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RESUMO

PEREIRA, Alexia Saleme Aona de Paula, D.Sc., Universidade Federal de Vigcosa,
marco de 2025. Tecnhologias emergentes para cultivo e colheita de microalgas:
co-tratamento de efluentes para adequacao da razao C/N e otimizacao da
eletrocoagulacao. Orientadora: Maria Lucia Calijuri. Coorientador: Eduardo de
Aguiar do Couto.

Esta tese investigou estratégias emergentes para o cultivo e colheita de biomassa de
microalgas, visando a valorizacao de aguas residuarias e geracao de biocompostos
de interesse econémico. Inicialmente, o Capitulo | apresenta o estado da arte sobre
cultivo de biomassa em aguas residuarias, abordando diferentes estratégias para
aumento da producdo e acumulo de metabdlitos. Adicionalmente, a revisdo explora
técnicas emergentes para a colheita de biomassa cultivadas em aguas residuarias,
como a eletrocoagulacao (EC), apresentando beneficios e limitagdes do processo,
além das principais oportunidades de pesquisa. No Capitulo I, foi analisado o
impacto da razao massica carbono/nitrogénio (C/N, m/m) no cultivo de biomassa
microalgal, utilizando uma combinagédo de aguas residuarias municipais com aguas
residuarias industriais do processamento de sucos. A pesquisa foi realizada em
escala de bancada, visando determinar as propor¢coes de aguas residuarias que
proporcionam o melhor desempenho no cultivo e acumulo de biocompostos. Os
resultados mostraram que as razées C/N de 30,67 e 7,52 resultaram nas maiores
concentragdes de Clorofila-a, sendo 1,47 e 1,54 vezes superiores as observadas no
cultivo realizado exclusivamente com aguas residuarias municipais (razdo C/N de
1,75). Adicionalmente, a razdo C/N elevada (30,67) favoreceu o acumulo de lipidios
(26,39%) e carboidratos (30,07%), enquanto C/N moderada (7,52) aumentou a
fracao proteica (33,00%). Em uma abordagem de aumento de escala, o Capitulo I
investiga os efeitos da razao C/N no cultivo em escala piloto, usando lagoas de alta
taxa. Avaliaram-se diferentes razdées C/N (9,65; 25,31; 52,71), através da
combinacdo de aguas residuarias municipais com aguas residuarias industriais. A
menor razao C/N apresentou teor de proteinas superior (25,37%), enquanto a maior
razdo C/N proporcionou maior producdo de acidos graxos para C16:0 (40,39%) e
C18:0 (10,08%), destacando seu potencial para producao de biocombustiveis. Essas
descobertas reforcam a relevancia do ajuste da razdo C/N conforme o objetivo
pretendido, seja para rotas energéticas ou agricolas. Nos Capitulos IV e V, estudou-
se a otimizacado da EC como tecnologia de colheita. O Capitulo IV avaliou o impacto
de parametros operacionais (pH, densidade de corrente e tempo) na eficiéncia de
colheita e na  concentragao de  Aluminio na  agua residual



do processo. Os melhores resultados (até 92,61% de eficiéncia de colheita)
ocorreram em pH 8, com 5 A e 7 minutos de operagdo. Posteriormente, a
Metodologia de Superficie de Resposta (Capitulo V) permitiu encontrar a
combinacdo de parametros operacionais que maximiza a eficiéncia de colheita
(~75%) e minimiza a contaminagao por aluminio. Além disso, a avaliagéo de ciclo de
vida indicou o consumo energético como a principal fonte de impacto,
recomendando o uso de energias renovaveis para mitigacdo. Em sintese, esta tese
demonstra que o ajuste da razdo C/N, por meio da mistura de diferentes aguas
residuarias, pode aumentar a producéo e o acumulo de compostos de alto valor em
microalgas, ao mesmo tempo em que aprimora a remocao de poluentes. Aliada a
processos de eletrocoagulacao otimizados, a abordagem proposta contribui para
viabilizar a biotecnologia algal, criando uma alternativa sustentavel no tratamento de
efluentes e na obtengéo de bioprodutos.

Palavras-chave: Tratamento de &guas residudrias; Biomassa de microalgas;
Recuperacdo de Recursos; Razao C/N; Eletrocoagulacao; Avaliacao do Ciclo de
Vida



ABSTRACT

PEREIRA, Alexia Saleme Aona de Paula, D.Sc., Universidade Federal de Vicosa,
March, 2025. Emerging Technologies for Microalgae Cultivation and
Harvesting: Co-Treatment of Effluents for C/N Ratio Adjustment and
Electrocoagulation Optimization. Adviser: Maria Lucia Calijuri. Co-adviser:
Eduardo de Aguiar do Couto.

This thesis investigated emerging strategies for microalgae biomass cultivation and
harvesting, aiming to valorize wastewater and generate economically valuable
biocompounds. Initially, Chapter | presents the state of the art of biomass cultivation
in wastewater, addressing different strategies to enhance production and metabolite
accumulation. Additionally, the review explores emerging techniques for harvesting
biomass grown in wastewater, such as electrocoagulation-flotation (ECF), discussing
the benefits and limitations of the process, as well as key research opportunities. In
Chapter Il, the impact of the carbon/nitrogen (C/N, m/m) ratio on microalgal biomass
cultivation was analyzed by combining municipal wastewater with industrial
wastewater from juice processing. The experiments were conducted at bench scale
to determine which proportions of wastewater yield the best cultivation performance
and biocompound accumulation. The results showed that C/N ratios of 30.67 and
7.52 led to the highest Chlorophyll-a concentrations, 1.47 and 1.54 times higher than
those observed in cultivation carried out exclusively with municipal wastewater (C/N
ratio of 1.75). Furthermore, a high C/N ratio (30.67) favored lipid (26.39%) and
carbohydrate (30.07%) accumulation, whereas a moderate C/N ratio (7.52) increased
the protein fraction (33.00%). Adopting a larger scale approach, Chapter Il
investigates the effects of the C/N ratio on pilot-scale cultivation using high-rate
ponds. Different C/N ratios (9.65; 25.31; 52.71) were evaluated by combining
municipal wastewater with industrial wastewater. The lowest C/N ratio achieved
higher protein content (25.37%), whereas the highest C/N ratio promoted greater
production of fatty acids for C16:0 (40.39%) and C18:0 (10.08%), demonstrating
potential for biofuel production. These findings reinforce the importance of adjusting
the C/N ratio according to the desired goal, whether for energy or agricultural routes.
In Chapters IV and V, the optimization of ECF as a harvesting technology was
studied. Chapter IV evaluated the impact of operational parameters (pH, current
density, and time) on harvesting efficiency and aluminum concentration in the
residual water. The best results (up to 92.61% harvesting efficiency) were obtained at
pH 8, with 5 A and 7 minutes of operation. Subsequently, the Response Surface
Methodology (Chapter V) identified the combination of operational parameters that
maximizes harvesting efficiency (~75%)



and minimizes aluminum contamination. Moreover, the life cycle assessment
indicated energy consumption as the main source of impact, highlighting the
recommendation to use renewable energy for mitigation. In summary, this thesis
demonstrates that adjusting the C/N ratio by mixing different wastewaters can
increase microalgae production and the accumulation of high-value compounds,
while also improving pollutant removal. Combined with optimized electrocoagulation-
flotation processes, the proposed approach contributes to making algal biotechnology
feasible, providing a sustainable alternative for wastewater treatment and bioproduct
generation.

Keywords: Wastewater treatment; Microalgae biomass; Resource recovery; C/N
ratio; Electrocoagulation; Life cycle assessment
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APRESENTACAO

Este estudo insere-se no contexto da biotecnologia de microalgas, com foco no
aproveitamento de aguas residuarias para a produgao de biomassa e separagéo via
eletrocoagulacdo (EC). Dessa forma, a pesquisa integra os projetos FAPEMIG APQ-
03618-23 — Edital 06/2023 Ciéncia por Elas — Biorrefinarias Algais para a Produgao
Sustentavel de Bioprodutos: aspectos técnicos, econdmicos e ambientais, aprovado
em 2023 sob coordenagdo da professora Maria Lucia Calijuri, e FAPEMIG RED-
00068-23 — Edital N° 012/2023 — Estratégias emergentes e disruptivas para o
saneamento sustentavel no estado de Minas Gerais: Biorrefinaria de microalgas no
contexto de redes de desenvolvimento tecnoldgico, também aprovado em 2023.

Ambas as iniciativas visam desenvolver processos industriais de baixo impacto
ambiental, fundamentados em bioeconomia circular, promovendo tratamento de
efluentes aliado a producéo de bioprodutos de valor agregado. Este trabalho busca
avaliar estratégias emergentes de cultivo, por meio da combinagao de diferentes
aguas residuarias, e de colheita, via EC, contribuindo para a viabilizacdo de
biorrefinarias de microalgas em escala piloto e industrial. Para contemplar esses
aspectos de forma estruturada, a tese esta dividida em cinco capitulos, resumidos a
sequir:

CAPITULO | - Biocompounds from wastewater-grown microalgae: A review of
emerging cultivation and harvesting technologies. Apresenta uma revisao
critica sobre o estado da arte do cultivo de microalgas em aguas residuérias,
com foco em estratégias para otimizar a producéo e o acumulo de compostos
de valor agregado. Além disso, explora tecnologias emergentes de colheita,
discutindo suas vantagens e limitacdes, e destaca as principais oportunidades
de pesquisa na area.

CAPITULO Il — Municipal and industrial wastewater blending: Effect of the
carbon/nitrogen ratio on microalgae productivity and biocompound
accumulation. Aborda o efeito da razao C/N, ajustada pela combinacao de
aguas residuarias domésticas e industriais, na produtividade e no acimulo de
lipidios e carboidratos pelas microalgas em escala laboratorial.

CAPITULO Il — Produgdo de biomassa de microalgas e actumulo de lipidios e
carboidratos: impacto da relacdo C/N em lagoas de alta taxa com aguas

residudarias municipais e industriais misturadas para aplicagbes em
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biofertilizantes e biocombustiveis. Analisa, em uma abordagem de aumento de

escala, o desempenho do cultivo em lagoas de alta taxa em escala piloto,

avaliando a produtividade e a composicao bioquimica da biomassa, bem como
as possiveis rotas de aplicacao da biomassa produzida.

CAPITULO IV — Harvesting microalgae biomass from wastewater via
electrocoagulation: QOperational parameters and efficiency. Avalia o
desempenho técnico da eletrocoagulacdo na separacdo de biomassa de
microalgas cultivadas em aguas residuarias, explorando parametros
operacionais como pH, densidade de corrente e tempo de processo.

CAPITULO V - Otimizagdo da colheita de microalgas em reator de
eletrocoagulacao: aplicacdo da metodologia de superficie de resposta e analise
de viabilidade ambiental. Foca na otimizacao do processo de EC por meio de
metodologia de superficie de resposta, visando maximizar a eficiéncia de
colheita e minimizar a contaminagéao de metal no produto final, além de avaliar
a viabilidade ambiental da tecnologia.

Com essa organizagéo, pretende-se demonstrar como a biotecnologia de
microalgas, aliada aos principios da bioeconomia circular, pode impulsionar o
aproveitamento de aguas residuarias para a producdo de bioprodutos de forma
sustentavel e inovadora. Ao abordar tépicos criticos de cultivo e colheita de biomassa,
situados na fronteira do conhecimento, busca-se preencher as lacunas de pesquisa

existentes e fortalecer as bases cientificas para a aplicagdo em larga escala.
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1. Introducao Geral

A biotecnologia de microalgas tem se destacado como uma abordagem
promissora na prospeccdo de matérias primas sustentaveis, oferecendo uma
alternativa viavel a dependéncia de recursos nao renovaveis. Entre as diversas
aplicagbes possiveis, incluem-se as rotas de biocombustiveis, biofertilizantes e
pigmentos (CALIJURI et al., 2022; LIU et al., 2024). Entretanto, as etapas de cultivo e
colheita de biomassa continuam sendo os principais gargalos, limitando a adogao
dessas tecnologias em larga escala (JEEVANANDAM et al., 2020; SARATALE et al.,
2022; XIE et al., 2019a).

O cultivo convencional de microalgas requer grandes quantidades de agua
pura, nutrientes, dioxido de carbono (CO2) e energia (PAGELS et al., 2020). Além
disso, a etapa subsequente de colheita e desaguamento pode representar de 20 a
30% dos custos totais (SINGH; PATIDAR, 2018). Apesar desses desafios, as
microalgas apresentam diversas vantagens, como elevada taxa fotossintética,
capacidade de reduzir emissdes de gases de efeito estufa por meio do sequestro de
CO2 (ASSIS et al., 2019c; FAROOQ et al., 2022) e potencial de acumulo de lipidios,
carboidratos, proteinas, pigmentos e (HERNANDEZ-GARCIA et al, 2019;
MENDONCA et al., 2021).

Para mitigar os obstaculos inerentes ao cultivo, 0 uso de aguas residuarias
desponta como alternativa, suprindo a necessidade por nutrientes e agua, reduzindo
custos (CHOUDHARY et al., 2020) e impactos ambientais (HERRERA et al., 2021;
LAM; ZLATANOVIC; VAN DER HOEK, 2020). Nesse processo, as microalgas
assimilam nitrogénio (N) e fésforo (P) e, em consorcio com bactérias, auxiliam na
degradagao de matéria organica (FALLAHI et al., 2021; MORENO-GARCIA et al.,
2021). Apesar dos beneficios econdmicos e ambientais dessa estratégia, diversos
fatores ainda limitam o uso em escala real.

A presenca de altas concentragdes de nutrientes (CHENG et al., 2020b),
poluentes emergentes (SONG et al., 2023b), patdégenos e corantes organicos (KONG
et al.,, 2022), sao alguns dos fatores que podem comprometer o crescimento
microalgal (YOU et al., 2022). Adicionalmente, a composi¢ao bioquimica da biomassa
€ influenciada pelas fontes de carbono (C) e nutrientes disponiveis (REN et al., 2023;
SONG et al., 2023b), bem como por fatores ambientais, como luz, temperatura e pH
(LOGANATHAN et al., 2020; YANG; LI; WANG, 2019). Por esse motivo, otimizar essas
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variaveis € essencial para maximizar a produ¢cao de biomassa e, simultaneamente,
agregar valor para obtencao de biocombustiveis, biofertilizantes ou outros bioprodutos
(FERREIRA et al., 2024; PEREIRA et al., 2024a).

Entre as estratégias de cultivo, destaca-se a adequacdo da razao
Carbono/Nitrogénio (C/N, m/m), por meio da combinacdo de diferentes aguas
residuarias, que € um meétodo sustentavel para melhorar o desempenho do cultivo.
Nesse sentido, ZHENG et al., (2018) alcangaram concentragdo maxima de biomassa
de 2,85 g L ™, com razdo C/N de 7,9, ao combinar efluentes de suinocultura e
cervejaria (1:5; pH 7,0). Por outro lado, YU et al., (2024) observaram produtividade de
2,69 gm 2d ™" em um reator operado sob alta carga (C/N = 36), ao misturar agua
residuaria do processamento de grédos e agua residuaria doméstica (1:7). Essa
abordagem pode reduzir custos de cultivo, como demonstrado por CAl et al., (2022),
que relatam uma economia de 51,69 % ao empregar aguas residudrias do
processamento de arroz. No entanto, a selecdo adequada dos efluentes conforme os
compostos-alvo desejados é crucial para o sucesso da estratégia (PEREIRA et al.,
2024a).

Em relacéo a colheita, os principais desafios decorrentes da carga negativa da
superficie das células, pequeno tamanho celular (3 a 30 ym) e baixa densidade das
microalgas (SINGH; PATIDAR, 2018; VISIGALLI et al., 2021). Nesse contexto, a
eletrocoagulagcao (EC) surge como alternativa eficiente aos métodos tradicionais
(KHATIB et al., 2021), pois a eletrdlise neutraliza as cargas negativas das células e
promove sua agregacao (DAS; SHARMA; PURKAIT, 2022b; FIGUEIREDO et al.,
2022).

A EC apresenta vantagens como auséncia de anions prejudiciais, menor risco
de superdosagem e facilidade de controle operacional (HAWARI et al.,, 2020;
MAHMOOD; HWAN KIM; PARK, 2021). Em comparag¢ao aos métodos convencionais,
como floculagdo ou autofloculagdo, o processo € mais rapido e geralmente mais
eficiente, além de reduzir custos energéticos em relagdo a centrifugacao (NAJJAR;
ABU-SHAMLEH, 2020; RAEISOSSADATI; MOHEIMANI; BAHRI, 2021). As eficiéncias
de colheita relatadas variam entre 78,80 % e 98,70 %, dependendo do material do
eletrodo (PRATAMA; HADIYANTO, 2024), enquanto os custos operacionais podem
ser de 83 a 89 % menores em relacao a centrifugagdo (LUCAKOVA et al., 2021).
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Por outro lado, as limitagdes da EC incluem o consumo de energia, as variagoes
da agua residual em termos de pH e temperatura, além da dissolugdo do metal do
eletrodo, que pode contaminar a biomassa e o efluente tratado (RAHMANI et al.,
2017a). Soma-se a isso a ampla variagdo de parametros operacionais e a auséncia
de faixas ideais claramente definidas, dificultando a avaliacdo técnico-econémica
quando comparada a métodos convencionais (VISIGALLI et al., 2021). Ademais,
grande parte dos estudos aborda a separagado de biomassa obtida em cultivos puros
(HAWARI et al., 2020; KHATIB et al., 2021; LUCAKOVA et al., 2021, 2022), reforgando
a importancia de avaliar aguas residuarias reais para que a tecnologia seja no futuro
integrada a biorrefinaria de microalgas, no contexto do saneamento.

esta pesquisa investigou como a razdo C/N, ajustada pela combinagéo de
aguas residuarias municipais e industriais do setor de sucos, influencia a
produtividade do cultivo, o acumulo de compostos bioquimicos e a remogao de
poluentes. Adicionalmente, avaliou-se o desempenho técnico e ambiental da EC como
estratégia de colheita, considerando parametros operacionais (pH, densidade de
corrente e tempo) para otimizar a eficiéncia do processo. O avango dessas estratégias
€ fundamental para viabilizar a aplicagdo da biotecnologia de microalgas em larga
escala, ao conciliar desenvolvimento técnico, viabilidade econbmica e

responsabilidade ambiental.
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2. Hipéteses da pesquisa

A adequacao da razao C/N, por meio da estratégia de combinagdo de aguas
residuarias, pode melhorar a produtividade da biomassa de microalgas, em
relacdo ao meio de cultivo composto exclusivamente por esgoto sanitéario;

O balango da razdo C/N, a partir da combinagdo de aguas residuarias
municipais e da industria de sucos, pode influenciar a composi¢cao bioquimica
da biomassa, de forma a aumentar a concentracao de lipidios e carboidratos;
A eletrocoagulacao pode ser otimizada a partir da combinacao dos parametros
pH, densidade de corrente e tempo de reacdo, minimizando a contaminagao
do aluminio na biomassa e garantindo maior eficiéncia de colheita;

A otimizacao do processo de eletrocoagulacdo pode diminuir a geragao de
impactos ambientais, melhorando a viabilidade ambiental do processo.
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3. Objetivo Geral

Investigar o efeito da combinagdo de aguas residuarias doméstica e da
industria de processamento de suco no cultivo de microalgas e o desempenho da
eletrocoagulacao na colheita de biomassa.

3.1.Objetivos especificos

e Avaliar o impacto da razdo C/N, ajustada pela combinagao de aguas residuérias
domésticas e da industria de processamento de suco, na produtividade da
biomassa de microalgas;

e Analisar a influéncia da razédo C/N na composicao bioquimica das microalgas,
com foco no acumulo de lipidios e carboidratos;

e Avaliar o desempenho técnico da eletrocoagulacdo como método de colheita
de biomassa de microalgas cultivadas em aguas residuarias;

e Otimizar os parametros operacionais da eletrocoagulacdo para melhorar o
desempenho em termos de eficiéncia de separagdo e minimizar a
contaminagao por aluminio, liberado durante o processo;

e Realizar uma avaliagcdo ambiental da eletrocoagulacao como tecnologia para

colheita de biomassa de microalgas.
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Abstract

Microalgae biomass has attracted attention as a feedstock to produce biofuels,
biofertilizers, and pigments. However, the high production cost associated with
cultivation and separation stages is a challenge for the microalgae biotechnology
application on a large scale. A promising approach to overcome the technical-
economic limitations of microalgae production is using wastewater as a nutrient and
water source for cultivation. This strategy reduces cultivation costs and contributes to
valorizing sanitation resources. Therefore, this article presents a comprehensive
literature review on the status of microalgae biomass cultivation in wastewater,
focusing on production strategies and the accumulation of valuable compounds such
as lipids, carbohydrates, proteins, fatty acids, and pigments. This review also covers
emerging techniques for harvesting microalgae biomass cultivated in wastewater,
discussing the advantages and limitations of the process, as well as pointing out the
main research opportunities. The novelty of the study lies in providing a detailed

analysis of state-of-the-art and potential advances in the cultivation and harvesting of
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microalgae, with a special focus on the use of wastewater and implementing innovative
strategies to enhance productivity and the accumulation of compounds. In this context,
the work aims to guide future research concerning emerging technologies in the field,
emphasizing the importance of innovative approaches in cultivating and harvesting
microalgae for advancing knowledge and practical applications in this area.
Keywords: Microalgae; Wastewater; Nutrient removal; Cultivation; Harvesting;
Biomass production.
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4.1.Introduction

Microalgae cultivation in wastewater has emerged as a promising alternative,
enabling the intersection of environmental sustainability and the production of valued
compounds. This innovative approach could meet the growing demand for high-
economic-value raw materials (MIN et al., 2022). However, some challenges must be
overcome in the cultivation and harvesting stages to achieve better performance in
biomass productivity and the generation of value-added products (DRAGONE, 2022;
YOU et al., 2022).

Microalgae are known for their high photosynthetic rate and biomass
productivity (COUTO et al., 2021; MENDONCA et al., 2021), their ability to reduce
greenhouse gas emissions (ASSIS et al., 2019c; FAROOQ et al., 2022) and their
potential in producing a wide range of compounds of interest, such as lipids,
carbohydrates, proteins, as well as value-added compounds like pigments (beta-
carotene, astaxanthin, lutein), polyunsaturated fatty acids (PUFAs), among others
(CALIJURI et al., 2022; HE et al.,, 2023). Microalgae cultivation in wastewater
represents a particularly attractive approach, as it combines wastewater treatment with

biomass production (JAVED et al., 2019), thus contributing to environmental impacts
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the mitigation (ASSIS et al., 2023; HERRERA et al., 2021; LAM; ZLATANOVIC; VAN
DER HOEK, 2020).

However, obtaining this microalgae biomass requires the development of
specific strategies to overcome some challenges when cultivating in wastewater. High
nutrient concentrations (CHENG et al., 2020a), toxic emerging pollutants (SONG et al.,
2023b), pathogens, and organic dyes such as azo dyes ((KONG et al., 2022) present
in wastewater can limit photosynthetic activity and microalgae growth (YOU et al.,
2022). The carbon and nitrogen sources made available in the culture medium can
also impact the physiological and biochemical characteristics, such as microalgae’s
protein, carbohydrate, chlorophyll, and fatty acid compositions (REN et al., 2023;
SONG et al., 2023a). In addition to these factors, microalgae strains and cultivation
conditions, such as light availability, temperature, and pH, can also affect biomass
production and biocompounds accumulation (LOGANATHAN et al., 2020; YANG,; LI,
WANG, 2019). In this context, the scientific advancements aimed at achieving higher
yields of biocompounds can enable the production of high-quality biofuels, biofertilizers
(PEREIRA et al., 2023; SILVA et al., 2022), and other bioproducts derived from
microalgae (CALIJURI et al., 2022; FERREIRA et al., 2024; REN et al., 2023).

Another critical challenge is related to biomass harvesting. It is estimated that
20 to 30% of microalgae production costs are related to the drying and dewatering
stage (SINGH; PATIDAR, 2018). The low microalgae concentration (less than 0.5 g L-
"in open systems), the negative surface charge, the cells' small size (between 3 to 30
pgm), and the microalgae low density compared to their cultivation medium are some
factors that hinder biomass harvesting (MORAIS et al., 2023a; VISIGALLI et al., 2021;
XU et al., 2021). Given their small size and fluctuation in cell density, separating the
microalgae from the liquid phase can be complex and costly.

The present review compiles and discusses what the authors regarded as the
most promising microalgae cultivation strategies to enhance growth and metabolite
accumulation while exploring emerging separation technologies. For each technology,
technical aspects are highlighted from updated research. The results found in the
literature were contextualized to discuss their impact on biomass and biocompoud
accumulation, challenges, and future perspectives. In addition, the manuscript
considers the context of wastewater treatment, strengthening the circular economy

concept. This review aims to serve as an updated compilation of upcoming
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technological processes for algae cultivation and harvesting while guiding future

research on the hotspots of each strategy presented.

