra 

espécie de macrófita aquática - Hymenachne grumosa, responde ao processo 

adsortivo de SARS-CoV-2, tanto como bioadsorvente in natura, quando na forma de 

carvão ativado. Também propõe identificar os mecanismos através dos quais a 

macrófita aquática Hydrocotyle ranunculoides tolera altas concentrações de cromo 

(VI) em experimento de hidroponia, realizando caracterizações de parâmetros de 

crescimento, pigmentos fotossintéticos, peroxidação lipídica, grupamentos funcionais, 

observações morfológicas de superfície e citológicas. Ambas as espécies 

selecionadas permitiram a proposta teórica inicial de novos dispositivos de biofiltração 

e visam servir como base para aplicação em técnicas de biorremediação de ambientes 

contaminados.  
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2 Objetivos 
 

2.1 Objetivos Gerais 
 

Comparar os mecanismos naturais de fitorremediação através dos quais as 

macrófitas aquáticas E. anagallis, H. ranunculoides, H. grumosa, e S. montevidensis 

estão naturalmente removendo metais pesados. Avaliar o potencial da biomassa seca 

de H. grumosa in natura e em forma de carvão ativado para a adsorção de SARS-

CoV-2, visando a obtenção de um novo adsorvente. Além disso, objetivou identificar 

os mecanismos de resistência ao Cromo (VI) apresentados pela espécie de macrófita 

aquática H. ranunculoides visando o entendimento dos fatores que tornam essa 

espécie tolerante a esse metal pesado. O estudo visou embasar a proposta de 

dispositivos de biofiltros para aplicação em recuperação de áreas contaminadas.  

 
 

2.2 Objetivos Específicos 
 

 Comparar o potencial natural das espécies E. anagallis, H. ranunculoides, H. 

grumosa, e S. montevidensis através dos índices de fitorremediação; 

 Produzir os bioadsorventes H. grumosa in natura e H. grumosa carvão ativado; 

 Caracterizar quimicamente, estruturalmente e morfologicamente os 

bioadsorventes produzidos; 

 Avaliar o potencial adsortivo de SARS-CoV-2 pelos bioadsorventes H. grumosa 

in natura e H. grumosa carvão ativado; 

 Propor a aplicação de dispositivos de biofiltração utilizando os bioadsorventes 

produzidos;  

 Identificar os principais efeitos em H. ranunculoides visando entender aspectos 

da tolerância ao Cromo (VI); 

 Caracterizar a espécie H. ranunculoides quanto à tolerância ao Cromo (VI) 

através de parâmetros de crescimento e teores de macronutrientes; pigmentos 

fotossintéticos; peroxidação lipídica; atividades enzimáticas; grupamentos 

funcionais; índices de fitorremediação; morfologia da superfície; e análise 

citológica. 

 Propor a aplicação de dispositivos de biofiltração do tipo ilhas flutuantes 

utilizando a espécie H. ranunculoides. 
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3 Revisão Bibliográfica 
 

3.1 Metais pesados  
 
Os metais pesados são elementos presentes naturalmente no ambiente, com 

liberação que pode ser de origem natural, por intemperismo das rochas e pedogênese, 

ou por atividades antropogênicas, como por exemplo as atividades industriais e 

descarte inapropriado de efluentes (GARG; GAUNS, 2023). A poluição por metais 

pesados representa um grande risco devido ao seu potencial de permanência no 

ambiente e bioacumulação em plantas e animais em suas cadeias tróficas, causando 

danos aos organismos mesmo em baixas concentrações (INOBEME et al. 2023). 

As consequências da presença de concentrações excessivas de metais 

pesados no organismo humano são, de modo geral: danos aos rins e ossos, 

problemas endócrinos, cardiovasculares e neurológicos, além de potencializar o 

desenvolvimento de câncer (RENIERI et al., 2019). A Tabela 1 apresenta os metais 

pesados mais conhecidos pelos efeitos deletérios à saúde humana, juntamente com 

os valores de referência estabelecidos pela World Health Organization (WHO, 2011), 

além de descrever os principais efeitos toxicológicos ao organismo humano.  

 

Tabela 1 - Valores de referência em água potável e efeitos toxicológicos de alguns metais pesados à 
saúde humana. 

Elemento 
Valor de 

referência 
(mg L-1) 

Efeitos toxicológicos 

As 0,01 

Alterações na pigmentação da pele; lesões nas palmas das mãos e 
pés; efeitos no sistema renal, gastrointestinal e cardiovascular, bem 
como aumento da pressão arterial; carcinogênico. Gestantes com 
exposição ao As apresentam aumento do risco de aborto ou 
nascimento prematuro. 

Cd 0,003  
Disfunção renal com reabsorção prejudicada de proteínas, glicose e 
aminoácidos; alterações pulmonares; carcinogênico.  

Cr 0,05 
Problemas respiratórios, renais, gastrointestinais e cardiovasculares; 
irritação na pele; carcinogênico. 

Cu 2,0 
Sangramento gastrointestinal; toxicidade hepatocelular; insuficiência 
renal aguda; anemia; problemas respiratórios. 

Pb 0,01 
Danos ao cérebro do feto; efeitos aos rins, sistema circulatório e 
sistema nervoso 

Hg 0,006 
Efeitos tóxicos nos sistemas nervoso, digestivo e imunológico e nos 
pulmões, rins, pele e olhos. 

Ni 0,07 
Efeitos de citotoxicidade, potencial mutagênico e carcinogênico, 
dermatite e hipersensibilidade na cavidade oral. 

Zn 0,12* Náuseas, vômito e febre.  

Fonte: Adaptado de WHO (2011) e USEPA (2006)*. 
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3.1.1 Cromo (Cr) 

 
O cromo apresenta número atômico 24 e massa atômica 51,996 u. O elemento 

tem ocorrência natural na crosta terrestre e pode existir em diferentes valências, 

porém, as formas mais comumente encontradas são Cr0, Cr3+e Cr6+. O estado 

trivalente ocorre de maneira natural no ambiente, enquanto as formas Cr6+ e Cr0 são 

normalmente geradas por processos industriais (ANASTOPOULOS et al., 2017). 

O cromo é comumente utilizado em aplicações industriais na sua forma Cr (VI) 

devido à propriedade anticorrosiva, visto que a redução de Cr (VI) à Cr (III) forma 

camadas de precipitação que são mais estáveis em diversas condições químicas 

(GORNY et al., 2016). Desse modo, os usos mais comuns são para preservação de 

madeira, tratamento de couro, produção de cimento e tinta e no processo de 

galvanização (ANASTOPOULOS et al., 2017) 

As principais fontes de cromo em ambientes aquáticos são a disposição 

inadequada de efluentes industriais, bem como lixiviação de aterros sanitários e de 

áreas de mineração (MISHRA; BHARAGAVA, 2016). Em meio aquoso, o elemento 

ocorre principalmente nos estados trivalente e hexavalente, os quais apresentam 

diferenças em relação a sua mobilidade, solubilidade, biodisponibilidade e toxicidade, 

sendo o Cr (VI) biologicamente mais tóxico do que a forma Cr (III). Enquanto o Cr (III) 

é caracterizado por ser um nutriente essencial ao ser humano em baixas 

concentrações, o Cr (VI) apresenta a característica de ser tóxico e carcinogênico 

(ALMEIDA et al., 2019). 

O elemento Cr (VI) é altamente solúvel e rapidamente permeável, tendo 

interação com proteínas e ácidos nucléicos. Os efeitos toxicológicos do cromo em sua 

forma Cr (VI) advêm da possibilidade da livre difusão nas membranas celulares, bem 

como do forte potencial oxidativo, causando efeitos tóxicos, mutagênicos, genotóxicos 

e cancerígenos no organismo (MISHRA; BHARAGAVA, 2016). 

A representação gráfica das possíveis fases de equilíbrio estáveis do sistema 

eletroquímico para o elemento Cr encontra-se na Figura 1. 
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Figura 1 - Diagrama Eh-pH do sistema Cr-O-H em meio aquoso, 25°C,105 Pa. 

Fonte: Takeno (2005). 

 

3.4 Remoção de metais pesados  
 

A remoção de metais pesados de soluções aquosos pode se dar por métodos 

convencionais, como por exemplo troca iônica, remoção eletroquímica, coagulação, 

filtração por membranas, precipitação química, entre outros (BURAKOV et al., 2018). 

Entretanto, essas técnicas apresentam algumas limitações, seja pela remoção 

incompleta, alto custo operacional – incrustação de membranas, necessidade de 

disposição de lodo, ou pela alta demanda de energia (BARAKAT, 2011). Entre os 

métodos convencionais utilizados para remoção de metais pesados, também 

encontra-se o processo de adsorção, o qual apresenta flexibilidade de design e 

operação, bem como um notável custo-benefício, fazendo com que essa técnica 

esteja entre as mais estudadas (KOBIELSKA et al., 2018). 
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3.4.1 Remoção utilizando plantas 

 
A remoção de metais pesados do meio – tanto aquoso quanto solo, pode ser 

realizada também pelo metabolismo de organismos vivos. Tal técnica é denominada 

de biorremediação e pode utilizar fungos, leveduras, bactérias, algas, cianobactérias 

e plantas para a remoção do contaminante (MASSOUD et al., 2019).  

A remoção de contaminantes utilizando plantas como agentes de 

descontaminação é denominada de fitorremediação. Essa técnica baseia-se no 

potencial das espécies de remover, estabilizar ou sequestrar compostos orgânicos ou 

inorgânicos – incluindo metais pesados. Desse modo, diferentes espécies vêm sendo 

estudadas para realizar fitorremediação, destacando as espécies hiperacumuladoras 

(THAKUR et al., 2016).  

As macrófitas aquáticas apresentam propriedades que permitem a filtragem de 

diferentes contaminantes no meio, tornando-as favoráveis para aplicação na remoção 

de contaminantes. Os tecidos das partes emergentes dessas plantas são 

responsáveis por armazenar os nutrientes, como por exemplo o nitrogênio, que 

apresenta função fisiológica e de formação de biomoléculas; e o fósforo, segundo 

nutriente mais importante, desempenhando diversas funções metabólicas, genéticas, 

estruturais e regulatórias nas plantas (ALI et al., 2019). 

O tecido das partes submersas promove área superficial para o 

desenvolvimento do biofilme de comunidade microbiana, promove a liberação de 

oxigênio, aumentando a degradação, além de absorver os nutrientes (ZHAO et al., 

2018). Já as raízes auxiliam na redução do fluxo de escoamento, permitindo a 

sedimentação de partículas em suspensão maiores – reduzindo a turbidez, e 

promovendo também a absorção biológica de nutrientes, funcionando como filtros 

(LUCKE; WALKER; BEECHAM, 2019). 

A remoção de metais pesados do meio requer a aplicação de plantas com 

tolerância à toxicidade desses elementos, visto que alguns desses atuam como 

micronutrientes em baixas concentrações, sendo tóxico em valores mais elevados; e 

outros não apresentam função biológica conhecida no metabolismo vegetal, podendo 

induzir efeitos tóxicos mesmo em baixas concentrações (BONANNO; VYMAZAL; 

CIRELLI, 2018). 
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3.4.1.1 Avaliação dos mecanismos de resistência 

 

Um efeito importante causado pela presença de metais pesados nas plantas é 

o estresse oxidativo. Esse efeito ocasiona o aumento das espécies reativas de 

oxigênio (ERO), como por exemplo o radical superóxido (O2
-), radical hidroxila, radical 

hidroperoxila (HO2
-), peróxidos (O2

2-), peróxido de hidrogênio (H2O2) e oxigênio (O2), 

os quais são responsáveis por causar danos como disfunção metabólica e inclusive 

morte celular (ETESAMI, 2018).  

Destaca-se que as ERO são parte do metabolismo natural da planta, entretanto 

o desequilíbrio entre a quantidade de ERO produzidas e a quantidade eliminada por 

processos enzimáticos e não enzimáticos é que causa o estresse oxidativo e seus 

respectivos efeitos deletérios (KAPOOR et al., 2019).  

O combate ao estresse oxidativo a partir do sistema antioxidante apresenta 

relação direta com a espécie da planta, estágio de desenvolvimento e condições de 

crescimento (CLEMENTE et al., 2019). Para isso, as células das plantas produzem 

enzimas antioxidantes, como por exemplo a superóxido dismutase (SOD), as quais 

constituem a primeira linha de defesa contra as EROs, resultando na formação de 

H2O2 (YILMAZ; ERCAN; ERCAN, 2019). Posteriormente, há a ação coordenada de 

um conjunto de enzimas incluindo a catalase (CAT), peroxidase (POD), ascorbato 

peroxidase (APX) (YASIN et al., 2018). 

A peroxidação lipídica refere-se à degradação oxidativa dos lipídios é causada 

pelo aumento excessivo de EROs, danificando a estrutura e o funcionamento das 

membranas  devido a alteração na sua fluidez e permeabilidade (ISLAM et al., 2014). 

O malondialdeído (MDA) encontra-se entre os biomarcadores mais utilizados, devido 

ao fato de ser um dos produtos secundários mais conhecidos da peroxidação lipídica 

(RIZWAN et al., 2018). Desse modo, a peroxidação lipídica pode ser estimada através 

de medição da formação de substâncias reativas ao ácido tiobarbitúrico (TBARS) e 

quantificada como malondialdeído (MDA).  

A quantificação dos teores de prolina também auxiliam no entendimento dos 

mecanismos de resistência aos metais pesados. Teores elevados são associados à 

resistência ao estresse, visto a comprovação do aumento de níveis desse aminoácido 

nos tecidos das plantas em situações de altos teores de metais pesados 

(BHAGYAWANT et al., 2019, YASIN et al., 2018).  
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Os pigmentos presentes nas plantas como, por exemplo, a clorofila a e clorofila 

b são responsáveis pela fotossíntese e são afetadas significativamente por estresses 

abióticos. Os metais pesados podem causar inibição da biossíntese de clorofila por 

impedimento na cadeia de transporte de elétrons fotossintéticos, e desse modo os 

teores desses pigmentos nas plantas são inversamente proporcionais às 

concentrações de metais pesados no meio (EL-KHATIB et al., 2020). 

Os compostos fenólicos (TPC) apresentam importância morfológica e 

fisiológica para as plantas, além de servirem como proteção contra o estresse a partir 

da ação antioxidante. Esses compostos são metabólitos secundários e apresentam 

tendência de quelar metais pesados (KISA et al., 2016). Manquián-Cerda et al. (2016) 

estudando os efeitos do metal pesado Cd no crescimento de Vaccinium corymbosum 

L. verificaram o aumento dos teores de compostos fenólicos sendo mediado pelo 

aumento das EROs. 

A atividade antioxidante pode ser avaliada pelo método DPPH (2,2-difenil-1-

picril-hidrazil), visto a ampla aplicação como um radical livre empírico para esse tipo 

de ensaio. O aumento da atividade de eliminação de DPPH pode estar relacionada ao 

aumento de alguns metabólitos secundários, os quais auxiliam no aumento da defesa 

antioxidante (TAIE et al., 2019).  

Os mecanismos de resistência podem ser avaliados também pela 

caracterização anatômica, ferramenta que permite identificar as alterações 

histológicas responsáveis pela tolerância aos metais pesados. As alterações mais 

frequentes são o acúmulo de metais em células especializadas da epiderme, tricomas 

e no interior do vacúolo, bem como o espessamento da parede celular (GHORI et al., 

2019, SOUZA et al., 2009). 

 

  

3.4.1.2 Biofiltros ilhas flutuantes artificiais  

 
 
Os sistemas de biofiltros do tipo ilhas flutuantes são uma variação do sistema 

de wetland construído para melhoria da qualidade da água. São constituídos de 

vegetação sobre um suporte flutuante, permanecendo sob a superfície do corpo 

hídrico (CHANG et al., 2017). Esses sistemas apresentam a parte superior da 

vegetação crescendo acima do nível da água, enquanto as raízes realizam a filtração 

dos contaminantes em hidroponia. As raízes permitem o desenvolvimento de um 
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biofilme de microrganismos, os quais também apresentam mecanismos de remoção 

de contaminantes (BENVENUTI et al., 2018) (Figura 2). 

 

 

 

Figura 2- Representação de uma Ilha flutuante artificial (AFI), (a) parte aérea, (b) dispositivo flutuante, 
(c) raízes permanecendo abaixo da superfície da água, permitindo a formação de biofilme. O sistema 
permanece flutuando no fluxo d’água (d). 

 

Os tipos de suporte que podem ser utilizados são usualmente constituídos de 

materiais como polímeros, madeira e fibra de vidro, e apresentam flutuação pela 

injeção de espuma ou uso de componentes ocos e vedados (LUCKE; WALKER; 

BEECHAM, 2019). Diferentes espécies de macrófitas aquáticas têm sido utilizadas 

para remediação de corpos hídricos, como a aguapé (Eichhornia crassipes), lentilha 

(Lemna, Lemna spp.), alface d´água (Pistia stratiotes), capim vetiver (Chrysopogon 

zizanioides) e caniço (Phragmites australis) (LU et al., 2018) e poderiam ser aplicadas 

em biofiltros do tipo ilhas artificiais.  

A utilização de tecnologias combinadas, como por exemplo a adição de 

biofilmes ou microrganismos imobilizados podem aumentar o potencial de remoção 

de contaminantes a partir de ilhas flutuantes (PAVLINERI; SKOULIKIDIS; 

TSIHRINTZIS, 2017). Na literatura, já foi relatada a utilização de bactérias 

desnitrificantes imobilizadas, inclusão de sistema de aeração, adição palha de arroz e 
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outras fibras como substratos, visando melhorar o funcionamento desses sistemas 

filtrantes (SHEN et al., 2019). 

Após o processo de remoção de contaminantes, a biomassa deve ser retirada 

do corpo hídrico, antes que a fase de decaimento ocorra e os nutrientes e metais 

pesados retirados reentrem no sistema (ZHAO et al., 2012). Em relação a parte da 

planta a ser retirada, alguns estudos já demonstraram que durante a fase inicial de 

crescimento da planta, as maiores concentrações de nutrientes situam-se na parte 

aérea, enquanto que na fase de senescência há maiores concentrações nas raízes 

(BI et al., 2019). Desse modo, destaca-se a necessidade de novos estudos visto a 

capacidade de retenção de contaminantes em ambas as partes do vegetal (SAMAL; 

KAR; TRIVEDI, 2019). 

A Tabela 2 apresenta alguns estudos já realizados com ilhas flutuantes, 

incluindo o seu local de estudo, material de composição, espécies utilizadas e 

parâmetros analisados.  
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Tabela 2 – Estudos realizados com ilhas flutuantes artificiais. 

 
OD: oxigênio dissolvido (mg L-1); DBO: demanda bioquímica de oxigênio (mg L-1); DQO: demanda química de oxigênio (mg L-1); SS: sólidos em suspensão; 
NTK: nitrogênio total Kjeldahl; a Fibra de poliéster entrelaçada (95% de porosidade) injetados com espuma de poliestireno para fornecer flutuabilidade; 
Fonte: Adaptado de Pavlineri, Skoulikidis eTsihrintzis (2017) 

Área de estudo Escala Material 
flutuação 

Espécies de plantas Método plantio Parâmetros avaliados Referência 

Área rural (China) In situ Tubos PVC 
(40 mm) e 

cordas 

Oenanthe javanica; Gypsophila sp.; 
Rohdea 

Japônica; 
Dracaena sanderiana; Gardenia 

jasminoides Var. grandiflora; Gardenia 
jasminoides 

Var. prostrata e Salix babylonica. 

 

Mudas Temperatura, pH, OD, SS, 
DQO, N total; P total; clorofila 

a. 
 

Zhu, Li e 
Ketola (2011) 

Canal com efluentes 
da aquicultura (Itália) 

In situ Patente 
Tech-IA® 

(EVA) 

Phragmites australis; Carex elata; Juncus 
effusus; Typha latifolia; Chrysopogon 

zizanioides; 
Sparganium erectumeDactylis glomerata. 

 

Plantas adultas pH, temperatura, 
condutividade, OD, DBO, 

DQO, N total, NTK, N 
amoniacal, nitrato, P total, SS. 

De Stefani et 
al. (2011) 

Experimento águas 
pluviais sintéticas 
(Nova Zelândia) 

Mesocosmo a Patente 
BioHaven® 

Carex virgata; Cyperus ustulatus; Juncus 
edgariae; Schoenoplectus 

tabernaemontani. 

Mudas Cu, Zn, turbidez, temperatura, 
OD, pH, macronutrientes e 

micronutrientes 
 

Tanner e 
Headley 
(2011) 

Experimento solução 
nutriente (China) 

Microcosmo PVC e 
espuma de 
polietileno 

Canna generalis; Scirpus 
validus;Alternanthera philoxeroides; 

Cyperus alternifolius; 
Thalia geniculata. 

 

Plantas adultas DBO; DQO; N total; P total; N 
amoniacal e nitrato 

Zhang et al. 
(2014) 

Escoamento urbano 
de águas pluviais 

Mesocosmo Bóia circular 
de 

Poliestireno 
Extrudado. 

Juncus effususe Carex riparia. Pozolana como 
substrato + 

mudas 
 

Cd, Ni, Zn, produção 
biomassa. 

Ladislas et 
al. (2013) 

 
Lagoas de retenção 

urbana (EUA) 

Mesocosmo Cerdas de 
fibra de coco 
RoLankaTM 

Inc. 

Pontederia cordata L., Schoenoplectus 
tabernaemontani 

Mudas P total, P particulado, 
ortofosfato, N total, N 

orgânico, N amoniacal, nitrato, 
clorofila a. 

Wang e 
Sample 
(2014) 
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3.4.1.3 Destinação da biomassa  

 
A destinação da biomassa após a remoção de contaminantes dependerá das 

características e toxicidade do material, visto que há a possibilidade de contaminação 

secundária. As possibilidades de aplicação/destinação dessa biomassa variam desde 

fermentação anaeróbica, compostagem, combustão, fito-mineração, destinação em 

aterro sanitário e pirólise (LIU et al., 2019). Entre elas, a pirólise destaca-se por ser 

adequada para biomassas contendo metais pesados, visto a capacidade de promover 

a estabilização dos metais dentro da matriz de carbono, conforme estudo de Huang 

et al. (2018). A pirólise da biomassa é responsável por reduzir a massa de resíduos e 

degradar o material em produtos pirolíticos de valor agregado, dando origem ao 

denominado biocarvão, que pode ser empregado como corretivo para o solo, visto a 

presença de nutrientes básicos com o N, P e K, entre outros (ZHOU et al., 2020). 

 

3.5 A pandemia de COVID-19  
 

O surto de COVID-19 iniciou em Wuhan, China, em Dezembro de 2019. A 

nomenclatura foi dada em 7 de Janeiro de 2020, a partir da junção das iniciais de 

Coronavirus Disease 2019 (COVID-19). No Brasil, o primeiro caso foi confirmado em 

26 de Fevereiro de 2020, e em 11 de Março de 2020, a organização mundial da saúde 

(OMS) declarou a pandemia do COVID-19 (WHO 2020). A partir desse momento, 

inúmeros foram os desafios em termos de saúde, economia, bem como aspectos 

políticos e sociais. Os dados apontam que, até Janeiro de 2023, o SARS-CoV-2 já 

infectou mais de 650 milhões de indivíduos e causou mais de 6,6 milhões de mortes 

no mundo (WHO 2023a).  

Os principais impactos imediatos foram a superlotação dos sistemas de saúde 

e a busca por fabricação de Equipamentos de Proteção Individual (EPI), obras 

emergenciais de hospitais e criação de novos leitos de unidades de tratamento 

intensivo. Entre as medidas de enfrentamento da pandemia adotadas por diversos 

países, incluíram-se o uso de máscaras, higiene das mãos, quarentena de pessoas 

infectadas, bem como distanciamento social e aplicação da vacina (PAN et al. 2022). 

Com as medidas restritivas de distanciamento social e quarentena, impactos diretos 

foram gerados nos diversos setores – agricultura, manufatura, construção, varejo, 

energia, saúde e transporte (BARDHAN; BYRD; BOYD 2023). 
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3.5.1 SARS-CoV-2  

 
 

O vírus responsável por causar a COVID-19 é o vírus SARS-CoV-2. A COVID-

19 apresenta múltiplas manifestações de sintomas, incluindo não respiratórios, e 

essas variações ocorrem devido à idade da pessoa infectada, da variante do SARS-

CoV-2 em questão e do estágio da infecção (WOJTUSIAK et al. 2023). Entre os 

principais sintomas da fase aguda incluem-se tosse seca, febre, dor de cabeça, fadiga, 

dor de garganta, perda de olfato e paladar, congestão nasal e náuseas (VAN KESSEL 

et al. 2022). Ainda são desconhecidos os efeitos a longo prazo da COVID-19, 

entretanto, as evidências apontam a presença de doenças neurológicas e de saúde 

mental, doenças pulmonares e cardiovasculares (SATTERFIELD et al. 2022). 