4.2.Cultivation strategies for increased productivity and biocompounds
accumulation
Table 1 presents the results of different approaches for microalgae biomass
production and biocompounds accumulation. In Figure 4.1, highlights of each
microalgae biomass cultivation technology explored in this review article are
presented. The data indicate that, concerning the wastewater blending strategy, the
study conducted by ZHENG et al., (2018) showed the best result by combining pig
farming and brewery wastewater for microalgae production, achieving a microalgae
biomass concentration of 2.85 g L". On the other hand, when evaluating the light
control strategy, the study by QU et al.,, (2019) achieved a microalgae biomass
concentration of 9.2 g L cultivated in pig farming wastewater at a light intensity of 600
umol m? s'. Regarding nanoparticles, REN et al., (2020) observed a microalgae
Scenedesmus sp. H-1 concentration of 3.18 g L' when cultivated in a synthetic
medium supplemented with SiC nanoparticles. Finally, in the two-stage approach, a
biomass yield of 2.29 g L' was recorded when the microalgae were cultivated in
anaerobically digested wastewater and supplemented with Bold’s basal synthetic
medium with triple nitrate (SNBBM) (POLAT; ALTINBAS, 2023).
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Figure 4.1. Strategies for enhancing microalgae biomass production and biocompounds accumulation.
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Table 4.1. Cultivation strategies for microalgae biomass and main biocompounds produced.

Biomass
Cultivation  Cultivation Biochemical
] Microalga strain Observation productivity/ . Reference
strategy medium ] composition
production
Wastewater  from
domestic
13.33% DW,

wastewater (DW), MORENO-
Wastewater . o _ 13.33% DL, 21.94 mg

digested liquid (DL), Chlorella vulgaris - GARCIA et al.,
blend . 13.33% SSW, L-'d "

septic system (2019)

60% water

wastewater (SSW)

and water

Wastewater  from 165.16 mg L' TN
Wastewater
blend anaerobic digestion Chlorella vulgaris 60.12mg L' TP - 43.21% lipid XIE et al., (2018)

en

and rainwater 272.00 mg L' sCOD

Piggery wastewater
Wastewater Micractinium PARK et al,

(PW) and domestic 95% DW and 5% PW 1.03gL'd " 39.10% lipid
blend inermum NLP-F014 (2015)

wastewater (DW)

Piggery wastewater
Wastewater _ 20% PW and 80% BW ZHENG et al.,

(PW) and brewery Chlorella vulgaris 2.85gL™" -
blend (CIN=7.9) (2018)

wastewater (BW)

31



Biomass

Cultivation  Cultivation Biochemical
) Microalga strain Observation productivity/ . Reference
strategy medium ] composition
production
Domestic sewage 570.8 mg VSS 5.6 mg L™ total
. 25% PBE and 75% DS .
Wastewater (DS) and paint Tetradesmus L carotenoids BRAGA et al.,
blend booth effluent coenobium 597,5 mg VSS 3.9 mg L™ total (2023b)
50% PBE and 50% DS .
(PBE) L carotenoids
Chlorella vulgaris,
Domestic sewage Tetradesmus o
_ _ 0.08 g chl-am’ 13.6 % total lipids,
Wastewater  (DS) and paint obliquus, 18.75 % PBE and 81.25 BRAGA et al.,
2day'and 2.0  11.2% carbohydrates,
blend booth effluent Tetradesmus sp., % DS _ (2023a)
g VSS m=2.day’ 24.9% proteins
(PBE) Tetradesmus
coenobium
Wastewater ~ from ,
_ Chlorella vulgaris,
the food industry ,
Limnothrix
Wastewater  (FW) and _ 98.5% FW and 1.5 % GAMA et al,
planctonica and 79.9gVSS m -
blend wastewater  from BW (C/N=28.2) (2023)
. _ Pseudanabaena
brewing  industry
catenata

(BW)
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Biomass

Cultivation  Cultivation ) ) ] o Biochemical
) Microalga strain Observation productivity/ . Reference
strategy medium ] composition
production
o . 55.52% carbohydrate,
. Aquaculture Chlorella Cultivation under white o
Light control o . 1.93g L™ 28.55% lipid, 17.25% HE et al., (2023)
wastewater sorokiniana light _
protein
Two-stage lighting with
Wastewater ~ from
. red LED for 5 days ~ CHEIRSILP et
Light control  the seafood Haematococcus sp. 255mg L' 3.39 mg L™ astaxanthin
o followed by blue LED for al., (2022)
processing industry
5 days
Cultivation under white
. . 7.22 mg g~ lutein, 56%
light (40 uM) with a 24- .
. 673 mg L™’ protein, 24%
~ hour photoperiod and
Chlorella  variabilis _ o carbohydrate
. _ continuous illumination LOGANATHAN
Light control  Dairy wastewater ~ and Scenedesmus —
. Cultivation under amber . et al., (2020)
obliquus . . 5.96 mg g~' lutein, 52 %
light (40 uM) with a 24- .
30 mg L™’ protein, 35%

hour photoperiod and

continuous illumination

carbohydrate
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Biomass

Cultivation  Cultivation Biochemical
) Microalga strain Observation productivity/ . Reference
strategy medium ] composition
production
o 2.61 mg L™ carotenoid,
. Cultivation under red . SAMANI,
. Dairy  wastewater _ . . 15.99% protein, 13.09%
Light control , _ Chlorella vulgaris light (10uM) with a 16:8- 0.09 g L™'d MANSOURI,
with melatonin _ carbohydrate, 32.23%
hour photoperiod o (2023)
lipid
Cultivation under light
. Pig Parachlorella . .
Light control intensity of 600 umol m- 9.2gL™ 54% carbohydrate QU et al., (2019)
wastewater kessleri QWY28 )
.
Desmodesmus . Cultivation under light
. Domestic . . . NZAYISENGA et
Light control and Scenedesmus intensity of 300 uE m 11gL™" 6.2 % fatty acid
wastewater . al., (2020)
obliquus s
Cultivation with a 24-
. Domestic Chlorella hour photoperiod under 12 mg L' carotenoid, RANI;  OJHA,
Light control o o . 548 mg L d- .
wastewater sorokiniana light intensity of 140 15% protein, 5% (2021)
umol m2 g™ carbohydrate
_ Domestic _ Cultivation with a 16:8- . LEONG et al,
Light control Chlorella vulgaris . 0.89¢gL™ 0.16 g L lipid
wastewater hour photoperiod (2022)
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Biomass

Cultivation  Cultivation Biochemical
) Microalga strain Observation productivity/ . Reference
strategy medium ] composition
production
Desmodesmus
_ 26¢gL™ 38% lipid ) )
. . . subspicatus PADROVAetal.,
Nanoparticles Synthetic medium : NP Fe (5.1 mg L™
Trachydiscus o (2015)
, 13.7g L™’ 35% lipid
minutus
. . . Scenedesmus sp. H- . o REN et al,
Nanoparticles Synthetic medium NP SiC 3.18¢g L™ 40.26% lipid
1 (2020)
. _ . o VAZ; COSTA;
Nanoparticles Synthetic medium  Chlorella fusca NP Fe203 (0.5gL™) 130.9 mg L' d 16.7% lipid
MORAIS, (2020)
ZHAO et al,
Chlorella
Nanoparticles Synthetic medium o TiO2(50 mg L) 1287 mgL'd" 1555mg g’ lutein  (2022) et al.
sorokiniana F31
(2022)
Tetraselmis suecica - 41.9% lipid KADAR et al,
Nanoparticles Synthetic medium : NP Fe (1.17 x 10°°M) _
Pavlova lutheri - 46.3% lipid (2012)
Anaerobically o _ 11-28% lipid, 34-45% POLAT;
Two-stage _ indigenous Stress with NaCl and .
o digested . _ 229gL" protein, 23-53% ALTINBAS,
cultivation microalgal species  FeCls
wastewater carbohydrate (2023)
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Biomass

Cultivation  Cultivation Biochemical
Microalga strain Observation productivity/ Reference
strategy medium ) composition
production
Salinity stress (40 g L)
~123x10 ® cells 032 mg mL
and fluorescent light .
Food wastewater _ mL™’ carotenoid
Two-stage (10%) ; Tetraselmis (300 pmol m? s1) NEZAFATIAN et
an
cultivation ’ tetrathele Salinity stress (40 g L") al., (2023)
water (90%) . 1,56%x10 % cells 0.51 mg mL -
and LED light (300 ymol .
mL™" carotenoid
m2s™)
148.95 mg g’
_ _ Nutritional stress phycocyanin, 51.92 mg
Two-stage Pseudoscillatoria . . KHAN et al,
o Urban wastewater i through the recycling of 106.24 mg L' g allophycocyanin, and
cultivation coralii BERCO1 - (2022)
treated water 470-490 mg g lipid,
16.30 % de protein
. . Nutritional stress
Two-stage Diluted palm oil _ . 443 mg L' d' C- NUR et al,
o Arthrospira platensis through ~ wastewater 70 mg L™ d™* .
cultivation wastewater dilut phycocyanin (2019)
ilution

Note: TN: Total nitrogen; TP: Total phosphorus; sCOD: Soluble chemical oxygen demand; NP: Nanoparticle; NaCl: Sodium chloride;

FeCls: Ferric chloride.
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4.2.1. Wastewater blend

Culture medium composition plays a crucial role in microalgae biomass
development and biocompounds accumulation such as lipids, proteins,
carbohydrates and pigments. Microalgae can synthesize more lipids under stress
conditions, which can be induced by the heavy metals present in wastewater
(SONG et al., 2023b), or under mixotrophic conditions where excess organic
carbon in the culture medium can be directed towards intracellular lipid storage
(GAO et al., 2019).

FALLAHI et al., (2021) also point out that the C/N ratio is a key factor in
the relative distribution of polymeric carbohydrates and proteins. With a C/N ratio
< 5, the polymeric extracts have a high protein content. In this case, the presence
of N is closely linked to protein production in microalgae because most of the
intracellular N (87.5 - 97.1%) is in the form of proteins (amino acids) composed
of nitrogenous primary molecules (LIANG et al., 2023). In contrast, at high C/N
ratios > 20, the concentration of carbohydrates increases (FALLAHI et al., 2021).
Therefore, nitrogen deficiency is a strategy employed in the microalgae industry
to stimulate the production of compounds such as lipids (MOU et al., 2023) and
carbohydrates (QU et al., 2019).

Many studies use synthetic wastewater to evaluate the C/N ratio effect on
the accumulation of biocompounds ((DANG et al., 2022; GAO et al., 2019). This
practice is attributed to the enhanced ease of controlling the evaluated
parameters, thus ensuring the accurate supply of nutrients based on the C/N ratio
to be studied. According to DANG et al., (2022), the highest biomass production,
organic content, and nutrient removal were obtained at a 5 C/N ratio. On the other
hand, GAO et al., (2019) found that C/N ratios of 24 and 30 showed superior
performance in lipid accumulation (35.3 and 36.5%, respectively), while
treatments with C/N ratios of 1 and 3 demonstrated lower lipid accumulation (16.4
and 18.1%, respectively). Despite the significance of the mentioned studies, the
evaluated conditions are unlikely to be replicated on a larger scale in the practical
use of wastewater. This limitation emphasizes the necessity to assess the impact
of the C/N ratio by combining wastewaters with varying characteristics.

Regarding cultivation in wastewater, the C/N ratio may often not favor the
production and accumulation of some biocompounds (XIE et al., 2018; ZHU et

al., 2019). This imbalance in the C/N ratio is due to a high quantity of N and a
37



shortage of C, as is the case with domestic wastewater, or due to a high
concentration of organic carbon and a deficiency of N, as is the case with brewery
wastewater (ZHENG et al., 2018). Therefore, balancing the C/N ratio through the
varying wastewater combination is a promising alternative to other technologies,
such as COz2 supplementation, as it is a simpler and less costly option.

MORENO-GARCIA et al., (2019) evaluated microalgae productivity by
combining different wastewater sources. They observed the highest algal
productivity (21.90 mg L' d) in a mixture of 13.33% liquid digestate, 13.33%
landfill leachate, 13.33% septic system effluent, and 60% water. PARK et al.,
(2015) identified that a combination of domestic and pig farming wastewater (95:5
v/v) resulted in an increased specific growth rate (1.27 d-'). According to the
authors, nutrient concentrations (N and P) decreased by 90% after incubating for
two days. This result may indicate that the rapid nutrient removal interrupted the
microalgal cell division and simultaneously favored the accumulation of certain
cellular components, such as lipids (39.1%). To increase Chlorella vulgaris
production, ZHENG et al., (2018) proposed pig farming and brewery wastewater
combinations to balance the C/N ratio. The highest biomass concentration (2.85
g L") was observed at a 7.9 C/N ratio. However, VYAS et al., (2022) observed
the best performance at C/N ratios of 20 and 60, representing productions of 8.71
and 8.28 g L, respectively.

Furthermore, some studies evaluated the influence of the C/N ratio on
accumulating value-added compounds by microalgae cultivated in wastewater.
MOU et al.,, (2023) observed lipid content equal to 30.97 and 31.48% in
treatments with C/N ratios of 20 and 30, respectively. This result occurred
because as the C/N ratio increased, the excess organic carbon in the medium
was used for intracellular lipid storage. This phenomenon was also observed by
PARK et al., (2015). After cultivating for 10 days in blended wastewater, the
authors identified an increase in the lipid content of Micractinium inermum NLP-
FO014 from 8.90 to 39.10%, as well as the major fatty acids C18:1, C16:0, C18:2,
and C18:3. The nutrient restriction strategy, for N and P, is also explored to boost
the production of other value-added compounds (FALLAHI et al., 2021). VYAS et
al., (2022) achieved 6.40 mg g' of lutein in microalgae biomass cultivated in fish

farm wastewater with a 10 C/N ratio.
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The strategy of blending wastewater is used to improve the characteristics
of the culture medium, either by diluting potential toxic compounds present in the
wastewater or by favoring the C/N ratio. However, BRAGA et al., (2023b)
evaluated different mixtures of paint booth effluent and domestic sewage (C/N
between 1 and 9) and did not observe a statistical difference in microalgae
productivity. GAMA et al., (2023) used a blend of brewery and meat processing
wastewaters to test the effects of their different C/N ratios (between 5.4 and 8.2).
Also, they did not observe a difference between treatments regarding algal
productivity. These studies highlight that microalgae biotechnology for
wastewater treatment may only adapt to some types of wastewaters and show
that the evaluation of the physicochemical composition is a crucial factor to be
determined before applying the technology to estimate potential results.

Within this context, the strategy of wastewater blending is promising for
increasing the production of biomass and biocompounds. However, current
research is still occurring at a laboratory scale, demonstrating the need for large-
scale studies. Despite this, the metabolisms of carbon, nitrogen, and phosphorus
in microalgae for wastewater treatment are extensively explored in research,
although the nutrient needs can be species-specific (SU, 2021). It is important to
note that careful selection of the types of wastewaters is required, and
understanding how nutrients are available in the culture medium is essential.
However, the main challenge to be overcome for application in the context of
wastewater treatment is its implementation on a large scale and the distance

between the sites generating these wastewaters.

4.2.2. Light control

Given the abundant natural sunlight and decreasing costs of artificial LED
lamps, light enhancement strategies are potential paths for scaling up microalgae
biomass production. Light serves as the primary energy source for
photoautotrophic microalgae metabolism, and photosynthesis involves capturing
light through antenna complexes with pigments like chlorophylls, carotenoids,
and phycobilins, each having distinct roles in processes such as oxygenic
photosynthesis and protection of the photosynthetic apparatus (PAGELS et al.,
2020). Carotenoids, crucial for light harvesting and energy transfer, play a
significant role in shielding the photosynthetic apparatus from photooxidative

damage (HENRIQUEZ et al., 2016), and the accumulation of secondary
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carotenoids like astaxanthin can be induced by specific stimuli such as nutrient
or light stress in cultivation. Consequently, light characteristics, including intensity,
duration, and specific wavelength of exposure, are decisive factors influencing
the growth and cellular activity of microalgae (WANG et al., 2014).

Studying the effects of different wavelengths (white light, red light, blue
light, and mixed red and blue light) on the growth of Chlorella sorokiniana in
aquaculture wastewater, HE et al., (2023) identified that biomass production (1.93
g L") was higher under white light. However, SAMANI; MANSOURI, (2023)
observed that red light favored increased biomass productivity (0.09 g L* d') in
Chlorella vulgaris cultivated in dairy wastewater. This result was attributed to the
enhanced photosynthesis efficiency resulting from the species' chlorophyll
pigments with the highest absorption in the red range (600—700 nm). In the
metabolite accumulation under different wavelengths, white light favored
carbohydrates, lipids, and protein productivity (121.26, 64.79, and 38.85 mg L-"
d”, respectively) (HE et al., 2023).

LOGANATHAN et al., (2020) also found that cultivation under white light
allowed for a higher protein accumulation (56%), while amber light favored
carbohydrate content (32%). The authors also observed that under blue light (450
nm), the chlorophyll content was higher (10 mg L") compared to other tested light
wavelengths (amber - 595 nm; red - 650 nm; amber + blue; cool-white fluorescent
light). This fact may be attributed to an increase in the number/size of light-
harvesting units when the microalgae consortium was exposed to blue light.
Additionally, the cells may have undergone chromatic adaptation that helped to
maximize their photosynthetic capacity.

In the study by HE et al., (2023) blue light promoted nitrogen usage to
produce pigments, including chlorophyll-a, chlorophyll-b, and carotenoids (5.13,
3.53, and 1.46 mg g™' respectively), as well as proteins (21.54%) and fatty acids
(13.56%). According to the authors, the photosynthetic pigments of C.
sorokiniana may prefer to capture blue photons and the expression of genes
involved in the photosystem. Furthermore, the authors observed that red light
was beneficial for higher carbohydrate and protein productivity in the initial phase
of cultivation. However, mixed red and blue light was more beneficial to the
growth of C. sorokiniana CMBB276, promoted by the increase in photosynthetic
efficiency.
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The combined use of different wavelengths was studied by CHEIRSILP et
al., (2022) where they observed higher astaxanthin production (3.39 mg L")
during two-stage cultivation (red LED for 5 days followed by blue LED for the next
5 days) for the microalga Haematococcus sp. using wastewater from a seafood
processing industry as cultivation medium. However, LOGANATHAN et al.,
(2020) showed that white light favored the lutein accumulation (7.22 mg g-') for
Chlorella variabilis and Scenedesmus obliquus cultivated in dairy wastewater.

Light intensity can also directly impact the photosynthetic kinetics of algal
cells, thereby affecting cell growth and metabolite production. The ideal light
intensity may vary among different microalgae species. Light intensities (200,
400, 600, and 800 umol m= s*') were investigated by QU et al. (2019), aiming to
optimize pig farming wastewater treatment and maximize carbohydrate
production by a newly isolated microalga (Parachlorella kessleri QWY28). The
authors observed increased carbohydrate content from 38 to 56% as light
intensity increased from 200 to 600 ymol m? s'. However, a further increase to
800 pmol m? s’ resulted in lower carbohydrate content and productivity.
NZAYISENGA et al. (2020) investigated the light intensity effect (50, 150, and 300
ME m? s') on the development of four microalgal strains (Chlorella
vulgaris, Desmodesmus sp., Ettlia pseudoalveolaris and Scenedesmus obliquus)
cultivated in wastewater). They concluded that higher intensities led to higher
fatty acid contents. This is attributed to the defensive mechanism against
photooxidation, where they convert surplus photoassimilates into fatty acids.
Additionally, a lower protein content was observed in the biomass obtained from
cultivation under high light intensity. According to the authors, lipid synthesis
depends on protein degradation or protein synthesis inhibition, which may be
attributed to nitrogen consumption. Another possibility raised by the authors is
that the carbon used for amino acid and protein synthesis is diverted toward
triglyceride production as a carbon and energy source (NZAYISENGA et al.,
2020).

The effect of photoperiod, which refers to the light exposure period, on the
behavior of microalgae biomass cultivated in wastewater may correlate with the
abovementioned factors. At lower than-ideal intensities, longer photoperiods can
benefit or even inhibit microalgae biomass development (KHOEYI; SEYFABADI;

RAMEZANPOUR, 2012; LEONG et al., 2022). RANI; OJHA, (2021) studied the
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effects of different photoperiods (light:dark of 12:12 and 24:0) on biomass
production, photosynthetic pigments (chlorophyll and carotenoids), and value-
added compounds production of Chlorella sorokiniana cultivated in tertiary
wastewater (synthetic and real). Regarding pigments, chlorophyll levels
increased significantly from 22 to 57 mg L-! under a continuous 24-hour light cycle
and to 60 mg L' under a 12:12 photoperiod. Finally, carotenoid production was
around 10-11 mg L', observed in C. sorokiniana when cultivated in real
wastewater, with no statistically significant difference between the evaluated
photoperiod regimes.

LEONG et al. (2022) studied the effects of different light:dark regimes
(24:0; 0:24; 16:8; 12:12; 8:16) using Chlorella vulgaris cultivated in municipal
wastewater. The results showed that longer exposure time to light increased
biomass growth, while prolonged darkness increased lipid content in the cells.
The authors concluded that a 16:8 (light:dark) hour/cycle photoperiod was ideal,
providing high biomass and lipid production (0.89 and 0.16 g L™, respectively).
Moreover, the dominant FAMEs obtained from Chlorella vulgaris predominantly
consisted of C16 and C18 fatty acids suitable for biodiesel production (LEONG
et al., 2022).

Most of the technologies presented include the additional use of energy-
driven lamps, which impacts the final cost. Although the prices for artificial lights
significantly decreased in recent years, there is still the need for comprehensive
economic assessments on these strategies. Research on the feasibility of
implementing such systems in large-scale facilities, covering both investment and
operational costs, is highly recommended. Moreover, including complemental
environmental analysis, such as life cycle assessment with the associated
impacts, is also desirable. Thus, the analysis of the trade-off between the
technological gains, such as increased productivity, can be contrasted with the
costs, and further conclusions can be drawn on the sustainability of the light

control strategies.

4.2.3. Nanoparticles

Nanoparticles (NPs) have dimensions ranging from 1 to 100 nm (KHAN;
SAEED; KHAN, 2019), and due to their small size, they possess a high surface
area. In the microalgae biomass context, NPs can influence photosynthesis

optimization, controlled nutrient delivery, and protection against environmental
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stresses (ARATBONI et al., 2023). Various types of NPs can be used in
microalgae cultivation. For example, titanium dioxide (TiO2) can optimize
photosynthesis by uniformly dispersing light (ZHAO et al., 2022). Other NPs, such
as silver oxide (AgO) and copper oxide (CuO), have antimicrobial properties,
controlling pathogens (KARUPPANNAN et al., 2021). NPs can also be a
nutritional supplement, especially when the culture medium lacks sufficient
calcium (Ca) and phosphorus (P). In such cases, NPs containing these
micronutrients can promote algal growth and the accumulation of biocompounds
(Vargas-Estrada et al., 2020). Furthermore, NPs can protect microalgae from
environmental stresses such as ultraviolet (UV) radiation or toxic contaminants
(SENDRA et al., 2017a).

NP interaction varies depending on the microalgal species, NP
characteristics, and cultivation conditions; therefore, several studies have
evaluated the interaction between microalgae and NPs. The response for the
microalga Chlamydomonas reinhardtii varies depending on the nanoparticle and
its concentration. When interacting with chromium oxide (Cr203) NPs,
concentrations of 10 mg L' were neutral, 100 mg L' were beneficial, and 1,000
mg L' were harmful (COSTA et al., 2016; MELEGARI et al., 2013; SENDRA et
al., 2017b). The size of the nanoparticle is also crucial. In this context, silver NPs
(AgNPs) smaller than 15 nm inhibited the growth of Chlamydomonas reinhardtii.
In comparison, sizes between 30-50 nm and concentrations between 0.01 and
0.30 mg L' had positive effects (SENDRA et al., 2017b). However, microalgae
Chlorella sp. and Tetradesmus sp. showed negative sensitivities to TiO2 NPs
(SADIQ et al., 2011).

In addition to affecting microalgae growth, controlled exposure to NPs can
induce stress conditions during cultivation, leading microalgae to accumulate
more lipids as a defense mechanism. This stress can be carefully calibrated to
maximize lipid production without significantly impairing algal growth rates (DEY
et al., 2023). This result happens because NPs can induce stress conditions,
such as oxidative stress from photocatalysts, similar to the high light stress
caused by TiO2 NPs (KANG et al., 2014), or nutritional stress caused by metallic
NPs (ZnO-NP) (KALIAMURTHI et al., 2019). Additionally, NPs can transport

genetic material or gene editing tools (such as CRISPR/Cas9) into microalgal
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cells. This path could allow the creation of genetically modified microalgal strains
that accumulate lipids at higher concentrations (MUTHUKRISHNAN, 2022).

Studies have shown that microalgae species like Trachydiscus
minutuslencia and Desmodesmus subspicatus, when exposed to iron (Fe()) NPs
ata dose of 5.1 mg L', exhibited an increase of 35 and 38% in lipid accumulation,
respectively (PADROVA et al., 2015). The species Scenedesmus sp. H-1, when
treated with 150 mg L of silicon carbide (SiC), showed a 40% increase in lipid
content (REN et al., 2020). Studies have shown that microalgae species like
Trachydiscus minutuslencia and Desmodesmus subspicatus, when exposed to
iron (Fe©)) NPs at a dose of 5.1 mg L-', exhibited an increase of 35 and 38% in
lipid accumulation, respectively (PADROVA et al., 2015). Lastly, the microalga
Chlorella fusca, when given a dose of 0.5 g L' of iron oxide (Fe203), had a 16.7%
increase in lipid production (VAZ; COSTA; MORAIS, 2020). In addition to
promoting lipid accumulation in microalgae, NPs have been shown to increase
CO2 biofixation and gas utilization efficiency, resulting in higher biomass
productivity. Additionally, the discussion highlights those outdoor microalgae
cultivation leverages natural sunlight and ambient temperature. Thus,
incorporating NPs in outdoor systems may increase biomass yield and save
costs, mainly those from artificial lighting and temperature control in indoor
cultivation systems. Therefore, this path can provide a more cost-effective and
sustainable solution.(VAZ; COSTA; MORAIS, 2020).