De modo geral, os vírus apresentam a característica de serem partículas 

coloidais carregadas que podem ser adsorvidas por diferentes superfícies (LAHRICH 

et al., 2021). O SARS-CoV-2 apresenta a característica de ter uma fita simples de 

RNA com sentido positivo e pertencer à família Coronaviridae (YIN, 2020). 

Diversas variantes do SARS-CoV-2 já foram relatadas, sendo divididas em 

Variantes de Preocupação (Variants of Concern, VOC) e Variantes de Interesse 

(Variants of Interest, VOI) de acordo com a Organização Mundial da Saúde. Entre as 

VOC, estão as variantes Alfa, Beta, Gamma, Delta e Ômicrom, sendo Ômicrom 

classificada em cinco linhagens principais (BA.1, BA.2, BA.3, BA.4, BA.5) e algumas 

sublinhagens (BA.1.1, BA.2.12.1, BA.2.11, BA.2.75, BA.4.6). Em Janeiro de 2023 não 

há nenhuma VOI, entretanto, algumas já relatadas foram Epsilon, Zeta, Theta, Kappa, 

Lambda, entre outras (WHO 2023b). 

Apesar da principal rota de transmissão do SARS-CoV-2 ser através de 

gotículas de ar e contato, a transmissão via águas residuárias tornou-se uma 

preocupação crítica. Embora sem precedentes, existe o risco do SARS-CoV-2 ser 

transmitido via feco-oral, visto a detecção de partículas virais em urina e fezes de 

pacientes contaminados (ZAMHURI et al. 2022). 

O monitoramento ambiental pode auxiliar no enfrentamento de futuras crises, 

visto que é um método não invasivo que pode fornecer informações importantes de 

indícios de infecções em níveis comunitários e servir de alerta para futuros surtos de 

doenças. O SARS-CoV-2, devido às suas características de transmissão, tem sido 

monitorado em diferentes meios, como o ar, águas residuárias e superfícies (SOLO-

GABRIELE et al. 2023).  
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Uma forma de monitoramento é através da epidemiologia baseada em águas 

residuais (Wastewater-Based Epidemiology – WBE), a qual consiste em analisar 

marcadores visando a caracterização de poluentes emergentes e padrões de doenças 

em determinadas comunidades, apresentando potencial para auxiliar no 

entendimento dos surtos de COVID-19 (GONZALEZ et al. 2020). A WBE pode ser 

uma ferramenta essencial para rastreio de doenças e auxílio na alocação de recursos 

e combate a futuras pandemias (GRUBE et al. 2023).  

O desenvolvimento dessa pesquisa ocorreu no momento de maior crise 

sanitária e hospitalar do Brasil com a pandemia de COVID-19. O país estava em um 

colapso no sistema de saúde conforme relatado pela Fiocruz (2021), com 25 dos 27 

estados apresentando taxas de ocupação superiores a 80% dos leitos de Unidade de 

Terapia Intensiva (UTI) COVID-19. O epicentro do COVID-19 na América e no mundo 

era o Brasil, chegando a quase 4000 mortes diárias.  

A crise sanitária apresenta impactos de longo prazo na saúde da população, 

nas esferas econômicas e sociais. Dessa forma, tornou-se urgente a necessidade de 

pesquisa de novas alternativas para remoção do vírus de águas e efluentes, visto a 

incerteza quanto ao comportamento do SARS-CoV-2 no ambiente, riscos de 

contaminação e demora na vacinação da população.  

 
3.5.2 Adsorção  

 
O processo de adsorção baseia-se na transferência do composto de interesse 

do meio para os sítios ativos presentes no adsorvente utilizado (OJEDOKUN; BELLO, 

2016). A técnica apresenta como vantagem a fácil operação e eficiência de custo, bem 

como a possibilidade de regeneração do adsorvente, devido ao processo de 

dessorção (BURAKOV et al., 2018).  

O fenômeno de adsorção ocorre a partir da interação do adsorvato às 

superfícies de um sólido – sendo nesse caso a ligação dos íons metálicos com o 

adsorvente. A capacidade de adsorção é dependente de fatores como as 

características do meio (pH, temperatura e concentração do elemento em questão), 

propriedades dos adsorventes (porosidade, área superficial específica, grupos 

funcionais presentes na superfície), bem como a dose de adsorvente utilizada e o 

tempo de contato (VELEMPINI; PILLAY, 2019). 

Em estudos de adsorção, a ativação do adsorvente é comumente utilizada para 

aumentar a capacidade adsortiva, e desse modo, melhorar a eficiência do processo. 
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A modificação do adsorvente pode ser feita através de ativação física ou química 

(NAYAK et al., 2017). 

Na ativação química podem ser utilizados agentes químicos como ácidos 

(H2SO4, H3PO4), bases (KOH, NaOH) e sais (Na2CO3, AlCl3, FeCl3, e ZnCl2) (MAMANÍ 

et al., 2019). A utilização de ativantes alcalinos pode catalisar a desmetilação da 

pectina (polissacarídeos estruturais encontrados nos vegetais), fazendo com que 

ocorra um aumento de grupamentos funcionais COOH e desse modo facilitando a 

ligação dos íons metálicos na superfície do adsorvente (BIND; GOSWAMI; PRAKASH, 

2018). A modificação química do adsorvente ocasiona a liberação de novos sítios 

ativos, melhora a estabilidade mecânica e protonação (ABDOLALI et al., 2015). 

Por outro lado, a ativação física envolve a reação com vapores e gases 

contendo oxigênio, tratando-se de um processo onde o material reage com o gás 

oxidante – normalmente vapor de água ou CO2, em temperaturas elevadas (de 800 a 

1000 oC), com a energia para o processo de ativação dependendo diretamente do tipo 

de forno empregado. De modo geral, a ativação física permite o aumento do número 

de poros do material (LIEW et al., 2018). 

Algumas modificações já relatadas previamente, como por exemplo o aumento 

na capacidade de adsorção de Ni (II) por U. pinnatifida após a modificação com CaCl2 

(CHEN; MA; HAN, 2008) e o aumento da remoção de Cr (VI) por várias macrófitas 

aquáticas após a modificação com H2SO4 (JOSEPH et al., 2019). 

O fenômeno de adsorção do SARS-CoV-2 em superfícies dependem de vários 

fatores como a química da superfície, pH, umidade e temperatura. Esses aspectos 

também influenciam o processo de dessorção e a estabilidade e persistência do 

SARS-CoV-2, e a literatura apresenta lacunas quanto à interação entre o vírus e 

diferentes superfícies (JOONAKI et al., 2020).  

 

3.5.3 Carvão ativado 

 
O carvão ativado é um material carbonáceo composto por até 90% de carbono, 

e é caracterizado por apresentar uma estrutura porosa e elevada área superficial. O 

preparo do carvão pode se dar a partir do tratamento com gases oxidantes de 

precursores carbonizados e carbonização de materiais carbonosos, misturados com 

produtos químicos desidratantes (HEIDARINEJAD et al., 2020).  
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O carvão ativado como adsorvente apresenta grande aplicabilidade devido à 

área superficial, estrutura de porosa e alta capacidade de adsorção (KAUR; RANI; 

MAHAJAN, 2012). Entretanto, apresenta limitação de uso pelo custo, fazendo com 

que a busca por materiais alternativos seja estimulada, incluindo resíduos da 

agricultura e materiais lignocelulósicos (YAHYA; AL-QODAH; NGAH, 2015). Entre os 

novos materiais, a produção de carvão ativado vem sendo estudada também a partir 

da biomassa de macrófitas aquáticas (GONZÁLEZ‐GARCÍA et al., 2019). 

O processo de produção de carvão ativado baseia-se em duas principais 

etapas – a carbonização do precursor e a ativação do material carbonizado. No caso 

da ativação química, o processo de ativação ocorre antes da carbonização, com a 

impregnação utilizando ZnCl2, H3PO4, NaOH, KOH, entre outros. Já a ativação física 

baseia-se na ativação em altas temperaturas (800 à 1.100 ºC), após a carbonização, 

sob fluxo de gases como CO2 ou vapor de água, contribuindo para o aumento da 

porosidade (MAMANÍ et al., 2019). 

Destaca-se que parâmetros como a temperatura, taxa de impregnação e o 

tempo são essenciais para determinar a textura e as propriedades do carvão ativado 

(NAYAK et al., 2017). Outro aspecto importante é a necessidade de realizar a lavagem 

do carvão após a modificação química, visando a retirada dos íons do agente ativante 

(YAHYA; AL-QODAH; NGAH, 2015). 
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Abstract: The degradation of water resources is related to anthropic actions such as rapid 

urbanization and industrial and agricultural activities with inefficient land use and occupation 

management. Water pollution caused by organic and inorganic contaminants represents a current 

challenge for researchers and humanity. One of the techniques used to remove pollutants from 

aquatic environments is bioremediation, through the metabolism of living organisms, and 

especially phytoremediation, with plants as a decontamination agent. Aiming to demonstrate the 

current mechanisms, solutions, and perspectives regarding bioremediation, and especially 

phytoremediation in aquatic environments, a literature review was conducted, highlighting the 

following subjects: heavy metals as contaminants, phytoremediation, evaluation of resistance 

mechanisms, removal of heavy metals by microorganisms and biofilters of the artificial floating 

islands type. From the literature research carried out, it can be concluded that alternatives such as 

macrophyte plants have proved to be an effective and efficient alternative with a high potential for 

removal of contaminants in aquatic environments, including concomitantly with microorganisms. 

There was no mechanism well-defined for specific absorption of heavy metals by plants; however, 

some results can indicate that if there was sporadic contamination with some contaminants, the 

plants can be indicators with some adsorption and absorption, even with low concentration in the 

watercourse by the moment of the evaluation. It is necessary to study bioremediation methods, 

resistance mechanisms, tolerance, and removal efficiencies for each biological agent chosen. Within 

the bioremediation processes of aquatic environments, the use of macrophyte plants with a high 

capacity for phytoremediation of metals, used combined with bioremediating microorganisms, 

such as biofilters, is an interesting perspective to remove contaminants. 

Keywords: heavy metals; macrophytes; microorganisms; biofilters; remediation 

 

1. Introduction 

The degradation of water resources is intrinsically related to rapid urbanization, 

industrial activities, agriculture, and the formation of urban agglomerates together with 

inefficient management of land use and occupation [1]. The release of pollutants through 

vehicular emissions, inadequate disposal of solid waste, chemical industries, and mining 

activities, commonly affect soil and, consequently, water quality due to the addition of 

heavy metals (HM) and other compounds [2]. Furthermore, urban land made a 

disproportionately large contribution to water pollution compared to other kinds of land 

use because intensive anthropogenic activities and urbanization can exacerbate the 

negative impacts on water quality [3]. 
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Water pollution by organic and inorganic contaminants represents a current 

challenge, and the attempt to remove these elements is the object of study of different 

studies [4]. Several pollutants have recently been analyzed in the literature for their 

remediation by biological agents, such as pharmaceuticals and cosmetics [5]; polycyclic 

aromatic hydrocarbons [6]; artificial chemicals [7]; microplastics [8]; agrochemicals and 

pesticides [9]; primary nutrients [10]; HM [8,11–15]. 

Bioremediation is the most common ecologically sound biological technique to 

improve the natural degradation process [16]. Contamination through HM in soil and 

water is a major problem in developing countries, so phytoremediation is the best possible 

method for regions with large and moderate levels of concentration, rather than regions 

with high concentrations in little volume [17]. HM have properties of non-

biodegradability, toxicity, and bioaccumulation potential, thus representing a threat to the 

environmental quality and health of the population [18]. The removal of HM from the 

medium—both aqueous and soil, can be performed by the metabolism of living 

organisms. This technique is called bioremediation and can use fungi, yeasts, bacteria, 

algae, cyanobacteria, and plants for the removal of the contaminant [19]. 

Phytoremediation is one of the bioremediation techniques and consists of the 

application of plants as a decontamination agent, especially aquatic macrophytes, which 

have the potential for removal of HM and other contaminants in the environment, serving 

as natural filters in contaminated areas [20]. Studies demonstrate that nutrients such as 

phosphorus and nitrogen can be absorbed naturally [21], as well as HM [22]. Aquatic 

macrophytes form a complex ecosystem based on symbiotic interaction with different 

microorganisms, both in natural conditions and in-built wetland systems [5]. 

One of the forms of applicability of living plants for remediation of contaminated 

water bodies is floating island biofilters. The system consists of a device where the plants 

remain floating in the water column and the roots perform filtration and allow the 

formation of biofilm of microorganisms [21]. For the effective use of this system, it is 

necessary to remove the plants after the limited capacity of removal of contaminants, to 

avoid the re-entry of the compounds into the water column due to the process of 

decomposition of the plant tissues [23,24]. The choice of the best method for the treatment 

of biomass after phytoremediation is hard to make, considering that simple combustion 

and gasification require a lot of care, in addition to the environmental impact caused by 

ash and gases [17]. The proper disposal of this biomass after removal is a key part of 

ensuring that there is no generation of secondary pollution and, at the same time, allows 

the generation of value-added by-products. For a sustainable remediation system, it is 

important to use plants with rapid growth and greater biomass accumulation [20]. 

Some studies have already demonstrated the conversion of macrophyte biomass into 

adsorbents, biogas production, and biochars, among others [5,21,24,25]. This conversion 

of biomass meets the circular economy and clean production and requires further studies 

for effective application [25]. Aiming to demonstrate the current mechanisms, solutions, 

and perspectives regarding bioremediation, and especially phytoremediation in aquatic 

environments, a review of the scientific literature was conducted, addressing aspects such 

as contaminants, phytoremediation, evaluation of resistance mechanisms, removal of HM 

by microorganisms and biofilters of the artificial floating islands type. 

2. Heavy Metals (HMs) as Contaminants 

HM is a general description for metals that are relative to high densities, atomic 

weights, or atomic numbers; however, for environmental studies, this term is well-used 

for indicating toxicity for living organisms and as a hazardous substance. Many HMs are 

nutrients and with high concentrations are contaminants such as Cu, Co, Zn, Cr and others 

[26]; however, other HMs do not have any function in living organisms and are toxic even 

in small concentrations such as As, Hg, Cd, Pb, and others [26]. For this reason, there are 

many studies and legislations for each element due to its concentration and form for 

toxicity and place found such as soil and water, for example.
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The form of HM is also important once it can promote some key characteristic of this 

metal such as to improve toxicity or reduce mobility as in the case of chromium, once the 

oxidative phase Cr (VI), it is one of the most oxidative agents and can oxidate organic 

matter and tissues, and it can be more toxic in the environment, and Cr (VI) has been 

identified as a “Group I human carcinogen” with multisystem and multiorgan toxicity 

[27]. On the other hand, Cr (III) has been recommended for years as a trace element 

necessary for the proper functioning of organisms [28]; however, high concentrations can 

promote problems for living organisms and the environment. 

When HMs are soluble in the watercourse, the problem of the contaminants can be 

exponentially increased once the solubility for microorganisms, plants, fish, and humans 

is increased, and all the food chain can be contaminated and biomagnification can be 

improved. For this reason, legislation of many governments has tables of toxicity for 

reference of pollution such as in Brazil [29] and in the USA [30], where limits on soil and 

water are proposed. These limits can be variable because of the exposure and 

characteristics of the watercourse, use, and limits in the country and or State. 

Rivers and lakes have received high amounts of toxic metals, but more studies are 

necessary on the adsorption and transformation of these metals in the hyporheic zone and 

the exchange flux between the sediment–water interface. Fine sediments and colloidal 

particles can act as a carrier of HM, which may lead to higher accumulations of 

contaminants in the hyporheic zone and in the water itself [31]. It is important to know 

that the same HM that is adsorbed into a colloidal system, can be a source for delivery of 

this contaminant to the system and come back to the intoxication of the living 

microorganisms. 

HMs are elements naturally appearing in the environment with a release that can be 

from natural origin, by weathering of rocks and pedogeneses, or by anthropogenic 

activities, such as industrial activities and inappropriate disposal of effluents [32]. HM 

pollution represents a great risk due to its potential permanence in the environment and 

bioaccumulation in plants and animals in their trophic chains, causing damage to 

organisms even at low concentrations [33]. 

The consequences of the presence of excessive concentrations of HM in the human 

body are, in general: damage to the kidneys and bones, endocrine, cardiovascular and 

neurological problems, in addition to potentiating the development of cancer [34]. Table 

1 presents the HM best known for their deleterious effects on human health, in 

conjunction with the reference values established by the World Health Organization [35], 

in addition to describing the main toxicological effects on the human organism. 

Table 1. Reference values in drinking water and toxicological effects of some HM on human health. 

Element Reference Value (mg L−1) Toxicological Effects 

As 0.01 

Changes in skin pigmentation; lesions on the palms of the hands and feet; effects 

on the renal, gastrointestinal and cardiovascular system, as well as increased 

blood pressure; carcinogenic. Pregnant women with exposure to As have an 

increased risk of abortion or premature birth. 

Cd 0.003 
Renal dysfunction with impaired resorption of proteins, glucose, and amino 

acids; pulmonary alterations; carcinogenic. 

Cr 0.05 
Respiratory, intestinal, gastrointestinal, and cardiovascular problems; skin 

irritation; carcinogenic. 

Cu 2.0 
Gastrointestinal bleeding; hepatocellular toxicity; acute renal failure; anemia; 

breathing problems. 

Pb 0.01 
Brain damage to the fetus; affects the kidneys and circulatory and nervous 

systems. 

Hg 0.006 
Toxic effects on the nervous, digestive, and immune systems and lungs, kidneys, 

skin, and eyes. 

Source: adapted from WHO [35].
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3. Phytoremediation in Aquatic Environments 

The phytoremediation technique is based on the potential of a variable of species of 

plants capable to remove, stabilize or kidnap organic or inorganic compounds. It is also 

one of the effective methods for reducing environmental contamination by HM [11]. Thus, 

different species have been studied to perform phytoremediation, highlighting the 

hyperaccumulator species [36]. 

Aquatic macrophytes have properties that allow the filtration of different 

contaminant substances in the medium, making them favorable for application in the 

removal of it. The tissues of the emerging parts of these plants are responsible for storing 

nutrients, such as nitrogen, which has physiological and biomolecule formation functions 

such as amino acids, proteins, and chlorophyll; and, phosphorus, which performs various 

metabolic, genetic, structural, and regulatory functions in plants [37]. 

Responsible for promoting an environment favorable to the multiplication of 

microorganisms in the rhizosphere, macrophytes facilitate the retention and/or 

transformation of contaminants. Another characteristic is the reduction of the speed of 

water flow, allowing the reduction of dissolved solids and consequently reducing 

turbidity [38]. 

During bioaccumulation, macrophytes store the polluting elements in their roots or 

transmit them to the shoots [14]. The tissue of the submerged parts allows the expansion 

of the surface area for the development of microbial community biofilm and promotes the 

release of oxygen, increasing degradation, in addition to nutrient absorption [39]. On the 

other hand, the roots help in reducing the flow, allowing the sedimentation of particles in 

larger suspension—reducing turbidity, and also promoting the biological absorption of 

nutrients, functioning as filters [40]. 

The removal of HM from the medium requires the application of plants with a 

tolerance to the toxicity of these elements since some of these act as micronutrients in low 

concentrations, being toxic at high values; and, others do not present known biological 

function in plant metabolism, and may induce toxic effects even at low concentrations 

[41]. Therefore, considering that the response of metal accumulation mechanisms differs 

between species [12], plant selection should mutually consider tolerance and removal 

capacity for phytoremediation success [7]. 

Phytoremediation has the advantage of being able to be applied on-site, consequently 

minimizing the exposure of the contaminant to other receptors and areas, as well as its 

benefits to efficiency and sustainability [42]. The main phytoremediation mechanisms 

include phytoextraction, phytostabilization, rhizofiltration, phytovolatilization, and 

phytodegradation. Phytoextraction can be characterized by the removal of HM through 

the roots and this content is translocated to the aerial part of the plant [37]. 

Phytostabilization, however, is based on the use of plants aiming at conversion into less 

bioavailable and less mobile forms [43]. 

Rhizofiltration consists of filtering contaminants through the root zone. In the case of 

HM, there may be absorption into the roots, or adsorption on the surface of the roots. 

Some aspects that directly influence this mechanism are the presence of root exudates, 

and pH, which allow the precipitation of HM [44]. 

Phytovolatilization is a mechanism based on the conversion of compounds to volatile 

forms, which are eliminated by plants through the transpiration process. Some metals that 

have been studied as application potential in this technique are selenium, mercury, and 

arsenic [45]. Phytodegradation encompasses the degradation of the contaminant through 

metabolic pathways. The plant then absorbs the compounds of the medium and, with the 

support of different enzymes, degrades them into non-toxic forms. This technique is 

commonly used for organic compounds [46]. 

4. Evaluation of Resistance Mechanisms 

An important effect caused by the presence of HM in plants is oxidative stress. This 

effect increases the reactive oxygen species (ROS), such as superoxide radical (O2-), 

hydroxyl radical (OH), hydroperoxyl radical (HO2-), peroxides (O2-2), hydrogen
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 peroxide (H2O2), and oxygen (O2), which are responsible for causing damage such as 

metabolic dysfunction and even cell death [47]. 

It is noteworthy that ROS are part of the natural metabolism of the plant; however, 

the imbalance between the amount of ROS produced and the amount eliminated by 

enzymatic and non-enzymatic processes is the cause of oxidative stress and its respective 

deleterious effects [48]. 

The effort against oxidative stress from the antioxidant system has a direct 

relationship with the plant species, stage of development, and growth conditions [49]. 

Towards that, plant cells produce antioxidant enzymes, such as superoxide dismutase 

(SOD), which constitute the first line of defense against ROS, resulting in the formation of 

H2O2 [50]. Subsequently, there is a coordinated action of a set of enzymes including 

catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) [51]. 

Lipid peroxidation refers to the oxidative degradation of lipids which is caused by 

the excessive ROS increase, damaging the structure and functioning of membranes due to 

changes in fluidity and permeability [52]. Malondialdehyde is among the most widely 

used biomarkers because it is one of the most well-known secondary products of lipid 

peroxidation [53]. Thus, lipid peroxidation can be estimated by measuring the formation 

of thiobarbituric acid reactive substances (TBARS) and quantified as malondialdehyde. 

The quantification of proline contents also assists in understanding the mechanisms 

of resistance to HM. High levels are associated with stress resistance, since there is 

evidence of the increased quantity of this amino acid in plant tissues in situations of high 

levels of HM [51,54]. 

The pigments present in plants, such as chlorophyll a and chlorophyll b, are 

responsible for photosynthesis and are significantly affected by abiotic stresses. HM can 

cause inhibition of chlorophyll biosynthesis by hindering the transport chain of 

photosynthetic electrons, and thus the contents of these pigments in plants are inversely 

proportional to the concentrations of HM [55]. 

Phenolic compounds (PCT) have morphological and physiological importance for 

plants, besides serving as protection against stress from antioxidant action. These 

compounds are secondary metabolites and tend to break HM [56]. Manquián-Cerda et al. 

[57] studied the effects of heavy metal Cd on the growth of Vaccinium Corymbosum L. and 

verified the increase in phenolic compound contents being mediated by increased ROS. 

Antioxidant activity can be evaluated by the DPPH method (2,2-diphenyl-1-picryl-

hydrazyl), seen by wide application as an empirical free radical for this type of assay. The 

increase in DPPH elimination activity may be related to the increase in some secondary 

metabolites, which help in increasing antioxidant defense [58]. 

The resistance mechanisms can also be evaluated by anatomical characterization, a 

tool that allows identifying the histological changes responsible for the tolerance to HM. 

The most frequent changes are the accumulation of metals in specialized cells of the 

epidermis, trichomes, and inside the vacuole, as well as the thickening of the cell wall 

[59,60]. 

Table 2 presents several resistance mechanisms studied in aquatic macrophytes and 

HM. 

Table 2. HM tolerance mechanisms in aquatic macrophytes. 

Species Metal Concentration Toxicological Effects Reference 

Macleaya 

cordata 
Mn2+ 0–12 mmol L−1 

Cells distort and deform, black precipitates appeared in the 

intercellular space, mitochondria, and starch granules 

decrease.  

Chloroplasts shrink, and hungry particles increase. 

[61] 

Nerium 

indicum 

Pb  

Zn  

Cu  

Cd 

3311.5–4297.08 mg kg−1  

1398.33–1704.92 mg kg−1  

143.33–163.5 mg kg−1  

28.92–43.83 mg kg−1 

Significant decrease in the acid-extractable state, a significant 

increase in the residue state, and a small decrease in the Fe-

Mn binding state, and a small increase in the organic binding 

state. 

[62] 
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Species Metal Concentration Toxicological Effects Reference 

Pontederia 

cordata 
Cd2+ 0–66 mM 

Decrease in chlorophyll contents due to increased lipid 

peroxidation and inhibition of biosynthesis of chlorophyll 

precursors; inhibition of Cd translocation from roots to aerial 

part; SOD and POD activities without variation about control 

at concentrations 0.04 mM to 0.22 mM in 15 days of exposure;  

A concentration of 0.44 mM caused a reduction in SOD and 

POD. 

[63] 

Potamogeton 

pectinatus L. 
Cu 0–1000 μM 

Accumulation mainly in the roots; dose-dependence pattern 

identified; decreased levels of chlorophylls and carotenoids; 

Inhibition of photosynthesis; leaf damage; reduction in 

pigments. 

[64] 

Nymphaea 

tetragona 
U 0–55 mg L−1 

Increased activity POD, CAT, SOD; increased MDA levels 

aggravate cell membrane damage; inhibition of soluble 

protein, chlorophyll a, chlorophyll b, and carotenoid sums. 

[65] 

Spirodela 

polyrhiza L. 

Cu2+  

Hg2+ 

0.0–40 μM  

0.0–0.4 μM 

Increased SOD activity in 10 μM Cu+2; 0.2 μM Hg+2; CAT, at 

20 μM Cu+2; 0.2 μM Hg+2 and GPOD, at 10 μM Cu+2; 0.2 μM 

Hg+2 with the fall of all activities until 40 μM Cu+2 and 0.4 μM 

Hg+2. 

[66] 

Source: The authors. 

5. Removal of HM by Microorganisms 

Microorganisms have metabolic pathways that use contaminants as an energy source 

for their growth and development, through respiration and fermentation. However, they 

can also carry out degradation of the compounds through co-metabolism (without 

nutritional utilization of the substrate) [67]. 

For the efficient use of microorganisms in the removal of HM, it is necessary to make 

the selection of organisms resistant to the compound of interest, from the isolation 

technique, as well as identification of resistance mechanisms [68]. This selection can be 

performed in contaminated areas, which perform a natural pre-selection since they are 

more likely to have organisms tolerant to the stress situation. 

Among the strategies for the removal of HM by microorganisms, biosorption stands 

out, a process where (i) dead biomass, (ii) live cultures, or (iii) extracellular polymeric 

substances (EPS) can be used. EPS are produced by microorganisms and present in their 

composition mainly polysaccharides and proteins. EPS have plenty of negative charges, 

allowing binding with HM; therefore, they have the potential for removal of these ions 

from aqueous solutions [69]. The EPS matrix confers mechanical resistance, and water and 

nutrient retention, and assists in the resistance of cells to various stress conditions [23]. 

It is noteworthy that, for biosorption to be efficient, it is necessary to analyze the 

physical nature of biosorbents, sorption kinetics, maximum adsorption capacity, as well 

as the regeneration capacity of the adsorbent and the stability of microorganisms as 

biosorbents [70]. Among the bacteria commonly used for metal biosorption are the genera 

Bacillus, Pseudomonas, and Streptomyces [71]. 

Some mechanisms of resistance of living microorganisms to heavy metal ions are 

illustrated in Figure 1. Active export of metal ions depends directly on special resistance 

genes on the chromosome or plasmid. These genes encode heavy metal transporters, 

performing the ion influx. For instance, one can cite enzymes called P-type ATPase, which 

transport specific ions through the cell membrane against a concentration gradient [72]. 

Extracellular sequestration of ions is responsible for reducing the toxicity of these 

elements to microorganisms. This mechanism allows the accumulation of HM in different 

biological structures and can be performed, for example, by EPS, glutathione, and 

biosurfactants [73]
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The sequestration of metal ions can also be performed intracellularly, when the 

element is already inside the cell, preventing more sensitive cellular components from 

being affected by toxicity. In this mechanism, ions can be accumulated by cysteine-rich 

proteins such as metallothioneins (MTs), which have a high affinity for free metal ions 

[74]. 

 

Figure 1 Mechanisms of detoxification of metal ions by microorganisms, where (a) active heavy 

metal ion, (b) active export, (c) heavy metal sequestration (d) control uptake (e) enzymatic 

detoxification, and (f) extracellular polymeric substances - EPS . 

Enzymatic detoxification regulates the chemical transformation of HM into less toxic 

forms, conferring the ability to tolerate HM by microorganisms [75]. The mechanism is 

based on the redox state change, where enzymes perform oxidation and reduction 

reactions of metal ions. An example is the bacterium Bacillus sp., which is resistant to 

mercury by Hg reductase, responsible for reducing mercury to the metallic state, released 

into the medium through the cell membrane [73]. The presence of cationic diffusion 

facilitating transporters (CDF) is also involved in resistance to HM by the flow of ions [76]. 

The joint use of aquatic macrophytes and microorganisms—such as bacteria 

originating from the rhizosphere—represents a solution for the removal of HM in 

contaminated water bodies. Or, in the removal of polycyclic aromatic hydrocarbons 

(PAH), as was the case with the study by Yan et al. [6], with the use of macrophytes 

Vallisneria natans and Herbaspirillum bacteria, which made use of PAH as a carbon source 

and promoted plant growth. Recent studies demonstrate that bacterial inoculation 

enhances the natural remediation ability that aquatic plant species have, making them 

more resistant and increasing the ability to remove these compounds [77]. Rhizopheric 

microorganisms, such as denitrifying bacteria, can affect “rhizobio growth” in aquatic 

plants, boosting wastewater purification, such as the study by Lu et al. [78], with the use 

of the inoculated Pseudomonas rhizospheric strain and Spirodela polyrrhiza in nitrogen 

removal. Therefore, the interaction between macrophytes and microorganisms can help 

create new environmental decontamination strategies [6]. 

6. Artificial Biofilter Floating Islands 

Biofilter floating island systems are a variation of the wetland system built to 

improve water quality. They are made of vegetation on floating support, remaining under 

the surface of the water body [79] (Figure 2). 

These AFI systems showed the upper part of the vegetation growing above the water 

level, while the roots perform the filtration of contaminants in hydroponics. The roots 

allow the development of a biofilm of microorganisms, which also present mechanisms 
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for the removal of contaminants [80;81]. The types of support that can be used are usually 

fabricated of materials such as polymers, wood, and fiberglass, and present fluctuation by 

foam injection or use of hollow and sealed components [40]. Different species of aquatic 

macrophytes have been used for the remediation of water bodies, such as water hyacinth 

(Eichhornia crassipes), lentil (Lemna, Lemna spp.), water lettuce (Pistia stratiotes), vetiver 

grass (Chrysopogon zizanioides) and reed (Phragmites australis) [82] and could be applied in 

artificial islands biofilters. 

 

Figure 2. Representation of an artificial floating island (AFI), presenting (a) shoots, (b) floating 

device, (c) roots under the surface water, allowing biofilm formation. The system remain floating in 

water flow (d).  

    The use of combined technologies, such as the addition of biofilms or immobilized 

microorganisms, can increase the potential for removing contaminants from floating 

islands [83]. In the literature, the use of immobilized denitrifying bacteria, the inclusion of 

an aeration system, addition of rice straw and other fibers as substrates have been 

reported, aiming to improve the functioning of these filter systems [84]. 

After the process of removing contaminants, biomass must be removed from the 

water body before the decay phase occurs and the nutrients and HM removed reenter the 

system [85]. Regarding the part of the plant to be removed, some studies have already 

shown that, during the initial phase of plant growth, the highest concentrations of 

nutrients are in the aerial part, while in the senescence phase, there are higher 

concentrations in the roots [86]. Thus, the need for further studies is highlighted, given 

the capacity of contaminant retention in both parts of the vegetable [23]. 

It is important to know about floating islands, including their place of study, 

composition material, species used, and parameters analyzed, as presented in Table 3. 
Table 3. Studies carried out with artificial floating islands. 

Study Area Scale Floating Material Plant Species 
Planting 

Method 
Evaluated Parameters Ref. 

Botanical Garden 

(Pakistan) 
Microcosm 

Container/plastic 

tub of 50 L 

capacity 

Salvinia natans; Pistia stratiotes Adult plants 

P-accumulated in plant 

biomass; pH; 

temperature. 

[87] 

River (South 

Africa) 
In situ 

Free-floating 

macrophytes 

Pontederia (=Eichhornia) crassipes; 

Stuckenia pectinatus; Typha capensis; 

Cyperus sexangularis;  

Phragmites australis 

Adult plants 

pH; chemical oxygen 

demand (COD), Zn; Fe; 

Cd; As; Cr; Pb; Hg; Cu. 

[1] 

Botanical Garden 

(China) 
In situ 

Container, 

ecological floating 

bed 

Vallisneria natans; Ludwigia 

adscendens; Ipomoea aquatica;  

Monochoria vaginalis; Saururus 

chinensis; Acorus calamus;  

Typha orientalis;  

Schoenoplectus juncoides 

Adult plants 

Total nitrogen (TN), 

total phosphorus (TP), 

COD. 

[88] 
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Rural area 

(China) 
In situ 

PVC tubes (40 

mm) and ropes 

Oenanthe javanica; Gypsophila sp.; 

Rohdea Japônica; Dracaena 

sanderiana; Gardenia jasminoides Var. 

grandiflora; Gardenia jasminoides  

Var. prostratae Salix Babylonica. 

Seedlings 

Temperature, pH, OD, 

SS, COD, N total; P total; 

chlorophyll a. 

[89] 

Aquaculture 

effluent channel 

(Italy) 

In situ 
Licence Tech-IA® 

(EVA) 

Phragmites australis; Carexelata; 

Juncus effusus; Typha Latifolia; 

Chrysopogon zizanioides;  

Sparganiumerectume 

Dactylisglomerata 

Adult plants 

pH, temperature, 

conductivity, DO, BOD, 

COD, N total, KTN, N 

ammoniacal, nitrate, P 

total, SS. 

[90] 

Synthetic 

rainwater 

experiment (New 

Zealand) 

Mesocosm 
a license 

BioHaven® 

Carexvirgata; Cyperus Ustulatus; 

Juncusedgariae; Schoenoplectus 

Tabernaemontani. 

Seedlings 

Cu, Zn, turbidity, 

temperature, DO, pH, 

macronutrients, and 

micronutrients. 

[91] 

Nutrient Solution 

Experiment 

(China) 

Microcosm 
a license 

BioHaven® 

Cannageneralis; Scirpusvalidus; 

Alternanthera Philoxeroides;  

Cyperus Alternifolius;  

Thalia Geniculata. 

Adult plants 

BOD; COD; N total; P 

total; ammoniacal N and 

nitrate. 

[92] 

Urban 

stormwater 

runoff 

Mesocosm 

Extruded 

Polystyrene 

Circular Buoy 

Juncus Effusus Carex Riparia. 

Pozzolan as 

substrate with 

seedlings 

Cd, Ni, Zn, biomass 

production. 
[93] 

Urban retention 

ponds (USA) 
Mesocosm 

Coconut fiber 

bristles RoLankaTM 

Inc. 

Pontederia cordata L., Schoenoplectus 

tabernaemontani 
Seedlings 

P total, P particulate, 

orthophosphate, N total, 

organic N, ammoniacal 

N, nitrate, chlorophyll a. 

[94] 

Legend: Ref: reference; DO: dissolved oxygen (mg L−1); BOD: biochemical oxygen demand (mg 

L−1); COD: chemical oxygen demand (mg L−1); SS: suspended solids; KTN: Kjeldahl total nitrogen; a 

Interlaced polyester fiber (95% porosity) injected with polystyrene foam to provide buoyancy. 

Source: Adapted from Pavlineri, Skoulikidis, and Tsihrintzis [Erro! Fonte de referência não 

ncontrada.]. 

The disposal of biomass after the removal of contaminants will depend on the 

characteristics and toxicity of the material since there is a possibility of secondary 

contamination. The possibilities of application/disposal of this biomass range from 

anaerobic fermentation, composting, combustion, phytomining, landfill, and pyrolysis 

[95]. Among them, pyrolysis stands out for being suitable for biomass containing HM, 

given the ability to promote the stabilization of metals within the carbon matrix, according 

to a study performed by Huang et al. [96]. Pyrolysis of biomass is responsible for reducing 

the mass of residues and degrading the material in pyrolytic products of added value, 

giving rise to the so-called biocoal, which can be used as corrective for the soil, considering 

the presence of basic nutrients with N, P, and K, among others [97]. 

7. Advantages and Disadvantages of Bioremediation 

 

Bioremediation using only plants or its combination with microorganisms such as 

fungus or bacteria has an important advantage against the conventional remediation 

treatment, once the society is more suitable and can choose biological treatments against 

the conventional. The bioremediation issue for studies and applications has increased in 

the current years. Studies with the most different applications such as heavy metals 

[98,99], hydrocarbonates [100], diesel [101,102], biodiesel [101,102], persistent organic 

pollutants [103], pesticides [104], and others.



Sustainability 2023, 15, 1411     39 
10 of 15 

 

Phytoremediation is one of the main techniques of bioremediation applied for the 

removal of contaminants from the environment, once to apply bacteria, fungus and other 

microorganisms have some limitations for applications in the environment. The use of 

macrophytes as a cost-effective bioremediation method is an interesting technique to treat 

contaminated water [20]. According to Shen et al. [105], biological, physical, chemical, 

agronomic, and genetic approaches have been used to enhance phytoremediation. 

Nevertheless, bioremediation systems require plants with rapid growth and higher 

biomass accumulation [20]. 

It is important to understand the limitations of each technique once the 

microorganisms contaminate other environments, or cause other problems, e.g., the 

application of one bacterium such as Pseudomonas pneumoniae in the environment for 

removal of copper [106], and to know that this kind of bacteria can promote diseases in 

humans. 

Another disadvantage is the disposal methods of contaminated biomass, such as 

pyrolysis, incineration, composting, and compaction, which can be effective. However, 

they are costly and can provide security issues with improper disposal of contaminated 

HM [105]. Although the biomass of these wetland plants may be used for bioenergy 

generation [15], it is paramount to develop research for new and economical technologies 

to convert the contaminated waste from bioremediation to benefit the environment. 

Plants that can be seen in their growth, and measured the population, are more 

suitable to understand for controlling some undesirable growth or population and to 

reintroduce the plants for phytoremediation. Phytoremediation has the potential to 

remove high concentrations of contaminants from soil; despite this possibility, long-term 

treatment is necessary once with the time course to decrease the concentration and 

efficiency. Meanwhile, in the watercourses, the possibility to introduce and remove plants 

is more suitable for remediation and can be easily used and managed, and it can increase 

the results and reduce the time course of the bioremediation process. This kind of study 

should be well explored and used in the field. 

8. Conclusions and Future Prospects 

The increase in environmental contamination has culminated in a reduction in the 

quality of soils and aquatic environments throughout the globe. Alternatives such as 

macrophyte plants have been used for phytoremediation of these environments, and are 

an effective, efficient alternative with high potential for use. Not all plants can absorb and 

or adsorb toxic HM from the environment; however, by studying bioremediation methods 

for these metals, it is possible to highlight various resistance mechanisms and forms of 

bioremediation that are fundamental to the identification of the best use of the plant. 

Allied to plants, resistant microorganisms can exert various forms of bioremediation, 

helping the plant extract, modify or mitigate the toxic effect of HM. Once this step has 

been identified, phytoremediation can be improved by transporting or reducing the 

toxicity of HM. 

The relationship between the type of contaminant with the phytoremediation plant 

affects the capacity and mechanism of bioremediation. In addition, with different 

contaminants, this dynamic is also affected. This theme still needs many studies to reach 

a common denominator, even if there would have more results, they would hardly find 

an exact formula because they are living organisms in often complex environmental 

interactions, such as type of organism, different temperatures (including on the same day), 

different floating concentrations of HM, and different volumes and pHs, among other 

environmental variants. To reduce these processes, it is recommended that, when using 

plants and microorganisms, they are adapted to the environment and contamination 

conditions. 

Within the bioremediation processes of aquatic environments, the use of macrophyte 

plants with a high capacity for phytoremediation of metals, used with bioremediating 

microorganisms, such as biofilters, is an interesting perspective to remove contaminants 

in solution. It is still possible to promote the use of biofilters with the incorporation of 
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renewable materials, such as polyurethane foams, which act as adsorbents in aquatic 

environments. Thus, the set of environmental technologies favors remediation and 

bioremediation of contaminated environments. 
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Abstract: This research investigated four different species of aquatic macrophytes with natural oc- 

currence in an urban environment highly anthropized in Southern Brazil. The aim of the research 

was to compare the phytoremediation potential among the species E. anagallis, H. grumosa, H. ranun- 

culoides, and S. montevidensis through Pearson´s correlation analysis and cluster analysis, using the 

heavy metal content identified through HNO3 - HClO4 and phytoremediation indexes. The results 

highlighted the bioconcentration factor (BCF) of H. ranunculoides, with outstanding results for Cu 

BCF = 667.09, Zn BCF = 149.93, Cd BCF = 26.85, Cr BCF = 31.77, Ni BCF = 35.47, and Pb BCF= 126.29. 

Additionally, H. grumosa and S. montevidensis were also highlighted, considering the potential phy- 

toremoval (g ha−1). Therefore, this study demonstrates the tolerance and potential for removal of 

heavy metals Cu, Cr, Cd, Pb, Ni, and Zn by the evaluated aquatic macrophyte species and elucidates 

the outstanding potential of application in phytoremediation purposes. 
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1. Introduction 

The urbanization and industrialization processes within cities contribute to the release of 
contaminants into aquatic and terrestrial ecosystems. The contaminants reaching the aquatic 
environments are responsible for an increase in both sediments and water in these areas. In 
urban locations, the pollutants reach aquatic environments through rainfall runoffs that carry 
different loadings depending on the area and land use. Residential areas can contribute to 
nitrogen and phosphorous loadings, as well as domestic sewage, along with industrial 
wastewater discharges with high levels of heavy metals [1]. Additionally, means of transport 
are a source of heavy metals, hydrocarbons, sulfur, oil, and grease [2]. 

Among the contaminants, the presence of heavy metals in watercourses represents a 
threat considering the bioaccumulation properties in the food chain and risks to 
environment, animals, fish, plants, and population health. General consequences of heavy 
metal in excess are damage to the kidneys and bones, endocrine, cardiovascular, and 
neurological problems, in addition to potentiating the development of cancer [3]. 

The entrance of heavy metals into organisms can occur due to invertebrates which 
absorb levels of these elements and are a food source for fish and other aquatic species. 
Another route is immediate absorption via water, or even via sediment deposition—which is 
the first location for heavy-metal accumulation in aquatic environments [4]. 

In Brazil, the origin of most heavy-metal content in excess is due to mining activities, 
along with untreated effluent discharges from agricultural, industrial, and urban areas [5].
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The Santa Bárbara Stream is an important watercourse for the municipality of Pelotas/RS, 

south Brazil, being responsible for the water supply of most parts of this city. The presence of 

aquatic macrophytes is widely noticed in the area, along with a smell and foam also 

present, indicating a possible eutrophication condition and highlighting the polluted 

condition of the area [6]. 

Several conventional methods can be applied to remove heavy metals from these 

environments, such as chemical separation, dredging, and electro-oxidation [7]. However, 

there are some cost limitations and environmental issues that limit the wide application 

of these techniques.  Phytoremediation is an alternative and innovative method, since the 

specificity of species and genotypes allows the removal of different pollutants [7,8]. 

However, the efficient application of phytoremediation techniques presents a straight 

relationship with the understanding of mechanisms in which the plants tolerate and 

bioaccumulate heavy metals, with attention to the limits of the toxic level. It is also 

important the understand how the elements are translocated in the plants [9]. 

Different mechanisms enable plants to accumulate heavy metals, nutrients, and other 

contaminants. For heavy-metal uptake, the plant performs intracellular accumulation, 

alteration of gene expression responsible for uptake of these elements, efflux, sequestration, 

and translocation [10,11]. Among phytoremediation techniques, there is: phytoextraction, the 

accumulation by the shoots of the plants; phytostabilization, with the immobilization of 

contaminants; phytodegradation, degradation through the metabolic process; rhizodegra- 

dation, degradation in the rhizosphere; phytovolatilization, elimination of contaminants 

through a transpiration process; and rhizofiltration, filtration in the rhizosphere area with- 

out translocation [12]. 

For the efficient application of phytoremediation, the first step is the screening and 

identification of plant species with the ability to tolerate the high levels of the selected 

pollutant. For this prospection of plants, the strategy of studying plants from contaminated 

areas is promising [13]. In addition, it is necessary to understand the main mechanism by 

which the plant removes the contaminant, its transport within the plant, and its tolerance, 

among other aspects, in order to exploit its full potential [14]. 

The identification of tolerant native species is essential for the proper application of the 
technique, and there are essential factors such as adaptation to local condition and 
competitions with invasive/exotic species [15]. Worldwide, researchers have been investi- 
gating different aquatic macrophyte species’ potential for application in phytoremediation 

purposes, e.g., Eichhornia, Lemna, and Azolla, and in general, the requirements for the 

application are rapid growth and higher biomass production, along with tolerating higher 
levels of the selected contaminant [16]. 

Therefore, in this study, we propose the utilization of aquatic macrophyte species’ 

characteristics of South America, i.e., Enydra anagallis, Hydrocotyle ranunculoides, Hymenachne 

grumosa, and Sagittaria montevidensis, for phytoremediation, as well as comparison of the 

potential of accumulating heavy metals of these plants. We then highlight their great 
potential for application in phytoremediation purposes, thus representing a sustainable 
alternative for decontamination of water and wastewater. 

2. Materials and Methods 

2.1 Study Area 

The study area is located in the municipality of Pelotas/RS (31◦45′43′′ S and 52◦21′00′′ W), 

Brazil. The Santa Bárbara Stream is the principal watercourse from Santa Bárbara Subwater- 

shed, with 30,000 m of total length, and presents importance for the city since it serves as a 

water source for a great part of the population [17]. The Stream has suffered changes in its 

drainage bed, along with the construction of a dam for public supply and the implementation 

of a flood protection system [18]. 
The current condition of degradation in the Santa Bárbara Stream begins with the 

expansion of urban areas and changes in the natural characteristics of the environment.  

Some aspects can be highlighted as the land use and occupation occurring in a disorderly 
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manner, the absence of a sanitary sewer system, resulting in the domestic and industrial 

release of contaminants, along with lack of environmental education [19]. 

2.2 Sampling Plants and Characterization 

The collection of the emergent aquatic macrophytes (Figure 1) was performed in Santa 

Bárbara Stream, and the location (31o45′24.4′′ S, 52o21′22.1′′ W) was selected according to the 

presence of a large number of plants in the area, along with easy access to the riverbanks. The 
sampling occurred in the summer season, when presence of aquatic macrophytes is usually 
more visible, presenting the highest amount and diversity. The plants were sampled through 

the area and the biomass was placed in plastic bags and properly stored until in the 
laboratory. The plants (Table 1) were then washed and rinsed using distilled water to remove 

soil or sediment particles attached to plant biomass [20]. 
 

Figure 1. Studied aquatic macrophyte species: (a) Enydra anagallis; (b) Hydrocotyle ranunculoides; 

(c) Hymenachne grumosa; (d) Sagittaria montevidensis. 
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Table 1. Studied aquatic macrophyte species with family and common name, dry mass, and 

biomass production (ton ha−1). 
 
 

Species Family Common Name Dry Mass (g) 
Biomass Production

 
(ton ha−1) 

Enydra anagallis Asteraceae – 2.58 0.56 
Hydrocotyle 

ranunculoides 
Araliaceae 

Floating
 0.23 0.16 

Hymenachne 
grumosa 

Sagittaria 
montevidensis 

Poaceae Carnivão 11.69 2.92 

Alismataceae Giant arrowhead 20.04 3.20 

 
 

 

2.3 Detection of Nutrients and Heavy-Metal Content 

The roots were separated from the shoots of the plants and the different portions 

were dried until achieving constant mass (approximately 48 h at 60 ◦C), and subsequently 
ground. The ground material was used for 3:1 nitric-perchloric acid digestion (HNO3-
HClO4) following the methodology described by Tedesco [20], with approximately 15 
hours in HNO3 and 5 hours in HClO4. We used a Micro Tube Kjeldahl digester block 
(LUCADEMA, Luca-23/02, Brazil) in a gas exhaust housing (Ideoxima ORG.10, Brazil), and 
the element levels were detected with Inductively Coupled Plasma-Optical Emission 
Spectrometry (PerkinElmer®-Optima™ 8300 ICP-OES), at the Laboratory of Soil at the 
Federal University of Rio Grande do Sul (UFRGS). We used internal standards [21] for 
quality control with limits of detection (LoD) of Cu—0.6; Zn—2.0; Cd—0.2; Cr—0.4; Ni—

0.4; Pb—2.0 mg kg−1. 

2.4 Indexes for Phytoremediation 

The bioconcentration factor (BCF) and the translocation factor (TF) phytoremediation 

indexes were determined by applying Equations (1) and (2), respectively [22]:
 

BCF =
  level in roots    

level in environment 

TF = 
level in shoots     
level in roots 

 

 

(1) 

 
(2) 

where levels in roots refer to the concentration determined in the roots of the plants, in 

mg kg−1, the level in the environment refers to the concentration of the element in water 

(mg L−1), and the level in shoots refers to the concentration of the element in the shoots of 

the plants (mg kg−1)—aerial biomass. 

In addition, we calculated the phytoremediation potential, in g ha−1. For this, firstly, we 
estimated the biomass production (Table 2) for each species, obtained from the area occupied 
by one plant and its total dry weight. Secondly, the phytoremoval potential was calculated 

by multiplying the biomass production by the total element levels (total mg kg−1). 