Therefore, the interaction between microalgae and NPs presents a
promising opportunity to optimize biomass production and biocompounds
accumulation. However, it is essential to consider the specificity of each
microalgal species, the type of NP, and its concentration and dosage to achieve
desirable results. Additionally, future research should evaluate the impact of using
NPs during microalgae cultivation in wastewater, besides assessing the
economic and environmental performance. Current findings underscore the
necessity for continued research to deepen our understanding and optimize the
use of NPs in microalgae biotechnology. This path will ensure sustainable and

efficient practices, especially in wastewater treatment.

4.2.4. Two-stages cultivation
Two-stage cultivation is an alternative to overcome the low productivity of

microalgae biomass and value-added compounds, such as lipids and
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carbohydrates. Typically, the growth phase aims to achieve maximum biomass
concentration, followed by a stress phase during which the target biomolecule is
accumulated (CHEN et al., 2022; NAGAPPAN et al., 2019). Microalgae can be
cultivated in several systems, each with different configurations and operational
modes. Thus, reactors can be open or closed, operated continuously or in
batches, and adapted to stimulate mixotrophic, phototrophic, or heterotrophic
metabolisms (NAGAPPAN et al., 2019).

However, the choice of reactor and cultivation method (photoautotrophic,
heterotrophic, mixotrophic) can influence the generation of the desired by-
product. The system is operated under optimal lighting and nutrient availability
conditions in the first stage. In the second stage, stress conditions are applied by
excess or lack of nutrients, high or low lighting, and high or low salinity
(LIYANAARACHCHI et al., 2021). Different combinations of these factors can
produce various compounds from microalgae and simultaneously treat
wastewater. Two-stage cultivation systems allow for exploring the advantages of
each configuration while mitigating their disadvantages. In this context, studies
have shown greater lipid productivity and economic viability by combining open
ponds with photobioreactors, emphasizing that applying stress to increase lipid
accumulation is not feasible exclusively with photobioreactors (NAGAPPAN et al.,
2019; NARALA et al., 2016).

The search for higher accumulations of value-added compounds has
stimulated various types of research using two-stage cultivation. POLAT AND
ALTINBAS (2023) performed two-stage cultivation using anaerobic digestate,
where microalgae culture was subjected to stress with sodium chloride (NaCl)
and ferric chloride (FeCls). The authors observed that lipid content varied
between 11-28%, while protein content was 34-45% and carbohydrates were 23-
53%, respectively. NEZAFATIAN et al. (2023) also used the two-stage cultivation
approach for marine microalgae (Tetraselmis tetrathele), using effluent from food
processing as a medium to produce bioactive compounds. Moreover, the authors
observed greater pigment production (0.59 mg mL-") under fluorescent light and
exposed to saline stress during the second cultivation stage (NEZAFATIAN et al.,
2023).

It is important to note that the synergistic effect of stresses should be

studied to optimize biocompounds production and understand how these
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stresses affect the metabolism of microalgae (AZIZ et al., 2020). To evaluate a
new route for cyanobacteria-based biorefinery (BERCO01) wusing urban
wastewater, KHAN et al. (2022) utilized two-stage cultivation. In the first stage,
the BERCO1 strain was inoculated with domestic wastewater containing primary
sludge, and when the medium became clear, the culture was harvested. In the
second stage, the biomass was cultivated for 12 days in urban wastewater
treated in the previous stage. The authors observed that this strategy improved
metabolite biosynthesis, as cultivation in wastewater increased carbohydrate and
protein productivity by 10 times and 3 times, respectively, compared to the
synthetic medium. Additionally, cultivation in wastewater produced 37.66%
saturated and 62.33% unsaturated FAMEs (KHAN et al., 2022).

In another study, NUR et al. (2019) investigated the production of C-
phycocyanin, the main phycobiliprotein component, cultivated in palm oil mill
effluent (POME) through different two-stage cultivation configurations. The best
results were observed in saline growth medium containing 50% POME at the first
stage and 100% POME supplemented with 800 mg L' urea at the second stage.
This approach led to the productivity of 70.0 and 4.43 mg L' d-! for biomass and
C-phycocyanin, respectively.

Therefore, two-stage cultivation is a promising strategy to increase
biomass and value-added compound production, such as lipids, carbohydrates,
and pigments. The planned transition between growth and stress phases allows
for exploiting the advantages of different cultivation systems and optimizing
biocompound production. Moreover, using wastewater as a cultivation medium is
a sustainable alternative. However, it is important to emphasize that the main
limitation of this strategy is the need for an extra harvesting step between the first
and second stages of cultivation, which can increase construction and operation
costs. Additionally, although there are studies on applying two-stage cultivation
at a commercial scale (PANIS; CARREON, 2016), investigations are still
restricted to pure cultivation with the use of fertilizers and chemical compounds.
Therefore, more studies are needed to evaluate these cultivation conditions to
optimize biomass and biocompounds production, determining the feasibility of
applying the technology in the context of wastewater treatment plants.
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4.3.Emerging harvesting technologies
In Table 4.2, some technologies for harvesting microalgae biomass are
presented. In Figure 4.2, highlights of each microalgae biomass harvesting

technology explored in this review article are presented.
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Electrocoagulation-
flocculation
Benefits
Low energy consumption

High efficiency compared to
traditional harvesting methods

Works to neutralize the negative

Biocoagulants and
charges of microalgae

bioflocculants
High electrode passivation may S
restrict its industrial application Potential in biofuels and
biocompounds<-
Possibility of contamination of production

harvested microalgae biomass Harvesting

: Efficient and
Technologies

sustainable harvest"

Biofilm reactor

Simpler operation

—»Low energy consumption

Based on plants,
bacteria and fungi

Optimization of operational
parameters is difficult due to the

wide variety of microalgae species

~PIntegrates cultivation and harvesting

Potential in biofuels and biocompounds
production

Most studies were conducted

The system is influenced by on a laboratory scale

weather conditions

Need for replacement or
maintenance of the support medium

Figure 4.2. Overview of innovative microalgae biomass harvesting technologies.
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Tabe 4.2. Microalgae biomass harvesting technologies.

Biomass
Harvesting Cultivation Microalga ) Operation Harvesting
] ] concentratio . o Reference
technology medium strain condition efficiency
n
. . Aluminum electrodes, electrolysis time
Electrocoagulatio Synthetic _ . . HAWARI et al.,
_ . Tetraselmis sp. 300 mg L' of 10 minutes, and current density of 7.1 99.90 %
n-flocculation medium (2020)
mA cm
. . Interdigitated cylindrical Al electrodes,
Electrocoagulatio Synthetic _ KHATIB et al.,
. . Tetraselmis sp. - spaced 0.5 cm apart, and a current 96.18 %
n-flocculation medium . (2021)
density of 50 mA cm2
Metal-air fuel cell with Fe electrode and
o <85%
an electrolysis time of 3 hours
. _ : : MAHMOOD;
Synthetic ~ Nannochloropsis Metal-air fuel cell with Al electrode and
_ , 0.5gL™ o 100 % HWAN KIM;
Electrocoagulatio medium salina an electrolysis time of 2 hours
. PARK, (2021)
n-flocculation Metal-air fuel cell with Mg electrode and 100 %
0
an electrolysis time of 2 hours
RAEISOSSADAT
Electrocoagulatio . Chlorella sp. and Stainless steel electrodes, voltage of 20
. Abattoir 0.72gL™" o _ 87 % l; MOHEIMANI;
n-flocculation Scenedesmus sp. V, and an electrolysis time of 45 minutes
wastewater BAHRI, (2021)
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Biomass

Harvesting Cultivation Microalga Operation Harvesting
concentratio Reference
technology medium strain condition efficiency
n
C. vulgaris,
. Aratio of 1:9 S. obliquus, Aluminum electrodes, current density of
Electrocoagulatio _ . . RAFIEE et al.,
_ of microalgae B. braunii, 2gL 250 A m?, and electrode spacing of 1 87 %
n-flocculation , (2019)
to water B. Sudeticus and cm

A. falcatus

Chlorella sp., M. oleifera (10 mg ml-') after 20 minutes 75.5 %

Scenedesmus BEHERA,

. : _ -1 . ,

Bllocoagulants Human urine sp., Cyneco.cys.tls 01-1gLl™" oleifera (4 mg ml') and chitosan 05 765 BALASUBRAMA
bioflocculants sp., and Spirulina (0,75 mg mI") after 20 minutes D0 NIAN, (2019)

sp.
Biocoagulants Domestic . FERREIRA et al.,

_ - - Tannin at 50 mg L' at pH 7 98.99 %

bioflocculants wastewater (2020)
Biocoagulants Synthetic ~ Desmodesmus 05 L Bacterium Bacillus licheniformis 98 NDIKUBWIMANA
bioflocculants medium brasiliensis 29 CGMCC 2876 ’ etal., (2016)
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Biomass

Harvesting Cultivation Microalga ) Operation Harvesting
concentratio Reference
technology medium strain condition efficiency
n
Biocoagulants Chlorella vulgaris aerobic bacteria present in wastewater NGUYEN et al.,
. Seafood 50 mg L™ 92 %
bioflocculants 211-19 effluents (2019)
wastewater
Chlorella _ _
Biocoagulants Domestic o Filamentous fungus Aspergillus niger JAISWAL et al.,
. sorokiniana - . 90 %
bioflocculants wastewater Ind-Jiht-5 (1 x 108 spores per mL) 10% (2022)
UUINDG
Anaerobic
Biocoagulants Chlorella vulgaris Filamentous fungus Aspergillus niger PADRI et al.,
. cassava - 70 %
bioflocculants TISTR 8580 (F5) (2022)
wastewater
Biocoagulants Aquaculture 0.3-0.6mg . , MOHD NASIR et
_ Chlorella sp. Aspergillus niger 30 gL 'atpH5-6 >90 %
bioflocculants wastewater L~ al., (2019)
Biocoagulants Molasses o _ , YANG; LI;
_ Chlorella sp. - Co-cultivation with Aspergillus sp. 97 %
bioflocculants wastewater WANG, (2019)
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Biomass

Harvesting Cultivation Microalga Operation Harvesting
concentratio Reference
technology medium strain condition efficiency
n
Penicillium sp. fungal pellet
- TngaP 98.20 %
(2.5h and pH 4)
Biocoagulants Synthetic 0.12-0.57¢ CHEN et al.,
. . Chlorella sp.
bioflocculants medium L (2018)
Spores of Penicillium sp.
99 %
(28h, pH 7)
Biocoagulants Synthetic  Chlorella Co-flocculation of bacteria (Citrobacter o7 459, JIANG et al.,
bioflocculants medium pyrenoidosa freundii) and fungi (Mucor circinelloides) e (2021)
Chlorella vulgaris,
o Domestic ~ Eutetramorus Pilot-scale hybrid cultivation reactor o ASSIS et al.,
Biofilm reactor , 29 mg L™ 92% of humidity
wastewater fottie, (HRAP + BR) (2020)
Desmodemus
Anaerobically o o o
o _ Chlorella and Biofilm reactor consisting of biofilm CHOUDHARY et
Biofilm reactor digested o 3.10gm=2d" _ -
| Phormidium support  material (19°  slope), al., (2017)
slurry
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Biomass

Harvesting Cultivation Microalga Operation Harvesting
concentratio Reference
technology medium strain condition efficiency
n
Domestic recirculation tank, and submersible
3.64gm=2d
greywater pump
Cattle
4gm=2d
wastewater
. . o 99.58% recovery
o Domestic _ Pilot-scale polyester biofilm reactor o FERREIRA et al.,
Biofilm reactor Chilorella vulgaris - . _ efficiency, 94.53%
wastewater operated in parallel with a decanter (2020)

humidity
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4.3.1. Electrocoagulation-flocculation

Electrocoagulation-flocculation (ECF) combination is an efficient
alternative that can address the problems of traditional methods such as high
energy consumption and use of chemical inputs (UDAYAN et al., 2022). Previous
works point out that chemical inputs directly impact the biomass obtained,
besides comprising in increased environmental impacts (PEREIRA et al., 2021;
SILVA et al., 2022). Additionally, it is effective in treating wastewater (COIMBRA
et al.,, 2021; DAS; SHARMA; PURKAIT, 2022a) and harvesting microalgae
biomass (KHATIB et al., 2021; PARMENTIER et al., 2020). The process involves
electrolysis with direct current, using both metallic electrodes such as aluminum
(Al), iron (Fe), zinc (Zn), copper (Cu), and magnesium (Mg), and carbon
electrodes (MAHMOOD; HWAN KIM; PARK, 2021; RAHMANI et al., 2017b).
When metallic electrodes are used, two main phenomena occur. First, metal
oxidation releases metal cations that neutralize microalgae's negative charges,
promoting their aggregation by facilitating the elimination of repulsive forces.
Second, oxygen and hydrogen bubbles are generated due to water electrolysis,
promoting the flotation and suspension of the aggregates formed earlier
(VANDAMME et al., 2011; VISIGALLI et al., 2021).

ECF offers advantages in microalgae harvesting, such as the absence of
harmful anions, lower risk of overdosing, and easy control of operational
parameters. Furthermore, biomass recovery via ECF is more efficient and occurs
in less time than conventional flocculation and autoflocculation
(RAEISOSSADATI; MOHEIMANI; BAHRI, 2021). The method applies to various
microalgae species and costs less than centrifugation, saving approximately 83-
89% (LUCAKOVA et al., 2021b). However, it faces challenges related to energy
consumption, pH variations, and the possible metal dissolution in the biomass
and clarified liquid (FAYAD et al., 2017; LUCAKOVA et al., 2021b).

Harvesting efficiency through ECF depends on (i) operational parameters,
(i) microalgae characteristics, and (iii) culture medium characteristics.
Operational parameters significantly influence ECF, with electrode arrangement
and material, current, electrolysis time, and reactor configuration being the main
factors to be observed and controlled throughout the process. Studies have
analyzed various electrode materials, with Al being the most efficient and cost-

effective (BAIERLE et al., 2015; HAWARI et al., 2020; PARMENTIER et al.,
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2020). Electrode arrangement and the distance between them also influence the
process. Low metal concentrations in the harvested biomass were reported in
continuous reactors with low-current concentric tubular electrodes
(PARMENTIER et al., 2020).

Microalgae characteristics also influence the ECF process because
microalgae cells are typically negatively charged, with variations in zeta potential
between species (VISIGALLI et al., 2021). Extracellular polymeric substances
(EPSs) are the main source of this charge in various species (BRANYIKOVA et
al., 2018). Additionally, studies show that the initial biomass concentration can
influence harvesting efficiency. LUCAKOVA et al., (2021) evaluated different
ranges of initial biomass concentration and found that between 0.2-2 g L™, the
harvesting efficiency was over 95%, while between 2.50-3.08 g L, the
harvesting efficiency was 2—4%.

The destabilization of cell charges by metal cations, which promotes
aggregate formation, has been observed in previous studies (VISIGALLI et al.,
2021). These studies have predominantly focused on Ilaboratory-scale
experiments using single species in synthetic mediums. However, it is important
to note that the dynamics in outdoor open systems, such as high-rate algal ponds
(HRAPs) that treat wastewater, involve diverse microorganisms. Given this,
larger-scale research using wastewater as the cultivation medium is needed.

Salinity, pH, electrical conductivity, and chloride concentration, among
other characteristics of the culture medium, also influence the ECF process. pH
impacts water hydrolysis and metal solubility and determines the forms of metal
hydroxides that are formed, a parameter frequently monitored during operation
(RAHMANI et al., 2017b). Soluble metals concentration changes with pH,
affecting reactions. JIANG et al. (2021) evaluated the effect of pH on harvesting
efficiency and achieved better harvesting performance at neutral pH. According
to the authors, pH plays a crucial role in electrical conductivity due to the
dissociation of positive and negative ions in the solution. These ions neutralize
the charge on the cell surface, reduce zeta potential, and promote cell adhesion
and agglomeration (LUCAKOVA et al., 2021b).

According to VISIGALLI et al., (2021), an increase in salt content favors
medium conductivity and can reduce energy demand. VANDAMME et al., (2011)

compared the harvesting efficiency of ECF for marine species (Phaeodactylum
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tricornutum) and freshwater species (Chlorella vulgaris). They concluded that
energy consumption was 15 times lower under saline conditions (0.3 kWh kg’
and 2 kWh kg, respectively). According to the authors, this result may be related
to the greater electrolytic release efficiency of Al in a saline medium. In this
context, using wastewater for microalgae cultivation is an opportunity to provide
adequate electrical conductivity for ECF without the need for NaCl
supplementation.

However, many studies involving ECF conduct their investigations in
synthetic media under controlled operating conditions. HAWARI et al., (2020)
achieved a harvesting efficiency of 90.9% using alternating current and Al
electrodes when harvesting the marine microalgae (Tetraselmis sp.) cultivated in
a synthetic medium. KHATIB et al., (2021) obtained 96.18% efficiency with a
cylindrical arrangement of interlinked electrodes and reduced Al electrode wear.
Also in synthetic culture medium, MAHMOOD et al. (2021) found higher lipid
content with Mg electrodes (9.79-28.9%), followed by Al (8.77-23.8%) and Fe
(9.79-28.9%). FAYAD et al. (2017)stated that ECF did not affect lipid content and
reduced pigments in biomass cultivated in a synthetic medium.

In the wastewater context, RAEISOSSADATI et al. (2021) pointed out that
the best biomass recovery performances (87%) were achieved at pH 9.5 with
voltage and reaction times of 20 volts and 45 minutes The study conducted by
RAFIEE et al., (2019), was investigated (i) the harvesting of microalgae culture,
(ii) separation of wastewater, and (iii) a mixture of both (1:9). The wastewater
originated from the food industry, and the microalgae used were cultivated in a
cylindrical photobioreactor with artificial lighting and aeration (mixed flow of air
and CO2). The main conclusions were that electrocoagulation is efficient for
collecting microalgae from wastewater without the risk of cell rupture, besides
consuming chemical oxygen demand (COD), ammonium, and nitrate nutrients.

Despite the promising results achieved in the research, optimizing the
process is necessary to reduce energy consumption, increase harvest efficiency,
and lower the residual metal concentrations in microalgae biomass and clarified
effluent. Additionally, assessing the process on a large scale is a crucial step to
understanding the operational parameters of the process, considering the wide
variability in the characteristics of the microalgae biomass cultivation medium. It

is also important for researchers to focus on developing technologies that enable
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the capture of Hz2 gas generated during the ECF process. These advancements
could make ECF a more efficient and viable environmental and economic

strategy.

4.3.2. Biocoagulants and bioflocculants

Using biocoagulants and bioflocculants in microalgae harvesting
represents a promising, environmentally sustainable technology. They are as
efficient as chemical coagulants and do not cause toxicity to the harvested
biomass (KURNIAWAN et al., 2022). Biocoagulants and bioflocculants can be
plant-based (BEHERA; BALASUBRAMANIAN, 2019; FERREIRA et al., 2020),
bacterial (NDIKUBWIMANA et al., 2016; NGUYEN et al., 2019), and fungal-
based (JAISWAL et al., 2022; PADRI et al., 2022; YANG; LI; WANG, 2019).

Biocoagulants act on the electrostatic destabilization of microalgae
particles, while bioflocculants facilitate agglomeration due to the presence of high
molecular weight compounds. This ability to react and agglomerate suspended
particles or colloids in solution is due to functional groups such as carboxyl,
hydroxyl, amino, methoxy, and amide (OGBONNA; NWOBA, 2021). Additionally,
biocoagulation processes can act on biomass separation through different
mechanisms, such as sweeping, charge neutralization, and bridging, depending
on the agent type, as well as cultivation and harvesting conditions. Therefore,
harvesting efficiency is influenced by dosage, pH, initial microalgae
concentration, and agitation (HUANG et al., 2023; KURNIAWAN et al., 2022).

Regarding plant-based biocoagulant, a study compared different natural
sources (neem leaves, cactus pods, moringa seeds, orange peels, pomegranate,
and banana) in the harvesting of microalgae cultivated in human urine (BEHERA;
BALASUBRAMANIAN, 2019). The highest efficiencies were observed in
treatments with moringa (75.5%) at pH 7.5-7.8 after a settling time of 100 minutes
and moringa combined with chitosan and moringa combined with chitosan
(95.76%) at pH 7.5-7.8 after 20 minutes. According to the authors, the primary
coagulation mechanism responsible for these outcomes was the sweep
coagulation mechanism. Coagulation with tannin (dose of 50 mg L") evaluated
by FERREIRA et al., (2020) demonstrated effectiveness in recovering microalgae
biomass from domestic wastewater. Using Jar Test (Ethik Technology), the main

mixing conditions evaluated were fast mixing for 1 min, followed by slow mixing
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at 25 rpm for 20 min. Subsequently, a settling time of 30 minutes was applied,
resulting in an impressive recovery efficiency of 98.99% (FERREIRAet al., 2020).

The symbiotic relationship between bacteria and microalgae, a natural
process in algal cultures, can be explored to optimize the harvesting of
suspended cultures (OGBONNA; NWOBA, 2021). Bacteria and microalgae
secrete EPS, such as proteins and polysaccharides, which neutralize the charges
on cell surfaces and in the electrostatic bridge formation (LIU et al., 2023). This
interaction results in the aggregation and flocculation of microalgae cells
(KURNIAWAN et al., 2022). The harvesting of Desmodesmus brasiliensis
microalgae through the biocoagulant produced by the bacterium Bacillus
licheniformis CGMCC 2876 achieved an efficiency of over 98%
(NDIKUBWIMANA et al., 2016). NGUYEN et al. (2019) achieved a harvesting
efficiency of 92% through the formation of microalga Chlorella vulgaris 211-19
and bacteria bioflocs in wastewater from washing and processing seafood.

Microalgae bioflocculation using fungi is considered an economical and
green method since no chemical agents are needed, and it generates pellets or
flakes with a larger size, influencing harvesting efficiency (CHU et al., 2021). The
association between filamentous fungi (Aspergillus niger) and microalgae
biomass (Chlorella sorokiniana UUINDG) allowed the formation of a pellet-like
structure and maximum harvesting efficiency (90%) for a concentration of 10% of
fungal granules (JAISWAL et al., 2022). However, the high harvest efficiency
reported by the authors may have been influenced by the extended operational
time (24 hours).

Fungal pellets (Aspergillus niger F5) for microalgae harvesting, cultivated
in wastewater, were evaluated by PADRI et al. (2022), achieving the removal of
70% of algal cells from the suspension via adsorption mechanisms. Using
Aspergillus niger, NASIR et al. (2019) observed an efficiency of over 90% for
microalgae (Chlorella sp.) cultivated in aquaculture wastewater. Harvesting
efficiencies exceeding 97% were observed in the study conducted by YANG et
al. (2019) during microalgae and fungi co-cultivation.

Additionally, bioflocculants can influence value-added compound yields,
such as the fatty acid profile of the collected microalgae biomass. JAISWAL et al.
(2022) observed a significant increase in lipid content (26%) in microalgae

biomass harvested by fungal-assisted bioflocculation. YANG et al. (2019)
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proposed a new method for producing and harvesting microalgae biomass
through the filamentous fungi in molasses wastewater co-cultivation. The authors
achieved 35.2% lipid content and 38.6% protein content, besides 31.97% SFA
(saturated fatty acids), 23.23% MUFA (monounsaturated fatty acids), and 44.80%
PUFA, indicating microalgal-fungal biomass as a potential feedstock for biodiesel
production.

Therefore, bioflocculants and biocoagulants present an opportunity for
efficient and sustainable harvesting of microalgae cultivated in wastewater, in
addition to their potential in biofuel production and the integration of bioproducts
in the biorefinery context. However, future research must focus on improving the
understanding of the processes and mechanisms behind biocoagulation and
bioflocculation. Additionally, research should not be limited to the laboratory scale
but should also be conducted on a large scale to facilitate their application in

microalgae biorefineries.

4.3.3. Biofilm reactor

Biofilm reactors (BR) are a harvesting technology that has attracted
researchers' interest in recent decades. In this method, microalgae cultivation
occurs integrated with harvesting, considering that microorganisms adhere to a
solid surface (support material) and develop within a matrix formed by EPS
(MANTZOROU; VERVERIDIS, 2019).

Due to biofilm formation, attached growth contributes to a simpler and cost-
effective harvest, for example, through mechanical or manual scraping,
overcoming the challenges of suspended cultivation, where the microalgae's low
density and cell size require more energy-intensive methods (ZHUANG et al.,
2023). The biofilm also helps increase harvest efficiency, offering lower biomass
losses (FERREIRA et al., 2020). Thus, optimizing the harvest stage represents
the main advantage of attached growth. However, one of the main limitations is
the influence of weather conditions, mainly due to rainy periods that can
negatively affect the establishment of microalgae biofilm (ASSIS et al., 2020a).