Table 2. Reference values for general plants (in mg kg−1 dry mass, according with Kabata-Pendias and 

Pendias [23] and Hopkins [24] and total levels found in the aquatic macrophyte species, in mg kg −1. 

 
Level gruMosa 

Sufficient 
Toxic Level 

H. H. ranun- 
culoides 

S. Montevi- 
densis 

E. 

anagallis 

----------------------------------mg kg−1------------------------------ 

Cu 5–30 [23] 20–100 [23] 42.29 236.83 145.39 125.61 

Zn 27–150 [23] 100–400 [23] 298.13 373.74 235.16 205.55 
Cd 0.05–0.2 [23] 5–30 [23] 0.64 0.75 0.55 1.28 
Cr 0.1–0.5 [23] 5–30 [23] 21.28 179.34 22.55 59.77 
Ni 0.1–5 [23] 10–100 [23] 13.37 83.44 13.17 34.66 
Pb 5–10 [23] 30–300 [23] 22.76 33.37 13.75 25.76 
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Level gruMosa 

 

 

 

 

 

 

2.5 Statistical Analysis 

The experimental data were analyzed using the Statistica®software program, v. 7.0. A 

Pearson’s analysis of correlation was run, along with cluster analysis (CA) using Ward’s 

linkage method based on the Euclidean distance, which produced a dendrogram with 

well-defined clusters. 

3. Results 

3.1 Total Content of Heavy Metals 

Some guidelines values established by Kabata-Pendias and Pendias [23] described the 
usual/sufficient values and toxic/exceeding levels for general plants and were used as a 

comparative (Table 2). H. grumosa exceeded the sufficient levels for Cu (42.29 mg kg−1), 

Zn (298.13 mg kg−1), Cd (0.64 mg kg−1), Cr (21.28 mg kg−1), Ni (13.37 mg kg−1), and Pb 

(22.76 mg kg−1), presenting then total values that were between the toxic ranges, excepting 
Cd and Pb. Adapted from Demarco et al. [25]; Demarco et al. [26]; Demarco et al. [6]. 

The H. ranunculoides species was detected with copper levels up to two-fold higher than 

the highest toxic limit of 100 mg kg−1. Another outstanding ability detected for 

H. ranunculoides was the chromium total levels reaching almost six-fold higher than the 
highest toxic limit of 30 mg kg−1. 

The species S. montevidensis was highlighted for copper total levels (145.39 mg kg−1), 

exceeding the toxic range for general plant species. This aquatic macrophyte presented 
Zn, Cr, and Ni levels standing among the toxic/exceeding levels for general plants. These 

results for S. montevidensis can be pointed out as demonstrating the plant with great capacity 

of tolerance for these toxic metals. S. montevidensis Cd and Pb levels were above sufficient. 

It might be mentioned that both heavy metals Cd and Pb are known for their lack in 
terms of biological function in plants and their toxic effects as oxidative stress [27]. Finally, 
E. anagallis presented Cu and Cr exceeding the toxic levels, with values of 125.61 mg kg−1 

and 59.77 mg kg−1. Zn and Ni stayed among the toxic range. 

3.2 Correlation Analysis 

The correlation in H. grumosa regarding total levels of macronutrients and heavy metals 

is shown in Table 3, which the strong positive correlation between K and Cu (r = 0.97), 
K and Ni (r = 0.96), S and Zn (r = 0.90), Cu and Ni (r = 0.92), and Cr and Pb (r = 0.99). 
 

Table 3. Correlation analysis in H. grumosa regarding total levels of macronutrients and heavy 

metals. 
 

P K Ca Mg S Cu Zn Cd Cr Ni Pb 
 

P 1.00 

K −0.04 1.00 
Ca 0.21 −0.12 1.00   
Mg 0.80 0.51 0.17 1.00 
S 0.43 0.85 0.13 0.77 1.00  

Cu 
Zn 

−0.12 
0.44 

0.97 

0.83 

−0.27 
0.21 

0.37 

0.88 

0.80 

0.90 

1.00 

0.70 1.00 

Sufficient 
Toxic Level 

H. H. ranun- 
culoides 

S. Montevi- 
densis 

E. 

anagallis 

  mmol kg−1     g kg−1  
 

P 60 [24] - 7.23 17.05 11.63 10.64 

K 250 [24] - 15.32 35.34 28.65 29.15 
Ca 125 [24] - 13.48 25.9 20.6 20.85 
Mg 80 [24] - 4.47 8.9 8.35 6.5 

S 30 [24] - 6.81 10.17 6.31 7.1 
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P K     Ca          Mg              S                 Cu      Zn         Cd           Cr             Ni    Pb 
 

−0.19 −0.08 
 

 

 

In the case of H. ranunculoides (Table 4), the highlighted positive correlation was among  Cu 
and Zn (r = 0.99) and Cr and Ni (r = 0.99). 

 
Table 4. Correlation analysis in H. ranunculoides regarding total levels of macronutrients and 

heavy metals. 

 
 P K Ca Mg S Cu Zn Cd Cr Ni Pb 

P 1.00           

K 0.12 1.00          

Ca 
Mg 

−0.17 
- 0.62 

0.06 
-0.07 

1.00 
0.87 

 
1.00 

       

S 
Cu 

0.71 
0.42 

0.62 
−0.42 

−0.17 

0.19 

−0.47 
−0.11 

1.00 
−0.19 

 
1.00 

     

Zn 
Cd 

0.39 
−0.84 

−0.36 
0.10 

0.30 
0.64 

0.00 
0.89 

−0.18 
−0.54 

0.99 
−0.24 

1.00 
−0.14 

 
1.00 

   

Cr −0.68 0.34 0.39 0.61 −0.15 −0.32 −0.22 0.82 1.00   

Ni −0.61 0.33 0.40 0.57 −0.14 −0.19 −0.09 0.78 0.99 1.00  

Pb −0.08 0.38 0.81 0.66 0.15 0.16 0.28 0.58 0.61 0.66 1.00 

The S. montevidensis correlation matrix (Table 5) showed a strong positive correlation of 

P and Ca (r = 0.91), P and S (r = 0.94), P and Cr (r = 0.93), K and Cu (r = 0.99), K and Zn (r 
= 0.96), K and Cd (r = 0.96), Ca and S (r = 0.99), Ca and Cr (r = 0.95), S and Cr (r = 0.99), 
Cu and Zn (r = 0.99), Cu and Cd (r = 0.99), and Zn and Cd (r = 0.99). Thus, it might be 

mentioned that, unlike the other species, S. montevidensis demonstrated that heavy-metal 

uptake strongly correlated with nutrient uptake. 

 
Table 5. Correlation analysis in S. montevidensis regarding total levels of macronutrients and 

heavy metals. 
 

                              P K Ca Mg S Cu Zn Cd Cr Ni Pb 
 

P 1.00 
K −0.98 1.00 
Ca 0.91 −0.96 1.00 
Mg −0.65 0.78 −0.88 1.00 
S 0.94 −0.98 0.99 −0.87 1.00 
Cu −1.00 0.99 −0.92 0.68 −0.95 1.00 
Zn −0.99 0.96 −0.85 0.59 −0.89 0.99 1.00 
Cd −0.99 0.96 −0.87 0.57 −0.90 0.99 0.99 1.00 
Cr 0.93 −0.98 0.95 −0.86 0.99 −0.95 −0.91 −0.89 1.00 
Ni −0.29 0.16 −0.07 −0.39 −0.03 0.26 0.28 0.40 0.06 1.00 

Pb −0.30 0.37 −0.55 0.43 −0.43 0.32 0.17 0.32 −0.27 0.37 1.00 

 

It can be seen that E. anagallis demonstrated a strong positive correlation among P and Ca 

(r = 0.92), P and S (r = 0.96), P and Cd (r = 0.93), Ca and S (r = 0.90), S and Cd (r = 0.96), Cu 
and Zn (r = 0.93), Zn and Pb (r = 0.96), and Cr and Ni (r = 0.93) (Table 6). 

Cd 0.12 0.70 −0.73 0.42 0.56 0.77 0.48 1.00  

Cr 0.67 0.04  0.71 0.16  0.42 0.34 1.00 

Ni 0.15 0.96 -0.20 0.67 0.86 0.92 0.89 0.78 0.29 1.00  

Pb 0.73 −0.08 −0.06 0.70 0.10 −0.21 0.37 0.19 0.99 0.17 1.00 
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Table 6. Correlation analysis in E. anagallis regarding total levels of macronutrients and heavy metals. 
 

P K Ca Mg S Cu Zn Cd Cr Ni Pb 
 

P 1.00 
K −0.40 1.00 
Ca 0.92 −0.60 1.00 
Mg −0.63 −0.34 −0.41 1.00 
S 0.96 −0.23 0.90 −0.75 1.00 
Cu 0.37 −0.25 0.52 0.19 0.37 1.00 
Zn 0.49 −0.60 0.69 0.26 0.42 0.93 1.00 
Cd 0.93 −0.17 0.87 −0.64 0.96 0.58 0.57 1.00 
Cr −0.10 0.81 −0.15 −0.46 0.15 0.13 −0.19 0.22 1.00 
Ni −0.47 0.87 −0.48 −0.17 −0.23 −0.01 −0.34 −0.15 0.93 1.00 

Pb 0.57 −0.78 0.79 0.22 0.48 0.79 0.96 0.56 −0.36 −0.52 1.00 

3.3 Phytoremediation Evaluation by Cluster Analysis 

The phytoremediation indexes calculated allowed comparison between the 
plants for removing the toxic metals from Santa Bárbara Stream. Generally, the elements 

were grouped by BCF in two main groups (Figure 2a),  one composed of Ca,  Pb,  K, and 

Cd, and the other presenting Ni, Cr, Zn, S, Mg, P, and Cu. H. ranunculoides has been 

classified separately from other species regarding BCF (Figure 2b). This species presented 
outstanding results for the studied heavy metals: Cu BCF = 667.09, Zn BCF = 149.93, Cd BCF 
= 26.85, Cr BCF = 31.77, Ni BCF = 35.47, and Pb BCF = 126.29 [25]. 

 

Figure 2. Dendrogram of heavy-metal and nutrient phytoremediation index BCF, demonstrating the clustering 

regarding (a) elements and (b) species categorization. 

The cluster analysis regarding TF by element demonstrated two main groups, the first 
composed of Mg, Cd, Ni, S, P, K, and Zn, and the other by Ca, Cr, Pb, and Cu (Figure 3a). 
Plants with TF > 1.0 present the ability to translocate the element to the shoot’s tissues [22]. 
Therefore, when BCF > 1.0 and TF > 1.0, the mechanism performed is then known as 

phytoextraction. S. montevidensis and H. ranunculoides were grouped in Figure 3b regarding 

phytoremediation index TF. This fact may be justified by the characteristic of S. montevidensis 

and H. ranunculoides being identified as presenting the ability of maintaining high levels 

of elements mainly in their roots, since TF < 1.0. Therefore, phytoremediation mechanism 

performed by S. montevidensis and H. ranunculoides for Zn, Cu, Cr, Cd, Ni, and Pb is 

rhizofiltration. 
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Figure 3. Dendrogram of heavy-metal and nutrient phytoremediation index TF, demonstrating the 

clustering regarding (a) elements and (b) species categorization. 

The evaluation of phytoremoval potential was performed, aiming at the identifica- 

tion of the most promising plant species for application in phytoremediation technique, 

considering biomass production for removal estimation. The cluster analysis regarding 

phytoremoval potential by element demonstrated the formation of two groups, the first 

with the elements Cd, Pb, Zn, Cr, Ni, and S, and the second with Cu, Mg, K, Ca, and P 

(Figure 4a). 

 

 
Figure 4. Dendrogram of in situ phytoremoval potential identified in the different aquatic macrophytes, 

demonstrating the clustering regarding (a) heavy metals and nutrients, and (b) species categorization. 

Both H. grumosa and S. montevidensis were grouped (Figure 3b), considering the 

outstanding potential found. It should be emphasized that H. grumosa presented great 

results for all the studied heavy metals, reaching values of 871.29 g ha−1 for Zn.  This 
was quite similar to the value estimated for Zn removal by S. montevidensis, which was 

754.01 g ha−1. In addition, S. montevidensis copper removal was detected at 466.20 g ha−1 

and the results thus demonstrated the high tolerance of S. montevidensis to zinc and copper 

levels. Among the species, S. montevidensis was also detected with the highest values of Cr 

and Ni, being 72.31 g ha−1 and 42.25 g ha−1, respectively. 
H. grumosa was also highlighted by Pb phytoremoval potential (66.52 g ha−1) and Cd 

(1.89 g ha−1). The Cd values, besides being less than the found for other heavy 
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metals, represent potential for phytoremediation of cadmium, considering its toxicity and 

consequent damage to human and animal health [28,29]. 

4. Discussion 

The Cr values detected for H. ranunculoides were impressively higher than other 
studies investigating the potential of different plants bioaccumulating this heavy metal 
from natural environments. The study of Tiwari et al. [30] investigating the biofiltration 

of heavy metals by Eichhornia crassipes in a contaminated watercourse in Bhopal, India, 

detected maximum chromium levels of 10.1 mg kg−1. 

Regarding copper content, Melo et al. [31] studied the phytoremediation potential of 
spontaneous species in vineyard soils contaminated with copper and detected values in 

plants that were similar to those found in this study in H. ranunculoides. It was verified 
that, despite the study being performed in soil, more specifically in Inceptisol, the total 

levels of the highlighted species were with similar magnitude, being Lolium multiflorum 

(198.6 mg kg−1 of Cu), Cyperus compressus (276 mg kg−1 of Cu), and Chrysanthemum 

leucanthemum (160.3 mg kg−1 of Cu). The authors pointed out L. multiflorum potential for 
phytostabilization among the studied plant species, considering its dry matter production 
and ability to maintain the highest levels in its roots. 

Regarding correlation analysis, Üçüncü et al. [32], studying the removal potential of Cu, 

Cr, and Pb by the aquatic macrophyte Lemna minor, found that Cr and Pb resembled each 

other in the time required for achieving the maximum removal rate (48 h), along with 
similar variations in contaminant levels during the experiment period (144 h). Thus, the 
authors obtained a high degree of correlation between these two metals. 

Li et al. [33], performing a meta-analysis regarding Cu, Zn, and Cd uptake by aquatic plants, 

found that the ability of a given species to absorb a metal was strongly correlated with its 

ability to remove the other studied metals. However, the authors also identified other 

aspects such as the water pH, the morphology of plants (submerged or emerged), and 

the surface area exposed to water as highly influencing the uptake ability. The authors also 

identified a strong correlation between Cu and Zn, suggesting that the process of 

concentrating could be cooperative. 

Considering the results found in BCF clustering analysis, the results found were 
higher than the BCF found by Afonso et al. [34] in a study aiming at the bioprospection 
of indigenous flora grown in copper-mining tailing areas for phytoremediation of metals. 

The BCF of Pb ranged from 0.4 by the species Juncus sp. to 16.4 in Solanum viarum Dunal. 

Regarding Cu, the species highlighted by the authors were Eryngium horridum Malme, 

Equisetum giganteum L., and Baccharis trimera, presenting values of BCF for Cu of 1.1, 1.5, 

and 1.8, respectively. Despite being somewhat lower, this species was highlighted by the 
authors considering its potential for Cu toleration and accumulation in its tissues, with 

impressive values of 440 mg kg−1, being thus indicated for phytoremediation application. 
Diverging from the results of TF clustering, Gomez et al. [35] found Cu and Ni being 

translocated to the shoots of S. montevidensis. Regarding the mechanism of phytoreme- 

diation, rhizofiltration was also detected as the main mechanism performed by aquatic 
macrophyte plants in other studies. One example is the research conducted by Wora- 

harn et al. [36], which pointed out Typha angustifolia as accumulating Cd and Zn levels 
mainly in roots, in all tested treatments of the experiment. 

In the studied area, the Santa Bárbara stream, the application of aquatic macro- phytes 

could be performed in a controlled form, using the systems of floating islands for water 

decontamination. 

Conclusions 

The studied plant species showed tolerance for Cu, Cr, Cd, Pb, Ni, and Zn, demon- strating 
potential for application in phytoremediation. Comparison between the bioconcen- tration 

factors allowed the identification of H. ranunculoides as presenting excellent results 
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of accumulation. In addition, the study evaluated the phytoremoval potential of each plant, 

and the highlighted species were H. grumosa and S. montevidensis. 
This study serves as a background for the application of aquatic macrophyte species for 

phytoremediation purposes and for a biofilter proposal as floating-island systems for 

wetland treatments that combine the application of living plants with floating devices 

for water decontamination. In addition, it also helps other researchers to apply these 

aquatic macrophyte species with excellent natural potential for remediating other aquatic 

environments worldwide. 

The correct disposal of plant biomass after remediating a contaminated area is pri- 

mordial to ensuring that the metals do not re-enter the systems, affecting other sites. This 

study recommends the investigation of alternatives to be explored, such as heat treatment 

which is followed by co-product generation. Among the treatments one can mention are 

pyrolysis and the production of new adsorbents such as activated carbon. In addition, we 

recommend the bioprospection of native species in studies aiming at the remediation of 

other areas worldwide. 
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E. anagallis Enydra anagallis 

H. grumosa Hymenachne grumosa 

H. ranunculoides Hydrocotyle ranunculoides 

S. montevidensis Sagittaria montevidensis 
HNO3 Nitric acid 

HClO4 Perchloric acid 

ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry 

Cu Copper 

Cr Chromium 

Cd Cadmium 

Pb Lead 

Ni Nickel 

Zn Zinc  

P Phosphorus 

K Potassium 

Ca Calcium 

Mg Magnesium 

S Sulfur 

BCF Bioconcentration Factor 

TF Translocation Factor 
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A B S T R A C T   
 

The ongoing global spread of COVID-19 (SARS-CoV-2 2019 disease) is causing an unprecedented repercussion on 

human health and the economy. Despite the primary mode of transmission being through air droplets and contact, 

the transmission via wastewater is a critical concern. There is a lack of techniques able to provide complete 

disinfection, along with the uncertainty related to the behavior of SARS-CoV-2 in the natural envi- ronment and 

risks of contamination. This fact makes urgent the research towards new alternatives for virus removal from water 

and wastewater. Thus, this research aimed to characterize new lost-cost adsorbents for SARS-CoV-2 using 

Hymenachne grumosa as a precursor and verify its potential for removing SARS-CoV-2 from the solution. The 

aquatic macrophyte H. grumosa had in natura and activated carbon produced with H. grumosa and zinc chloride 

(ZnCl2,1:1) impregnation and carbonization (700 ◦C, 1 h) were incubated for 24 h with inactivated SARS-CoV-2 

viral suspension, and then the ribonucleic acid (RNA) was extracted and viral load  quantified through reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) technique. The results demonstrated the great 

adsorption potential, achieving removal of 98.44% by H. grumosa “in natura”, and 99.61% by H. grumosa with 

carbon activation, being similar to commercial activated carbon (99.67%). Thus, this 

study highlights the possibility of low-cost biofilters to be used for SARS-CoV-2 removal, as an excellent alter- 

native for wastewater treatment or watercourses decontamination. 
 

 

 
1. Introduction 

The global pandemic SARS-CoV-2 2019 disease (COVID-19) has 

reached 116 million cases and 2.5 million deaths reported globally since 

the start of the pandemic, according to WHO (2021) weekly report on 07 

March 2021. Despite the primary mode of transmission of SARS-CoV-2 

being through respiratory droplets and direct/indirect contact, the sec- 

ondary transmission via wastewater is an outstanding concern to be 

overcome (Liu et al., 2020). Recently reports the persistence ability of 

novel coronavirus SARS-CoV-2 RNA for multiple days in wastewater 

without considerable degradation (Ahmed et al., 2020). 

The emerging pathogens, including the SARS-CoV-2, may enter 

wastewater systems from different sources i.e.: hospital effluents, do- 

mestic sewage, surface water runoff, and may present serious conse- 

quences to human health (Lahrich et al., 2021). The viral load identified 
incoming in wastewater treatment plants (WWTP) varies from 2 

copies/100 mL to 3      103copies mL—1 after dilution in the watercourse, 

and directly depending on the contamination level (Foladori et al., 

2020). 

The current methods used for virus removal include membrane 

filtration, reverse osmosis, nanofiltration, and adsorption, along with 

physical inactivation as ultraviolet light, photodynamic oXidation, and 
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chemical disinfection – chlorine or ozone (Mi et al., 2020). 

In addition, among the current methods applied for removal of virus, 

the chemical disinfection using chlorine or ozone present some re- 

strictions in use nowadays considering the by-products generated, since 

reacts with composts present in surface waters as humic and fulvic acids 

and thus generating drinking water disinfection by-products (DBPs) as 

haloacetonitriles, haloacetic acids and trihalomethane (Goswami and 

Pugazhenthi, 2020). 

The technologies with membrane filtration are efficient in virus 

removal, present limitations regarding operational costs, a fact that can 

limit the usage in low-income countries (Adelodun et al., 2020). 

To achieve the complete removal of SARS-CoV-2 from wastewater, 

previous studies recommended the application of advanced technologies 

and/or hybrid treatment systems to achieve satisfactory disinfection, 

along with the removal of secondary metabolites produced by antiviral 

drugs (Kumar et al., 2021). 

It might be highlighting the absence of studies regarding the com- plete 

removal of SARS-CoV-2 from wastewater and the presence of the virus in 

the environment points out the hotspots zones where there is spreading 

of the virus in specific populations (Venugopal et al., 2020). This 

surveillance of the virus in wastewater could be highly efficient for helping 

authorities in decision-making regarding COVID-19 crisis management 

(Randazzo et al., 2020). 

The use of activated carbon is among the promising options aiming 

for virus removal, along with advanced oXidation processes, membrane 

use, and solar disinfection (Ghernaout et al., 2020). Activated carbon 

can be produced using chemical impregnation (KOH, NaOH, ZnCl2, etc.) 

followed by carbonization (Mamaní et al., 2019). Several precursor 

materials are being studied to reduce the cost of the adsorption process, 

including lignocellulosic biomass. Among the materials investigated, the 

aquatic macrophytes and out considering their natural presence in the 

environment  (González-García  et  al.,  2020).  The  aquatic  macrophyte 

Hymenachne grumosa belongs to the Poaceae family and is reported in 

the literature as presenting excellent results for using in constructed 

wetlands (CW), showing potential to remediate urban effluents (Silveira et 

al., 2019). 

In general, viruses present the characteristic of being charged colloidal 

particles that can be adsorbed by different surfaces (Lahrich et al., 

2021). The SARS-CoV-2 presents a single-stranded positive RNA genome 

and belongs to the family Coronaviridae (Yin, 2020). Its adsorption 

phenomena onto surfaces depend on several factors as sur- face chemistry, 

pH, humidity, and temperature. These aspects also drive the desorption 

process and the stability and persistence of SARS-CoV-2, and the literature 

presents a lack regarding the interaction among the virus and different 

surfaces (Joonaki et al., 2020). 

The substantial importance of this study is related to the sanitary crisis 

faced currently by Brazil. The country is into a collapse in the health 

system in its history, as reported by Fiocruz (2021), with 25 of 27 

federative units presenting occupancy rates higher than 80% in an 

intensive care unit (ICU) COVID-19 beds. 

The epicentre of COVID-19 in America and the world is Brazil, reaching 

almost 4000 deaths per day. The sanitary crisis presents long- term 

impacts in population health, economic and social spheres. 

Thus, this research aims to investigate the potential of low-cost 
adsorbent produced using the aquatic macrophyte H. grumosa as a pre- 

52◦21′ 22.1′′ W). The biomass was then washed in tap water and distilled 

water for the removal of associated sediments and dried at 65 ◦C until 
constant weight. 

The material named H. grumosa in natura was prepared using the 

dried biomass, followed by milling in 18-mesh granulometry. On the 

other hand, the H. grumosa activated carbon was prepared with ZnCl2 

impregnation (1:1), at 200 rpm for 24 h. The material was dried and 

then was performed carbonization at 700 ◦C for 1 h. After carbonization, 

the material was washed using an HCl (3 M) solution, followed by hot 

water washing, until neutrality. The methodology was adapted from 

Kiliç et al. (2012). 

 
2.2. Characterization 

The thermogravimetric analysis (TGA) was performed in TGA-1000 
equipment (Navas Instrument), the flow of Nitrogen gas of 1 L/min and 

heating rate of 10 ◦C min. 

The functional groups were obtained with Fourier-transform infrared 

spectroscopy (FT-IR), using Shimadzu model IRPrestige-21, scanning from 

400 to 4000 cm—1, 32 scans, transmittance mode, and resolution of 4 cm—

1. 

The specific surface area of H. grumosa activated carbon was ob- 

tained from the Brunauer, Emmett, Teller (BET) method, and the pore 

size distribution was obtained from Barrett- Joyner-Halenda (BJH) 

method (GEMINI 2390). 

The surface morphologies were evaluated using Scanning Electron 

Microscopy (SEM) (JEOL, JSM 6610 L V, Japan), using 15 kV and 

magnification of 1000 . 

The X-ray diffraction (XRD) patterns were obtained using a diffrac- 
tometer (Brunker D–8, Germany), provided with a diffracted beam 

monochromator and Ni filtered CuKα radiation (λ 1.5406 Å). The voltage 
was 40 kV and the intensity of 40 mA. The 2ɵ angle was scanned between 

10◦ and 60◦, and the counting time was of 1.0 s at each angle step (0.02◦). 

The point of zero charges (PZC) for H. grumosa in natura, H. grumosa 

activated carbon, and commercial activated carbon was obtained using 

the 24 h agitation contact (50 rpm) of adsorbent to pH solutions varying 

from pH 1 to 12. The initial and final pH values were measured using a 

pHmeter and the PZC was obtained after plotting the ΔpH (pH final – pH 

initial) against initial pH. This methodology was adapted from Feng 

et al. (2020). 

The moisture content of H. grumosa activated carbon followed the 

American Society for Testing and Materials (ASTM D2867/04). The pH was 

determined using ASTM D3838/11, and apparent density followed ASTM 

D2854/09. The ash content was established according to ASTM D2866/11 

and calculated as Equation (1): 

Ash content (%) =
 weightfinal  × 100 (1) 

Where weightfinal is the final weight after carbonization (g); weightinitial 

refers to the initial weight of the material (g). 

The yield of H. grumosa activated carbon was calculated as Equation 

(2): 

 (2) 

cursor for SARS-CoV-2 removal from water. Therefore, it is highlighted a 

promising alternative for wastewater treatment and aquatic environ- 

ments contaminated with the new SARS-CoV-2, mostly in developing 

countries with sanitation issues. 

2 Materials and methods 
 
2.1Adsorbent preparation 

The aquatic macrophyte H. grumosa was collected at Santa Bárbara 

Stream,     municipality      of     Pelotas/RS,      Brazil     (31◦45′ 24.4′′ S      

Where mf represents the weight of the produced activated carbon (g); 

and mi is the weight of raw precursor, in this case being the biomass 

activated with ZnCl2. 

The software used for data treatment was Origin Pro 2019. 
 

2.3. Obtainment of SARS-CoV-2 inactivated 

The SARS-CoV-2 virus was used to carry out the experiments with the 

materials which had been used as a positive control and come from a 
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clinical isolated in Vero-E6 cell culture (SARS-CoV-2/SP02/ 

human2020/Br, GenBank accession number MT126808.1). This virus 

was provided by Prof. Dr. Edison Luiz Durigon of the Department of 

Microbiology, Institute of Biomedical Sciences, University of São Paulo 

(USP), Brazil (Dorlass et al., 2020). 

2.3. Virus removal experiment 

The materials H. grumosa in natura (10 mg) and H. grumosa activated 

carbon (10 mg) were properly dried at 37 ◦C for 2 h. After that time, each 

material was transferred to a microtube containing 1.5 mL of sterile 

RNAse-free ultrapure water. To each microtube containing the respec- 

tive material, 150 μL of the inactivated SARS-CoV-2 viral suspension 

(2.5    106 copies/mL) was added, followed by incubation at 28 ◦C with 

shaking at 200 rpm for 24 h, pH 7.0. 

 
2.4. RNA extraction 

After incubation, each supernatant and material was transferred into 

a new microtube and viral RNA was extracted. The extraction of RNA of 

supernatant and materials were performed using the MagMax™ Core 

Nucleic Acid Purification kit (Thermo Fisher Scientific, Waltham, MA, 

USA) according to the manufacturer’s instructions. After extraction, the 

RNAs were quantified in NanoDrop™ (Thermo Scientific, Waltham, MA, 

USA). A concentration of approXimately 10 ng of RNA was used to 

perform RT-qPCR. 

2.5. RT-qPCR 

The primer and probe used in PCR reactions were designed according 
to the sequences published by the Centers for Disease Control and Pre- 

vention (CDC, 2020). Briefly, a reaction of 25 μL of the final volume was 

used, with the following volumes added to the 1× concentrated master 

miX: 5 μL of sample RNA, 12.5 μL of 2 × reaction buffer, 1 μL of Su- 

perscript™ III One-Step with Platinum™ Taq DNA Polymerase (Invi- 

trogen, Darmstadt, Germany), 0.4 mM of each dNTP, 0.4 μL of a 50 mM 

MgSO4 solution (Invitrogen), 1 μg of non-acetylated bovine albumin 

(Roche),  10  μM  of   each   primer   2019-nCoVN1-F2019-nCoV   N1 (5′ 

GACCCCAAAATCAGCGAAAT3′),   2019-nCoVN1-R2019-nCoV   N1 (5′ 

TCTGGTTACTGCCAGTTGAATCTG3′) and 2019-nCoVN1-P2019-n- CoV 

N1 probe (5′-FAM – ACCCCGCATTACGTTTGGTGGACC– BBQ 3′) 
and DEPC water. The reaction occurred in StepOne™ Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA, USA) in the following 

cycling: 55 ◦C for 10 min for reverse transcription, followed by 95 ◦C for 

3 min and 40 cycles of 95 ◦C for 15 s, 58 ◦C for 30 s. 

2.6. Statistical analysis 

Data were expressed as mean SD for duplicates for each experimental 

point. Data were analyzed by using analysis of variance (ANOVA) 

followed by Tukey’s test. 

 
3. Results and discussion 

This research aimed to help the understanding of the interactions of 

viral particles of SARS-CoV-2 with the surface of the adsorbent pro- duced. 

The major goal is the evaluation of the feasibility of using an aquatic 

macrophyte plant species for developing an adsorbent for virus removal. 

The study of surface charge and morphology, functional groups, thermal 

degradation of the precursor material, and crystallinity was performed 

aiming the understand how the particles of bioadsorbent affect the 

adsorption of SARS-CoV-2. 

Thereafter, it was evaluated the potential removal using RNA 

extraction and the RT-qPCR technique. Subsequently, a cost estimation 

was included to endorse the sustainable potential and contribution to the 

cleaner production sector. Finally, it was described the possibilities 

of real application of the new adsorbents presented by this research and 

the advantages of this alternative precursor use. Thus, the character- 

ization of the biomaterial used in this work was the first step intending the 

elucidation of the adsorption mechanism of SARS-CoV-2 in activated 

carbon and raw material for water and wastewater treatment. It can be 

highlighted that this research supports the development of new bio- 

materials for virus removal worldwide. 

The use of inactivated SARS-CoV-2 was performed to guarantee the 

biosecurity, being accordance with recommendations of previous studies. 

Along with careful handling of samples, the prior inactivation of SARS-CoV-

2 is important to prevent accidental release into the envi- ronment, 

ensuring the safety of the researchers and the community (Bain et al., 

2020). The inactivation process also allows the samples to reach diverse 

institutions and researchers, at secure conditions at different locations, 

and it is recommended that each laboratory must follow the guidelines for 

the correct handling of the samples. 

It might be highlighted that besides being following the biosecurity 

guideline, the inactivated SARS-CoV-2 was used in other previous studies 

performed, as Trassante et al. (2021) aimed the detection of SARS-CoV-2 

in healthcare professionals with RT-LAMP (Reverse tran- scription loop-

mediated isothermal amplification) and qRT-PCR techniques. 

   3.1 Adsorbent characterization 

The thermogravimetric analysis is essential for the production of 

activated carbon from a new precursor that did not present previous 

studies  in  the  literature  (González-García,  2018).  The  curves  obtained 

during the analysis demonstrate the thermal conversion structural 

changes in material, and the differential thermogravimetry highlights the 

different stages precisely (Arbeláez et al., 2019). 

It can be seen in the TGA analysis of the precursor (Fig. 1), H. grumosa 

showed two main weight losses. The first was identified at 100 ◦C, which 

can be noticed along with the differential peak in this temperature. On the 
other hand, the second weight loss presented a slowly decreasing rate 

from 300 ◦C to 700 ◦C, having a differential peak at 300 ◦C. At the end of 

pyrolysis, it was shown a final content residue of 7.89%. Above the 

temperature of 700 ◦C, the differential thermogravimetric (DTG) and TGA 

lines remained constant. 

Thereby, the H. grumosa was detected presenting its first weight loss 

in 100 ◦C mainly related to moisture elimination, and the second weight 

loss (300 ◦C) related to hemicellulose degradation (De Luna et al., 2019). 

The degradation of cellulose was reported occurring at 325 ◦C and 

375 ◦C intervals by Di Blasi (2008) in a study modeling chemical and 
physical processes of wood and biomass pyrolysis, and by Burhenne 
et al. (2013) identifying the effect of the biomass components lignin, 

 

Fig. 1.  TGA curve of H. grumosa biomass. 
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cellulose and hemicellulose on TGA and fiXed bed pyrolysis. Regarding 

lignin degradation, there is a lack of studies demonstrating the weight 

loss of this component. Weight losses in temperatures above 400 ◦C 

might be related to secondary reactions of carbon residues. However, 

further studies are recommended in order the completely understand the 

nature of the decomposition process. The identified percentage of final 

residues represents the char after total decomposition (Kumar et al., 

2019). 

The cell wall of plant biomass presents a complex composition with 

several components as cellulose, hemicellulose, pectin, lignin, proteins, 

and other chemical compounds (Hu et al., 2018). These components 

affect the adsorption capacity of the biomass, considering the functional 

groups modifying the surface chemistry. 

The functional groups for H. grumosa in natura, H. grumosa activated 
carbon, and commercial activated carbon was determined by FT-IR in 

the  region  of  400–4000  cm—1.  It  was  identified  similar  bands  in 

H. grumosa in natura and H. grumosa activated carbon, with a major 

difference in 1631 cm—1 bands (Fig. 2a) shifting to 1579 cm—1 in the 

produced activated carbon (Fig. 2b) and 1544 cm—1   in commercial 

activated carbon (Fig. 2c). 

In addition, the H. grumosa in natura also presented a broadband 

located around 3352 cm—1 (Fig. 2a). The main peaks detected for the 

adsorbents were among 1000–1220 cm—1 positions, 1217 cm—1, 1363- 
1371 cm—1, 1741 cm—1, 2090 cm—1, 2320-2343 cm—1 and 2918-2968 

cm—1. 

The detected FT-IR spectra in H. grumosa in natura showed bands that 

can be attributed to O–H stretching of the hydroXyl group (broadband 

located around 3352 cm—1) (Abdullah et al., 2020). The aliphatic C–H 

group was identified in H. grumosa in natura and H. grumosa activated 
carbon in 2918 cm—1 and 2968 cm—1, respectively (Alves et al., 2019). The 

C–O free carbonyl groups were identified in H. grumosa in natura and H. 
grumosa activated carbon in 1741 cm—1  (Bind et al., 2018). 

The peaks 1371 cm—1and 1363 cm—1in H. grumosa in natura and 

H. grumosa activated carbon can be assigned to O–H deformations 

regarding phenolic and aliphatic groups; and lastly, peaks occurring 

among   the   spectra   of   1000–1220   cm—1can   be   attributed   to   C–O 

stretching (Alves et al., 2019). The detected bands were similar to pre- 

vious studies of activated carbon from different precursors (Zyoud et al., 

2015; Maneerung et al., 2016). 

The functional groups present in the viruses are another important 

factor affecting the adsorption process. The main groups found in the 

amino acids of SARS-CoV-2 are –NH2, –NH3
+, –COOH, and COO— and 

 

Fig. 2. FT-IR spectra of (a) H. grumosa in natura, (b)  H. grumosa activated 

carbon, and (c) Commercial activated carbon. 

 

the adsorption process is thus given by electrostatic interactions be- tween 

the surface of virions and opposite charge from the surface (Joonaki et al., 

2020). 

The adsorption of SARS-CoV-2 is also driven by the spike (S) glyco- 

protein protruding from the lipidic membrane since it is responsible for 

giving the virus its morphology and being a component of the outer 

surface. The spike-glycoprotein of SARS-CoV-2 is reported as presenting 

a hydrophobic nature and negative charge in pH above its isoelectric point 

– pH 5.9 (Pandey, 2020). The point of zero charges (pHPZC) detected for 

H. grumosa activated carbon was 6.09, and the value detected for H. 

grumosa in natura was 6.32. The commercial activated carbon presented a 

pHPZC of 6.55. Considering the pHPZC of the materials it can be seen that the 

charges of the surface of the bioadsorbents are also negative in the pH 

condition (pH = 7.0) tested since all the materials pHPZC are lower than the 

pH of the solution. This fact is supported by the fact that when the solution 

pH is lower than the pHPZC, the solid material surface will be positively 

charged and tends to adsorb anionic species. On the other hand, when 

the pH of a solution is higher than the pHPZC, the material surface will be 

negatively charged and tends to adsorb cationic species due to 

electrostatic interactions (Nizam et al., 2021). 

The specific surface area of H. grumosa activated carbon was 30.09 m2 

g—1, and the average pore size was 3.7 nm. The produced activated carbon 
presented a micro/mesoporous structure. The microporous and 

mesoporous structures were according to the research conducted by 

Piriya et al. (2021), which produced activated carbon from coconut 

shells and chemical activation using ZnCl2 aiming at the removal of 

malachite green dye from aqueous solutions. In addition, these struc- 

tures were on par with the results found by Wang et al. (2013), a study 

aiming the optimization of mesoporous activated carbon produced from 

coconut shells and activation with H3PO4, which also identified mainly 

microporous (total volume of 37.06%) and mesoporous (total volume of 

62.85%) structure formed. Kumar and Jena (2017) also identified 

microporous structure on activated carbon produced from foX nutshell 

and ZnCl2 activation. The conditions used were 600 ◦C carbonization 

and 1 h impregnation. 

The chemical composition of raw material influences directly on 

surface area and pore structure for activated carbon (Correa et al., 

2017). Depending on the compost of interest for removing with 

adsorption, the low surface area can be efficient in removing contami- 

nants. In lignocellulosic materials, the high content of lignin can lead to 

activated carbon with lower surface areas, as Nanda et al. (2014) studied 

lignocellulosic feedstocks and found surface areas less than 5 m2 g—1 

after pyrolysis (600 ◦C, 4 h) aiming the production of biochar for soil 

amending. 

Carbon-based materials have already been tested for virus removal 

from fluids in adsorption techniques and presented promisor results. The 

investigation conducted by Powell et al. (2000) tested conventional 

granular activated carbon and an activated carbon fiber composite for 

removing the bacteriophage MS2. The technique used batch design to 

determine empirical isotherm coefficients from linear regression anal- 

ysis. The authors found a removal superior for carbon fiber composite than 

granular activated carbon, despite the lower total surface area 

(840 m2 g—1) compared to the granular one (1050 m2 g—1). The authors 

justified that the promising results were due to different shape and size 

fractions of the activated carbons. 

Matsushita et al. (2013) studied the removal of bacteriophages using 

adsorption with powdered activated carbon and super-powdered acti- 

vated carbon and ended up identifying that the factors that contribute to 

virus removal were the hydrophobicity of the virus surface, the reduced 

repulsive force between the virus and activated carbon particles, and the 

negative surface charge of activated carbon. 

The SEM of the aquatic macrophyte H. grumosa in natura, H. grumosa 

activated carbon, and Commercial activated  carbon  are  shown  in Fig. 

3a, b, and c, respectively. 

The scanning microscopy of the aquatic macrophyte H. grumosa in 

natura (Fig. 3a) showed a longitudinally striated surface, presenting the
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Fig. 3. SEM image of (a) H. grumosa in natura, (b) H. grumosa activated carbon, 

and (c) Commercial activated carbon. 

 
topography of characteristic plant tissue. The surface of the raw material 

had no porous structure, being uniformly filled, thus reducing the sur- face 

area of the material. 

However, it can be seen that after the production of activated carbon 

from the aquatic macrophyte H. grumosa (Fig. 3b), the surface of the 

material was significantly altered, being possible to observe the 

appearance of pores and a reduction in the streaks characteristic of plant 

tissue. 

 

Finally, the commercial activated carbon (Fig. 3c) showed a rough and 

extremely porous surface, which is a desired characteristic in this type of 

adsorbent since the surface area is directly related to the porosity of the 

solid. 

The X-ray diffractograms are demonstrated in Fig. 4. It can be noticed 

that the Commercial activated carbon (Fig. 4 a) presented a predominantly 

crystalline characteristic with peaks of this type of ma- terial. This 

crystallinity can be attributed to the high ash composition remaining after 

the pyrolysis of the precursor material since it is ex- pected that significant 

crystalline phases occur in samples rich in ash (Benedetti et al., 2018). In 

addition, the presence of salts of inorganic activating agents used for the 

production of the adsorbent is also known as responsible for increasing 

crystallinity. The usage of ZnCl2 for the production of activated carbon with 

bamboo bagasse was also identified as enhancing crystallinity in a study 

conducted by Gunasekaran et al. (2019), whose fact did not occur when 

treated with iron salt. 

The diffractogram  of  the aquatic  macrophyte H. grumosa in natura 

(Fig. 4c) showed an amorphous characteristic with an elongated halo in 2θ 

equal to 22◦, peculiar to low-fibrous plant materials. The H. grumosa 

activated carbon material (Fig. 4b) started to present crystalline char- 

acteristics due to the removal of volatile organic material during the 

production of the coal as well as the presence of the inorganic salt used 

during the activation phase. The temperature at which the activated 

carbon was transformed into a structure with better crystallinity than 

H. grumosa in natura. Lua and Yang (2004) identified the same pattern 

studying the activated carbon prepared from the pistachio-nut shell when 

evaluating the effect of activation temperature on the textural and 

chemical properties of the adsorbent. The authors found that the higher 

activation temperatures reduce the less ordered components leading to a 

reduction of the amorphous structure. 

Adinaveen et al. (2013), in their research aiming the understand 

activated carbon properties produced from sugarcane bagasse also 

identified the formation of crystalline phases during activation at higher 

temperatures (700 and 800 ◦C) in XRD curves. The authors stated this 

formation, which is unusual in activated carbons, can be justified by the 

temperature employed. 

The H. grumosa activated carbon presented an apparent density of 

0.309 ± 0.023 g/cm3, moisture content of 19.14 ± 0.84%, and a pH of 

7.26 ± 0.30. Regarding the ash content, H. grumosa in natura 

presented 

6.37 ± 1.06% and, on other hand, the H. grumosa activated carbon 

presented 25.30 ± 3.35%. 

 
 
 
 

Fig.  4.  XRD  patterns  from(a)  Commercial  activated  carbon  (b)  H.  grumosa 

activated carbon and (c) H. grumosain natura. 
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Fig. 5. Proposal of a floating device composed of polypropylene (PP) in which the bioadsorbent are placed inside. The device presents a lid (1) and an opening 

for the water entrance (2). 

 
 

Fig. 6. Combined floating island device with living plants and using bioadsorbents composed of aerial part of the plants (1); submerged roots (2); planting media 

for the species (3); adsorbent layer (4) which remains floating in the water column.

 

3.2 SARS-CoV-2 removal 

The concentration of SARS-CoV-2 (2.5 × 106 copies/mL) used was 
selected to be higher than the levels found in wastewater and the 
environment, thus guaranteeing that the bioadsorbents developed 
would be able to remove the viral load efficiently in several 
different locations that present different background levels of viral 
particles. Therefore, the application of the biomaterials could 
attend several low income countries in different scenarios of viral 
propagation in actual and future pandemic situations. Table 1 
presents the concentration of SARS-CoV- 2 found in wastewater in 
some studies.  

It can be seen from Table 2 that the new adsorbents as H. grumosa 
in natura and H. grumosa activated carbon produced with ZnCl2 
impregnation did not differ from commercial activated carbon 
regarding supernatant and material cycle threshold (CT). The 
values detected for supernatant were 27.76 ± 0.38 for H. grumosa 
in natura, 27.3 ± 2.64 for H. grumosa activated carbon, and 24.73 ± 
0.69 for commercial activated 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

carbon. In addition, the CT was also similar for the materials, being 
the values 33.72 ± 1.64, 35.04 ± 1.40, and 32.68 ± 6.00, respectively. 

The cycle threshold value (CT) in RT-qPCR analysis is referred to as 

the number of amplification cycles that are required for the gene to 

exceed the threshold level. The values detected for CT are inverse 
to viral load content, and it represents an indirect method of 
detection of copy number of viral RNA (Rao et al., 2020). 
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 Regarding the viral load, it was considered a reference number of 2.5 

× 106 copies mL-1 for 15 cycles. Thus, the viral load identified in the 

supernatant was 4.61 × 102 (copies mL-1) for H. grumosa in natura, 4.54 

× 102 copies mL-11 for H. grumosa activated carbon, and 36.95 × 102 copies 

mL-1 for commercial activated carbon. 

 On the other hand, the viral load detected in the material surface was 

7.19 copies mL-1 for H. grumosa in natura, 1.75 copies mL-1 for H. grumosa 

activated carbon, and 12.32 copies mL-1 1 for commercial activated carbon. 

 Then, it can be seen the viral load per gram removed by each material, 

being 4.54 × 104 copies mL-1 by the adsorbent H. grumosa in natura, 4.52 × 

104 copies mL-1 for H. grumosa activated carbon, and 36.83 × 104 copies 

mL-1 for commercial activated carbon. 

 In terms of removal percentage, it can be highlighted the excellent 

results of removal potential of SARS-CoV-2 by the studied adsorbents. 

The removal potential find was 98.44% for the adsorbent H. grumosa in 

natura, 99.61% for the produced activated carbon from H. grumosa, and 

99.67% for commercial activated carbon. 

 The virus surface can interact through hydrogen bonding that is 

present in the solid surface, which can explain the adsorption phenomena 

with the new adsorbents found in this study. The CT, viral loads, and 

removal percentage results demonstrated the high ability of removal of 

SARS-CoV-2 using the new adsorbents tested – activated carbon using H. 

grumosa as precursor and activation with ZnCl2, along with H. grumosa in 

natura, and presenting results similar with the commercial activated 

carbon. 

 The strong binding between the surface of the material and the spike 

S could have caused conformational changes and destabilization of the 

viral envelope, thus disintegrating and inactivating the SARS-CoV-2 

(Pandey, 2020; Xue et al., 2020). 

 In addition, the hydrophobic interactions might be responsible for the 

adsorption of viruses to solid surfaces, being the enveloped type more 

strongly associated with the solids. These hydrophobic interactions 

depend on several aspects, as the characteristics of the virus and the 

medium components; and the hydrophobic amino acids present in virus 

proteins can explain the removal at pH levels above the isoelectric point 

(Mohapatra et al., 2021).  

 One previous study has already presented the molecular dynamics 

simulation of SARS-CoV-2 spike (S) glycoprotein in cellulose surface and it 

was detected a more stable adsorption process than other materials. This 

fact may be due to the high hydrogen-bonding propriety of cellulose along 

with the amphiphilic characteristic of this component (Malaspina and 

Faraudo, 2020). 

 The chemical activating agent ZnCl2 used in the production of H. 

grumosa activated carbon can be highlighted as responsible for enhancing 

the adsorption. The selected impregnation agent is among the most used 

for the activation of carbonaceous material and increases the porosity, 

thus increasing the efficiency of the adsorption process with carbonization 

yield (Machado et al., 2020). 

 The yield of the produced activated carbon with H. grumosa was 

25.18%. Considering the absence of studies using H. grumosa as a 

precursor of activated carbon, the yield was then compared with other 

lignocellulosic materials that were used in equivalent conditions. In this 

sense, the yield of activated carbon was similar to results found by Yorgun 

et al. (2009), whose aim was the preparation of activation carbons 

presenting high-surface-area from Paulownia wood using ZnCl2 activation, 

and different impregnation ratios and temperatures, presenting a yield of 

approximately 26% (impregnation ratio of 1:1 and 700 ◦C). The authors 

found that this result was higher than the material without activation in 

the same conditions. 

 The results of yield for the production of H. grumosa activated carbon 

using ZnCl2 found in this study were higher than the yield found by Kiliç et 

al. (2012). The authors were studying the production of activated carbon 

from Euphorbia rigida using different chemical impregnation agents, 

detected the ZnCl2 with a yield of approximately 20% in the same 

conditions (impregnation ratio 1:1 and 700 ◦C). 

 
 The chemical activation using ZnCl2 produces activated carbon with a 

high surface area and this fact is reported in the literature as a result of 

breaking the lateral bonds in cellulose molecules (Amran and Zaini, 2020). 

The ZnCl2 yield improvement in activated carbon production is mentioned in 

several studies since it acts as a dehydrating agent pro- moting the 

carbonaceous material decomposition and restricts the for- mation of tar 

(Kaya et al., 2017). The ZnCl2 is known to be largely used as a catalyst for 

carbonization to induce the creation of three-dimensional (3D)-hierarchical 

porous structures (Zhang et al., 2018). 

 The enhancement of the adsorption process can be done through the 

optimization of the operational parameters including adsorbent dosage, pH, 

contact time, temperature, and concentration (Anfar et al., 2020). These 

conditions allow the identification of an optimal process that achieves the 

maximum removal of the target component – in this case SARS-CoV-2 

removal; and each parameter is responsible for showing important 

information about the adsorption mechanism. 