Biofilm reactors used for wastewater treatment are composed of
microorganisms’ consortia, including bacteria, microalgae, fungi, protozoa,
among others (GONCALVES; PIRES; SIMOES, 2017). When they come into

contact with wastewater, glycoproteins, and polysaccharides macromolecules
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are deposited on the support material, forming a conditioning film that attracts
microorganisms (ENNACERI et al., 2023).

Three main stages mark the biofilm's life cycle. Initially, free-living
planktonic cells (microalgae or bacteria) adhere to the support material surface
through adsorption (MANTZOROU; VERVERIDIS, 2019). In the second stage,
EPS production, secreted by microorganisms, forms a polymeric matrix that
structures the biofilm, promoting cell adhesion to other cells and the support
material (MANTZOROU; VERVERIDIS, 2019). The biofilm matures through the
cell division of adhered microorganisms and the adhesion of others in the
planktonic state to the EPS matrix (ENNACERI et al., 2023). The EPS matrix
stores water and various compounds throughout this process, ensuring a
reservoir of essential elements for the microorganisms’ development (ENNACERI
et al.,, 2023). During the biofilm maturation, its thickening creates layers with
different access conditions to light, nutrients, carbon dioxide, and oxygen
(ZHUANG et al., 2018). Finally, in the last stage of the biofilm's life cycle,
microorganisms may degrade the EPS matrix to obtain nutrients or seek more
favorable locations for light and nutrient acquisition, affecting the integrity of the
biofilm (SCHNURR; ESPIE; ALLEN, 2014).

ASSIS et al. (2020) compared two pilot-scale biomass production and
harvesting systems: (i) a conventional system consisting of an HRAP followed by
a settler and (ii) a hybrid biomass production system (suspended and biofilm)
where the suspended biomass grew in an HRAP, and the biofilm was contained
in a BR. The moisture content ranged from 91 to 94%. However, no statistical
difference was observed between the two systems. Nevertheless, the daily
biomass harvest in the BR was five times higher than in the decanters (ASSIS et
al., 2020a).

Regarding the efficiency of biofilm technology for harvest, some factors
should be considered, such as reactor design, support material type, and
scraping frequency, as well as the species that develop because they can directly
influence the moisture content of the harvested biomass, biomass concentration,
wastewater treatment efficiency, and microalgae growth (HUANG et al., 2023).
BR can vary between horizontally stationary submerged biofilms, vertically
layered permanently submerged biofilms, intermittently submerged rotating

biofilms, inclined biofilms, and permeated biofiims (ENNACERI et al., 2023).
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Choosing an appropriate support material is important for developing and
harvesting biofilm systems. Therefore, the ideal material should be inexpensive,
non-toxic, durable, have a porous/rough texture, and have adequate water
retention capacity (OSORIO et al., 2021). ASSIS et al. (2019) Evaluated the
performance of different materials (cotton, polyester, and nylon) in a bench-scale
BR operated with domestic wastewater. When assessing material durability
before and after the experiment, the authors found that cotton was the most
fragile material, while polyester yielded the best results in terms of durability.

CHOUDHARY et al. (2017) evaluated five support materials
(polypropylene sheet, fiber sheet, muslin fabric, non-woven fabric (TNT), and filter
sheet) and the ideal frequency for biomass harvesting (3, 6, 9, and 12 days) in a
BR cultivated with microalgae consortia (Chlorella and Phormidium) in domestic
wastewater. The authors observed that some materials made it difficult to harvest
due to their porous structure, causing the biomass to become trapped in the
matrix. The results indicated TNT as the best support medium and a scraping
frequency of 6 days.

FERREIRA et al. (2020) compared the performance of three different
harvesting methods over 21 days: (i) gravitational sedimentation (GS), (ii) tannin
coagulation followed by gravitational sedimentation (TC + GS), and (iii) a BR
operated in conjunction with a decanter (BR + GS). The highest microalgae
biomass recovery efficiency was observed in BR + GS (99.58%). Furthermore,
BR + GS produced biomass with lower moisture content (94.53%) than TC + GS
(99.02%).

Regarding the characteristics of harvested biomass from biofilms, there
are still no concrete conclusions about the differences in biochemical composition
between attached microalgal biomass and suspended biomass (ZHUANG et al.,
2018, 2023). This gap arises from conflicting findings, as some studies have
noted differences ((MOU et al.,, 2023) while others did not find statistically
significant differences in this regard (ASSIS et al., 2020a; JOHNSON; WEN,
2010). Considering the type of support material, ASSIS et al., (2019b)observed
similar values for neutral lipids (3.7-10.6%), carbohydrates (20.7-21.2%), proteins
(23.8-25.6%), and ash (20.4-26.1%) in biofilms cultivated in domestic wastewater
using nylon, polyester, and cotton. ZHANG et al., (2017) examined four

lignocellulosic materials (pine sawdust (PW), rice husk (RH), oak sawdust (OW)
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and sugarcane bagasse (SB) for algal biofilm cultivation in a flat plate
photobioreactor (FPPBR), assessing their biomass productivity and biomass
chemical composition. Analysis revealed that the biomass productivities were
7.32, 10.92, 8.07, and 9.54 g m2 d', respectively for RH, PW, OW, and SB.
Additionally, the harvested biomass contained high levels of proteins in the four
materials (exceeding 30%), surpassing the levels of total lipids and
carbohydrates. The lipid content in the biomass ranged from 20 to 23% across
the different materials. While there were no significant variations in the chemical
composition among the lignocellulosic materials, notable differences were
observed in the productivity of the chemical components. In this context, PW
achieved the highest yields in total lipids and crude proteins, with 2.53 and 4.01
g m2 d', respectively. On the other hand, SB was superior in carbohydrate
productivity, reaching 2.28 g m2 d-'. The authors highlight that biofilm cultivated
on lignocellulosic materials form thicker layers. This increased thickness, partly
attributed to the natural thickness of the materials, enhances biomass
productivity. However, the greater thickness leads to a larger proportion of cells
being situated in lower light intensity or even dark areas. This condition can
reduce lipid content in the biomass, as higher light levels promote lipid
accumulation in algal cells.

In domestic wastewater and outdoor conditions, neutral lipid levels
remained below 11% (ASSIS et al.,, 2017, 2019a, 2020a). For a Chlorella
pyrenoidosa biofilm cultivated in pig farming wastewater, a lipid content of 35.9%
was reported (CHENG et al., 2017). Using anaerobically digested effluents
diluted in seawater, YU et al., (2020) cultivated Scenedesmus SDEC-8 and
Chlorella SDEC-18 in an inclined algal biofilm photobioreactor. The authors
observed a lipid content of 41.07% for SDEC-8 and 50.95% for SDEC-18.
Additionally, the authors observed an increase in the total carotenoid-to-
chlorophyll ratio (Carotenoid/Chlorella) for SDEC-8 (from 0.13 to 0.34) and
SDEC-18 (from 0.15 to 0.28).

Therefore, in the biofilm technology context, further efforts are needed to
evaluate the technology performance as a means of harvesting and separation,
especially to understand the dynamics behind biofilm development, scraping

frequency, the interaction of microalgae with other microorganisms present in the
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biofilm (such as fungi and bacteria), among other operational factors that directly

affect harvest efficiency.

4.4.Conclusions

As explored in the review, the cultivation strategies and harvesting

technologies for microalgae offer significant opportunities for sustainable

biocompound production, particularly when using wastewater as a cultivation

medium. The key findings from each discussed technology are as follows:

Blending wastewaters that provide an optimal carbon/nitrogen ratio is crucial.
This ensures the availability of these essential nutrients and maintains their
balance, which is vital for the growth of specific microalgae species.
Conducting both technical-economic and environmental analyses is
important to evaluate the viability of implementing large-scale cultivation. This
includes understanding the strategies for light control and exploring the
cellular mechanisms that drive biocompound accumulation.

The use of NPs is a relatively new practice. Hence, its potential demands
further research. This involves exploring NPs in wastewater mediums and
assessing their potential outcomes in the context of microalgae
biotechnology.

The two-stage cultivation approach shows significant promise for generating
high-value compounds. When integrated with wastewater treatment, it can
potentially lead to the development of microalgae biorefineries. However, it
is worth noting that most current research is focused on laboratory scales.
Despite the encouraging results with ECF, there is a need for process
optimization. This includes reducing energy consumption, enhancing
harvesting efficiency, and minimizing residual metal concentrations in both
the microalgae biomass and the clarified effluent.

While bioflocculant-biocoagulant harvesting method is an efficient alternative,
it requires further in-depth evaluation. Such assessments should focus on
scaling up, particularly regarding harvest optimization, cost-benefit analysis,
and potential environmental impacts.

Additional research is essential in the microalgae biofilm context, especially
concerning the efficacy of these technologies in harvesting and separation
processes. Future studies should focus on understanding the biofilm
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development dynamics, the necessary scraping frequency, and the
interactions between microalgae and other microorganisms in the biofilm, like
fungi and bacteria. These aspects are vital as they directly influence the
efficiency of the harvesting process.
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Abstract

Municipal wastewater (MW) and industrial wastewater from juice
processing (IWJ) were blended in different proportions to assess the effect of the
carbon/nitrogen (C/N) ratio on pollutant removal, microalgal biomass (MB)
cultivation, and the accumulation of carotenoids and biocompounds. MB
development was not observed in treatments with higher C/N ratios (> 30.67).
The wastewater mixture favored the removal of dissolved organic carbon (75.61
and 81.90%) and soluble chemical oxygen demand (66.78 to 88.85%), compared
to the treatment composed exclusively of MW (T7). Treatments T3 and T6 (C/N
ratio equal to 30.67 and 7.52, respectively) showed higher Chlorophyll-a
concentrations, 1.47 and 1.54 times higher than T7 (C/N ratio 1.75). It was also
observed that the C/N ratio of 30.67 favored the accumulation of carbohydrates
and lipids (30.07% and 26.39%, respectively), while the C/N ratio of 7.52
improved protein accumulation (33.00%). The fatty acids C16:0, C18:1, C18:2,
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and C18:3 had the highest concentrations. Additionally, increasing the C/N ratio
can be an efficient strategy to improve the production of fatty acids for biofuels,
mainly due to the increased concentration of shorter-chain fatty acids (C16:0).
These findings suggest that blending wastewater not only enhances treatment
performance but also increases the accumulation of valuable carbohydrates and
lipids in MB, and optimizes fatty acid production for biofuel applications. This
research represents significant progress towards feasibility of using MB produced
from wastewater.

Keywords: Microalgae; Biomass; Nutrients removal; Resource recovery;
Wastewater treatment; C/N Ratio.

Graphical Abstract

TI Wastewater blend 3 Main Results
T3
(30.67)

Total Lipid Protein
Carbohydrate

Industrial Wastewater
from Juice processing
(IwJ)

Biochemical composition

Municipal
Wastewater (MW)

]

2 Experimental Design

Different C/N ratios

issoly ganic
carbon
46.72 | 30.67 13.45 § 7.52 175 -30 <15 0 15 30 45 60 75 90 105
Removal P erccnlap,e ( /) I I
T3 W T4

(CIN 30.67) (CIN 20. 82) (( IN I'l 45)
@ @ @ ° @ @ @ | = o Total |Ipld§ B (arboh\dralcs ® Protcms
‘ (CIN 7 52) (CIN l 7‘) i

m Ash Moisture

(onu'nt (%)

5.1.Introduction

Microalgal biomass (MB) production can be effectively integrated into
wastewater treatment due to the abundance of nutrients and organic matter,
which is crucial for the symbiotic interactions between microalgae and bacteria.
Moreover, the MB produced at the end of this process can be utilized in
biofertilizer and biofuel production pathways (CASTRO et al., 2023; PEREIRA et
al., 2024b), enhancing the \valorization of sanitation resources
(LIYANAARACHCHI et al., 2021). However, several challenges can impact MB
production performance, such as carbon (C) limitation, which is commonly
reported in municipal wastewater (MW) (MORENO-GARCIA et al., 2019; XIE et
al., 2019a). A viable alternative is to co-treat MW with other types of wastewater
that have a higher carbon concentration. This approach can provide a medium
with a more favorable carbon/nitrogen (C/N) ratio, enhancing MB cultivation

performance.
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The interaction between algae and bacteria improves the efficiency of
biological nitrogen (N) and phosphorus (P) removal and effectively reduces
aeration energy consumption (YU et al., 2024). However, the availability of C, N,
and P can vary between different types of wastewater and, consequently,
influence microalgae development (XIE et al., 2019b) and biocompound
accumulation (FERREIRA et al., 2024; LIANG et al., 2023). Wastewater from
different sources has been used as a cultivation medium for MB, including MW
(ASSIS et al., 2017; GAO et al., 2022; KHAN et al., 2022), swine wastewater
(CHENG et al., 2017; OLIVEIRA et al., 2023a, 2023b; QU et al., 2019), agro-
industrial sector (PEREIRA et al., 2021; SILVA et al., 2021; WU et al., 2019), and
brewery industry (GAMA et al.,, 2023; ZHENG et al., 2018). However, the
composition of the culture medium plays a fundamental role in biomass
production and nutrient removal (MORENO-GARCIA et al., 2019; ZHENG et al.,
2018). An example is the C/N ratio, which influences algal growth and the
distribution of carbohydrates, lipids, proteins, and other high-value compounds,
such as carotenoids.

Carotenoids are a group of pigments important for cell survival and are
directly involved in photosynthesis, and their production from microalgae has
been evaluated in different studies (CALIJURI et al., 2022; PAGELS et al., 2020).
The biomass of H. pluvialis reached 9.18 g L' and the astaxanthin content 8.49
mg g dry cell weight (DCW) after increasing the C/N ratio to 50 in synthetic
culture (LU et al., 2019). Research by VYAS et al. (2022) in aquaculture
wastewater showed that the highest lipid production (3.19 g L") occurred during
heterotrophic cultivation with a C/N ratio of 60, while the highest lutein production
was in photoautotrophic cultivation (6.40 mg g-') with a C/N ratio of 10. However,
studies evaluating these aspects within wastewater use are scarce.

The C/N ratio is a key component in microalgae cultivation. When it is less
than 5, the polymeric extracts have a high protein content, as most of the
intracellular N is in the form of proteins (FALLAHI et al., 2021). Generally, C/N
ratios <5 are observed in DW (ASSIS et al., 2019c; BRAGA et al., 2023c), swine
wastewater (OLIVEIRA et al., 2023a), and agro-industrial wastewater (PEREIRA
et al., 2021; SILVA et al., 2021). In contrast, C/N ratios >20 and, consequently,
higher C content increases carbohydrate concentration (FALLAHI et al., 2021).
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Recent literature includes studies investigating the effect of mixing different
wastewaters as a strategy to balance nutrient availability (SU et al., 2023; YU et
al., 2024) and reduce ammonium (N-NH4") toxicity (MORENO-GARCIA et al.,
2019). In this context, IWJ was considered in previous works. The careful
selection of wastewater is fundamental to the strategy's success (PEREIRA et
al., 2024b). However, the ideal C/N ratio to achieve maximum microalgae
productivity may vary between studies due to the wide diversity of wastewater,
the great variety of microalgae species, and their ability to adapt to different
cultivation conditions.

ZHENG et al. (2018) observed a maximum biomass concentration of 2.85
g L' with a C/N ratio 7.9 when they mixed pig and brewery wastewater in a 1:5
ratio at pH 7.0. Meanwhile, YU et al. (2024) observed higher productivity (2.69 g
m-2d-") in a reactor operated under high load conditions with soaking bean water
to domestic wastewater ratio of 1:7 (C/N ~ 36). However, the combination of
wastewaters did not promote efficient microalgae production in other studies, as
reported by BRAGA et al. (2023b) and GAMA et al. (2023), suggesting that certain
wastewaters may not be suitable for application in microalgae biotechnology. In
these cases, low productivity was caused by the low degradation of organic
matter in the wastewater.

SILVA et al., (2024) evaluated microalgae biomass production using IWJ
containing a DOC concentration of 1055.77 mg/L and a NOs  of 1.30 mg/L,
resulting in a high C/N ratio (approximately 812). By combining 50% IWJ with
50% municipal wastewater, the authors achieved a balanced C/N ratio of around
10. In their study, the HRAP setup resulted in microalgae biomass with a protein
content of 58.92%, neutral lipid content of 1.40%, membrane lipid content of
9.41%, and carbohydrate content of 10.98%. These results highlight the
advantages of blending IWJ compared to other types of wastewaters discussed
above, as varying the C/N ratio can influence the biochemical composition of the
produced biomass, adapting it for different applications. Additionally, using
different proportions of IWJ could provide other C/N ratios, which may be
advantageous depending on the specific objective, such as optimizing the
production of certain compounds (e.g., carbohydrates, proteins, and lipids).

Considering wastewater's large-scale applicability, it is essential to

evaluate the effects of the C/N ratio on treatment under environmental conditions
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to estimate its potential results in wastewater treatment plants. Additionally,
mixing wastewater is an alternative to carbon dioxide (CO:2) addition, with the
potential to be a simpler and more economical solution from an operational point
of view. Thus, further advances must be evaluated in this context to enable MB
production in wastewater and favor the valorization of sanitation resources.

Therefore, this research aimed to evaluate the effects of increasing the
C/N ratio by combining municipal wastewater (MW) with industrial wastewater
from juice processing (IWJ), given the higher carbon load in IWJ compared to
MW. Specifically, the study investigated the impact of this increased C/N ratio on
three main aspects: (i) potential improvements in algal productivity and
wastewater treatment performance, (ii) the accumulation of carbohydrates and
lipids, and (iii) the accumulation of carotenoids, such as beta-carotene and lutein.

5.2.Material and Methods

The experiment was conducted in the outdoor area of the Sanitary and
Environmental Engineering Laboratory at the Federal University of Vigosa, Brazil
(20° 46'07.05" S and 42° 51'30.84" W) in a greenhouse, exposed to local climatic
and environmental conditions during the winter. The municipality has a humid
climate with rainy summers and dry winters, experiencing a water deficit between
May and September and a surplus between December and March. According to
the National Institute of Meteorology (INMET, 2023), the average temperature in
the rainy season (between October and March) and the dry season (between
April and September) is 22.17 and 18.31 °C, respectively. The average annual
precipitation is 1341 mm, and the relative humidity is 79.21%.

The cultivation medium for microalgae growth was composed of a mixture
of MW and IWJ in different proportions. The MW, previously treated in a septic
tank, was obtained from a municipal sewage treatment plant. The IWJ, previously
treated in an Upflow Anaerobic Sludge Blanket (UASB) reactor, was obtained
from a wastewater treatment plant of a juice processing industry.

5.2.1. Experimental design and procedure

The experiment was organized in a randomized block design (RBD) with
6 repetitions per block, totaling 42 experimental units. The treatments evaluated
are presented in Table 5.1. The experiment was conducted over 40 days in 600
ml glass flasks sealed with polypropylene biolids (Ralm brand) that allow for a
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semi-open system and reduce evaporation. The culture flasks were shaken daily
throughout the experiment to ensure complete mixing of the culture medium.
Each repetition consisted of 500 ml of culture medium (IWJ and MW combined in
different proportions), with the addition of 10% inoculum (1.75 mg L™ of
Chlorophyll-a (Chl-a) and 65.71 mg L' volatile suspended solids (VSS). The
inoculum, composed of Chlorella vulgaris and Botryococcus terribilis, was
produced from domestic wastewater (MW) previously treated in a septic tank. It
was developed by mixing treated wastewater with water in a 1:1 v/v ratio in an
HRAP, allowing naturally occurring species to proliferate. This approach was
designed to select the most adapted species (ASSIS et al., 2019c; BRAGA et al.,
2023b; OLIVEIRAEet al., 2021, 2023b). A subsequent Phytoplanktonic Community
analysis confirmed the species composition. The pH of the samples was not
controlled, and no additional CO2 was supplied to the samples other than the

diffusion of CO2 present in the ambient air.
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Table 5.1. Main characteristics of the wastewaters containing different proportions of domestic and juice industry wastewaters.

Treatments
T2 T3 T4 T5 T6
Parameters (100'.,21IW 5 (BO%IWI+  (T0%IWJ+  (B0%IWJ+  (50%IWJ+  (30% IWJ+ 100017MW)
20% MW)  30% MW) 40% MW) 50% MW)  70% MW)

oH 8.28 8.38 8.31 8.33 8.37 8.32 8.35
Temperature 20.42 20.33 20.22 20.21 20.19 20.29 20.33
DO (mg L) 2.01 2.40 103 228 259 2.29 258
Turbidity (NUT)  121.24 136.63 149,69 138.02 144.13 139.81 239.86
EC (uS/cm) 3065.77  2670.38 2518.98 2361.80 2161.64 1807.67  1251.93
DOC (mg L) 105570  839.70 774.90 657.60 555.80 391.70 75.51
TSC (mg L) 123000  988.80 912.30 789.60 677.60 496.60 156.60
SCOD (mg L")  3390.96  2307.63 2222 11 2035.70 1590.53 890.96 170.50
TCOD (mg L") 420675  3246.23 3013.77 2535.70 212342 1426.05  351.49
SP (mg L") 0.27 2.91 4.58 6.38 6.02 9.45 18.54
TP (mg L") 2.86 6.31 6.43 9.46 8.75 11.15 19.16
N-NH4* (mg L) 0.00 20.56 28.85 37.13 49.69 65.40 88.82
N-NOs" (mg L) 1.30 0.60 0.90 0.80 0.70 0.60 0.50
TKN (mg L) 18.56 31.42 42.84 51.41 61.40 77.11 108.53
N-org (mg L") 18.56 10.85 13.99 14.28 11.71 11.71 19.71
VSS (mg L) 195.00 205.00 201.67 168.33 166.67 14333 133.33
CIN 946.15 46.72 30.67 20.82 13.45 7.52 175

Note: DO = Dissolved oxygen, EC = Electrical conductivity, TDC = Total dissolved carbon, DOC = Dissolved organic carbon, SCOD
= Soluble chemical oxygen demand, TCOD = Total chemical oxygen demand, SP = Soluble phosphorus, TP = Total phosphorus, N-
NH4* = Ammonium nitrogen, N-NO3" = nitrate, TKN = Total Kjeldahl Nitrogen, N-org = Organic nitrogen, VSS = Volatile suspended
solids, and C/N = Carbon/nitrogen ratio. ' C/N ratio calculated with TDC and the sum of N-NOs- and N-NHa4*.
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Values of pH, electrical conductivity (EC), dissolved oxygen (DO), and
temperature were monitored in situ every two days after shaking the flask using
the In-Situ multiparameter probe (model Aqua Troll 500). At the beginning and
end of the operation, the following variables were monitored: N-NH4*, nitrate (N-
NOgs), total Kjeldahl nitrogen (TKN), soluble phosphorus (SP), and total
phosphorus (TP), soluble and total chemical oxygen demand (SCOD and TCOD),
VSS, according to Standard Methods for the Examination of Water and
Wastewater (APHA, 2012). Total dissolved carbon (TDC), Dissolved organic
carbon (DOC), and dissolved inorganic carbon (DIC) were determined using the
Shimadzu TOC 5000 analyzer.

5.2.2. Monitoring and Determination of Pigments

During the experimental period, the pigments Chl-a, Chlorophyll-b (Chl-b),
and total Carotenoids were monitored and quantified through spectrophotometry
(LICHTENTHALER, 1987; PANCHA et al., 2014). The Chl-a variable was used to
monitor the production of microalgal biomass, and when a decline in this
parameter was observed, the treatment was stopped. Chl-b was measured to
calculate total carotenoids.

Every two days, 6 ml of the microalgae culture was collected and
centrifuged at 4,000 rpm for 5 minutes. The supernatant was removed and
replaced with 6 ml of methanol (99.9%), followed by vortex mixing. The samples
were then subjected to a water bath at 60 °C for 20 minutes, followed by
incubation at 45 °C for 24 hours in the dark. Spectrophotometric readings were
taken using a Hach DR 3800 spectrophotometer. Absorbances at 470, 652.4, and
665.2 nm were corrected for turbidity by subtracting the absorbance at 750 nm
(Equations 1, 2, and 3).

Chlorophyll-a (ug ml'1) =16.72 A 6652 — 9,16 A 6524 Equation 1

Chlorophyll-b (ug ml'1) =34.09 A 6522 — 15,28 A 665.2 Equation 2

1000 A 470 - 1.63 Chl-a - 104.9 Chl-b)

. Ay (
Carotenoids (ug ml™') = 221

Equation 3

At the end of the experiment, the biomass was collected and lyophilized
for the characterization of specific carotenoids. For qualitative characterization of
the present carotenoids, the dry MB was weighed (10 mg) and subjected to
saponification by alkaline treatment, as described by ALENCAR et al. (2011). The
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process began with homogenizing the samples with 5% (w w') potassium
hydroxide (KOH), followed by a water bath at 60 °C for 60 minutes, with vortex
mixing every 10 minutes. Ethyl acetate was used as the solvent for pigment
extraction. A volume of 1 ml was added to the mixture, followed by centrifugation
at 2000 G for 5 minutes. The solvent-washing process was repeated until the
supernatant became colorless.