 The adsorption investigations commonly start with the understand- 

ing of the adsorbent dose effect in the removal. It is expected that higher 

dosages of adsorbent enhance the adsorption, considering the increased 

binding sites in the system (Soliman and Moustafa, 2020). Regarding the 

optimization of contact time in adsorption, regularly, the removal of 

contaminants increases with increasing contact time and tends to reach 

stability due to saturation of adsorption sites – achieving the equilibrium and 

thus allowing the identification of optimum reaction time (Anfar et al., 

2020). 

The optimization of the pH parameter is essential for enhancing 

adsorption given its influence on the physicochemical behavior of the 

aqueous solution and in surface charge of the used adsorbent, dissoci- 

ation of functional groups, and degree of ionization (Nnaji et al., 2021). 

Regarding the stability of SARS-CoV-2 in different environmental con- 

ditions, Chin et al. (2020) found the virus stable in a wide range of pH 

(from pH 3 to 10), at room temperature. 

Another important parameter highly influencing the adsorption 

process is the temperature. The understanding of its effects in the 

adsorption process can be done with thermodynamic studies, pointing to 

the nature of the process as exothermic or endothermic. According to the 

nature of the interaction, the temperature presents the possibility of 

enhancing or reducing adsorption capacity. The parameters investigated 

in thermodynamic are the ΔG showing the spontaneous nature of the 

adsorption process, ΔH confirming the nature of adsorption, and ΔS 

showing the affinity of adsorbent and the nature of randomness to the 

solid-solution interface (Peydayesh and Rahbar-Kelishami, 2015). 

Similarly, the effect of initial concentration of adsorbate affects the 

efficiency of the adsorption process indirectly since there is a general trend 

of the adsorption sites to be more easily saturated – thus leading to a 

reduction in removal. Despite this fact, in some cases, there is an in- crease 

in the removal of the target contaminant from the solution when this initial 

concentration is high (Al-Ghouti and Al-Absi, 2020). 

One method used for enhancing adsorption is the application of 

Response Surface Methodology (RSM), which is a set of statistical 

techniques aiming at the multivariable optimization of the adsorption 

process, demonstrating the influence of each parameter and the inter- 

action among them using a mathematical model (Hamidi et al., 2021). 

The detection of SARS-CoV-2 genetic load in wastewater was an 

innovation that supports the wastewater-based epidemiology (WBE) and 

environmental surveillance of the COVID-19 pandemic. A study con- 

ducted by Kumar et al. (2020) demonstrated the removal of the SARS-CoV-

2 in a Wastewater Treatment Plant (WWTP) in India, which receives 

effluent from a hospital with COVID-19 patients. The treatment method 

was an up flowed anaerobic sludge blanket reactor (UASB) and   aeration 

pond and the authors noticed an increase in CT in the samples (CT values 

higher than 40), meaning minor viral load than the compared 
one – the effluent sample. 

A previous study aiming to inactivate viruses using granular 
activated carbon   modified   with   combined   silver   and   copper   oXide
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nanoparticles presented a great effect in inactivation. The metals used 

were able to inactivate the T4 bacteriophage, one of the seven Escher- 

ichia coli phages (T1–T7), despite both adsorbent material and adsorbate 

presenting negative surface charges – occurring van der Waals repulsive 

electrostatic sum and retarded forces. In addition, the study identified the 

generation of reactive oXygen species (ROS) followed by subsequent 

oXidation of amino acids from the proteins of the virus capsid. The 

copper positive charges form electrostatic bonds with negatively 

charged sites and the cell membrane was then allowed the silver to enter, 

causing attack due to binding in specific sites to DNA, RNA, en- zymes, 

and proteins (Shimabuku et al., 2017). 

Another study investigating the agglomeration of viruses by cationic 

colloidal lignin particles using softwood kraft lignin identified the great 

potential for using this material in the water purification process in 

columns or membrane filtration, as long as flocculation and sedimen- 

tation agents. It is highlighted as a low-cost alternative for water 

disinfection along with being an alternative for the commercialization of 

this co-product (Rivière et al., 2020). 

The cost estimation of H. grumosa activated carbon production is 

described in Table 3, considering the precursor material, chemical used 

in the preparation, along with drying, carbonization, and washing. The 

total cost for production of 1 kg is estimated at US$ 6.60, which is lower 

than the commercial activated carbon (approXimately US$ 19.53, seen 

in 2021). The cost for the production of bioadsorbent H. grumosa in natura 

is based on the transportation of biomass, and it can be seen the low cost 

of US$ 0.01 kg—1. 

The cost evaluation estimation along with the removal efficiency 

allowed the identification of economical and sustainable alternatives for 

commercial activated carbon production. 

Despite further studies are necessary for the implementation of 

biofilters using the new low-cost adsorbents from H. grumosa precursor, 

the authors idealize three main applications: 

i) The system to be proposed is analogous to floating islands, thus using 

a fluctuant device for the adsorption of SARS-CoV-2, to be placed in 

the watercourse and removed before the desorption process starts to 

occur, thus avoiding the resuspension and re-entering of viral par- 

ticles to the water column. 

For such, it is idealized a device whose bioadsorbent remains fiXed and 

whose water passes through and it remains fiXed in both sides of the 

margin when applied in the watercourse (Fig. 5). 

ii) The other option is the application of a combined artificial floating 

island, which uses living plants in a buoyant system, in which the roots 

of the plants remain in water rizhofiltrating and the shoots are in the 

upper part of the device (Fig. 6). This combined device pre- sents the 

benefits of living plants promotes the effects of improving water 

quality through plant absorption of nutrients and other con- taminants. 

In addition, there is a natural formation of biofilm in the roots of the 

plants presenting bacterial and other activities of or- ganisms. The 

adsorbent layer is then composed of the bioadsorbents produced: H. 

grumosa activated carbon or H. grumosa in natura. 

The H. grumosa usage in constructed wetlands (CW) was reported in 

several studies. For example, it can be mentioned the research con- 

ducted by Horn et al. (2014); Lutterbeck et al. (2017); Dell’Osbel et al. 

(2020); da Silva et al. (2021). It is highlighted that H. grumosa is known for 

its potential in removing contaminants, easy acclimatization and dense 

root system, and pruning allowed in three or four months (Machado et 

al., 2015). 

In addition, it is highly recommended the evaluation of kinetic along with 

the equilibrium study in different experimental conditions to understand 

which kinetics and isotherm models could predict the adsorption process of 

SARS-CoV-2 onto the bioadsorbent. It might be tested the possibility of reuse 

of adsorbent with specific eluent, along with a recommendation for disposal 

in the appropriate waste site. 

 

iii) The third application proposal is the use of bioadsorbents in 

WWTP, in the tertiary treatment stage, as a low-cost substitution of 

commercial activated carbon. This application stands out as a 

relevant contributor for conventional treatment, since the first 

treatment phase, whose physical processes aim to reduce the solids 

already are responsible for the first viral removal; however, being 

unable to completely remove the viral load. In addition, the 

secondary treatment besides presents good removal rates using 

membrane bioreactor, i.e, it was reported with high energy 

demanding by previous studies - around 0.45 and 0.65 kWh⋅m3 in 

higher efficiency (Teymoorian et al., 2021). 

It is highlighted also the relevance of treatment options presenting low 

toXic products aiming at the reduction of secondary pollution along with 

being an alternative for managing a future crisis. The current need for re-

designed treatment options considering a multi-barrier method for viral 

pathogens is in agreement with the pandemic control measures (Mohan et 

al., 2021). 

 

4. Conclusions 

In this study, it can be pointed out the high ability of the new bio- 

adsorbents in the removal of SARS-CoV-2 from the solution through the 

adsorption process. The aquatic macrophyte H. grumosa in natura and the 

activated carbon produced with H. grumosa biomass and ZnCl2 activating 

agent demonstrated excellent potential for the virus removal and viral 

load reduction per gram of the material. 

The identification of new adsorbents able to reduce the viral load is 

extremely important since the behavior and infectiousness of the SARS- 

CoV-2 in the environment are still unclear. It might be highlighted that 

despite the immunization program using the SARS-CoV-2 vaccine hav- ing 

already started in Brazil and the World, it is still unknown how long it 

will take to reach the critical immunization threshold in the country. Also, 

using a biomaterial eco-friendly, and cheap is a sustainable alternative for 

cleaning and also for biomonitoring the occurrence of the virus 

widespread in the environment. 

This research stands out as an innovative alternative for wastewater 

treatment along with decontamination of watercourses to prevent further 

contamination of COVID-19 through waterborne. In addition, it 

 

Table 3 

Cost estimation for the production of bioadsorbent H. grumosa activated carbon and H. grumosa in natura (US$/kg). 

 Breakup Temperature/duration/ Unit cost (US Power rating H. grumosa activated carbon H. grumosa in natura 

cost amount $) (kWh) (US$) (US$) 

Biomass collection and   0.01  0.01 0.01 

transportation       

Activation ZnCl2 1 L 5.21  5.21 – 

 
Drying 

Agitation 200 rpm, 24 h 

25 ◦C, 48 h 

0.06 0.1 (24 × 0.06 X 0.1) 0.144 

0.0 

– 

0.0 

Carbonization 

Washing 

Heating 

HCl (3 M) 

700 ◦C, 1 h 

200 mL 

0.06 

1.15 

1.5 (0.06 × 1.5 X 1) 0.09 

1.15 

– 

– 

Total     6.60 0.01 
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is highlighted the reduced costs for the production of these adsorbents, 

since this plant species presents natural growth in polluted watercourses. 

This research aimed to provide a complete characterization of the 

produced activated carbon in accordance with current researches aiming 

at the production of low-cost activated carbons with low environmental 

impacts. The characteristic of environment-friendly production is based 

mainly on the utilization of a plant species of aquatic macrophyte naturally 

occurring in contaminated watercourses as the precursor of the material. 

These plants are phytoremediating these contaminated sites, and 

sometimes, the presence of this plant in excess causes problems of 

reducing the light entrance in aquatic environments, along with reducing 

the available oXygen leading to the death of several organisms. Therefore, 

in many cases in urban areas, there is a needing of removing this plant to 

avoid the eutrophication process. This biomass might be then correctly 

disposed of in specific waste areas as landfills or incineration. 

The process of using this phytoremediated biomass as 

bioadsorbent and for activated carbon production represents a sustainable 

alternative for re-evaluating this biomass, leading to a high-value product. 

It might be highlighted that despite presenting a cost estimation for its 

production, further studies are necessary for the detailed quantification of 

environmental impacts. However, this research represents a great 

innovative first step toward environmental and health global issues and 

aims to assist the protective measures for coping with the SARS-CoV-2 

pandemic and future similar conditions mainly in low-incoming countries 

dealing with basic sanitation issues. 
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Abstract  23 

Hydrocotyle ranunculoides is an aquatic macrophyte with natural ability of removing heavy 24 

metals from environment. The understand of the mechanisms that makes this plant species 25 

tolerant and able to remove Cr(VI) are essential for proposing biofilters devices for 26 

watercourses decontamination. Therefore, this research aimed to identify the main effects in H. 27 

ranunculoides that could explain its tolerance to this heavy metal. For such, a treatment with 28 

K2Cr2O7 with 7 days exposure was performed, along with evaluation regarding growth 29 

parameters, photosynthetic pigment, lipid peroxidation via TBARS assay, total phenolic 30 

compounds, antioxidant enzymes, FT-IR, chromium and nutrients contents, phytoremediation 31 

indexes, surface and cytological observations along with TGA analysis. The main results found 32 

suggested that H. ranunculoides demonstrated adaptive response to chromium. Considering all 33 

the tolerance and excellent removal potential by this plant, it is then proposed a floating biofilter 34 

device in order to apply this plant species for chromium decontamination purposes.  35 

 36 

Keywords: bioaccumulation, floating island,chromium phytoremediation, sustainable 37 
biofilter.  38 
  39 
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1. Introduction 40 

The increase of chromium release in environment have raised concern worldwide in 41 

light of its toxicity and bioaccumulation proprieties (Ukhurebor et al. 2021). The activities that 42 

promotes its discharge are industrial sectors as dye production, steel manufacturing and metal 43 

smelting (Qu et al. 2021). 44 

This metal can occurs in several oxidation states, being the most commons the Cr (0), 45 

Cr (III) and Cr (VI).The chromium in trivalent form is an essentialmicronutrient, being 46 

responsible for assisting growth boost and increasing productivity in plants. On the other hand, 47 

the hexavalent presentno biological function, along with the characteristic of being highly 48 

soluble in water and seriously moretoxic than the other forms of chromium, due to its high 49 

oxidizing potential and impacts in nutrient uptake and photosynthesis (Saravanan et al. 2021). 50 

Among the deleterious effects of chromium in plants, it can be cited the inhibition of 51 

germination, degradation of photosynthetic pigment, chloroplasts damage,modifications in 52 

antioxidant enzymes and cell membrane, along with stress oxidative induction (Sharma et al. 53 

2020). 54 

The oxidative injury by redox metals - such as chromium,can be caused via Haber-Weiss 55 

and Fenton reactions, which lead to production of reactive oxygen species (ROS)(Sinha et al. 56 

2018). Plants normally produce these ROS, as superoxide radicals (O2
-), hydroxyl radicals 57 

(OH), hydrogen peroxide (H2O2) and oxygen (O2) in small amounts. However, in stress 58 

conditions the production increase significantly, which can cause proteins defragmentation, 59 

damage in cell membrane, photosynthetic pigments and DNA, leading to cell death (Adhikari 60 

et al. 2020). 61 

The compounds that are responsible for coping with these ROS are antioxidant enzymes, 62 

as superoxide dismutase (SOD, E.C. 1.15.1.1), that comprises the first line of defense from 63 

oxidative stress (Kumar et al. 2020). Other important enzymes widely studied in plants are the 64 

peroxidase (POD, E.C. 1.11.1.7) and catalase (CAT, E.C. 1.11.1.6), mainly eliminating the 65 

H2O2 (da Conceicão Gomes et al. 2017). 66 

The species H. ranunculoides L.,known as floating pennywortis an aquatic floating 67 

macrophyte from the Araliaceae family and it occurs in a wide diversity of environments, being 68 

native from Americas and invasive in Europe(Walsh and Maestro, 2017). It is a perennial plant 69 

with rhizomatous and creeping characteristics, and as other aquatic weeds, H. ranunculoides 70 

tolerates high amounts of nutrients, therefore being easily found in eutrophic watercourses 71 

(Simbanegavi et al. 2018). It was already reported by several studies the ability of this aquatic 72 
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plant in removing nutrients and other contaminants, including heavy metalsthough several 73 

mechanisms as rhizofiltration and phytoextraction (Demarco et al. 2018; Custodio et al. 2020). 74 

Recent low-cost biofiltersusing aquatic macrophytes were proposed using adsorbents 75 

produced with Hymenachne grumosaspecies – in natura and activated carbon forms. The 76 

produced adsorbents achievedremoval potential higher than 98% for SARS-CoV-2 and the 77 

proposal aimed the application of floating devices using the produced adsorbents and living 78 

plants for watercourses decontamination and wastewater treatment(Demarco et al. 2022).  79 

Thus, the aim of this research is to understand the effects of Chromium (VI) in H. 80 

ranunculoides in order to clarify the mechanisms that makes this species tolerant to this heavy 81 

metal. This study intends to assist the proposal and construction of floating devices – biofilters, 82 

for decontamination of watercourses.  83 

 84 

2. Materials and Methods  85 

 86 

2.1 Plant material  87 

The plant material was obtained in the municipality of Pelotas/RS, Brazil. Plants were 88 

collected, washed for removing the associated sediments and kept on Clark (1975) nutrient 89 

solution for environmentalization. The light period selected was 16h/8h, with a temperature of 90 

25 oC. Plants were exposed to Cr (VI) different concentrations for 7 days. The Cr (VI) stock 91 

solution (1000 mg/L) was prepared with potassium dichromate (K2Cr2O7) and was used for 92 

preparing the following concentrations: 1 mg L-1, 2 mg L-1, 4 mg L-1, 6 mg L-1and 10 mg L-1. 93 

The pH was adjusted to 6.5 with NaOH (0.1M). It might be highlighted that the solutions with 94 

chromium were prepared with nutrient solution, and the control (0 mgL-1) was composed of 95 

only Clark (1975) solution.  96 

Expressed in molarity, the test concentrations were the following:19.23µM(C1); 38.40 97 

µM (C2); 76.92 µM (C3); 115.38 µM (C4) and192.30 µM (C5). 98 

 99 

2.2 Plant growth and photosynthetic pigments 100 

The leaf area was measured using graph paper, and the root length was obtained using 101 

a digital calliper (150mm, Lorbes). The plant biomass was oven dried (65 oC) until constant 102 

weight, and dry matter production was calculated as follows (Eq. 1): 103 

% 𝐷𝑀 = (100 × 𝑚𝑓𝑖𝑛𝑎𝑙 )/𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙    (1) 104 
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The chlorophyll and carotenoids content were determined using acetone extraction. For 105 

this, 500 mg of leaf was grounded in 5mL of acetone (80%), without the presence of light, in 106 

order to avoid photo-degradation. For the chlorophyll determination, the absorbance was 107 

measured at 661 nm (chlorophylla) and 644 nm (chlorophyllb). For carotenoids determination, 108 

the absorbance was 470 nm. The concentrations were evaluated as µg g-1 (Lichtenthaler 1987). 109 

2.3 Quantification of lipid peroxidation 110 

The thiobarbituric acid-reactive substances (TBARS) was determined according to 111 

Ohkawa; Ohishi;Yagi, (1979).The sample – 500 mg of leaf, was then incubatedin acetic acid 112 

(20%) pH 3.5, and thiobarbituric acid (0.67%), pH 4.0. The incubation was performed at 95oC 113 

for 60 min, andquickly transferred in iceand then centrifuged at 3500 rpm for 10 min. The 114 

reaction products were determined at 532 nm. The concentration was calculated using a 115 

standard curve and the results were expressed in nmol of MDA g-1 sample. 116 

2.4 Total Phenolic Compounds 117 

The total phenolic compounds were determined with the Folin–Ciocalteu method, using 118 

gallic acid as standard (adapted from Swain and Hillis, 1959). The sample was homogenized in 119 

methanol, centrifuged in 5000 rpm for 15 minutes. In the supernatant (250 µL), it was added 4 120 

mL of distilled water and 250 µL of Folin–Ciocalteu reagent. The tubes were agitated, and then 121 

0.5 mL of Na2CO3(7%) was homogenized and after 2h, the absorbance was measured at 725 122 

nm and the results are expressed in μg of gallic acid per g of sample (μg g-1). 123 

 124 

2.5 Assay of antioxidant enzymes 125 

For the assay of antioxidant enzymes, it was prepared an extract containing 500 mg of 126 

the leaf tissue of H. ranunculoidesgrounded in 50 nM Tris-HCl buffer (pH=7.5) with 3mM 127 

MgCl2and 1mM EDTA. The extract was then centrifuged at 4000 rpm for 20 min. 128 

The superoxide dismutase (SOD) was estimated by measuring the inhibition of the 129 

photochemical reduction of nitroblue tetrazolium (NBT) by the enzyme in the reaction mixture 130 

containing50 μL extract and 3 mL of a reaction solution (containing 63 μM nitroblue 131 

tetrazolium, 1.3 μM riboflavin, 13 mM methionine, 0.1 mM EDTA, 50 mM Tris–HCl pH 8.0). 132 

The extract with the reaction solution was kept under light for 20 min, and then the absorbance 133 

was measured at 560 nm in spectrophotometer (GIANNOPOLITIS; RIES, 1977).One unit of 134 

SOD is defined as the enzyme quantity capable of inhibiting 50% NBT reduction under the 135 

assay conditions and the results were expressed as U SOD activity g −1fresh weight. 136 
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The catalase (CAT) was determined using 0.3 mL of extract in a solution of 2.5 mL of 137 

50 mM phosphate buffer pH 7.0, and 0.2 mL of hydrogen peroxide (1%). The decrease in 138 

absorbance of H2O2 was measured at 240 nm, considering a molar extinction rate of 43.6 M cm-139 

1 (AEBI, 1984). 140 

Peroxidase (POD) was evaluated using 20 μL of extract in a solution containing 1 mL 141 

of H2O2(1%), 2.5 mL of 50 mM phosphate buffer (pH 6.1) and 1 mL of guaiacol (1%). The 142 

absorbance was determined at 420 nm (UPADHYAYA et al., 1985). 143 

2.6 FT-IR 144 

The functional groupswere identified by using the Fourier Transform Infrared 145 

Spectroscopy (FT-IR Shimadzu, IRPrestige-21), in the transmission mode ranging from 400 to 146 

4000 cm−1, with a resolution of 4 cm−2 and 32 scans.The software used for plotting the graphics 147 

was OriginPro 2019 (Originlab Corporation, Northampton, MA, USA). 148 

2.7 TGA 149 

The thermogravimetric analysis was performed in the TGA-1000 equipment (Navas 150 

Instrument), flow of nitrogen gas of 1 L min-1 and heating rate of 10 ºC min-1. The software 151 

used for plotting the graphics was SigmaPlot 10.0. 152 

2.8 Surface area and pore size characterization  153 

The specific surface area and pore size were estimated by N2 adsorption using 154 

Quantachrome Instruments (Nova 1200e) at 77 K. The methods were the Brunauer, Emmett 155 

and Teller (BET) and Barrett- Joyner-Halenda (BJH). The sample followed the degassing 156 

temperature of 80 oC. 157 

 158 

2.9 Element content in plant tissues  159 

The chromium content in plant tissues – roots and shoots were determined with HNO3-160 

HClO4 digestion followed by detection in microwave-induced plasma optical emission 161 

spectrometer (MIP OES, Agilent 4200, Australia), equipped with a nebulizer (OneNeb series 162 

2) and a cyclonic nebulizer chamber. The nitrogen was extracted from the atmospheric air using 163 

a nitrogen generator (model 4107, Agilent Technologies, Australia), with flow rates of 20 L 164 

min-1 and 1.5 L min-1 for the plasma gas and 1.5 L min-1 for the auxiliary gas (nebulization). To 165 

plasmaignition, a small flow of Argon gas (Ar) was used, supplied by an internal storage 166 

cylinder installed in the device (Agilent Technologies, USA). 167 

2.10 Phytoremediation index  168 
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The phytoremediation indexes calculated were the Bioconcentration Factor (BCF) and 169 

Translocation Factor (TF). The BCF was calculated using the following the equation (Yoon et 170 

al. 2006; Chanu and Gupta 2016; Pandey 2016; Sidhu et al. 2018): 171 

 172 

BCF =  
[Concentration]roots

[Concentration]water
   (2) 173 

 174 

Where[Concentration]roots refers to chromium levels in the roots of the plant (mg kg-1) 175 

and [Concentration]water refers to the chromium content in solution (mg L-1). The Translocation 176 

Factor (TF) from the roots to the shoots of the plants was calculated according to Yoon et al. 177 

(2006) and Cui et al. (2007), as described in Equation 3, where [Concentration]shoots is the 178 

concentration of element in the plant shoots (mg kg-1 of aerial biomass). 179 

TF =  
[Concentration]shoots

[Concentration]roots
                      (3) 180 

 181 

2.11 Surface morphology  182 

The evaluation of surface morphology was performed using Scanning Electron 183 

Microscopy (SEM) with 15 kV(JEOL, JSM 6610 L V, Japan). 184 

2.12 Cyto-histological observations  185 

The cyto-histological analysis by semi-thin sections of shoots of H. ranunculoides. The 186 

plant tissues were stained with toluidine blue (O'Brien et al. 1964). The tissues were then 187 

investigated under light microscope (Olympus CX41). 188 

2.13 Statistical analysis 189 

The experimental design was completely randomized and the software Statistica® version 7.0 190 

was used. It was performed the Analysis of Variance (ANOVA), Tukey test (p<0.05). 191 

 192 

3. Results and discussions  193 

 194 

3.1 Plant growth and photosynthetic pigments 195 

 196 

The growth parameters were evaluated to investigate the K2Cr2O7effect in this aquatic 197 

macrophyte plant species after the contact time. The leaf area (cm2 plant-1), of H. ranunculoides 198 

(Table 1) presented values ranging from 4.04 ± 0.67cm2 plant -1 to 9.17 ± 1.99 cm2 plant-1. The 199 

lowest values were detected in the treatments of 6 and 10 mg L-1 hexavalent chromium. 200 
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Regarding root length (cm plant -1), the values presented a slight decrease as the levels of Cr(VI) 201 

increased, with control being detected with 7.43 ± 0.54 cm plant-1 and the lowest value was 202 

2.44 ± 0.41cm plant -1. 203 

The percentage of dry matter production obtained for H. ranunculoides species after 7 204 

days exposure also presented a decreased in values, going from 7.58 % in control treatment to 205 

4.24 % in 10 mg L-1. 206 

Gautam et al. (2021) also detected decreased in these parameters when evaluating the 207 

stress protective effect of methanol extract of Rhododendron arboreum Leaves in Vigna radiate 208 

plants exposed to Cr. The authors reported the hexavalent chromium considerably reducing the 209 

dry and fresh weight, along with root and shoot length reduction and justified the heavy metal 210 

influencing cell division or chromosomes abnormalities leading to issues in mitosis. 211 