Specific carotenoids were determined following the methodology
described by CHAN et al. (2013), using a Prominence UFLC Shimadzu (Japan)
high-performance liquid chromatography (HPLC) with a C18 column (4.6 x 250
mm), a flow rate of 1 ml per minute, a temperature of 35 °C, and a binary mobile
phase. A PDA SPD-M20A detector with a scanning range of 190 to 800 nm was
used, with solvent A consisting of methanol (97%), deionized water (3%),
ammonium acetate (5 mM), and triethylamine (0.05%), and solvent B consisting
of tert-butyl methyl ether and triethylamine (0.05%). Beta-carotene (93%, Sigma)
and lutein (96%, Sigma-Aldrich/Supelco) standards were acquired to validate the
pigments identified by HPLC.

5.2.3. Biochemical characterization, proximate and ultimate analysis

The carbohydrate content was determined by quantitative acid hydrolysis
of the biomass (HOEBLER et al., 1989), followed by the phenol-sulfuric acid
method (DUBOIS et al., 1956) and spectrophotometry (490 nm) using the glucose
standard curve. Protein content was indirectly quantified using the NKT method
(APHA, 2012) and a nitrogen-to-protein conversion factor of 6.25 (ZHONG et al.,
2012a). Lipid content was determined by the Soxhlet extraction method (AOAC,
1990). Neutral lipids were extracted using a fat determination apparatus (Tecnal
TE-044-8/50) with hexane (99%) for 6 hours. Subsequently, membrane lipids
were extracted with ethanol (96%) for 3 hours in the same apparatus and
quantified by gravimetry.

Moisture, ash, volatile matter, and fixed C content were determined
according to ASTM (2012). Initially, 1g of biomass was dried at 105 °C for 1 hour.
Moisture content was determined by the mass difference before and after drying.
The crucible was then covered and heated to 900 °C for 7 minutes to determine
the volatile matter. Ash content was determined at 700 °C for 4 hours. Finally,
fixed C content was determined by difference. Weightings were performed after

cooling the sample to a constant temperature in a desiccator.
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The contents of C, hydrogen (H), and N were determined by dry
combustion using a Perkin Elmer PE-2400 Series Il elemental analyzer. This
method involves combusting the sample at 925 °C and analyzing the released
gases by gas chromatography. The acetic acid extraction method determined
sulfur (S) content (Embrapa, 2009).

5.2.4.Profile of fatty acid methyl esters (FAME) using gas
chromatography

The methodology for extracting fatty acids and preparing methyl esters
was conducted as described by (FREITAS et al., 2014). The methyl esters were
then analyzed by gas-liquid chromatography using a Varian (Palo Alto, CA, USA)
3800 gas chromatograph equipped with a flame ionization detector. The
separation was conducted on a Supelcowax 10 (Supelco, Bellefonte, Palo Alto,
CA, USA) fused silica capillary column (0.32 mm x 30 m, film thickness 0.32 um),
using helium as the carrier gas at a flow rate of 3.5 mL min'. The column
temperature program started at 200 °C for 8 minutes, followed by an increase of
4 °C per minute until reaching 240 °C, maintaining this temperature for 16
minutes. The injector and detector temperatures were maintained at 250 °C and
280 °C, respectively, with a split ratio of 1:50 for 5 minutes and then 1:10 for the
remaining time. The column pressure was 93 kPa. Identifying peaks and
calculating response factors were performed using known standards (Nu-Chek-
Prep, Elysian, MN, USA). Each sample was prepared in duplicate and injected
twice.

5.2.5. Statistical analysis

Data analysis was conducted using Excel® software. Descriptive statistical
analysis, significance tests, and regression analyses were processed using
Minitab® software. Analysis of variance (ANOVA) was performed with manual
validation, followed by applying the Tukey test at a 5% significance level to
distinguish the experimental results.

5.3.Results and discussion

5.3.1. Environmental Conditions and Nutrient Removal Efficiency

The percentage of pollutant removal is shown in Figure 5.1. The physical
and chemical characteristics of the cultivation medium at the end of the operation

are provided in the Supplementary Material. Figure 5.2 shows data on the
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environmental conditions monitored throughout the experimental period. It is
important to note that the analysis of chlorophyll-a concentration and total
carotenoids was interrupted once a declining trend was observed. Treatments T1
and T2, with initial C/N ratios of 946.15 and 46.72, showed no signs of growth
and development of microalgal biomass. Among the observed parameters, the
following stand out: pH values (8.87 and 8.79, respectively), low levels of
dissolved oxygen (0.82 and 0.98 mg L', respectively), and low chlorophyll
concentrations (-0.18 and -0.01 mg L™, respectively), even after 19 days from the
start of the study. Nutritional deficiency can explain this phenomenon in terms of
N, a common characteristic in IWJ that results in a high C/N ratio (946.15 and
46.72, respectively). Therefore, the physical and chemical characterization of

these treatments was not performed.
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Figure 5.1. The effects of carbon/nitrogen ratio on removal efficiencies of
the N-NH4*, SP, CODt, CODs, TDC, DIC and DOC.
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Figure 5.2. Environmental conditions throughout the experimental period.
(a) dissolved oxygen, (b) pH, and (c) air temperature (Max T and Min T) and
sample temperature (Sample T).
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The parameters SCOD, DOC, and DIC allow for understanding the
biological processes that occurred during the experiment. First, it was observed
that the highest SCOD removal performances were achieved in T6, T3, and T4
(88.85 %, 80.03 %, and 74.12%, respectively). Regarding dissolved DOC, higher
efficiencies were observed in T5, T3, and T4 (81.90%, 80.18%, and 78.83%,
respectively). For DIC, the highest concentrations were achieved in T3, T4, and
T5(178.10, 118.77, and 82.72 mg L"), where the C/N ratio was elevated (30.67,
20.82, and 13.45, respectively). Thus, increasing the availability of organic matter
in the cultivation environment through the combination of wastewater resulted in
the degradation of organic carbon by bacteria. The bacteria, in turn, transformed
the organic carbon into inorganic carbon, which was then incorporated by the MB
as it became available.

Increasing the availability of organic matter in the cultivation medium
affects nutrient removal and influences the cultivation conditions over time. The
medium’s pH increased, suggesting the growth of MB due to photosynthetic
activity, reaching peaks between 11.47 and 12.76. Additionally, in treatments with
a higher C/N ratio, the pH curve gradually increased over time (Figure 2-B). The
medium’s pH increased with the growth of microorganisms, reaching peaks
between 11.47 and 12.76. Moreover, in treatments with a higher C/N ratio, the pH
curve gradually increased over time (Figure 2-B). Therefore, it was possible to
mitigate the rapid rise in pH by providing more carbon in the cultivation medium.
However, this pH behavior may affect nutrient availability through the ammonia
(N-NH?3) volatilization and precipitation of P.

XIE et al. (2018) evaluated anaerobic digestion effluent and rainwater
mixtures. The authors concluded that the synergistic effect of the microalgae-
bacteria consortium improved organic matter removal. Even with the wastewater
dilution, the authors supplemented the photobioreactors with compressed air
containing 2.5% COz2 due to the low cultivation medium’s C/N ratio (~5). This
promoted higher SCOD removal (94.28%) observed in the treatment with 272 mg
L' of SCOD.

Recent research has shown a significant influence between the C/N ratio
and removing organic matter and nutrients from wastewater. MOU et al. (2023)
pointed out a C/N ratio of 20 and a salinity of 140 mM as the optimal conditions

for treating swine wastewater in a microalgae biofilm reactor. At the end of the
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treatment, the authors achieved 22.65 mg L' of total N, 9.32 mg L' of N-NHa4*,
4.11 mg L' of TP, and 367.28 mg L' of TCOD. To evaluate the green microalga
(T. dimorphus GEEL-06) capacity for treatment, SU et al. (2023) investigated
various mixing ratios between domestic and pharmaceutical effluents (1:500,
1:750, and 1:1000). High nutrient removal of N (89.02 %) and P (82.73 %) was
observed at the 1000x ratio.

Regarding nutrient removal, it is important to note that pH directly impacts
the assimilation and removal of nutrients, such as P and N, through chemical
precipitation and volatilization, respectively. For instance, the removal efficiency
of N-NH4* reached 100 % in treatments T3, T4, and T5, where pH values were
recorded as 12.15, 12.76, and 12.77, respectively. However, in the treatments T6
and T7, removal efficiencies of 76.27 % and 83.92 % were observed, with pH
values of 12.65 and 11.47, respectively. Therefore, the high pH observed in all
treatments may have favored the loss of N-NH3 by volatilization. The treatments
with the highest N-NH4* removal efficiency (T3, T4, and T5) also required longer
operation times.

Furthermore, the rise in pH in these conditions occurred more gradually
over time, suggesting the possibility of N-NH4* assimilation through microalgal
activity. Additionally, the increase in N-org is related to N assimilation in
treatments with high C/N ratios, as observed by DANG et al. (2022). In the case
of denitrification, the authors observed that it occurred mainly in the dark phase
with DO < 0.2 mg L' (DANG et al., 2022). According to the authors, when the
system was nutrient-deprived (between the 6th and 10th day of the experiment),
C and N sources released by cell lysis were used for denitrification.

Regarding N-NOs-, an increase in concentration was observed in
treatments T7, T6, and T5 (293.33 %, 200.00 %, and 61.90 %, respectively). The
high concentration of N-NOs' is related to the activity of nitrifying bacteria, which
initially convert N-NH4* into nitrite (N-NOz2") and subsequently into N-NOs, a
behavior also reported in other studies (FALLAHI et al., 2021; LIU et al., 2022;
SANCHEZ-ZURANO et al., 2021) However, an increase of only 20.83% and
22.22% was observed in T4 and T3, respectively. According to Su (2021),
although microalgae prefer to assimilate N-NH4* due to lower energy costs, they
can also assimilate NOs  and NO2, especially when N-NH4" is scarce (TAN et al.,

2021). Thus, the low concentration of N-NOs~ may indicate the presence of
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assimilation by microalgae due to N limitation and the possibility that N-NHzs
volatilization may have limited the conversion of N-NH4* into N-NOs".

Regarding SP removal, efficiencies between 65.50% and 76.42% were
observed. This may be associated with the assimilation process promoted by
microalgae. P is a key nutrient used mainly for the synthesis of proteins, nucleic
acids, phospholipids, and the synthesis of adenosine triphosphate (ATP) used as
an energy source, as well as for intermediates of carbohydrate/sugar metabolism
and cell membrane materials (SU, 2021; XIE; LIN; LUO, 2021). Additionally, the
chemical precipitation of P may have impacted the reduction of this nutrient,
mainly due to the high pH observed during the experimental period. These two
mechanisms may have acted simultaneously and gradually over time, especially
as the pH increased as the MB developed in the cultivation medium.

5.3.2. Biomass and Pigment Production

Table 5.2 presents the indicators of biomass production, such as VSS, Chl-
a, and Chl-b, as well as the concentration values of beta-carotene and lutein at
the end of the operation. Figure 5.3 shows the behavior of Chl-a and total

carotenoids throughout the experimental batch.
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Table 5.2. Average concentration (mg L") and productivity (mg L d*) of VSS, Chlorophyll-a, and concentration (ug g') of
beta-carotene and lutein.

VSS! Chl-a? Beta-carotene’ Lutein’

Treatments  Concentration  Productivity = Concentration  Productivity = Concentration Concentration
(mg L) (mg L'd") (mg L) (mg L"d") (Mg 9™) (ug g”)
T3 1058.33 A 21.42 BC 3.07 A 0.08 BC 12.81 507.96
(C/N 30.67) (91.80) (2.29) (0.16) (0.00) (0.13) (10.19)
T4 875.00 AB 23.56 BC 2408 0.07¢ 2.83 102.56
(C/N 20.82) (188.04) (2.53) (0.28) (0.01) (0.52) (7.15)
T5 800.83 B 26.42 B 2.158 0.09BC 5.66 199.22
(C/N 13.45) (116.37) (2.91) (0.20) (0.01) (0.01) (9.19)
T6 740.56 B 40.04 A 3.22A 0.21A 8.28 171.33
(CIN 7.52) (103.26) (3.44) (0.07) (0.00) (0.65) (071)
T7 403.89 € 17.37 € 2.098B 0.198 5.09 188.12
(CIN 1.75) (76.41) (0.41) (0.05) (0.00) (1.09) (5.04)

Different letters in the same column indicate significantly different means (Tukey test, p-value < 0.05), and standard deviation
values are in parentheses.
Walues refer to the end of the experiment.

2Values refer to the day of highest concentration.
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Figure 5.3. Monitoring of Chlorophyll-a concentration (mg L") and total
carotenoids (mg L") throughout the experiment period.

When comparing the treatments, it was observed that the wastewater
mixture (T3 to T6) increased VSS and Chl-a concentration, in contrast to the
treatment exclusively composed of MW (T7). Additionally, T3 and T6 showed
statistically higher Chl-a concentrations than the other treatments, 1.47 and 1.54
times higher than T7, respectively. Finally, the behavior of T3 regarding Chl-a and
pH (Figure 2) may indicate that the DIC, provided through the wastewater
mixture, was insufficient to meet the CO2 demand necessary for photosynthesis.
Furthermore, the lower N concentration in T3 and T4 was not a limiting factor for
MB development. This aligns with observations by LIANG et al. (2023), where the
microalga Graesiella emersonii adapted to N deficiency conditions through

intracellular reserves that favored cell growth.
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Evaluating the results over time and in terms of productivity, the VSS
(21.42 mg L' d') and Chl-a (0.21 mg L' d") values were statistically higher in
T6 compared to the other treatments. Compared to the treatment composed
exclusively of MW (T7), T6 was 2.31 times higher for VSS and 1.11 times higher
for Chl-a. In the treatments with a higher C/N ratio, a gradual increase in the Chl-
a parameter was observed over the considered period. However, two possibilities
must be considered when interpreting these results.

The first possibility is that the higher C/N ratios may have favored MB
development. However, the higher the proportion of IWJ, the more time was
needed to reach the Chl-a peak. Likely, the microalgae in the inoculum (produced
from MW) may have required more time to adapt to the new nutritional conditions
of the cultivation medium composed of the wastewater mixture (MW + IWJ). This
is evidenced by the DO behavior (Figure 2), where oxygen production began to
grow from the 8th day for a C/N ratio of 7.52 (T6) and the 17th day for a C/N ratio
of 30.67 (T3).

The second possibility is that the greater availability of C initially provided
conditions for the growth of heterotrophic bacteria, followed by the availability of
inorganic C for the microalgae. Therefore, C/N ratios higher than 7.52 (T6)
increased VSS without raising Chl-a productivity. Thus, this increase in C favored
the development of heterotrophic bacteria over microalgae. This is evidenced by
the pH behavior (Figure 2), as the pH rise indicates the photosynthesis process.
Thus, as heterotrophic bacteria degraded organic matter, CO2 was released,
gradually raising the pH in treatments with a higher C/N ratio.

Some results reported in the literature align with the present study's
observed results. ZHENG et al. (2018) observed that when they mixed swine and
brewery wastewater, the maximum VSS concentration of 2.85 g L-' was achieved
at a C/N ratio 7.9. GAO et al. (2019) also showed that increasing the initial C/N
ratio favored the growth rate of Chlorella sp. G-9, indicating that the organic
matter in the wastewater was an important factor in the growth of microalgae
cultivated in mixotrophy.

To improve biomass accumulation of the algae-bacteria system in swine
wastewater, LI et al. (2022) evaluated four typical carbon sources (glucose,
starch, sodium acetate, and citric acid) and five initial C/N ratios (2.2, 5, 10, 15,

and 30). According to the authors, adjusting the C source concentration
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significantly affected microbial growth (p <0.05). The highest total suspended
solids (TSS) concentration (3.61 g L") was achieved at a C/N ratio of 30 by
supplementing with sodium acetate as the carbon source. This carbon
supplementation strategy increased production by 3.70 times compared to raw
wastewater (C/N = 2.2). According to the authors, this C addition caused the
microorganisms to enter an exponential growth phase on the third day, and
microbial growth was consistent with variations in microalgal photosynthesis.
MOU et al. (2023) also observed increased biomass productivity with increasing
C/N ratios, with the maximum productivity achieved at C/N ratios of 20 and 30
(6.22 and 6.18 g m2 d!, respectively).

Regarding pigment concentration, the highest value was observed in T3
(C/N = 30.67), where beta-carotene and lutein concentrations reached 12.81 ug
L' and 507.97 ug L', respectively. This may indicate that the MB may have
accumulated more lutein and beta-carotene under N scarcity and excess C
conditions. Studies by WU et al. (2020) reported that, in synthetic medium and
under N depletion, the beta-carotene and lutein content of the microalga D. salina
Y6 increased to 1332.4 and 744.6 yg mL™, respectively. These values were
50.6% and 28.7% higher than the control. Additionally, the microalga species and
the saline cultivation medium (99.86 g L' sodium chloride (NaCl) also contributed
to the results found by the authors.

However, T4 showed the lowest values for both compounds. Several
factors can influence pigment production, from the cultivation system and
operational and environmental conditions to the nutritional characteristics of the
cultivation medium (PAGELS et al., 2020). Further investigations over time are
needed to understand possible causes or factors influencing pigment production
and accumulation.

Despite different C/N ratios being evaluated, the nutrients present may be
in complex organic forms (macromolecules) that are not easily assimilated by the
microalgae. ZHENG et al. (2022) explored an efficient and low-cost enzymatic
hydrolysis method to increase sugar content in corn starch wastewater. By
providing pre-treatment of the effluent, the authors observed a lutein yield of
10.96 mg L.

ARASHIRO et al. (2020)found that light conditions influenced

phycobiliprotein production more than medium composition. The authors
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evaluated the cultivation of saline microalgae species (Porphyridium purpureum)
and cyanobacteria (Arthrospira platensis) in industrial wastewater mixed with
synthetic seawater for phycobiliprotein production under different light-intensity
conditions (150 JE m2 s™') and cultivation medium. In this context, the authors
concluded that the lower performance in the experiments was caused by the high
carbon content and low light intensity, which affected both phycobiliprotein
content and biomass production (ARASHIRO et al., 2020).

Notably, interaction among different variables can affect biomass and
pigment production. For instance, light intensity and quality (wavelength) are
important factors influencing photosynthesis and microalgae biosynthesis of
pigments, such as chlorophyll-a and carotenoids. Chlorophyll-a is essential for
capturing light energy during photosynthesis, while carotenoids are important in
photosynthesis by aiding in light-harvesting and providing protection against
photo-oxidative damage (PEREZ-GALVEZ; VIERA; ROCA, 2020). Different light
intensities and wavelengths can stimulate or inhibit the synthesis of these
pigments and influence the overall growth rate and biomass yield (ZHANG et al.,
2023).

CHEN et al., (2023) state that high light intensities can increase pigment
production as microalgae optimize their light-harvesting apparatus for maximum
energy absorption. However, excessive light can cause photoinhibition, reducing
photosynthetic efficiency and possibly damaging cellular structures. Conversely,
low light intensities may limit energy availability, reducing pigment synthesis and
slowing growth. Additionally, the type and availability of nutrients, particularly N
and P, directly influence microalgae biosynthesis of proteins, carbohydrates, and
lipids.

Different nutrient types can also influence the metabolic pathways of
microalgae. For instance, the presence of organic nitrogen sources (e.g., urea)
versus inorganic nitrogen sources (e.g., N-NOs3 or N-NH4") can lead to
differences in nitrogen assimilation efficiency and metabolic fluxes, thereby
impacting the synthesis of biocompounds (MARTIN-JEZEQUEL et al., 2015).
Furthermore, the biochemical composition of microalgae can change over time,
depending on the growth phase and environmental conditions. During the
exponential growth phase, microalgae synthesize more proteins and chlorophyll,

essential for rapid cell division and photosynthesis. As they transition to the
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stationary phase, especially under nutrient-limited conditions, there is often an
increase in the accumulation of storage compounds like carbohydrates and lipids
(WILLIAMSON et al., 2024).

5.3.3. Microalgae biomass biochemical composition

Table 5.3 presents the dried MB characteristics regarding ultimate and
proximate analysis and biochemical composition. The results indicate a linear
relationship between the C/N ratio and carbon content (p < 0.05). The adjusted
regression model equation is Y = 11.31 + 0.6784X, and the coefficient of
determination (R-squared) is 85.45%. Thus, the higher presence of carbon in the
cultivation medium favored the conversion of energy substrates for intracellular
carbohydrate accumulation. In T3, for example, where the C/N ratio is 30.67, the
carbohydrate content increased by 176.89% compared to the treatment
exclusively with MW. The highest protein and lipid contents were observed in T6
(33.00%) and T3 (26.39%), representing increases of 19.35% and 25.61%
relative to T7, respectively. However, the relationships between the C/N ratio and

protein and lipid contents were not statistically significant (p > 0.05).
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Table 5.3. Characterization of dry biomass in terms of Ultimate analysis, Proximate analysis, and Biochemical composition.

Ultimate analysis Proximate analysis Biochemical composition
Treatment C H N o* S Ashes Moisture Volatile Fixed Carbohydrates Total Proteins
matter carbon lipids

..................................... O mmmcemmmcmmemmemmmmmmmmmmmmmmmmmmmmemae—--
T3 (C/IN30.67) 4859 79 452 3223 042 6.34 6.24 87.26 0.16 30.07 26.39 18.56
T4 (C/IN20.82) 4788 7.81 451 3190 045 745 3.72 86.45 2.38 25.90 20.26 18.32
T5(C/IN13.45) 4745 770 510 3134 053 7.88 4.42 84.15 3.56 25.78 23.11  20.47
T6 (C/N 7.52) 4584 751 7.01 2821 0.64 10.79 1.27 87.58 0.36 14.28 19.97 33.00
T7 (CIN 1.75) 4245 669 7.15 30.33 0.70 12.68 2.77 83.59 0.96 10.86 21.01  27.65

Note: *Oxygen content was defined by difference.
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N limitation is a strategy explored to boost the production of high-value
compounds (FALLAHI et al., 2021; LIANG et al., 2023). In contrast, in situations
of excess N, microalgae assimilate the nutrient, converting it into proteins,
ribonucleic acid, and deoxyribonucleic acid (MOU et al., 2023; SARATALE et al.,
2022; SU, 2021). Additionally, when the MB growth reaches the stationary stage,
C is metabolized into carbohydrates without external N and P sources. N
limitation can also disrupt amino acid synthesis, and the C fixed
photosynthetically in the Calvin cycle is then converted into carbohydrates
(RUEDA et al., 2020; SOLIS-SALINAS et al., 2021).

These results corroborate the findings of MOU et al. (2023), who showed
a direct relationship between lipid content and the increase in the C/N ratio.
According to the authors, the most favorable results for lipid content were
observed at C/N ratios of 20 and 30 (30.97% and 31.48%, respectively), similar
to the present study.

The wastewater mixture also improved lipid content and the saturation
degree of the oil accumulated by Chlorella pyrenoidosa (TAN; ZHAO; YANG,
2019). Different proportions of starch wastewater were investigated: acidified,
anaerobically digested, and secondarily treated. The authors suggest that a high
C/N ratio (with consequent N deficiency) in the culture medium may have
stimulated lipid accumulation in microalgae cells. Lipid contents of 25.6% to
28.0% were observed at C/N ratios of 137 and 145 through the 0.5:1 and 1:1
mixture (acidified wastewater: secondary wastewater).

Other factors can also influence the accumulation of biocompounds.
SOLIS-SALINAS et al. (2021) demonstrated the effect of hydraulic retention time
(HRT) on carbohydrate accumulation. The mixed consortium of microalgae
(Coelastrella sp) and cyanobacteria (Geitlerinema sp.) was cultivated in low
nutrient and carbon loads. When the HRT was changed from 8 to 6 days, high
carbohydrate production (36% to 51%) was observed. This increase in
carbohydrate content is attributed to a change in the metabolic strategy of the
microalgae, as the culture adapted to use C for storage rather than producing
new cells. However, the authors do not rule out the possibility that N or P limitation
and available alkalinity contributed to the increased carbohydrate content in the

cells.
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The accumulation of primary and secondary metabolites, such as lipids,
proteins, and carbohydrates, directly influences the selection of recovery routes
for the produced biomass. Depending on its final biochemical composition,
microalgal biomass can be converted into biofuels, biofertilizers, or bioproducts
such as biopolymers (CALIJURI et al., 2022). Carbohydrate-rich biomass, as
observed in T3, T4, and T5 (C/N ratio of 30.67, 20.82, and 13.45, respectively)
ratio, is more suitable for emerging fuel routes like biohydrogen production via
dark fermentation. Conversely, protein-rich biomass, such as T6 and T7 (7.52
and 1.75, respectively), could be more appropriate for alternative pathways,
including biopolymer production. A high lipid content favors conversion into
biofuels, such as transesterification into biodiesel. However, lipids alone are not
the sole indicator of viable biomass conversion into biofuels. Therefore, the
following section analyzes fatty acid profiles to offer deeper insights into this
discussion.

5.3.4. Fatty acid methyl esters (FAME) analysis

Saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and
polyunsaturated fatty acids (PUFAs) were determined. In this study, it was
observed that palmitic acid (C16:0) was abundant, ranging between 31.11% to
39.77%, followed by other organic acids: oleic acid (C18:1 - 24.44% to 32.16%);
linoleic acid (C18:2 - 9.49% to 17.83%); and linolenic acid (C18:3 - 5.94% to
16.71%). The FAME results are presented in Table 5.4.

The increase in the C/N ratio benefited the C16/C18 fatty acid groups. With
the increase in the C/N ratio from 1.75 to 30.67, the proportion of C16/C18 fatty
acids rose from 92.27% to 97.72%. In this context, SU et al. (2023) confirmed the
viability and properties of microalgae biodiesel by the presence of C16/C18,
which represented between 93.22% and 97.97%.

The results on fatty acid production also showed that high C/N ratios (as
in T3 and T4) tend to favor the production of C16:0. Intermediate C/N ratios (T5)
present a balance in the production of different fatty acids. In contrast, low C/N
ratios (as in T5 and T6) can increase the production of PUFAs, such as C18:3.
These results suggest that a high C/N ratio primarily promotes the accumulation
of saturated fatty acids like C16:0 and, consequently, the potential application of

MB in energy routes.
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Table 5.4 Fatty acid methyl esters (FAME) profile of microalgae biomass cultivated in different proportions of municipal
wastewater and industrial wastewater from juice processing (A) and proportion of saturated, monounsaturated, and polyunsaturated

acids (B).
Yield (%, w w1)
Name Fatty acids T3 T4 T5 T6 T7
(C/N 30.67) (C/N 20.82) (C/N 13.45) (C/N 7.52) (C/N 1.75)

Decanoic Acid C10:0 0.80 0.50 ND 1.08 ND
Lauric acid C12:0 0.23 0.50 0.36 0.81 0.93
Myristic acid C14:0 0.46 0.85 0.23 0.39 3.1
Myristoleic acid C14:1 0.22 0.28 0.53 0.60 3.70
Palmitic acid C16:0 36.75 39.77 33.33 36.64 34.46
Palmitoleic acid C16:1 1.27 1.55 3.12 2.42 4.20
Hexadecadienoic acid C16:2 ND 2.20 1.16 2.85 3.26
Stearic acid C18:0 5.46 4.61 3.31 2.26 5.34
Oleic acid C18:1 30.48 30.35 31.50 24 .44 25.60
Linolenic acid C18:2 17.83 9.99 12.62 10.13 9.49
Stearidonic acid C18:3 5.94 7.15 13.35 16.71 8.41
Arachidic Acid C18:4 ND 0.53 0.50 1.69 1.51
Eicosenoic acid C20:0 ND ND ND ND ND
Behnic acid C20:1 ND 1.06 ND ND ND
Erucic acid C22:0 0.56 0.64 ND ND ND
SFA 44.25 46.88 37.23 41.17 43.83
MUFAs 31.98 33.23 35.14 27.46 33.50
PUFAs 23.77 19.88 27.63 31.37 22.67
Total 100.00 100.00 100.00 100.00 100.00

Note: SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acids, PUFA = Polyunsaturated fatty acids, ND = Not detected.

101



This conclusion is corroborated by research conducted by ANTO et al.
(2019), which observed that nutrient deprivation in Chlorella sp. increased the
content of fatty acids C16:0, C16:1, C18:1, C18:2, and C18:3. The authors found
that deprivation of sodium N-NOs™ and urea increased the levels of C16:0 (23.8%
and 23.67%, respectively) and C18:1 (22.71% and 23.12%, respectively)
compared to the control (20.2% of C16:0 and 17.21% of C18:1). Similarly, YANG
et al. (2018) reported that nutrient deficiency (N and P) promoted the highest
accumulation of total fatty acids in Chlamydomonas reinhardtii.

Additionally, the mixture of pharmaceutical and domestic wastewater in a
volume ratio of 1:750 (COD: 232.3 mg L-'; TN 68.57 mg L") provided the best
performance of the green microalga T. dimorphus GEEL-06 in terms of C16:0
fatty acids (45.85%) (SU et al., 2023). In contrast, the highest concentrations of
C18:1 (12.36%) and C18:2 (22.92%) were found in the 1:1000 ratio (COD: 153.0
mg L'; TN 64.77 mg L"). These results directly influence biodiesel quality, as
C16:0 is suitable for biodiesel conversion, and C18:1 is related to fuel properties
such as flash point, viscosity, heat of combustion, and oxidative stability.

Microalgae species stand out among the factors that can influence the fatty
acid profile. A literature review conducted by FERREIRA et al., (2019) revealed
that Botryococcus has a high concentration of MUFA, with 59.6% oleic acid, while
Desmodesmus and Chlorella are considered promising sources of PUFA.

Additionally, it is important to note that the fatty acid profile can vary within
the same microalgae species depending on the cultivation conditions. VYAS et
al., (2022) evaluated the cultivation of the microalga C. sorokiniana SAG 211-8
k. They found that the fatty acid profile in heterotrophic cultivation (C/N 20 and
60) showed significant changes in oleic acid (C18:1), which represented more
than 50% of the lipid content, compared to photoautotrophic cultivation, where it
accounted for only 10.97%.

TAN; ZHAO; YANG, (2019) observed that the wastewater blend improved
mixotrophic cultivation regarding lipid content and saturation level. When the
cultivation medium was composed solely of anaerobically digested starch
wastewater (ADSW), the proportion of saturated fatty acids (SFAs) was only
26.8%. However, when ADSW was combined with acidified starch wastewater
(ASW) in a 1:1 ratio, the SFA proportion increased to 44.59% of the total FAMEs.

The authors attributed these results to the C/N ratio of the cultivation medium,
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suggesting that an excess of carbon source under high C/N conditions may favor
the conversion into energy storage compounds, such as SFAs.

Therefore, mixing wastewater to improve the C/N ratio can be an effective
strategy to increase the production of specific fatty acids, enhancing the efficiency

of biofuel production.

5.3.5. Limitations and future perspectives

The promising results of this study suggest that future research should
investigate the effects of the C/N ratio through wastewater blending, focusing on
reaching scale-up and continuous flow operation. Additionally, for this strategy to
be implemented on a real scale, it is advisable to analyze the costs involved in
implementing the proposed system and the possible environmental impacts.
However, this approach presents challenges, particularly in terms of the location
of effluent sources, and these limitations should be thoroughly assessed from
both technical-economic and environmental perspectives (MAGALHAES et al.,
2024). These limitations should be assessed both in the technical-economic and
environmental contexts.

Understanding the development and succession of microorganisms, such
as phytoplankton communities and bacterial species, is fundamental to the
successful implementation of this technology. Evaluating the possibility of shifts
in the dominance of these species over time is crucial, as seasonal variations in
nutrient content, toxic compounds, and grazers in domestic wastewater can
significantly influence treatment outcomes (BIJLSMA et al., 2021). Long-term
studies are necessary to assess year-round impacts and changes to the C/N
ratio, ensuring the reliability and efficiency of wastewater blending strategies.

Furthermore, future studies are needed to compare the strategy of
wastewater blending with other technologies, such as CO2 supplementation. In
this way, it will be possible to evaluate each technology's technical-economic and
environmental impacts, compare their pros and cons, and determine the best
solution for different application scenarios.

Additionally, exploring wastewater blending strategies combined with other
technologies is an opportunity for future research. Studies like those by YU et al.,
(2024) and SILVA et al., (2024) evaluated the performance of blended wastewater
treatment and the production of biocompounds in biofilm reactors, offering

promising perspectives to enhance this approach.
103



5.4.Conclusions

This study demonstrates that blending MW with IWJ and adjusting the C/N
ratio can enhance the efficiency of MB production and nutrient removal. This
strategy favored the removal of C, with 75.61% to 81.90% for DOC and 66.78%
to 88.85% for SCOD. An increase in MB production was also observed, with T3
and T6 (C/N of 30.67 and 7.52, respectively) being statistically higher than the
other treatments in Chl-a concentration. Regarding pigment production, the
highest concentrations of beta-carotene (13.55 ug g') and lutein (537.59 ug g')
were observed in T3.

The C/N ratio also influenced the biochemical composition of MB. The
highest lipid (26.39%) and carbohydrate (30.07%) content was observed at a C/N
ratio of 30.67, and the highest protein content (33.00%) was observed at a C/N
ratio of 7.52. The high C/N ratio also benefited the C16/C18 fatty acid groups,
reaching 97.72% in T3, indicating the potential application of MB in energy routes.

The results indicate that blending wastewater, combined with optimizing
the C/N ratio, can increase the efficiency of wastewater treatment and the
production of valuable biocompounds present in the microalgal biomass (MB).
Treatments with a C/N ratio equal to or greater than 13.45 showed promising
characteristics for application in energy routes due to the higher lipid and
carbohydrate content. On the other hand, treatments with a C/N ratio equal to or
less than 7.52 demonstrated potential for use in agricultural routes and bioplastic
production due to the higher protein content. This approach offers a more
sustainable alternative to CO2 supplementation, contributing to advances in

wastewater treatment using microalgae biotechnology.
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6. CAPITULO lll - PRODUCAO DE BIOMASSA DE MICROALGAS
E ACUMULO DE LIPIDIOS E CARBOIDRATOS: IMPACTO DA
RELACAO C/N EM LAGOAS DE ALTA TAXA COM AGUAS
RESIDUARIAS MUNICIPAIS E INDUSTRIAIS MISTURADAS
PARA APLICACOES EM BIOCOMBUSTIVEIS

Resumo

A biotecnologia de microalgas é uma alternativa promissora para o
tratamento de aguas residuarias e valorizagdo de recursos no saneamento.
Entretanto, a baixa razado carbono/nitrogénio (C/N, m/m) das aguas residuarias
domésticas pode dificultar a produgdo eficiente de microalgas. Este estudo
combinou aguas residuarias municipais (ARM) com aguas residuarias industriais
proveniente do processamento de sucos (ARIS) em diferentes proporgdes para
analisar o impacto da razdo C/N na produgao de biomassa de microalgas, no
acumulo de carboidratos, lipidios e no perfil de acidos graxos. O estudo foi
realizado em lagoas de alta taxa (LAT) em escala piloto, expostas as condigbes
ambientais externas. Foram testadas as propor¢des de aguas residuarias: 60 %
ARM + 40 % ARIS (T1), 40 % ARM + 60 % ARIS (T2) e 20 % ARM + 80 % ARIS
(T3), resultando nas razées C/N de 9,25; 25,31 e 52,71, respectivamente. T1
(C/N 9,65) obteve os maiores valores de solidos suspensos volateis e clorofila-
a, além de apresentar maior conteudo de lipidios (14,44%) em comparagao com
os demais tratamentos (p-valor < 0,05). Por outro lado, o T3 (C/N 52,71)
apresentou maior proporg¢ao de acidos graxos C16:0 (40,39 %) e C18:0 (10,08
%) entre todos os &cidos graxos, demonstrando potencial para uso como
biocombustivel. Os maiores teores de carboidratos foram observados nas razées
C/N 25,31 € 52,71, com 18,44 % e 21,09 %, respectivamente. Esses resultados
indicam que a combinagao de aguas residuarias e o ajuste da razdo C/N podem

otimizar a producgao e agregar valor a biomassa de microalgas.

Palavras-chave: Microalga; Mistura de Aguas Residuarias; Lagoas de Alta
Taxa; Tratamento de aguas residuarias; Remocao de nutrientes; Razao C/N.
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6.1.Introducao

A producgao de biomassa de microalgas € uma alternativa promissora para
a geracado de biocombustiveis e produtos de valor agregado, devido ao seu
rapido crescimento e alta eficiéncia na conversdo de luz solar e nutrientes
(CALIJURI et al.,, 2022; JAVED et al., 2019; KUMAR et al., 2019).
Adicionalmente, o cultivo de microalgas em aguas residuarias apresenta a
vantagem de promover o tratamento, removendo nutrientes e outros
contaminantes, ao mesmo tempo que gera biomassa (POLAT; ALTINBAS, 2023;
SU et al,, 2023). Entretanto, a aplicagdo dessa tecnologia em larga escala
enfrenta desafios e limitagbes. Um dos principais obstaculos é a variabilidade
nas caracteristicas dos efluentes, incluindo fatores como pH, presenga de
substancias toxicas e poluentes emergentes.

Estudos anteriores investigaram diversos aspectos do cultivo de
microalgas em efluentes, como a selecdo de cepas (BENAVENTE-VALDES et
al.,, 2016; LEE et al., 2022; SUTHERLAND; TURNBULL; CRAGGS, 2017), as
condigdes de cultivo e as propriedades das aguas residuarias, utilizadas como
meio de crescimento (SOLIS-SALINAS et al., 2021; WANG et al., 2023; ZHU et
al., 2019). No entanto, a maioria dessas pesquisas focou em fontes uUnicas de
efluentes, sem abordar de forma ampla o desafio da baixa relagdo C/N em
esgotos domésticos, que limita o crescimento microalgal devido a insuficiente
disponibilidade de C (POSADAS et al., 2014). Para superar essa limitagdo, uma
abordagem é a adicdo de CO,, que pode ser fornecido por meio de fontes
externas, como gases de combustdo ou carbonatos dissolvidos (ASSIS et al.,
2019; COUTO et al., 2021). Contudo, a implementacao da adicdo de CO, em
cultivos de microalgas também apresenta desafios. A eficiéncia da incorporagao
do CO, é limitada em sistemas abertos devido a baixa solubilidade e perdas para
a atmosfera. Além disso, a necessidade de sistemas de aeracgao e controle de
pH aumenta o consumo de energia e os custos operacionais, impactando
negativamente principalmente quando aplicada em larga escala.

A combinacao de diferentes efluentes para co-tratamento tem surgido
como uma solugdo para melhorar a razdo C/N, para criar um meio de
crescimento com equilibrio nutricional aprimorado (PEREIRA et al., 2024a). No
entanto, embora essa estratégia seja atrativa do ponto de vista econémico e

ambiental, a literatura aponta que misturas de efluentes nem sempre garantem
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condigbes ideais para o cultivo algal. GAMA et al., (2023) mostraram que a
combinagao de efluentes (cervejaria + processamento de carne) pode resultar
em produtividade limitada de biomassa algal. Por outro lado, PEREIRA et al.,
(2024Db) relataram maior concentracdo de clorofila-a (chl-a) nas relagdes C/N de
30,67 e 7,52 (3,07 e 3,22 mg L', respectivamente) utilizando aguas residuarias
municipais e efluentes da industria de sucos, em comparagao com o controle
(2,09 mg L"), composto exclusivamente por ARM, com relagdo C/N de 1,75.

Além de otimizar a produg¢ao de biomassa, a composi¢ao bioquimica das
microalgas, particularmente o acumulo de lipidios e carboidratos, € fundamental
para a produgao de biocombustiveis (SIDDIKI et al., 2022). Diversas estratégias
tém sido investigadas para aumentar esses componentes, como a limitagao de
nutrientes, variacdo nas condigcbes de cultivo (intensidade Iluminosa e
fornecimento de CO2) e estresse ambiental (variagdes de salinidade ou
temperatura) (FALLAHI et al., 2021). Entretanto, a mistura de efluentes
apresenta-se como uma alternativa que possibilita o equilibrio adequado da
razdo C/N, aproveitando a matéria organica e os nutrientes presentes nos
diferentes tipos de efluentes. PEREIRA et al., (2024b) constataram que a
variacdo da razdo C/N, obtida pela mistura de diferentes aguas residuarias,
influenciou diretamente a composicdo bioquimica da biomassa. Os maiores
teores de lipidios (26,39 %) e carboidratos (30,07 %) foram alcangados com uma
relacdo C/N de 30,67, enquanto o maior teor de proteinas (33,00 %) foi
observado com uma relagao de 7,52.

A hipétese central desta pesquisa € que a combinagdo de aguas
residuarias municipais e industriais pode fornecer um meio de cultivo mais
balanceado, promovendo tanto o crescimento de biomassa, quanto o acumulo
de lipidios e carboidratos nas microalgas. A inovagao deste estudo esta no uso
de lagoas de alta taxa, em escala piloto, para otimizar o cultivo de microalgas
sob essas condi¢cdes mistas, contribuindo para a solugao da baixa razao C/N de
efluentes municipais. Ao abordar as lacunas na literatura espera-se contribuir
para o avango de tecnologias mais eficientes e sustentaveis para o tratamento
de efluentes e producao de biocombustiveis.

6.2. Material e Métodos
O experimento foi desenvolvido na area experimental localizada no

Laboratério de Engenharia Sanitaria e Ambiental da Universidade Federal de
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Vigosa, em Vigosa, Minas Gerais, Brasil (20° 46'07,05" S e 42° 51'30,84" W),
durante o periodo de inverno, entre os meses de maio a julho. O municipio tem
clima umido com verdes chuvosos e invernos secos, déficit hidrico entre maio e
setembro e excedente entre dezembro e margo. De acordo com o Instituto
Nacional de Meteorologia (INMET, 2023), série historica de 2002 a 2022, a
temperatura média na estagao chuvosa (entre outubro e margo) é de 21,95 °C e
na estagao seca (entre abril e setembro) é de 17,73 °C. A precipitacdo média

anual é de 1337 mm e a umidade relativa do ar é de 78,71 %.

6.2.1. Cultivo de microalgas e delineamento experimental

O meio de cultivo para o crescimento das microalgas foi composto pela
combinagdo em diferentes propor¢des de agua residuaria municipal (ARM) e
agua residuaria da industria de sucos (ARIS). A ARM utilizada foi coletada em
tanque séptico em estacdo de tratamento de esgoto municipal operada pelo
Servico Autdnomo de Agua e Esgoto (SAAE — Vicosa/BR). Enquanto a ARIS
utilizada foi coletada em reator Upflow Anaerobic Sludge Blanket (UASB) da
estacdo de tratamento de esgoto de uma industria de processamento de sucos
(Visconde do Rio Branco/BR).

O cultivo da biomassa de microalgas foi realizado em LAT em escala piloto
com as seguintes dimensdes: 1,28 m de largura; 2,86 m de comprimento; 0,5 m
de profundidade total; 0,3 m de profundidade util; 1,0 m 3 de volume util. A LAT é
constituida em fibra de vidro e o meio de cultivo foi movimentado por seis pas de
aco inoxidavel por meio de um motor elétrico de 0,5 cv, que tem acoplado a ele
um redutor de velocidade controlado por inversor de frequéncia (série WEG
CFW-10) para promover uma velocidade média horizontal de aproximadamente
0,10-0,15ms™.

O experimento foi organizado a partir de delineamento em blocos
casualizados (DBC) com trés tratamentos e duas repeticdes por bloco,
totalizando 6 unidades experimentais. O delineamento experimental e as
proporcoes de mistura foram: 60 % ARM + 40 % ARIS (T1); 40 % ARM + 60 %
ARIS (T2); 20 % ARM + 80 % ARIS (T3). As caracteristicas iniciais do meio de

cultivo de cada tratamento sao apresentadas na Tabela 6.1.
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Tabela 6.1. Caracteristicas fisicas e quimicas dos meios de cultivos.
Tratamentos
Parametros T1 T2 T3
(60 % ARM + 40 % ARIS) (40 % ARM + 60 % ARIS) (20 % ARM + 80 % ARIS)
Valor o Valor o Valor o

pH 7,27 0,00 7,18 0,01 6,83 0,02
Temperatura 23,56 0,23 23,19 0,08 23,55 0,26
OD (mg L) 0,03 0,01 0,01 0,01 0,01 0,00
CE (uS cm™) 1237,80 4,33 1373,60 17,94 1459,60 21,48
COD (mg L") 303,39 6,21 456,75 8,25 582,30 0,30
CTD (mg L") 333,00 6,30 470,55 6,75 583,65 0,45
DQOs (mg L") 1061,71 32,89 1586,38 37,83 2007,43 18,09
DQOt (mg L") 1603,68 39,47 2287,89 52,63 2958,95 6,58
Ps (mg L") 4,43 0,07 3,40 0,11 1,93 0,17
N-NH4* (mg L") 34,27 571 18,09 0,95 10,47 2,86
N — NOs (mg L) 0,25 0,05 0,50 0,00 0,60 0,00
Norg 10,28 1,40 8,43 0,29 6,28 0,66
NKT (mg L-1) 55,69 1,58 38,56 4,34 25,70 0,95
SSV (mg L) 65,00 3,08 76,50 0,87 86,83 1,38
C/N ratio’ 9,65 25,31 52,71

OD = Oxigénio dissolvido, CE = Condutividade elétrica, CTD = Carbono total dissolvido, COD= Carbono orgénico dissolvido, DQOs
= Demanda quimica de oxigénio soluvel, DQOt = Demanda quimica total de oxigénio, Ps = Fosforo soluvel, N-NH 4 * = Nitrogénio
amoniacal, N-NO 3~ = nitrato, NKT = Nitrogénio Kjeldahl total, N-org = Nitrogénio organico, SSV = Sdlidos suspensos volateis e C/N
= Raz&o carbono/nitrogénio. ' Raz&o C/N calculada com CTD e a soma de N-NO 3~ e N-NH 4 *.
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6.2.2. Operacao e monitoramento

As LATs (Figura 6.1) foram operadas em regime de batelada até o
decaimento da variavel chl-a. Todos os tratamentos receberam o indculo de
biomassa de microalgas (10 % v/v) com espécies autdctones previamente
cultivado em ARM. As principais espécies identificadas no indculo foram:
Chlorella vulgaris (61,62 % e 1,34 108 células mL '), Scenedesmus acunae
(26,04 % e 5,65 10° células mL '), Pseudodidymocystis fina (11,80% e 2,56 10°
células mL ). O pH nas LATs nao foi controlado, bem como n&o foi fornecido

diéxido de carbono (CO2), além da difusdo de CO:2 presente no ar ambiente.

Figura 6.1. LATs no inicio (A, B e C) e final (D, E e F) da operagao, com
C/Nigual a 9,65; 25,31 e 52,71, respectivamente.

O pH, condutividade elétrica, oxigénio dissolvido (OD) e temperatura do
meio de cultivo foram monitorados in loco a cada dois dias utilizando a sonda
multiparamétrica (modelo Aqua troll 500). Adicionalmente, a cada dois dias,
foram monitorados o Carbono Total Dissolvido (CTD), Carbono Orgéanico
Dissolvido (COD), Carbono Inorganico Dissolvido (CID), nitrato (N — NOg3"),
nitrogénio amoniacal (N — NHa4), chl-a e sdélidos suspensos volateis (SSV).

O CTD, COD e o CID foi determinado por meio do analisador Shimadzu
TOC 5000. N — NO3, N — NH4 e SSV foram determinados conforme Standard
Methods for the Examination of Water and Wastewater (APHA, 2012). A chl-a foi
determinada conforme descrito na NEDERLANDS NORM, (1981), baseada em
NUSH, (1981), por meio da extragdo em etanol 80%.
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Além desses parametros, foram monitorados no inicio e no final da
operagao os parametros nitrogénio total kjeldhal (N — NKT), fésforo soluvel (Ps)
e total (Pt) e demanda quimica de oxigénio (DQO - soluvel total), conforme
Standard Methods for the Examination of Water and Wastewater (APHA, 2012).

6.2.3. Analise da diversidade da comunidade microbiana e

histoquimica

A biomassa de microalgas obtida ao final do experimento foi caracterizada
qualitativa e quantitativamente em termos da comunidade fitoplancténica. A
identificacdo em nivel de género foi realizada utilizando microscopio invertido,
conforme descrito por PARRA; GONZALEZ; DELLAROSSA, (1983) e
KOMAREK; FOTT, (1983). A analise quantitativa fitoplanctonica foi conduzida por
meio da contagem de individuos em camera de sedimentagdo em microscépio
invertido pelo método de UTHERMOHL, (1958). A densidade dos organismos foi
determinada utilizando os critérios descritos por APHA (2012). Finalmente, o
biovolume dos organismos mais abundantes foi calculado de acordo com a
metodologia proposta por WETZEL; LIKENS, (1991).

A anadlise histoquimica foi conduzida com o objetivo de identificar a
localizagcdo de diferentes compostos bioquimicos (carboidratos, lipidios e
proteinas) presentes nas células de microalgas. Para realizar essas analises, as
amostras de MB foram coletadas ao final do experimento, centrifugadas e
desidratadas em série graduada de etanol (70%, 80%, 90% e 95%). Em seguida,
as amostras foram embebidas em historesina (Leica). Utilizando um micrétomo
rotatério Leica (RM 2255) com Iamina de vidro, foram realizados cortes de 5 um
de espessura. Os cortes foram submetidos as técnicas histoquimicas de acido
periodico de Schiff (PAS) para a deteccao de carboidratos e azul de bromofenol
de mercurio para a deteccdo de proteinas totais, conforme descrito por
BANCROFT; GAMBLE, (2007). As observagbes foram feitas com um
fotomicroscopio Olympus BX53, usando uma objetiva de 100X para identificar
como os biocompostos (carboidratos, lipidios e proteinas) estdo dispostos na

biomassa de microalgas.
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6.2.4. Modelos cinéticos de biodegradacao

A cinética de biodegradacédo (Equacédo 6.1) do CTD foi apresentada
ajustando os dados obtidos ao modelo de primeira ordem, conforme descrito por
MOU et al., (2023) e XIONG et al., (2017).

InCr = —k.t+1InC, Equacgéo 6.1

Onde Co (mg L =) é a concentrag3o inicial no dia zero; Ct (mg L ') é a
concentragdo de no dia t; k € a constante da reagéo (d™'); t € o tempo de

degradacao (dias).

6.2.5. Caracterizacao bioquimica, analises imediatas e elementares

Ao final do experimento, as biomassas foram submetidas a centrifugacao
a 10.000 rpm durante 10 minutos e, em seguida, congeladas. Posteriormente, a
biomassa foi submetida a liofilizacdo e caracterizada para determinagdo de
teores de carboidratos, proteinas, lipidios, bem como o perfil de acidos graxos.
Além disso, foram realizadas analise imediata (umidade, material volatil, cinzas
e carbono fixo) e elementar (C, H, N, S e O).