The pigment analysis involved the chlorophylla, chlorophyll b, chlorophylla + b and 212 

carotenoids evaluation in H. ranunculoides (Fig. 1).The chlorophyll a was reported increasing 213 

with the incrementing levels of Cr (VI), being the lowest value detected in control (0 mg L-1of 214 

Cr (VI), presenting 0.158 µg g-1of chlorophyll a), and the highest was at 4mg L-1of Cr (VI), 215 

with values of 0.397 µg g-1 of chlorophyll a.  216 

Contrastingly, regarding chlorophyll b, the lowest value was verified at 2 mg L-1ofCr 217 

(VI), being 0.038 µg g-1and the highest at4 mg L-1ofCr (VI), being 0.1532µg g-1. The 218 

chlorophyll a + bcontent verified did not differ among the treatments; and the carotenoids were 219 

detected presenting lower values in the control treatment (0 mg L-1 of Cr (VI)) with value 220 

of0.051 µg g-1and the highest value (0.121 µg g-1) also in the treatment of 4 mg L-1 of Cr (VI). 221 

The results obtained in chlorophyll a, chlorophyll b, chlorophyll a + b and carotenoids 222 

suggested that the tested concentrations of Cr (VI) did not interfere negatively in the 223 

photosynthetic pigment production during the experiment duration. 224 

Despite it is widely reported in literature that stress levels may reduce the pigment 225 

content in plants, some studies already reported the opposite. Recent advances in area support 226 

these studies, which considered that pigment in plants as chlorophyll and carotenoid content 227 

can act as scavengers of reactive chemical species, performing defense mechanisms in response 228 

to stress (Agathokleous et al. 2020). 229 

The results found in this research are thus in accordance with some studies, as the 230 

research conducted by Christou et al. (2021) which evaluate the hexavalent chromium in two 231 

different crop species, lettuce (Lactuca sativa L.) and wheat (Triticum aestivum L.). The authors 232 

identified that lettuce leaves presented increased photosynthetic pigments’ levels in the higher 233 

content of K2Cr2O7 (5 and 10 mg L-1).  234 
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Zou et al.(2009) investigating the antioxidant response system and chlorophyll in maize 235 

seedlings detected that the pigment content increased in seedlings treated with 1 μM Cr(VI) 236 

during the first 14 days. In addition, the authors detected that the inhibition of pigments 237 

production was strengthened with the duration of stress, being higher with superior exposure 238 

time.  239 

The results are also in line with the research of Kundu et al. (2018), whose levels of 240 

chlorophyll and carotenoid in leaves of the species Plantago ovata also presented an increase 241 

with hexavalent chromium exposure up to a certain level, demonstrating an adaptive response 242 

to stress with pigment formation and restoration. 243 

 244 

3.2 Estimation of lipid peroxidation (TBARS) 245 

The lipid peroxidation in H. ranunculoideswas estimated using the thiobarbituric acid 246 

reactive substances (TBARS) method, being quantified in terms of malondialdehyde (MDA) 247 

content (Fig. 2). The treatment with the highest Cr (VI) levels: 6 mgL-1 and 10 mgL-1 presented 248 

a significant increase in MDA content in leaves of H. ranunculoides. These values were 249 

1067.81 ± 30.22nmol MDA g-1 FW and 823.49 ± 14.84 nmol MDA g-1 FW, respectively, while 250 

in the control treatment the value was 496.46 ± 29.68 nmol MDA g-1 FW, thus indicating 251 

enhanced lipid peroxidation in these treatments. 252 

Previous results in the literature demonstrated the incrementing lipid peroxidation with 253 

the increasing Cr (VI) levels. Liu et al. (2014), while studying the Cr (III) pre-treatment to 254 

alleviate hexavalent chromium oxidative stress in wheat plants, also detected increased TBARS 255 

content. This fact was minimized by the pre-treatment whose delay the TBARS accumulation 256 

in the studied plants by the Cr (VI), serving as a stress defense.  257 

Another research detecting the increased MDA content in TBARS assay was in a study 258 

conducted by Sinha et al. (2014).The investigation aims to screen the biochemical and 259 

antioxidant alterations caused by hexavalent chromium in a succulent perennial herb named 260 

Tradescantia pallida. As mentioned, when referring to TBARS, the authors found that in the 261 

three experimental periods, 30, 60, and 90 days, the levels of malondialdehyde were higher than 262 

in control samples in both roots and shoots of the plants. The antioxidant activities were 263 

detected also with increased levels – such as ascorbate peroxidase, catalase, and peroxidase, 264 

thus suggesting that these activities were an essential part for the plant to overcoming Cr- 265 

induced oxidative stress.  266 
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 An additional report demonstrating that the lipid peroxidation levels were higher in Cr 267 

(VI) treatment than in control samples was the study performed by Sharmin et al. (2012). The 268 

authors were identifying the proteomic and physiological alterations in the roots of the plant 269 

species Miscanthus sinensis and verified higher levels of lipid peroxidation and H2O2 in 270 

chromium treated plants. These results indicated that an extensive oxidative damage could have 271 

occurred to the root cells.  The authors identified around 170 nmol MDA g-1in control samples, 272 

against more than 250 nmol MDA g-1inthe higher chromium content (1000 µM). These results 273 

were further confirmed by a histochemical assay using Schiff’s reagent, which allowed the 274 

localization of TBA reactive products in situ with high sensitivity, corroborating thus with other 275 

studies that reported increased peroxidation induced by heavy metals as arsenic(Ahmad et al. 276 

2021), lead (Huang et al. 2017) and aluminum (Riaz et al. 2018). 277 

Diverging from these results, Kundu et al. (2018), studying the induced stress response 278 

in the plant Plantago ovata Forsk by Cr (VI), the MDA content was found to be lower in the 279 

plants with Cr (VI) treatment than the control. This fact suggests that the membrane damage 280 

caused by free radical generation was not noticeable possibly due to an increase in antioxidant 281 

levels, also reported by the authors. The MDA values detected by the authors were around 0.7 282 

µmol /L/g FW in control, while inthe Cr (VI) exposure these values range from 0.15 to 0.4µmol 283 

/L/g FW with Cr levels of 0.1 mM to 1.8 mM.  284 

The malondialdehyde (MDA)is formed as a product of lipid peroxidation and is 285 

considered an indicator of oxidative damage, which may destroy membrane functionality and 286 

integrity (Rizvi and Khan 2018). The increase found in MDA content in this study in the 287 

highest’s Cr (VI) treatment (6 and 10 mg L-1) may indicate that only in these levels the H. 288 

ranunculoides presented the deleterious effects of oxidative stress. 289 

The chromium-induced generation of reactive oxygen species (ROS) was reported as 290 

being closely related to an increase in lipid peroxidation, as several studies indicated (Shahid et 291 

al 2017). In addition, heavy metals in general stimulate the formation of ROS by direct 292 

transferring of electrons or inhibiting metabolic reactions (Scoccianti et al. 2016). Despite being 293 

normally produced by plants, the unbalance among ROS produced by environmental 294 

constraints can overwhelm the systems and cause oxidative stress (Berni et al. 2019). 295 

  296 



 

81  

  

3.3 Total phenolic content  297 

The total phenolic content (TPC) determination in the shoots of the aquatic macrophyte 298 

H. ranunculoides are shown in Fig. 3. 299 

It can be seen a slight decrease in TPC levels, with exception of the treatment of 4 mg 300 

L-1 of hexavalent chromium, which showed an increase in TPC, with values of 207.96 ± 301 

12.80µg g-1 FW. This resultcan be explained by the fact that this amount of Cr (VI) seems to 302 

be the limit before the damages in cell membrane starts to occur in this plant species, previously 303 

detected by the TBARS assay. 304 

The defencing characteristic of phenolic compounds can explain the modulation of its 305 

different levels depending directly of the stressing factors and the environment circumstance 306 

(Kisa et al. 2016). In general, the decrease in phenolic content under chromium stress may be 307 

justified by the malfunctioning of the key enzymes responsible for the biosynthesis of these 308 

compounds (Levizou et al. 2019). 309 

Islam et al. (2016) showed also a decrease in total phenolic content investigating the use 310 

of plant growth promoting bacteria (PGPB) and salicylic acid (SA) aiming to reduce the 311 

chromium stress in maize plants. Control was detected presenting around 75 mg g-1 FW against 312 

50 mg g-1 FW detected in other treatments. The authors identified relative higher amounts of 313 

phenolic content under PGPB and SA application, pointing out the improvement of metabolic 314 

activity of these plants and activating of antioxidant defense system, according with other 315 

assays employed, demonstrating thus the alleviation of oxidative stress at the same time that 316 

the TPC was higher.  317 

Another study showing decrease in total phenol content was conducted by Tripathi et 318 

al. (2012), investigating the impact of silicon (Si) in rice seedlings exposed to Cr (VI) in 319 

hydroponic experiments. The results demonstrated that control was detected presenting 320 

approximately 6 mg g-1of TPC, and while the Cr treated presented around 3 mg g-1of TPC. The 321 

authors identified that the Si addition was able to improve the TPC (around 7 mg g-1), thus 322 

suggesting a protective role avoiding oxidative stress as indicated also by lower MDA levels. 323 

The phenolic compounds are among the secondary metabolites produced by plants, and 324 

presents at least one aromatic ring, with hydroxyl groups. These phenolic compounds are 325 

classified in different groups, accordingly with the number of carbon atoms with the basic 326 

structure of phenolic –and the main classification are the flavonoids and non-flavonoid groups 327 

(i.e. benzoic acids) (Tsimogiannis and Oreopoulou, 2019).In plants, these compounds presents 328 

great importance in growth and reproduction, in addition to antioxidant and antimicrobial 329 

activities. The antioxidant activity helps to protect the plant against the oxidative stress, since 330 
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throughout stress conditions of heavy metal exposure, the phenolic compounds act as metal 331 

chelators or even can scavenge the reactive species of oxygen (Vuolo et al. 2019). 332 

Regarding the total phenolic previously identified in aquatic macrophytes, Smolders et 333 

al. (2000) has reported some differences in values according with the morphology and 334 

classification of these plants, with the fluctuant type presenting 85 µg g-1TPC. The species with 335 

floating or emergent leaves were detected with higher TPC than submerged species, and this 336 

was related with the own chemical protection of the plant, since the submerged ones are less 337 

vulnerable to herbivores and UV radiation. 338 

There is a lack in the literature regarding the total phenolic levels found in H. 339 

ranunculoides. Maulidiani et al. (2014) aiming to understand the antioxidant activity and 340 

chemical characterization of medical herbs, quantified the total phenolic content in Hydrocotyle 341 

bonariensis and Hydrocotyle sibthorpioidesand found 28.55 and 56.2 mg GAE. 100 g-1 DW, 342 

being therefore higher than the values found for H. ranunculoides. 343 

 344 

3.4 Assay of antioxidant enzymes 345 

 346 

Among the antioxidant enzymes, the superoxide dismutase (SOD) in H. ranunculoides 347 

activity were detected with values of 172.11 U g-1 FW in control and the highest value was 348 

identified for 4 mg L-1 treatment, with SOD activity 195.27U g-1 FW (Fig. 4).  349 

SOD activity results were similar with found by Prado et al (2012), investigating 350 

summer and winter activities of antioxidative enzymes (G-POD, SOD and CAT) in floating and 351 

submerged leaves of Salvinia minima, an aquatic macrophyte whose mechanism of Cr (VI) 352 

detoxification was detected being related with seasonal alterations. The authors found no 353 

significant difference in SOD activity when analysing the floating leaves of S. minima species 354 

in summer. The tested concentrations tested by the authors were 0,2, 5, 10, and 20 mg L-1Cr(VI) 355 

and SOD remained practically unchanged. On the other hand, the submerged leaves in summer 356 

presented an increase in this enzymatic response, suggesting that the aquatic macrophytes 357 

presents other mechanisms as soluble phenolics (SP) and protein- and non-protein-thiol-358 

containing compounds (THCC) being correlated and involved in antioxidative mechanism of 359 

these leaves. 360 

The SOD results were also in accordance with Dazy et al. (2008),studying antioxidant 361 

enzyme activities affected by trivalent and hexavalent chromium in Fontinalis antipyretica 362 

Hedw species. The authors found antioxidant enzyme activity of SOD responding to K2Cr2O7 363 

only with Cr concentrations higher than 50 mM. The studied species Fontinalis antipyretica 364 
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Hedw demonstrated SOD and APX activities being more sensitive to the other analysed salts: 365 

Cr(NO3)3and CrCl3. 366 

The slight increase in SOD activity in Cr (VI) treatment in concentration of 4 mg L-1 367 

represent an enhancement of 13.45%. The increased in 4 mgL-1 treatment may be related with 368 

the accumulation of ROS species activating antioxidative defence and probably justified by the 369 

induction of the expression of genes encoding SOD. This result can be demonstrating the 370 

oxidative damage occurring in concentrations higher than 4 mg L-1 as previously described in 371 

TBARS assay. Thus, it can be seen that in this concentrations (6 mgL-1 and 10 mgL-1) it was 372 

exceeded the scavenging ability of this enzyme (Li et al. 2021). Superoxide dismutase is the 373 

first enzyme in ROS detoxification process of converting O2
- in H2O2andcan be located in 374 

cytosol, chloroplast, and mitochondria in plant cell (Emamverdian et al. 2018). 375 

The CAT enzyme is responsible for catalysing the dismutation of H2O2 into O2 and H2O 376 

and presents great importance in detoxification of ROS in plant, despite its mechanism being 377 

not well understood (da Conceicão Gomes et al. 2017; Prasad et al. 2021). The effect of Cr in 378 

catalase (CAT)activity in aquatic macrophytes varies greatly depending on the species being 379 

investigated.Therefore,the identification of its levels in H. ranunculoides are from great 380 

importance.  381 

The CAT activity was detected presenting a slight increase in low Cr treatments (1 mgL-382 

1 and 2 mgL-1). However, the CAT remains very similar among all the tested treatments. Adki 383 

et al. (2013) studying a potential hyperaccumulator of Cr (VI), Nopalea cochenillifera, using a 384 

micropropagation protocol identified that concentrations lower than 10 μM of K2Cr2O7(lower 385 

than the tested levels of this study) induced catalase. On the other hand, levels higher than 100 386 

μM inhibited the activities of CAT, thus presenting activity equal or lower than control. The 387 

authors justified the induction of activity with activation of genes encoding CAT, and the 388 

inhibition due to protein oxidation.  389 

Haokip et al. (2021) studying the biochemical and antioxidant responses of the aquatic 390 

marcrophyte Ipomoea aquatic exposed to different concentrations of chromium also did not 391 

observe statistical differences in CAT activity in upper stem of the plant. More specifically, for 392 

Ipomoea aquatic, the Cr (VI) increase catalase in leaf and lower stem in concentrations of 1 – 393 

2 mg L-1. As conclusions, the authors’states that the early oxidative stress was in part mitigated 394 

and tolerated and by the activation of antioxidant defense system, in which catalase and proline 395 

play significant role. Therefore, the I. aquaticeasy adaptation to chromium could make possible 396 

the use for phytoremediation purposes. 397 
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Similar results regarding CAT activity in Cr stress was found by Bah et al. (2011).The 398 

authors were identifying the effects on growth, uptake and antioxidative capacity in Typha 399 

angustifolia after 30 days exposure of 1mM level in soil of Cd, Cr and Pb also found no 400 

difference in CAT in Typha angustifolia challenged with high doses of Cr. The catalase activity 401 

in shoots of Pb presented an increase, while the Cd and Cr treated plant did not differ from 402 

control.  403 

The investigation of peroxidase (POD, E.C. 1.11.1.7) in the H. ranunculoides species 404 

with different Cr (VI) demonstrated an increase in 1 mg L-1 treatment. Precisely, the activity of 405 

POD in 1mg L-1,4 mg L-1 and 6 mg L-1was 2.05, 1.35, and 1.61 fold higher than control. On the 406 

other hand, the highest Cr (VI) concentration – 10 mg L-1 was 1.80 fold lower than control, 407 

suggesting that this chromium content was responsible for supressing POD activity. The results 408 

found were in accordance with previous finding that heavy metals can induce or supress 409 

antioxidant enzymes activity (Nagajyoti et al. 2010). 410 

Yan et al. (2020) found the same pattern as this study for the plant species M. azedarach 411 

while evaluating the phytoremediation potential of plants growing in a large chromium salt–412 

producing factory wasteland in China. The authors found that the peroxidase demonstrated 413 

positive responses to a certain level of Cd (II) and Cr (VI) exposure - 5 mg L−1 and 10 mg L−1, 414 

and higher concentrations (20 mg L−1)was responsible for reducing it. The research also 415 

revealed that non-enzymatic antioxidants as glutathione (GSH), proline and soluble protein 416 

involved in ROS detoxification were correlated with higher levels of metals accumulation 417 

potential.  418 

Fan et al (2020) investigating the genes promoting ROS metabolism in subcellular 419 

organelles of Oryza sativa after Cr (III) and Cr (VI) exposure found POD activity also around 420 

1 – 2 fold higher than control in roots treated with both form of this heavy metal in levels of 2 421 

mg L-1, 8 mg L-1and 16 mg L-1. 422 

 423 

3.5 Fourier-transform infrared spectroscopy (FT-IR) 424 

 425 

The functional groups investigated in H. ranunculoides roots and shoots, in different 426 

concentration of Cr (VI) in 7 days of exposure are exhibited in Fig. 5. The FT-IR spectra showed 427 

peaks between the region of 3500 and 3200 cm−1 in both roots and shoots, which refers to the 428 

stretching of O-H and N-H groups (Rafi et al. 2017). The peak around 2900 cm-1in both parts 429 

of H. ranunculoides specifies C–H stretching. 1650 and 1730 cm -1 were assigned to C=O from 430 

aldehydes and ketones. 431 
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The peaks around 1309 and 1423cm-1were related to stretching of C–H. On the other 432 

hand, the band around 1000 and 1115 cm-1 is related to C–O group, which is the characteristic 433 

peak for polysaccharides (Srividya and Mohanty 2009). The increased band in this peak could 434 

indicate a binding capacity of this metal in polysaccharide network of H. ranunculoides. The 435 

mechanisms of entrapment in intra and inter-fibrilliar capillaries/sites of carbohydrateare a 436 

result of the concentration gradient and diffusion in cell walls and membranes (Vankar et al. 437 

2008). 438 

An interesting fact to note is that for H.ranunculoides shoots there was an increase in 439 

band intensity at 3309 cm-1inthe treatment of highest Cr (VI) levels – 10 mg L-1in shoots of the 440 

plants, which corresponds to O-H, thus meaning that the hydroxyl groups interacts in Cr(VI) 441 

binding. Usman et al. (2019) studying the tolerance and bioaccumulation potential of heavy 442 

metals to Tetraena qataranse, an shrub plant species, in Qatar, identified through FT-IR 443 

analysis the mechanism in which heavy metals were being removed by this plant. The authors 444 

states that ion exchange via carboxyl groups in plant´s surface was the predominant process. In 445 

addition, it was found bind interactions with the following functional groups: hydroxyl, amide 446 

and phosphate. 447 

Another relevant found was the visible alterations in intensity in FT-IR spectra in the 448 

roots of H. ranunculoides, when comparing the control and the Cr(VI) treatments. This fact 449 

demonstrates that the roots were modified greatly regarding functional groups in the exposure 450 

time. 451 

 452 
3.6 Element content and phytoremediation indexes 453 

 454 

The chromium, macronutrients and micronutrients content in plant tissues of H. 455 

ranunculoides are described in Table 2. The chromium uptake was increased mostly in roots of 456 

H. ranunculoides in the highest treatment of hexavalent chromium (levels of 6 and 10 mg L-1), 457 

presenting values of 1715.49 ± 177.03 mg kg-1 and 2327.43 ± 519.79 mg kg-1, respectively. The 458 

shoots also presented an increased in Cr uptake, ranging from 223.68 ± 26.32 mg kg-1in control 459 

(0 mg L-1) to 2228.63 ± 324.34mg kg-1(10 mg L-1). These results show then that H. 460 

ranunculoides was found to be an excellent chromium accumulator. 461 

 Similar results were found in research aiming the understanding of bioremediation of 462 

hexavalent chromium by Callitriche cophocarpa, an aquatic macrophyte species. The authors 463 

tested the exposure in hydroponic culture up to 3 weeks, and found a significant increase in Cr 464 

accumulation levels, reaching almost 4000 mg kg-1 after 10 days incubation in 700 µM – 465 
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concentration that is more than 3 times higher than the tested in this study. It was highly 466 

recommended the Callitriche cophocarpaspecies for hexavalent chromium remediation and for 467 

studying the phytoremediation mechanisms of this heavy metal (Augustynowicz et al. 2010). 468 

The Ca content was detected higher in 10 mg L-1 treatment in both shoots and roots of 469 

H. ranunculoides, with concentration of 37257.86 ± 788.79 mg kg-1and 17925.83 ± 1645.89 470 

mg kg-1, respectively. Similar results werefound by Gardea-Torresdey et al. (2005) which found 471 

calcium content in roots of Salsola kali plant species increasing after Cr(VI) exposure – levels 472 

of 20 mg L-1. However, theshoots levels of Ca were found to decrease. 473 

The Fe levels were not significant different in shoots of the plant; however, in the roots, 474 

the levels of 1mg L-1, 2 mg L-1and 4mg L-1of hexavalent chromium demonstrated influence in 475 

increasing Fe content in this aquatic macrophyte. This result of Fe increasing levels is in 476 

accordance with earlier study performed by Kovácik et al.(2014), in which the exposure of 477 

chamomile plants to hexavalent chromium also presented an surprising increase in Fe, Ca, Zn, 478 

and Cu uptake in its roots.  479 

The uptake of Mn and Mg did not differ statistically in both shoots and roots of H. 480 

ranunculoides.On the other hand, it can be noticed that Na and K content in roots showed a 481 

decresed in the highest treatment of hexavalent Cr (10 mg L-1) comparing with the control, 482 

presenting values of 3607.80 ± 127.26 mg kg-1 and 37622.67 ± 571.77 mg kg-1, respectively. 483 

This fact could be justified by the similarity of chromium structure with other ions, thus 484 

interfering in the absorption of other elements, reducing the uptake of some essential nutrients. 485 

Other study detected K decreasing levels after chromium exposure was conducted by Gardea-486 

Torresdey et al. (2005). The authors were investigating the Tumbleweed (Salsola kali), and 487 

after the highest hexavalent Cr treatments (10 and 20 mg L- 1), the potassium uptake also 488 

presented a significant decrease in the roots.  489 

The B uptake was found to increase in 6 mg L-1 in the shoots of the H. ranunculoides, 490 

at the same time that decrease at 1 and 2 mg L-1 in the roots of the plants. Depending on the 491 

plant species, the uptake of essential nutrient can vary drastically. Previous study already 492 

reported the influence of both Cr III and Cr VI in nutrient uptake in other plants. For example, 493 

Liu et al. (2008),investigated the behaviour of Amaranthus viridis after hexavalent chromium 494 

exposure and it was detected that heavy metal induced decrease in the levels of Zn, Cu, Fe and 495 

Mn. 496 

The Translocation Factor (TF) calculated for H. ranunculoidesis described in Table 3. 497 

The other phytoremediation index calculated was theBioconcentration Factor (BCF) of 498 

chromium, and the results obtained were 532 ± 42 (for 1 mg L-1treatment), 662 ± 109 (for 2 mg 499 
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L-1 treatment), 288 ± 32 (for 4 mg L-1treatment), 255 ± 61 (for 6 mg L-1treatment) and 273 ± 12 500 

(for 10 mg L-1 treatment). 501 

Regarding Translocation Factor (TF), it can be seen from Table 3 that Na, Ca and 502 

Mgpresented translocation factor higher than 1.0 in all hexavalent chromium treatment. The 503 

macronutrient K also presented TF>1.0, excepting in the highest treatment tested (6 and 10 mg 504 

L-1). Then, It can be noticed that for K, the higher levels of Cr seems to affect the tranloscation 505 

ability. 506 

Regarding the Translocation Factor (TF) of Cr, it can be seen that the values >1.0 were 507 

identified also in the highest treatment of hexavalent chromium (levels of 6 and 10 mg L-1). It 508 

is widely known in literature that plants presenting a good translocation ability (TF > 1) along 509 

with high BCF values (BCF > 1) are recommended for use in phytoextraction technique – a 510 

phytoremediation application in which the plant accumulate the contaminant in question in its 511 

shoots (Yoon et al. 2006). Thus, it was verified that H. ranunculoides could be applied in 512 

phytoextraction technique when the levels of hexavelent chromium are higher than 6 mg L-1 in 513 

environment. 514 

 On the oher hand, when the plant presents low translocation potential (TF < 1) and high 515 