O conteudo de carboidrato foi quantificado por meio de hidrdlise acida e
sua concentragao determinada pelo método do fenol-acido sulfurico, conforme
descrito por (DUBOIS et al.,, 1956). Em seguida, foi realizada a leitura da
absorbancia em espectrometro a 490 nm, utilizando curva padréo de glicose. O
conteudo de proteina foi quantificado indiretamente usando o método NTK
(APHA, 2012), sendo o fator de conversdo de N em proteina igual de 6,25
(ZHONG et al., 2012).

O conteudo de lipidios foi determinado utilizando a metodologia de
extragcado Soxhlet (AOAC, 1990) conforme descrito por SILVA et al., (2024). Apos
a maceragao da biomassa, a extracdo dos lipidios neutros foi realizada no
equipamento de determinacao de gordura (Tecnal TE-044-8/50) durante 6 horas,
utilizando hexano a 99 % como solvente. Em seguida, no mesmo equipamento,
os lipidios de membranas foram extraidos com etanol a 96 %, durante 3 horas e
quantificados por meio de gravimetria.

A determinacdo de umidade, cinzas, matéria volatil e carbono fixo foi
realizada de acordo com ASTM, (2012). Inicialmente, 1 g de biomassa foi
submetida a um processo de secagem a uma temperatura de 105 °C até

alcancar peso constante. Assim, o teor de umidade foi determinado pela
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diferenga entre as massas das amostras antes e apds a secagem. Em seguida,
o cadinho, contendo a amostra livre de umidade, foi tampado e aquecido em
mufla a 900 °C, por 7 minutos, para determinagao da matéria volatil. Por fim, o
teor de cinzas foi determinado colocando a amostra em mufla a 700 °C por 4
horas. O teor de carbono fixo foi determinado por diferenga. Deve-se observar
que as avaliagbes gravimétricas foram realizadas apos a amostra ter resfriado
até uma temperatura constante em um dessecador.

Para as analises elementares, os teores de carbono (C), hidrogénio (H) e
nitrogénio (N) foram determinados por combustdo seca, utilizando analisador
elementar Perkin Elmer, PE-2400, série II. O método consiste em promover a
combustdo da amostra a 925 °C e analisar os gases liberados por cromatografia
gasosa. O teor de enxofre (S), foi determinado conforme a metodologia descrita

por EMBRAPA (2009) pelo método de extragdo com acido acético.

6.2.6. Determinacao do perfil de acidos graxos

A extragdo de acidos graxos e a preparacao de ésteres metilicos foram
conduzidas conforme metodologia descrita por FREITAS et al., (2014). A analise
dos ésteres metilicos foi realizada por cromatografia gasosa em um
cromatégrafo Varian (Palo Alto, CA, EUA) 3800, equipado com detector de
ionizagdo de chama. Cada amostra foi preparada em duplicata e injetada duas
vezes. A separacao foi conduzida em coluna capilar de silica fundida de 0,32 mm
x 30 m (filme 0,32 um) Supelcowax 10 (Supelco, Bellafonte, Palo Alto, CA, EUA),
sendo o gas de arraste o Hélio (3,5 mL min -'). As temperaturas do injetor (250
°C) e do detector (280 °C) foram mantidas inicialmente com uma proporgao de
divisdo de 1:50 por 5 minutos e, em seguida, de 1:10 pelo restante do tempo. A
pressao da coluna foi de 13,5 psi. Os picos foram identificados e calculados
utilizando padrdes conhecidos (NU-CHEK-PREP, ELYSIAN, MN, EUA).

6.2.7. Anadlise estatistica

Os dados foram analisados usando o software Excel®. Estatisticas
descritivas, testes de hipbteses e analises de regressao foram realizadas com o
software Minitab®. Andlise de variancia (ANOVA) foi conduzida e validada
manualmente, seguida pelo teste de Tukey em um nivel de significancia de 5%

para comparar os resultados experimentais.

120



6.3. Resultados e discussao

6.3.1. Comunidade fitoplancténica e histoquimica

Na Figura 6.2 é apresentada a caracterizagdo da comunidade
fitoplanctonica. Chlorella vulgaris foi a espécie mais abundante em todos os
tratamentos, com abundancias relativas de 99,32% (3,78 x 108 células mL -') em
T1,77,19% (1,61 x 108 células mL -') em T2 e 50,98% (1,12 x 108 células mL -1)
em T3. Outras espécies, como Pseudodidymocystis fina, Tetradesmus obliquus
e Scenedesmus acunae, foram observadas em T2 e T3, apresentando
abundancias relativas variaveis. Por exemplo, Pseudodidymocystis fina
representou 15,61 % e 40,44 % da comunidade em T2 e T3, respectivamente,

enquanto Tetradesmus obliquus compbs 4,10 % em T2 € 4,56 % em T3.
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Tl T2 3 Tl T2 T3

[ ] Scenedesmus acunae B 7etradesmus obliquus - Pseudodidymocystis fina - Chlorella vulgaris

Figura 6.2. Comunidade fitoplancténica em termos de abundancia relativa
de individuos (A) e biovolume (B).

A analise do biovolume revelou diferengas significativas no tamanho
celular das espécies nos tratamentos estudados. Em T1, Chlorella vulgaris
apresentou células com biovolume de 1.07 10*® ym 3 mL -', enquanto em T2, o
biovolume foi de 7.00 10*7 um 3 mL -'. Adicionalmente, Tetradesmus obliquus em
T2 exibiu um biovolume de 4.89 10*” uym 3 mL ' ym3. No tratamento T3,
Pseudodidymocystis fina destacou-se com um biovolume de 7.69 10*7 um 3 mL
-1. O biovolume total foi maior em T3 (2,12 10*® um 3 mL '), seguido de T2 (1,68
10 um 3mL ") e T1 (1,18 10*® um 3 mL -'). Esses resultados sugerem que a
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disponibilidade de nutrientes no meio de cultivo pode influenciar o tamanho
celular das espécies, especialmente em relagao as diferentes proporgdes de
nutrientes e as distintas razées C/N.

A mudanca na predominancia das espécies de microalgas observada nos
tratamentos T1, T2 e T3 pode ser atribuida as variagdes na disponibilidade de
nutrientes, especialmente nas razdes C/N no meio de cultivo. A
Pseudodidymocystis fina, uma cloroficea de agua doce da familia
Scenedesmaceae, ja foi registrada em paises como Alemanha, Holanda, Cuba
e Brasil (ALGAE BASE, 2017). Embora existam pesquisas limitadas sobre sua
composi¢ao bioquimica, seu pequeno tamanho de célula e tendéncia a ocorrer
em pares (FERRAGUT et al., 2005) fornecem uma vantagem competitiva em
condicdes limitadas por nutrientes devido a uma maior proporcdo de area de
superficie para volume, facilitando a absorcao eficiente de nutrientes. Essa
caracteristica provavelmente explica sua predominancia em tratamentos
limitados por nitrogénio (T2 e T3).

Os requisitos nutricionais e as habilidades competitivas entre as espécies
de microalgas influenciam ainda mais sua predominancia ambiental. Algumas
especies se destacam na absor¢cao de nutrientes, enquanto outras utilizam
eficientemente os recursos disponiveis, permitindo que superem outras em
condigbes especificas (SU, 2021; WANG et al., 2013). Em um estudo recente,
ALAM et al., (2024) investigaram uma instalagéo em escala real de recuperacao
de recursos de aguas residuarias (EcoRecover) por meio do uso de microalgas
mistas durante o tratamento terciario, durante nove meses. Os autores
verificaram que, durante um periodo de instabilidade do sistema houve a
necessidade de suplementacdo de bicarbonato de sédio para aumentar a
alcalinidade e o pH, além da adicdo de amdnio para evitar limitagdo de
nutrientes. Essas intervencdes fizeram com que a predominancia mudasse de
Chlorella para Scenedesmus.

Na Figura 6.3 sédo apresentados os resultados da histoquimica da
biomassa de microalgas produzida em diferentes razdes C/N. A presenga de
autoesporangio, estrutura reprodutiva encontrada em espécies na classe
Chlorophyceae, foi observada em todos os tratamentos. O autoesporangio &

uma célula especializada que da origem a autoesporos, processo pelo qual a
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célula-mée passa por sucessivas divisdes celulares, dando origem entre 2 a 16
células-filhas idénticas, a depender da espécie (NEOFOTIS et al., 2016).
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Figura 6.3. Histoquimica da biomassa de microalgas cultivadas em razéao
C/N 9,65 (A, Be C); 25,31 (D, Ee F) e 52,71 (G, H e J) em fotomicroscopio
Olympus BX53, usando uma objetiva de 100X. Coloragéo de azul de bromofenol
de mercurio para a deteccao de proteinas totais (A, D e G); Coloracéao acido
periddico de Schiff (PAS) para a detecgéo de carboidratos (B, E e H); Coloracéo
de azul do Nilo para deteccao de lipidios totais (C, F e J). As setas continuas
indicam os autoesporangio, e as células pontilhadas indicam células novas.

A analise histoquimica também revelou a presenca de pirenoides durante
a coloracdo com azul de bromofenol, uma caracteristica associada a espécies
como Chlorella vulgaris, Pseudodidymocystis fina, Scenedesmus acunae e
Tetradesmus obliquus. No entanto, a visibilidade dos pirenoides foi reduzida em
T3, embora essa reducdo nao tenha sido diretamente correlacionada com a
quantidade.

Pirenoides, estruturas proteicas encontradas dentro dos cloroplastos, sao
compostas principalmente de RuBisCo e desempenham um papel fundamental
nos mecanismos de concentracdo de C. Esses mecanismos envolvem o

acumulo de bicarbonato no cloroplasto, que é convertido em CO:2 por anidrases
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carbdnicas, aumentando assim a eficiéncia da fotossintese (SHIMAKAWA et al.,
2024).

6.3.2. Producao de biomassa de microalgas
Na Figura 6.4 sao apresentados os dados de produgcdo de biomassa,

representados pela concentragcdo de SSV, chl-a, bem como o monitoramento de

pH e OD durante o experimento.
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Figura 6.4. Monitoramento do pH (A), OD (B), Clorofila-a (C) e SSV (D) ao
longo do periodo experimental.

O tratamento T1 (60% ARM + 40% ARIS) demonstrou o pico mais alto de
SSV (390,50 mg L) e chl-a (2,31 mg L), além da maior produtividade (2,32 mg
L-'d" para SSV e 0,015 mg L' d"! para chl-a, respectivamente) com relagdo C/N
de 9,65. No entanto, a queda expressiva no pH s6 ocorreu apés o 50° dia de
cultivo, sugerindo uma adaptacéo prolongada do sistema, possivelmente ligada
a operagao no inverno. A baixa produtividade de SSV (2,35; 1,96 e 1,63 g m2 d-
) e chl-a (0,015; 0,009 e 0,006 g m d-') observada nos respectivos valores de

C/N 9,65; 25,31 e 52,71, pode ser explicada pela menor disponibilidade de luz e
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temperaturas mais baixas, fatores tipicos dessa estagao. Geralmente, uma razéo
C/N inferior ou igual a 18 é necessaria para um crescimento adequado e
eficiéncia no tratamento (MARA; HORAN, 2003). Razdes C/N superiores ou
iguais a 22 reduzem o desempenho e favorecem o desenvolvimento de
organismos filamentosos (HATTING, 1963) e biofilmes fungicos (TOMLINSON;
WILLIAMS, 1975). Além disso, o conteudo de C organico nos efluentes pode
prejudicar a atividade algal quando a razao C/N for superior ou igual a 21
(VALCHEV; RIBAROVA, 2022). Os valores preferenciais da razdo C/N variam
entre 5e 10 (MA et al., 2017).

Os resultados deste estudo sdo consistentes com as pesquisas de
PEREIRA et al., (2024b) que reportaram uma producgéo de 740,56 + 103,26 mg
SSV L' e 3,22 £ 0,007 mg chl-a L' para um C/N de 7,52, e 1058,33 + 91,80 mg
SSV L'e 3,07 £0,16 mg chl-a L' para um C/N de 30,67. Observa-se que o C/N
de 7,52 resultou em uma maior producéao de chl-a, reforcando a ideia de que um
C/N mais proximo do ideal favorece o crescimento algal. As condi¢des de inverno
€ 0 uso de misturas de ARM e ARIS foram aspectos comuns entre os estudos.
Entretanto, o estudo de PEREIRA et al., (2024b) foi conduzido em escala menor
(frascos de cultivo com 600 ml de volume), além do cultivo ter sido realizado em
estufa agricola. Esses aspectos podem ter reduzido a suscetibilidade as baixas
temperaturas e a contaminagao ambiental, o que possivelmente contribuiu para
as maiores concentragdes de chl-a e SSV observadas.

O aumento de escala pode impactar negativamente a eficiéncia da
produgdo de biomassa, 0 que deve ser considerado na interpretagdo dos
resultados deste estudo. Nesse contexto, os resultados de SUTHERLAND et al.,
(2020) mostram que o aumento de escala, operando LATs com areas de 5 m?
330 m? e 1 hectare durante o inverno, também resultou em uma queda nas
concentracdes de chl-a e SST. Segundo os autores, em LATs de grande escala,
os fluxos laminares podem resultar em condigdes desfavoraveis de luz, devido a
dissipagdo da turbuléncia vertical. Esse fato impde um limite superior ao

crescimento da biomassa cultivada no sistema.
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6.3.3. Remocao de poluentes e equacodes cinéticas

Na Figura 6.5 sédo apresentados dados da remocao de poluentes ao longo
do periodo avaliado.
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Figura 6.5. Remocao de N-NOs™ (A); N-NH4* (B); CTD (C); COD (D) e CID
(E) ao longo do tempo.

Todos os tratamentos mostraram uma rapida diminui¢gdo nos niveis de N-

NHa4*, com remogao completa observada ap6s 19 dias no T1 e apés 9 dias em
ambos T2 e T3 (Figura 6.5 B). Um fator importante que contribui para a remocéao
de N-NH4* é o pH. Durante o experimento, em todos os tratamentos o pH atingiu
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valores acima de 9 (Figura 6.4 A) o que pode ser atribuido a atividade
fotossintética das microalgas, que consomem CO:2 durante as horas de luz,
levando a um aumento nos ions hidroxila (OH"), tornando o meio basico (RAVEN;
GOBLER; HANSEN, 2020). Condi¢des de pH elevado deslocam o equilibrio
entre ions N-NHs4* e aménia (NHsz) em direcdo a formacao de NHs, que pode
volatilizar para a atmosfera (PEREIRA et al., 2024b).

Em T1, o pH aumentou de um valor inicial de, aproximadamente, 7,3 para
mais de 9,5 apos 15 dias, coincidindo com o periodo de declinio rapido em N-
NH4*. Aumentos de pH semelhantes foram observados em T2 e T3, embora
atingindo menores valores. Portanto, a remog¢ao de N-NH4*" nas LATs pode ser
atribuida a uma combinacdo de assimilacdo por microalgas e bactérias, e
remocao por volatilizacdo de NH3s sob condi¢gdes de pH elevado. Além disso, o
processo de nitrificacdo, provavelmente, também contribuiu para a reducdo do
nitrogénio amoniacal, especialmente nos tratamentos T1 e T2, devido ao
aumento das concentragdes de N-NOs-, com valores maximos observados de
8,5mgL"e7,0mgL ™" respectivamente.

PEREIRA et al., (2024b) também observaram o mesmo comportamento e
atribuiram tal fato a estratégia de mistura de diferentes aguas residuarias que
possibilitou o0 aumento da razdo C/N e, consequentemente, reduziu a limitagao
de C. Esse fornecimento de C, por sua vez, promove o aumento da atividade
fotossintética das microalgas, resultando no consumo de CO, e,
consequentemente, na elevagao do pH do meio. Com o pH mais alcalino, o
nitrogénio amoniacal presente tende a se converter em amdnia gasosa (NH5),
que é volatilizada para a atmosfera, levando a perda de N no sistema. No estudo,
os autores verificaram que os tratamentos com razées C/N acima de 7,52
alcangaram remogao completa de N-NH4™.

As concentragdes de NOs foram inicialmente baixas ao longo do
experimento em todos os tratamentos, com valores iniciais de 0,25 mg L' (T1),
0,50 mg L' (T2) e 0,60 mg L' (T3). No entanto, ao longo do experimento,
observou-se um aumento progressivo nas concentragcbes de NOg,
especialmente no tratamento T1, que atingiu um pico de 8,50 mg L' apos 17
dias, seguido de uma reducgao gradual até retornar a niveis proximos aos iniciais
apods 39 dias. Tendéncias semelhantes, embora menos intensas, foram

observadas nos tratamentos T2 e T3.
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O aumento temporario na concentragdo de NOs", particularmente em T1,
é atribuido ao processo de nitrificagdo, onde o aménio é oxidado a nitrato por
bactérias nitrificantes (ASSIS et al., 2020b). O declinio nas concentracoes de
nitrato apés o pico sugere assimilacdo por microalgas uma vez que o aménio foi
esgotado. As microalgas podem usar o NO3s como uma fonte alternativa de
nitrogénio (ASSIS et al., 2020b), e o declinio desses niveis esta alinhado com o
crescimento continuo da biomassa microalgal, conforme indicado pelas
medicoes de SSV e chl-a (Figura 6.4 C). O carbono total dissolvido (CTD) em
todos os tratamentos mostrou uma reducao ao longo do tempo. Em T1, o CTD
diminuiu de 333,00 mg L' para aproximadamente 99,12 mg L' apés 15 dias,
estabilizando-se em torno desse valor posteriormente (Figura 6.5 C). T2 e T3
exibiram tendéncias semelhantes, com CTD diminuindo de 470,55 e 583,65
mg L' para aproximadamente 138,95 e 168,00 mg L™, respectivamente, apos
35 dias.

O carbono orgénico dissolvido (COD) diminuiu durante os dias iniciais,
indicando consumo rapido de carbono organico. Em T1, o COD caiu de 303,39
mg L' para cerca de 31,43 mg L™ apds 7 dias, enquanto em T2 e T3, o COD
diminuiu de 456,75 mg L' e 582,30 mg L' para aproximadamente 28,88 mg L
e 26,64 mg L, respectivamente, apds 19 e 39 dias (Figura 6.5 D). O consumo
inicial rapido de COD esta alinhado com a fase de crescimento exponencial das
microalgas, conforme indicado pelo aumento nos niveis de chl-a (Figura 6.4 C).
Isso sugere que além da agédo das bactérias, as microalgas também podem ter
utilizado diretamente o carbono organico, especialmente em tratamentos com
raz6es C/N mais altas.

Entretanto, a biodegradabilidade do carbono organico pode ser um fator
importante para bom desempenho da estratégia de mistura de efluentes. GAMA
et al., (2023) observaram que a maior eficiéncia de remogao de carbono foi de
62% no tratamento onde a razao C/N foi superior a 7,4, ao realizar a mistura de
aguas residuarias da industria alimenticia e cervejeira. Esse aumento na
eficiéncia foi atribuido a maior concentragao de carbono organico. Entretanto, os
autores destacaram que a baixa biodegradabilidade do carbono presente na
agua residuaria da industria cervejeira comprometeu negativamente a eficiéncia

da remogao.
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Com relagéo a cinética de remogao de CTD, T3 exibiu a maior taxa de
remogao (-0,03756 d™'), sugerindo uma degradagdo mais rapida do CTD
comparado a T1 e T2. O valor de k mais alto em T3 pode ser atribuido a maior
concentracéo inicial de CTD e a maior razdo C/N, promovendo maior atividade
bacteriana heterotréfica e consumo de C organico e inorganico. Os parametros
cinéticos obtidos a partir do ajuste do modelo estdo apresentados na Tabela 6.2.

Tabela 6.2. Parametros cinéticos de remoc¢ao de carbono total dissolvido,

ao longo dos primeiros 30 dias de experimento.

Coeficiente
3 de
-1 -
Tratamento Equacao K (d™) regressao p-valor

(R?)

1 ;/<= -0,4085-0,03503 § y35038 7207 p < 0,05

- g/(= -0,3342- 0,03300 0,03300 28 0,7773 p <0,05

3 y =-0,2045-0,03756  o37564 (09114 p < 0,05

X
Nota: Y representa o logaritmo natural da razdo entre a concentracéao final e a
concentracao inicial de CTD, enquanto X corresponde ao periodo avaliado de 30
dias.

Resultados semelhantes foram relatados por LATIFFI et al., (2022), que
observaram que concentragdes iniciais mais altas de substrato (DQO de 1150
mg L') podem aumentar a taxa de degradagdo em processos de
ficorremediacéao, alcangcando no final de tratamento valores de DQO iguais a 42
mg L-'. Eles empregaram um modelo cinético pseudo de primeira ordem para
descrever a remocéao de nutrientes por Scenedesmus sp. Esse modelo é usado
quando uma reagdo parece seguir uma cinética de primeira ordem, mesmo
sendo influenciada por multiplos fatores. Com os resultados, os autores
constataram que a constante de taxa diminuiu com o aumento da concentracéo
altas. Tal fato, vai ao encontro ao observado no presente estudo, uma vez que
as concentracoes iniciais de DQOt foram 1603,68; 2287,89 e 2958,95, para T1,
T2 e T3 respectivamente. No presente estudo, o alto CTD inicial no T3 nao inibiu
a degradacéo, mas sim apoiou taxas de degradagao mais altas, possivelmente
devido a disponibilidade balanceada de nutrientes e dindmicas eficientes da

comunidade microbiana.
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Essa observacdo esta alinhada com os resultados de SELVARAJ;
ARIVAZHAGAN, (2024), que demonstraram que a cinética de primeira ordem
descreveu efetivamente a remogéao de DQO em efluentes téxteis tratados com
Spirulina platensis. Eles relataram constantes de taxa mais altas para
tratamentos com degradagcdo mais rapida, apoiando ainda mais os resultados
obtidos neste estudo.

Por outro lado, T1 e T2 apresentaram constantes de taxa ligeiramente
mais baixas (0,03503 d™* e 0,03300 d™*, respectivamente). Apesar de T2 ter uma
concentragcédo de CTD inicial maior do que T1, a constante de taxa mais baixa de
T2 pode ser atribuida a limitagdes nutricionais que afetaram a eficiéncia da
degradacao. Os coeficientes de determinagao (valores de R 2 variando de 0,7207
a 0,9114) e p-valor significativos (p < 0,05) confirmam um bom ajuste do modelo
cinético de primeira ordem aos dados experimentais. Isso sugere que a
degradagao de CTD nas LATs segue cinética de primeira ordem, onde a taxa de
degradagao é proporcional a concentracao de CTD.

Com relagédo ao carbono inorgéanico dissolvido (CID), o seu aumento ao
longo do tempo em todos os tratamentos (Figura 6.5) estd relacionado a
mineralizacdo do COD. Bactérias heterotréficas oxidam o C organico a COz2, que
pode ser utilizado pelas microalgas para fotossintese (YAN et al., 2024). Este
processo contribui para o ciclo geral do C dentro do sistema.

Adicionalmente, os resultados destacaram o papel critico da razdo C/N e
do pH na influéncia da dinamica de remocédo de poluentes dentro das LATs.
Niveis elevados de pH podem indicar que o C inorgéanico, fornecido pela agao
das bactérias, nao foi suficiente para atender as demandas das microalgas
durante a fotossintese. Consequentemente, o pH elevado favoreceu a remocéao
de N — NH," por volatilizagdo de NH;. Quando o C inorganico € insuficiente para
a fotossintese, as microalgas podem se adaptar utilizando C organico de forma
mixotrofica a partir do efluente, contribuindo ainda mais para a remocao de
poluentes.

A aplicagao de cinética de primeira ordem a degradacdo do CTD
demonstra a eficacia da LAT na redugéo de C organico. Ao ajustar as propor¢oes
de ARM e ARIS é possivel otimizar o sistema para uma remocao aprimorada de

N e C. Essa adaptabilidade oferece uma abordagem flexivel e eficiente para
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melhorar o tratamento de aguas residuarias e apoiar a produgéo de biomassa de
microalgas.

6.3.4. Mudanca da composicao bioquimica sob diferentes razoes C/N

A biomassa de microalgas produzida em diferentes razdes C/N foram
coletadas na fase estacionaria para determinar suas composi¢des bioquimicas.
A caracteristicas bioquimicas em termos de conteudo de lipidios, carboidratos e
proteinas, além do conteudo de C, H, N, S e O (analise elementar), bem como
umidade, matéria volatil, carbono fixo e cinzas (anadlise imediata) sao

apresentadas Tabela 6.3.
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Tabela 6.3. Caracteristica da biomassa de microalgas em termos de composi¢do bioquimica, analise imediata e analise
elementar.