BCF values (BCF > 1.0), the mechanisms performed is the rhizofiltration – meaning that the 516 

plant retain the most Cr content in its roots. This aspect thus highlight the recommendation for 517 

application of H. ranunculoidesin rhizofiltration technique, when the levels of Cr (VI) are lower 518 

than 6 mg L-1. This fact was in accordance with the results already found in previous study 519 

identifying the natural potential of H. ranunculoidesin situ phytoremediation of heavy metals 520 

at Santa Bárbara stream, in southern Brazil (Demarco et al. 2018). The plant in the study 521 

exhibited high potential to uptake higher levels of chromium in the roots, thus naturally 522 

rhizofiltrating chromium in the contaminated environment.  523 

The elements Fe and Mn, in all treatments, presented TF <1.0, and demonstrated that 524 

the hexavalent chromium did not change the translocation of these elements, despite the iron 525 

levels exhibited an increase in roots, as previously described. 526 

 527 

3.7 Scanning Electron Microscopy (SEM) 528 

 529 

The surface morphology of H. ranunculoidesevaluated by Scanning Electron 530 

Microscopy (SEM) (Fig. 6) revealed that the aquatic macrophyte species presented alterations 531 

mainly regarding the appearance of microorganisms as a response to heavy metal tolerance, as 532 

several algae (Fig. S1 g and h), and cocci bacteria (Fig. S1 a, c and d). 533 
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Zhang et al. (2016) investigating the submerged aquatic macrophytes and its surface 534 

biofilms also verified some algae presence and mainly cocci bacterial in SEM images of plant 535 

surface. The authors aimed to understand the bacterial community structure and denitrifiers 536 

exposed to nitrate. 537 

It is thus highly recommended the identification of bacterial species Cr-resistant, which 538 

may be able to tolerate, reduce or bioaccumulate chromium. This identification could be done 539 

based on rRNA 16S gene sequence analysis and might point out interesting species for 540 

bioremediation purposes, revealing the richness and diversity of microbial communities under 541 

Cr(VI) stress.  542 

 543 

3.8 Cyto-histological analysis 544 

The observations of H. ranunculoidesshoots stained with toluidine blue are 545 

adaxialepidermal cells (Fig. 7). 546 

The epidermal cells in the highest Cr(VI) treatment (Fig. 7f) were jigsaw puzzle in shape 547 

with deeply lobed anticlinal cell walls. The reason of this alteration in cell walls to puzzle shape 548 

remains unclear in literature until now. However, it is known that the formation is a result of 549 

the cell growth in confined space and the theory is that might exist a signalling mechanism 550 

linking neighbouring cells and the mechanisms in which this cells are formed seems to be 551 

related with microfilaments and microtubules (Bidhendi et al. 2019). 552 

Meanwhile, Punwong et al. (2017) studying the effects of other contaminants - oil spills 553 

in leaf anatomical characteristics of Terminalia catappa L. found different results. The authors 554 

detected the cell walls with puzzle-form in plants located in control site (non-contaminated), 555 

instead the straight form found in shoots of the plant in contaminated site with oil spills. In the 556 

research, it was reported that the leaf anatomy could be used as an alternative method for 557 

monitoring environmental pollutants, using the plant as bio-indicators.  558 

The analysis of epidermal cells also allowed the identification of alteration and closure 559 

of stomata (Fig. 7f), plant organ responsible to regulate the influx of carbon dioxide and efflux 560 

of transpiration water. The stomatal movement can be a response of several factors in plants, 561 

as environmental conditions, biotic stress or intracellular signalling. However, heavy metals 562 

can directly induce the stomata closure as an early effect of the toxicity in plants and there are 563 

several studies reporting the anomalous/non-functioning stomata appearance as a response to 564 

heavy metals (Rucinska-Sobkowiak 2016). 565 

Faisal and Hasnain (2005) detected Cr(VI) reducing bacteria influencing in sunflower 566 

mechanisms of coping with this heavy metal stress. The authors identified that the bacterial 567 
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inoculation alleviates the damage in guard cell of stomata caused by hexavalent chromium. It 568 

was also verified the disintegration of leaf cells and tissues in plants without the inoculation of 569 

the selected bacteria.  570 

Another study showing the stomatal damage after Cr(VI) exposure was performed by 571 

Gautam et al.(2021). The authors were studying the protective effect of methanol extract of 572 

Rhododendron arboreum Leaves (MEL) on Chromium‑Treated Vigna radiata plants and 573 

detected the more open a nicely shaped stomata, with proper functioning when compared to the 574 

control sample as signal of stress amelioration. Other findings were related with reduction of 575 

H2O2 accumulation and reduction of MDA content.  576 

Considering the excellent results of this research, a proposal of floating biofilters using 577 

H. ranunculoides aquatic macrophyte species could be easily proposed. According with new 578 

low cost biofilters proposal using Hymenachne grumosa as precursor (Demarco et al. 2022), it 579 

is thus recommended an adaptation for applying H. ranunculoidesin the floating system. It is 580 

then developed an new model proposal for this species, as can be seen in Fig. 8. 581 

The functioning is based in the ability of the plant removing the target contaminant until 582 

reaching its capacity support, and to be removed from the environment before the plant dying, 583 

thus avoiding the contaminant to re-enter in the water column.  584 

 585 
3.9 TGA analysis and BET/BJH 586 

 587 
The thermogravimetric analysis (Fig. 9) was performed aiming the proposal of using the 588 

biomass from biolfilters as precursor for new adsorbents for heavy metals, after its natural cycle 589 

of removing contaminants in floating devices. In addition, the alternative aim to indicate 590 

another option for treating wastewater using this new adsorbent produced, at the same time that 591 

redirect this heavy metal loaded biomass. The correct management of contaminated 592 

phytoremediation biomass is essential to avoid the secondary pollution.  593 

Along with thermogravimetric analysis, other characteristics of the raw material highly 594 

influencing the bioadsorbents to be produced are the specific surface area and pore size. The 595 

results found for H. ranunculoides regarding these analyses were 8.24 m2 g-1for specific surface 596 

area, and pore diameter of 4.36 nm. 597 

As is noticeable, the thermal degradation of H. ranunculoides showed two main weight 598 

losses (Fig. 9). The first was detected in 100oC, related with moisture elimination. The second 599 

was found from 240oC to 850oC, presenting an endothermic peak in 308oC. For H. 600 

ranunculoides, over 400 oC, the weight loss may be due the carbon residues reactions, and the 601 

final percentage found of 7.44% was related to the char after decomposition.  602 
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The temperature around 300oC was found to be related with hemicellulose degradation 603 

(De Luna et al., 2019). The degradation of cellulose is commonly reported occurring in the 604 

range of 325 and 375oC. Similar patters was found by Muradov et al. (2014) studying the 605 

thermic behaviour of aquatic macrophytes Azolla filiculoides and duckweed Landoltia punctata 606 

aiming the application of this species in renewable fuels and petrochemicals production. The 607 

authors also found the second phase of thermic decomposition around 200 and 400 oC, referring 608 

to the start of breaking chemical bonds, with less thermally stable compounds degrading first.  609 

It is recommended supplemental studies aiming the characterisation of the generated 610 

pyrolysis products, for the environmental risk assessment.  Huang et al. (2018) studying the 611 

effects of pyrolysis temperature in biochar from phytoremediation found that higher 612 

temperatures (over 550 oC) were able to decrease the soluble fraction of the studied heavy 613 

metals, reducing thus its bioavailability and risks of bioaccumulation in organisms. The selected 614 

metals for the investigation were Pb (II), Cd (II) and Zn (II). The authors characterized the 615 

phytoremediation residue - Brassica juncea harvest residue as presenting a specific surface area 616 

(SBET) of 1.15 m2 g-1. The produced biochars from phytoremediation residue increased 617 

considerably the SBET, reaching 241.33 m2g-1in the treatment with 750oC pyrolysis.  618 

The pyrolysis was already reported as efficient sustainable alternative for disposal of 619 

biomass from phytoremediation. He et al. (2019), studying the pyrolysis of heavy metal 620 

contaminated Avicennia marina biomass from phytoremediation, identified that in overall, the 621 

technique was effective in converting metal loaded biomass in high added value products. The 622 

authors tested temperature ranging from 300 to 800 oC and identified that the factors: 623 

temperature and presence of heavy metals - affected the properties of the generated products. 624 

In addition, the heavy metals in plant biomass were found to contribute to higher biochar and 625 

pyrolytic gas yield in bio-oil production.  626 

 627 

4. Conclusions 628 

H. ranunculoides has been studied as a high potential phytoremediator plant for heavy 629 

metals and with important biofilter characteristics. Also, this study could represent the first 630 

communication of H. ranunculoides resistance mechanisms for Cr(VI) exposure. The 631 

chromium levels in plant shoots and roots, along with phytoremediation indexes exhibited great 632 

potencial for removing this extremely toxic metal. It is then highlighted the outstanding 633 

innovative character presented in this research, unreveling the mechanisms in which this aquatic 634 
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macrophyte tolerates and bioacumulates chromium and it is proposed a practical application of 635 

biofilters. 636 

Among the main results found, some aspects need to be reinforced. Firstly, the pigment 637 

analysis demonstrated that H. ranunculoides seems to be able to restore its photosyntetic 638 

pigment production as a form of adaptation to this stress condition. Another important found 639 

was that the damage measured as lipid peroxidation reveals that only above 6 mg L-1 that Cr(VI) 640 

could affect this plant species. Regarding enzymatic activitites, it was found CAT inhibition 641 

occuring maybe due protein oxidation. 642 

The study of functional groups through FT-IR analysis demonstrated alteration in H. 643 

ranunculoides, highlighting that the shoots of this plant, in the highest Cr(VI) treatment of 10 644 

mg L-1, the O-H groups seems to interacts in the metal binding and could have a role in 645 

chromium resistance mechanisms in the studied plant.  646 

Another important find was the formation of puzzle shape epidermal cells, found clearly 647 

in the 10 mg L-1 Cr(VI) treatment. With further studies, this found can be used also as a 648 

bioindicator of chromium stress condition. The analysis also allowed to verify stomatal damage 649 

as a consequence of metal exposure.  650 

A biofilter device was proposed in this study, aiming the removal of chromium from 651 

watercourses and represents an innovative solution for Cr polluted aquatic environments. 652 

Considering another use for plant biomass after biofiltration, the TGA analysis was performed 653 

and demonstrated the thermal behaviour of the aquatic macrophyte. The authors point out that 654 

the production of new adsorbents using the pyrolysis are quite possible and allow the 655 

sustainable re-use of the biomass, being able to remove other heavy metals in its dry form.  656 

Further studies are recommended focusing on other antioxidant enzymes activities, as 657 

ascorbate peroxidase (APX), and glutathione peroxidase (GPX) activities in order to better 658 

understand the tolerance mechanisms, considering that other studies demonstrated that they 659 

present a role in Cr detoxification in plants. Despite that, this first understand reported in our 660 

study can certainly help to clarify other plant – metal resistance mechanisms, and to propose 661 

new biofilters systems for water decontamination.  662 
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Table 1 –Effect of Cr(VI) in aquatic macrophyte H. ranunculoides leaf area, root length, fresh 671 

weight and dry matter production after 7 days of exposure. 672 

Cr(VI) 

treatment 

Leaf area 

(cm2plant -1) 

Root length 

(cm plant -1) 

Dry matter 

(%) 

0 mg L-1 6.47 ± 0.70a 7.43 ± 0.54a 7.58 % 

1 mg L-1 7.64 ± 1.36a 4.83 ± 1.38a 5.51 % 

2 mg L-1 8.05 ± 1.10a 3.81 ± 1.09a 5.28 % 

4 mg L-1 9.17 ± 1.99a 2.44 ± 0.41a 6.07 % 

6 mg L-1 4.04 ± 0.67a 4.87 ± 0.24a 4.08 % 

10 mg L-1 4.19 ± 1.34a 4.15 ± 1.90a 4.24 % 

 673 

Values are mean ± standard error; Means followed by the same letter in column are not significantly different at 674 

the 95% confidence level (Tukey’s test). 675 
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Table 2– Effects in elements uptake in roots and shoots of H. ranunculoides after different hexavalent chromium exposure.  676 

  0 mg L-1 1 mg L-1 2 mg L-1 4 mg L-1 6 mg L-1 10 mg L-1 

Cr Shoots 223.68 ± 26.32b 392.89 ± 61.34ab 549.01 ±129.68ab 661.28 ± 38.35ab 1943.31 ± 777.51 ab 2228.63 ± 324.34a 

 Roots 249.84 ± 44.05 c 531.99 ± 41.99 bc 1323.54 ± 218.52 abc 1153.99 ± 127.07 abc 1715.49 ± 177.03 ab 2327.43 ± 519.79 a 

Ca Shoots 20805.92 ± 1069.08 b 16918.49 ± 912.39 b 21283.78 ± 2533.78 b 19471.15 ±721.15 b 22195.31 ± 2765.26 b 37257.86 ± 788.79 a 

 Roots 12645.75 ±755.51 b 12996.22 ± 273.01 b 12321.51 ± 139.31 b 12344.90 ± 116.64 b 16513.98 ± 425.27 ab 17925.83 ± 1645.89 a 

B Shoots 223.68 ± 26.32 b 192.57 ± 9.64 b 176.13 ± 3.58 b 165.11 ± 3.15 b 303.47 ± 7.41 a  213.40 ± 5.67 b 

 Roots 202.50 ± 26.16 ab 117.69 ± 2.31 c 150.56 ± 2.26 bc 176.63 ± 1.94 abc 180.87 ± 0.58 ab 218. 71 ± 5.39 a 

Fe Shoots  2486.84 ±513.16 a 2125.08 ±410.14 a 2523.31 ±7.35 a 2567.96 ± 76.27  a 3049.97 ± 447.44 a 3499.52 ± 406.73 a 

 Roots 6662.64 ±197.12 d 10978.95 ± 978.95 abc 14355.43 ± 13.73 a 12575.13 ± 463.33 ab 9111.02 ± 1050.27 bcd 8561.56 ± 253.18 cd 

Mn Shoots 344.89±117.61 a 694.15±87.54a 747.00±12.20 a 827.41±254.32 a 1154.11±207.73a 1105.31±67.37 a 

 Roots 2255.57±518.73 a 2838.43±98.43 a 2904.42±591.34 a 2764.88±235.12 a 2883.80±597.51 a 3583.41±649.38 a 

Mg Shoots 5281.93±406.93 ab 4527.21±68.37 b 4200.95±400.28 b 3851.94±114.40 b 3620.64±265.37 b 6862.11±612.11 a 

 Roots 3539.64±12.99 a 3369.77±169.77 a 2375.55±272.75 a 2487.71±42.05a 3266.51±121.34a 2692.82±899.99a 

Na Shoots 6219.43 ±530.57 a  5349.32 ±595.80 a 5223.97 ±47.59 a 4770.96 ±36.74 a 4596.75 ± 929.56 a  3781.82 ± 44.71 a 

 Roots 6028.99±83.87 a 4176.92±23.08 bc 4223.01±226.14 bc 4577.51±35.58 b 4399.12±76.69 b 3607.80 ± 127.26 c 

K Shoots 66780.96±5780.96 a 73166.25±4.48 a 71837.43±4429.46 a 61696.19±5205.80 a 27691.35±8743.98 b 20529.33 ±5709.74 b 

 Roots 60660.70±523.51 a 52501.15±4801.15 ab 46119.41±1960.53 bc 44914.72±892.98 bc 52011.42±609.55 ab 37622.67 ± 571.77 c 

* Values are Mean ± standard error. Different lowercase letters in lines indicate a statistical difference in H. ranunculoides according to Tukey's 677 

test (p < 0.05). 678 
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Table 3–Translocation Factor (TF) detected in the H. ranunculoidesafter hexavalent chromium 679 

exposure.  680 

 0 mg L-1 1 mg L-1 2 mg L-1 4 mg L-1 6 mg L-1 10 mg L-1 

Cr 0.94 ± 0.27 a 0.73 ± 0.06 a 0.44 ± 0.17 a 0.58 ± 0.03 a 1.10 ± 0.34 a 1.07 ± 0.38 a 

B 1.11± 0.01b 1.64 ± 0.11 a 1.17 ± 0.01b 0.93 ± 0.01b 1.68 ± 0.04 a 0.98 ± 0.002b 

Fe 0.37 ± 0.07 

ab 

0.19 ± 0.02 

b 

0.18 ± 0.001 b 0.20 ± 0.001 ab 0.33 ± 0.01 ab 0.41 ± 0.06 a 

Mn 0.15 ±0.02 a 0.24 ± 0.02 a 0.27 ± 0.05 a 0.31 ± 0.12 a 0.43 ± 0.16 a 0.32 ± 0.04 a 

Na 1.03 ± 0.10 a 1.28 ± 0.14 a 1.24 ± 0.08 a 1.04 ± 0.0001 a 1.04 ± 0.19 a 1.05 ± 0.05 a 

 Macronutrients 

Ca 1.66 ±0.18 a 1.30 ±0.10 a 1.73 ± 0.19 a 1.58 ±0.04 a 1.34 ±0.13 a 2.10 ± 0.24 a 

Mg 1.49 ±0.11 a 1.35 ±0.05 a 1.77 ± 0.45 a 1.55 ± 0.02 a 1.11 ± 0.12 a 2.95 ± 1.21 a  

K 1.10 ± 0.09 a 1.41 ± 0.13 a 1.56 ± 0.16 a 1.38 ± 0.14 a 0.53 ± 0.17 a 0.54 ± 0.14 a 

* Values are Mean ± standard error. Different lowercase letters in lines indicate a statistical 681 

difference in H. ranunculoides according to Tukey's test (p < 0.05). 682 

 683 
  684 
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 685 
Fig. 1- Photosynthetic pigments levels in H. ranunculoides in different Cr (VI) treatments. 686 
*Means followed by the same letter are not significantly different at the 95% confidence level 687 
(Tukey’s test). 688 
 689 
 690 
  691 
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Fig. 2 -TBARS levels (nm MDA g-1 FW) in H. ranunculoides in different Cr (VI) treatments. 692 

*Means followed by the same letter are not significantly different at the 95% confidence level 693 

(Tukey’s test). 694 

 695 

  696 
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Fig. 3 -Total phenolic content (µg g-1 FW) in H. ranunculoides in different Cr (VI) treatments. 697 

*Means followed by the same letter are not significantly different at the 95% confidence level 698 

(Tukey’s test). 699 

 700 
  701 
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 702 
 703 
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Fig. 4 –Enzymatic antioxidant activities in H. ranunculoides in different Cr (VI) treatments; a) 704 

Superoxide dismutase (SOD) (U g-1 FW); b) Catalase (CAT) activity (U g-1 FW min-1; 705 

c)Peroxidase (POD)g-1 FW min -1. *Means followed by the same letter are not significantly 706 

different at the 95% confidence level (Tukey’s test). 707 

  708 
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 709 
Fig. 5 – Functional groups observed in H. ranunculoides (a) shoots and (b) roots in different 710 

concentration of Cr (VI) in 7 days of exposure. 711 

 712 
  713 
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 714 

Fig. 6 - SEM image of H. ranunculoides shoots surface at different Cr(VI) treatments (a) control 715 

- 0 mg L-1, (b) 1mg L-1 (c) 2mg L-1 (d) 4mg L-1 (e) 6 mg L-1and (f) 10mg L-1 after 7 days 716 

exposure.  717 

 718 

 719 

  720 
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 721 

Fig. 7–H. ranunculoides shoots sections stained with toluidine blue showing the variation in 722 

epidermal cells after 7 days exposure to Cr(VI) treatments (a) 0 mg L-1 (b)1 mg L-1 (c) 2mg L-723 

1 (d) 4mg L-1(e) 6 mg L-1and (f)10mg L-1. 724 

 725 

  726 
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Fig. 8 –Floating biofilter proposal for H. ranunculoidesbeing(1) shoots of the plant (2) plant 727 
substract (3) roots submerged (4)water eflux. 728 
  729 
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 730 

Fig. 9 – Thermogravimetric analysis of the biomass of the aquatic macrophyte H. 731 

ranunculoides. 732 

  733 
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 734 
Fig. S1 - Microorganisms found in H. Ranunculoides in different treatments(a) 0 mg L-1(b) 1 735 
mg L-1 (c) 1 mg L-(d) 1 mg L-1 (e) 2 mg L-1 (f) 4 mg L-1 (g) 6 mg L-1 (h) 6 mg L-1.. All images 736 
represent shoots of the aquatic macrophyte, with exception of d, g and h that are images from 737 
roots.  738 
  739 
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8 Considerações finais 
 

A urgente necessidade de remediação de ambientes aquáticos contaminados 

com metais pesados e SARS-CoV-2, devido principalmente à ameaça à saúde da 

população foi o grande norteador do desenvolvimento dessa pesquisa. Os resultados 

dessa pesquisa comprovam que a biorremediação pode ser uma alternativa eficiente 

para remover contaminantes desses ambientes degradados. A utilização de plantas e 

microrganismos como agentes de descontaminação demonstrou ser uma perspectiva 

futura para a recuperação desses locais. 

As descobertas dessa pesquisa são evidentes: as macrófitas aquáticas 

representam alternativas altamente eficientes para a remoção de contaminantes do 

meio, incluindo metais pesados. As espécies E. anagallis, H. grumosa, H. 

ranunculoides e S. montevidensis, em particular, apresentaram um potencial 

promissor para a aplicação em técnicas de fitorremediação em áreas altamente 

antropizadas do município de Pelotas/RS 

Por meio de uma comparação entre o potencial natural das espécies de 

macrófitas aquáticas, uma delas foi selecionada para um estudo aprofundado dos 

mecanismos de resistência ao Cr(VI), e outra para o estudo da remoção do SARS-

CoV-2. Os resultados desses estudos apontam para uma perspectiva futura 

promissora para a aplicação de macrófitas aquáticas na remediação de ambientes 

aquáticos contaminados. Com base nesses achados, é possível afirmar que a 

fitorremediação com macrófitas aquáticas pode ser uma abordagem altamente eficaz 

para mitigar os riscos ambientais e de saúde pública causados por contaminantes. 

Os resultados obtidos na avaliação dos mecanismos de resistência ao Cr(VI) 

por meio da espécie de macrófita H. ranunculoides foram altamente promissores. 

Essa espécie mostrou-se altamente tolerante a esse metal tóxico, indicando sua 

grande capacidade de adaptação em ambientes contaminados. Além disso, a 

pesquisa revelou prováveis mecanismos que permitem a tolerância da planta ao 

Cr(VI), mesmo com seu alto potencial de dano devido ao poder oxidativo. Essas 

descobertas podem ter implicações significativas na remediação de ambientes 

contaminados com metais pesados, fornecendo informações valiosas sobre as 

espécies que podem ser utilizadas com eficácia na fitorremediação. 
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Os resultados da pesquisa realizada com a espécie H. grumosa para a remoção 

de SARS-CoV-2 são extremamente promissores. Os bioadsorventes produzidos com 

a planta in natura e em forma de carvão ativado apresentaram uma eficiência de 

remoção do vírus de 98,44% e 99,61%, respectivamente. Esses resultados são 

especialmente significativos, uma vez que há poucos estudos disponíveis sobre a 

adsorção do SARS-CoV-2 em diferentes materiais, bem como há preocupação com a 

transmissão do vírus por meio de águas residuárias. Além disso, considerando a 

ausência de uma vacina para aplicação na população na época da realização da 

pesquisa, a descoberta dessas alternativas para a remoção do vírus em águas e 

efluentes demonstrou-se de grande relevância para a proteção da saúde pública. 

Esses achados podem ter um impacto significativo no controle de futuras pandemias, 

bem como na melhoria da qualidade da água em ambientes naturais e urbanos. 

Compreender os mecanismos de absorção e adsorção em biofiltros é essencial 

para a aplicação eficiente dessas novas propostas de biorremediação em ambientes 

aquáticos contaminados com SARS-CoV-2 e metais pesados. Para validar a eficiência 

desses dispositivos, destaca-se a necessidade de conduzir testes in situ, a fim de 

avaliar a sua capacidade real de remoção de contaminantes. Além disso, é possível 

aprimorar ainda mais os biofiltros por meio da identificação de microrganismos 

tolerantes aos compostos de interesse, que podem ser inoculados nas plantas, 

aumentando assim a sua capacidade de remoção. Com essas abordagens, pode-se 

contribuir para a melhoria da qualidade da água em ambientes naturais e urbanos, 

bem como para a saúde pública, ao mitigar a contaminação por SARS-CoV-2 e metais 

pesados. 

A pesquisa realizada abriu caminho para o desenvolvimento de novas 

tecnologias ambientais que favoreçam a remediação de ambientes aquáticos 

contaminados a partir da utilização de biofiltros ilhas flutuantes. No entanto, ainda há 

uma vasta possibilidade de explorar novos materiais que possam ser utilizados como 

suporte e adsorvente ao mesmo tempo, como as espumas de poliuretano. A utilização 

desses materiais pode aumentar a eficiência e a praticidade das técnicas de 

biorremediação, além de contribuir para a preservação dos ecossistemas e para a 

proteção da saúde pública. Portanto, a continuidade desses estudos é essencial para 

o avanço da ciência e para a aplicação de soluções inovadoras e sustentáveis na 

remediação de ambientes aquáticos contaminados. 
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