Lipidio Lipidios

Materia Cinza Umidad Carbon Protein Carboidrat Lipidio
Tratamento 3 de C H N S o
| Volatil s e o Fixo a o s Totais
s neutros membrana
%
42,88 6,38 5,36 44,68
T1 62,08 14,94 11,36 11,97 25,37 12,99 10,90 3,53 14,44 72
(0,12) (0,21) (0,04) (0,34
(C/N9,65) (0,83)B (0,34)A (0,23)A (0,29)A (0,04)A (0,71)8 (0,13)A (0,18)A (0,06) A A R A (0,05)A A
41,48 6,26 4,88 0,62 46,76
T2 65,62 15,34 10,65 10,52 22,48 18,44 8,88 4,44 13,32

(0,10) (0,24) (0,01) (0,06) (0,29
(CIN25,31) (0,66)A (3,25)A (0,51)A (143)A (0,12)8  (1,55)A  (0,13)B  (1,07)A  (0,94)48

A A A AB )A
4233 672 533 45,15
T3 64,79 18,55 9,18 8,50 21,49 21,09 7,57 2,23 9,80 0,48
(2,89) (0,40) (0,83) 4,17
(CIN52,71) (0,33)% (1,54)% (0,13)® (045)" (030)°  (030)*  (028)° (092)* (1,19)8 R . (004)° i
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As diferentes razées C/N influenciaram na composicédo bioquimica, com
maior teor de carboidratos em T2 (18,44 %) e T3 (21,09 %). Esses resultados
superam os obtidos por ASSIS et al. (2019), tanto para o cultivo em ARM com
adicdo de CO2 a 99,9% (15,8 %), quanto com CO2 da combustdo de gasolina
(14,6 %). Isso sugere que a mistura de aguas residuarias pode substituir a
suplementagao de carbono inorganico, favorecendo o acumulo de carboidratos.
TAN; ZHAO; YANG, (2019) também observaram um aumento no teor de
carboidratos de 19,4% para 24,4% ao combinar aguas residuarias de amido
acidificadas com aguas residuarias de amido digerido anaerobiamente
(proporgéao 1/1), devido a sua alta razao C/N (56,2).

Adicionalmente, sob condigbdes de limitagdo de N, DONG; LI; LI, (2020)
reportaram que a microalga Chlorella pyrenoidosa apresentou maior conteudo
de amido (17,7%), sendo 2,25 vezes superior a condigao de controle. Entretanto,
os autores reforcam que com prolongamento do tempo de estresse, o amido foi
gradualmente degradado, e o esqueleto de carbono degradado foi usado
principalmente para sintese de lipidios. Dessa forma, uma possivel explicagao
para o aumento do teor de carboidratos € a maior disponibilidade de carbono
organico fornecido pelo ARIS, que pode ter favorecido o acumulo de
carboidratos, especialmente em maiores razées C/N.

Além disso, o aumento da razdo C/N estimulou o crescimento de outras
espécies de microalgas, como Pseudodidymocystis fina, Tetradesmus obliquus
e Scenedesmus acunae. Por exemplo, em condi¢gdes de limitagao de nitrogénio,
a espécie Tetradesmus obliquus acumulou amido como principal reserva
energética (LEON-SAIKI et al., 2020). Segundo BO et al., (2023), em baixas
concentragdes de N, o fluxo de carbono fixo fotossintético € alternado, da via de
sintese de proteinas para lipidios ou carboidratos.

A razao C/N também influenciou o acumulo de lipidios. O tratamento T1
foi estatisticamente superior (p<0,05), com os maiores teores de lipidios totais
(14,44%) e lipidios neutros (10,90%). Os resultados deste estudo superaram os
de FERREIRA et al., (2020), que reportaram teor de lipidios neutros de 3,66%
em lagoas de alta taxa e 2,29% em reatores de biofilme, com microalgas
cultivadas em efluentes domésticos. ASSIS et al. (2019) também observaram
valores inferiores, de 5,5% e 6,0% (suplementagdo com CO2 a 99% e CO2de

combustéo, respectivamente), em aguas residuarias domésticas (C/N 0,58).
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Segundo LIU et al., (2024), os lipidios neutros sdo sintetizados pelas
microalgas para produzir energia e, assim, reduzir o dano oxidativo causado por
condi¢cbdes de estresse. Isso reforca que a relagcdo C/N mais elevada (como as
testadas em T1, T2 e T3) favorece o acumulo de lipideos neutros. Esses
resultados sugerem que a disponibilidade de carbono no meio é uma estratégia
eficiente para estimular a producdo de lipidios neutros, essenciais para a
produgao de biocombustiveis.

Quanto aos lipidios de membranas, os valores variaram entre 2,23% (T3)
a 4,44% (T2), e ndo houve diferenga estatistica entre os tratamentos avaliados.
Apesar disso, esses valores sao menores que os observados por FERREIRA et
al., (2020), que reportaram valores de 14,04% (lagoas de alta taxa) e 6,80%
(reatores de biofilme). Lipidios de membrana tendem a ser mais abundantes
quando a biomassa ndo esta sujeita a estresse nutricional, indicando que as
condi¢des dos tratamentos T1, T2 e T3 priorizaram o acumulo de lipidios neutros
em detrimento dos lipidios de membrana.

O teor de proteinas apresentou uma redugao significativa (p < 0,05) com
o aumento da razdo C/N. O tratamento T1 destacou-se com o maior valor (25,37
%), estatisticamente superior aos demais, resultado atribuido a sua menor razéo
C/N (9,65). Comportamento semelhante foi reportado por MOU et al., (2023),
que observaram o maior teor de proteinas (41,13%) com uma razdo C/N de 15
ao investigar os efeitos de diferentes razdes C/N no cultivo heterotrofico de
Chilorella vulgaris em hidrolisado de arroz.

De forma similar, CAl et al., (2022) obtiveram o melhor desempenho com
uma razao C/N de 12, registrando alta produtividade de biomassa (0,90 g/L/dia),
teor de proteinas (61,56%) e produtividade de proteinas (0,54 g/L/dia), enquanto
variagcdes para valores menores de C/N nao resultaram diferengas significativas
no conteudo proteico das microalgas. Segundo os autores, o fator que mais
contribui para sintese e acumulo de proteinas foi a reducdo da razdo C/N que
estimulou o acumulo de acido glutamico nas células, favorecendo o anabolismo
de outros aminoacidos (CAl et al., 2022).

Em contraste, VYAS et al., (2022) observaram que o teor de proteinas
diminuiu sob cultivo heterotréfico em razées C/N mais altas. Para C. sorokiniana,
o teor de proteinas caiu de 41,66% em cultivo fotoautotréfico para 16,27% e

9,74% sob condicdes heterotréficas em razées C/N de 20 e 60, respectivamente.
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Essa reducéo coincidiu com um redirecionamento da energia celular para o
metabolismo lipidico, com o teor de lipidios aumentando para 32,05% (C/N 20)
e 43,13% (C/N 60), em comparagao a 31,77% nas condi¢des fotoautotréficas.
Portanto, esses resultados destacam o potencial da mistura de aguas
residuarias como uma estratégia econbmica para otimizar composigdes
bioquimicas voltadas para aplicacbes especificas, como a produgcdo de
biocombustiveis. Além disso, a disponibilidade de carbono é um fator
determinante nos caminhos metabdlicos das microalgas, influenciando a sintese
de carboidratos, lipidios e proteinas. Dessa forma, o presente trabalho sugere
que a biomassa produzida em razées C/N mais baixas € mais rica em proteinas
e poderia ser direcionada para outros usos (como biofertilizante ou
bioestimulante), em vez de ser utilizada como matéria-prima para

biocombustiveis.

6.3.5. Perfil de acidos graxos

Na Figura 6.6 sdo apresentados os resultados obtidos do perfil FAME da
MB juntamente com as percentagens de acidos graxos saturados e insaturados
(UFAs) nas condigbes estudadas. Quinze acidos graxos diferentes foram
identificados, desde acidos graxos saturados (SFAs), acidos graxos
monoinsaturados (MUFAs) e acidos graxos poliinsaturados (PUFAs). Entre os
SFAs, os principais acidos graxos foram Acido Palmitico (C16:0) > Acido
Estearico (C18:0) > Acido Miristico (C14:0). O Acido Oleico (C18:1), também
conhecido como édmega-9, prevaleceu sobre os demais MUFAs. Entre os PUFAs,
destacaram-se o Acido y-Linolénico (C18:3) e o Acido Linoleico (C18:2), também
conhecidos como édmega-6 e dmega-3, respectivamente. A revisdo de literatura
conduzida por FERREIRA et al., (2019) apontou que o cultivo de microalgas em
aguas residuarias tende a gerar lipidios com maior teor de SFA e menor

proporg¢ao de acidos graxos insaturados.
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A andlise de variancias revelou diferenga significativas entre os
tratamentos para C16:0, C18:0 e C18:1. C16:0, sendo estatisticamente superior
em T3 (40,39%), seguido de T2 (35,78%) e T1 (29,23%). Além disso, o C18:0 foi
estatisticamente superior em T3 (10,08 %), seguido de T2 (4,51 %) e T1 (4,34
%). A alta contribuicdo de SFAs, como o C16:0 (26,90 — 24,90 %), C14:0 (24,86
- 20,84 %) e C12:0 (13,27 — 10,74 %) relatados nas pesquisas de SHARMA et
al., (2020), indicaram melhores caracteristicas para produg¢ao de biocombustivel.
Essa caracteristica estrutural os torna particularmente adequados para a
producdo de biodiesel, produzindo biocombustiveis com maior estabilidade
oxidativa (menos propensos a oxidagdo e degradacao ao longo do tempo,
aumentando sua vida util e desempenho), melhores propriedades de combustéo
e densidade energética aprimorada, embora apresentem pior desempenho em
climas frios, o que poderia ser superado com manuseio adequado ou adi¢cido de
aditivos.

Para MUFAs, o conteudo de C18:1 foi maior em T3 (22,57%), seguido por
T2 (20,88%) e T1 (18,45%), embora as diferengas entre T2 e T3 ndo tenham
sido estatisticamente significativas. Fatores como condi¢des de cultivo,
disponibilidade de nutrientes, temperatura, iluminacdo e fotoperiodo
desempenham papéis criticos na determinagao da composig¢ao de acidos graxos
(ANTO; PUGAZHENDHI; MATHIMANI, 2019; ARUTSELVAN et al.,, 2022;
SHARMA et al., 2020).

Estudos tém demonstrado que a privagao de nutrientes, particularmente
a limitagdo de nitrogénio, afeta significativamente os perfis de acidos graxos.
ANTO et al., (2019) relataram que sob privagdo de nitrato de sodio e ureia, a
composic¢ao de acidos graxos de Chlorella sp. foi representada por C16:0 (23,8—
23,67%) e C18:1 (22,71-23,12%), excedendo os valores observados sob
condi¢cbes médias padrao. Esses resultados apoiam as descobertas do presente
estudo, onde uma maior relacdo C/N aumentou o acumulo de SFAs e MUFAs.

O perfil de acidos graxos também é influenciado pelas espécies de
microalgas e pela escala de cultivo. Por exemplo, ARUTSELVAN et al., (2022)
observaram que o consorcio de microalgas (Chlorella vulgaris + Scenedesmus
dimorphus), cultivadas em efluentes de fabricas téxteis e curtumes exibiram
perfis de acidos graxos variados dependendo da escala de cultivo. O cultivo

conduzido indoor em escala laboratorial obteve o acido oleico com o principal
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acido graxo (31,24% e 39,85% efluente de Fabrica de Tecidos e efluente de
Curtume, respectivamente). Entretanto, para o C18:2 (n-6), observou-se uma
diferenca mais acentuada entre as aguas residuarias avaliadas, sendo 24,87%
e 1,85%, respectivamente. Adicionalmente, o cultivo outdoor em lagoa (30 litros)
alcangou 25,85% e 35,65% de C18:1 (n-9), respectivamente.

A composi¢cado do meio de cultura, particularmente no cultivo de aguas
residuarias, € um fator critico dos perfis de acidos graxos. Fatores como a
concentragcédo de nutrientes, presenga de matéria organica, suplementagdo com
CO2 e contaminantes podem influenciar no metabolismo das microalgas e na
producao e acumulo de acidos graxos (FERREIRA et al., 2019). Por exemplo,
MORENO-GARCIA et al., (2021) demonstraram que adicionar carbono organico
(glicerol) a um sistema de aguas residuarias mistas aumentou significativamente
a produgao de C16:0 e C18:0 enquanto reduziu C16:1. Além disso, a composicao
de nutrientes das aguas residuarias (por exemplo, concentragdes de N-NHs, P-
PO+, N-NO3 e TOC) impacta os perfis de acidos graxos, conforme observado
em seu estudo.

Os resultados indicam que varios fatores, incluindo a relacdo C/N, as
condigdes de cultivo e a composigao do meio, afetam significativamente os perfis
de acidos graxos. Uma relagao C/N mais alta favorece a producédo de SFAs e
MUFAs, aumentando a adequacéo de lipidios de microalgas para aplicagdes em

biocombustiveis.

6.4.Conclusao

A combinagdo de aguas residuarias municipais e industriais, com
proporcdes C/N controladas, demonstrou sua eficacia na promog¢ao do cultivo de
microalgas e producao de biocompostos em escala piloto. T1 (C/N 9,65) atingiu
a maior produgao de biomassa, com SSV e niveis de chl-a superiores, bem como
o maior teor de lipidios totais (14,44%) e lipidios neutros (10,90%), tornando-o
mais adequado para a produgao de biocombustiveis. Por outro lado, T2 (C/N
25,31) e T3 (C/N 52,71) favoreceram o acumulo de carboidratos, com teores de
18,44% e 21,09%, respectivamente, indicando o potencial para otimizacao de
biomassa direcionada com base nas necessidades de aplicacgao.

As perspectivas futuras incluem a ampliacéo de sistemas, a otimizacao de
parametros operacionais e a integragdo de abordagens de biorrefinaria para

recuperacao de varios bioprodutos. Explorar efluentes industriais alternativos,
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acoplar-se a tecnologias de captura de carbono e conduzir avaliagdes
econbmicas e de ciclo de vida aumentara ainda mais a viabilidade. Esses
avancgos destacam o potencial do cultivo de microalgas com base em aguas
residuarias como uma solugao sustentavel para recuperagdo de recursos e

produgao de biocombustiveis.
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7.1.Introduction

Microalgae biotechnology, a promising alternative that integrates nutrient
recovery with wastewater treatment, faces a significant challenge in biomass
harvesting. This challenge is due to the operational complexity, high energy
consumption, and elevated costs associated with conventional methods
(PEREIRA et al., 2024b). However, these alternatives are slower processes,
requiring chemical inputs that affect nutrient concentrations and increase salinity
(MORAIS et al.,, 2023b). In this context electrocoagulation (EC) technology
emerges as a promising method for efficient, rapid, and low-energy consumption
harvesting. The EC process, which occurs through the electrolytic oxidation of an
anode, releases ions that neutralize the negative electrostatic charges on the
microalgae surface, thus facilitating the harvesting (LUCAKOVA et al., 2022). The
efficiency of this method can be influenced by various factors, from operational
parameters to the characteristics of the wastewater used. Therefore, the study

aims to evaluate the performance of an EC reactor as a harvesting technology
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for microalgae cultivated in wastewater, investigating the impact of current

intensity, reaction time, and pH on the process.

7.2.Methodology

The microalgal biomass (MB) was cultivated using domestic wastewater
as the culture medium. This effluent was collected after passing through a septic
tank at a wastewater treatment plant. MB production was carried out in batch
mode in pilot-scale high-rate algae ponds (HRAPs). At the end of the batch, the
treated domestic wastewater presented the following characteristics: 10.15 mg L
' of dissolved oxygen; 679.62 uS cm™ of electrical conductivity; pH of 8.66;
569.22 mg L' of chemical oxygen demand; 12.57 mg L' of ammoniacal nitrogen;
and 6.34 mg L of total phosphorus.

The EC system consisted of a set of parallel aluminum (Al 99.9 %) plates,
connected in series, along with a 32 V power supply (Hikari brand). The EC tests
were performed to investigate the effect of operational parameters such as pH
(6, 7, and 8), electric current (1, 3, and 5A), and reaction time (3, 5, and 7
minutes), totaling 27 experimental units. The sample pH was adjusted with 0.1
mol L' NaOH or 0.1 mol L' H2SO4. The performance of the electrocoagulation
(EC) reactor was evaluated based on the aluminum content in the treated
effluent, following the methodology described in the Standard Methods for the
Examination of Water and Wastewater (APHA, 2012) method 3500-Al B. The
harvesting efficiency was assessed by measuring the optical density (OD) of the
liquid phase at 750 nm using a spectrophotometer (Hach DR3800) before and
after each experiment, following the procedure described by PARMENTIER et al.,
(2020).

The statistical analysis was conducted using Minitab® 17 software (trial
version). A multivariate regression analysis was performed to determine the
significance of the effects and their interactions, with a significance level of a =
0.05. Contour plots were generated to visualize the effects of pH, electrolysis
time, and current on the response variables: harvesting efficiency (HE) and
aluminum content (AC).

7.3.Results and Conclusions

The results of the multivariate regression analysis are presented in

Equations 01 and 02.
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HE =14.90 - 4.60 pH + 33.26 Electric current + 4.99 Time - 3.63
Electric current? Equation 01

AC =8.43 + 1.37 pH - 0.38 Electric current - 2.83 Time + 0,24 Time?
Equation 02

For the response variable HE (R 2 =94.49 %, p-valor < 0.001), the analysis
revealed that Electric Current was the main contributor to the model, explaining
79.03% of the variability, followed by Time with 17.73 %, and pH with 3.69 %. For
the response variable AC (R 2 = 64.26 %, p-valor < 0.001), pH had the highest
contribution, with 36.65 %, followed by Time (25.55 %) and Electric Current
(14.99 %).

The statistical analysis results show significant variations in harvest
efficiency and Al content as a function of time, current, and pH (Figure 1). It was
found that shorter periods and lower currents result in less dissolution of Al
electrodes. Consequently, this reduces effluent contamination and promotes
energy savings, which are essential for the environmental and economic
sustainability of the process. The highest harvesting efficiency (92.61%) was
observed at pH 8, an electric current of 5 A, and an operation time of 7 minutes.
The harvesting efficiency of traditional methods can reach 85% for chemical
flocculation and exceed 95% for centrifugation (MORAIS et al., 2023b).

Although centrifugation is a fast and efficient method, its main limitation is
the high energy consumption, along with operational and investment costs.
Therefore, centrifugation is not employed, especially when the final product does
not have a high market value. Therefore, sedimentation, flotation, and chemical
coagulation are more economical alternatives, especially in the context of
microalgae cultivated in wastewater. The search for emerging microalgae
harvesting methods is the focus of numerous studies. ASSIS et al., (2020)
proposed a hybrid reactor, composed of HRAP and a biofilm reactor, achieving a
harvesting efficiency of 61%. Bioflocculation with fungi, evaluated by SHITANAKA
et al., (2023), reached a harvesting efficiency of 80—85 % within 24 hours.

Several studies have been conducted to evaluate the performance of EC
in harvesting microalgae. (KHATIB et al., 2021) implemented a cylindrical
arrangement of interconnected electrodes, which significantly intensified the
reactor's electric field, minimized the Al electrode's passivation, and achieved a
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harvest efficiency of 96.18%. LUCAKOVA et al.,, (2022) investigated the
performance of a pilot-scale continuous EC reactor (with a working volume of 111
L and a flow rate of 240 L h-') for harvesting microalgae cultivated in synthetic
medium. The authors observed high harvesting efficiency (> 85%), low
contamination of the collected biomass, and significant energy savings.

The results of this research can drive the large-scale application of
microalgae biotechnology and enhance the value of wastewater resources. The
biomass generated from wastewater and harvested via EC is rich in valuable
compounds like lipids, carbohydrates, proteins, making it suitable as raw material
for biofertilizers and biofuels (ASSIS et al., 2020a; PEREIRA et al., 2024b). These
by-products have the potential to make wastewater treatment more sustainable,
both economically and environmentally.

Therefore, for the EC process, the analysis indicates that significant
variations in harvest efficiency are directly related to time, current, and pH.
Considering Al contamination, evidenced by the chemical reactions involved and
the need to minimize the content of this metal, is crucial for operating strategies
in reduced times and elevated pH. Thus, it is important to further the
understanding of the interactions between the studied variables to enhance the

efficacy of microalgae biomass harvesting and production.
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Figura 7.1. Electrocoagulation performance in terms of harvesting efficiency (A, B, and C) and aluminum content (D, E, and F) with
respect to the parameters observed in the study (electric current, pH, and time).
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8. CAPITULO V — OTIMIZACAO DA COLHEITA DE MICROALGAS
POR ELETROCOAGULACAO E ANALISE DA VIABILIDADE
AMBIENTAL

8.1.Introducao

Abiomassa de microalgas cultivada em aguas residuarias representa uma
oportunidade promissora para a recuperacgao de recursos no saneamento, além
de impulsionar a economia circular por meio da produg¢ao de biocombustiveis e
biofertilizantes. No entanto, a colheita dessa biomassa enfrenta desafios
significativos devido a sua complexidade operacional, ao alto consumo de
energia e aos custos elevados, especialmente quando s&o empregados métodos
convencionais (DASSEY; THEEGALA, 2014; LUCAKOVA et al., 2021b). Uma
alternativa é a eletrocoagulagao (EC) que pode proporcionar a colheita eficiente
de microalgas, entretanto o processo depende de diversos fatores como os
parametros operacionais, bem como as condigdes das aguas residuarias
utilizadas e a biomassa de microalgas cultivadas (SINGH; PATIDAR, 2018).

A colheita da biomassa de microalgas representa um dos principais
desafios técnicos na aplicacao da biotecnologia em aguas residudrias. Esse
processo é dificultado por fatores como a baixa concentracdo celular em
sistemas abertos (< 0,5 g L), a carga negativa da superficie celular, o reduzido
tamanho das células (3—30 pym) e a baixa densidade das microalgas em relagao
ao meio de cultivo (SINGH; PATIDAR, 2018). Dentre as tecnologias
convencionais empregadas para a colheita de microalgas, destacam-se a
centrifugacao e a coagulacao/floculacdo, amplamente utilizadas para diferentes
espécies. No entanto, a centrifugacdo demanda elevado consumo energético
(NAJJAR; ABU-SHAMLEH, 2020), enquanto a coagulagao/flotacao pode resultar
na superdosagem de coagulantes (ABOULHASSAN et al., 2016),
comprometendo a qualidade da biomassa e da agua residual, 0 que impacta
financeiramente e ambientalmente a etapa de colheita (FERREIRA et al., 2020;
WANG; OSHITA; TAKAOKA, 2021). Essas limitagdes reforcam a necessidade do
desenvolvimento de abordagens mais eficientes e sustentaveis para viabilizar a
recuperacao da biomassa em larga escala.
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A eletrocoagulacdo é uma abordagem inovadora para a colheita de
microalgas, que tem se apresentado eficaz na resolugcdo das limitagdes dos
métodos tradicionais. No caso da EC com eletrodos metalicos, dois fendmenos
principais ocorrem: (i) a oxidacdo do metal, que resulta na liberacdo de cations
metdlicos, os quais desestabilizam a carga negativa das microalgas,
neutralizando as forgas de repulsdo entre as particulas e favorecendo a sua
agregacao; e (ii) a flotagdo, que ocorre por meio da eletrélise da agua, gerando
bolhas de oxigénio e hidrogénio, as quais promovem a flotagdo dos agregados

formados na etapa anterior (Figura 8.1).

H,0 H,0
6 o, M¢ OH — Me(OH), Hz} ‘
=S ‘=
« H* OH

N\ e Precipitacio

Figura 8.1. Esquema da eletrocoagulacao.

A EC oferece vantagens no processo de colheita de microalgas, como a
auséncia de anions nocivos (PARMENTIER et al.,, 2020), baixo risco de
superdosagem e facil controle dos parametros operacionais (LUCAKOVA et al.,
2022; PRATAMA; HADIYANTO, 2024). Adicionalmente, € aplicavel a diversas
espécies de microalgas e pode reduzir os custos em até 89% em comparagao
com a centrifugacdo (LUCAKOVA et al.,, 2021b). Contudo, as principais
limitacbes sdo associadas ao consumo de energia, mudancas no pH e na
temperatura do efluente, e a possivel dissolucdo de metais, que podem
permanecer na biomassa e na agua residual do processo (KHATIB et al., 2021;
VISIGALLI et al., 2021). A grande variagdo dos parametros operacionais e a falta
de faixas ideais claras dificultam a avaliagdo tecno-econdémica dessa tecnologia

em relacao aos métodos convencionais.
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Embora as pesquisas tenham apresentado resultados promissores
(FIGUEIREDO et al., 2022; LUCAKOVA et al., 2022; PRATAMA; HADIYANTO,
2024), ainda é necessario otimizar o processo para aumentar a eficiéncia da
colheita e minimizar as concentragbes de metais, tanto na biomassa de
microalgas quanto na agua residual. Adicionalmente, os estudos sobre a colheita
de microalgas cultivadas em aguas residuarias sao limitados, sendo mais comum
na literatura a colheita de microalgas provenientes de meios sintéticos,
geralmente focando em uma unica espécie (LANDELS et al., 2019; LUCAKOVA
et al.,, 2022; PRATAMA; HADIYANTO, 2024; RAHMANI et al., 2017b). No
entanto, a pesquisa com microalgas cultivadas em aguas residuarias, em
substituicdo aos meios sintéticos, e com maior diversidade de espécies, torna os
resultados mais representativos para aplicagdes reais em tratamento de
efluentes. Nesse contexto, a aplicagdo da Avaliagdo do Ciclo de Vida (ACV) na
EC, pode permitir uma analise integrada da viabilidade e dos impactos
ambientais do processo, fornecendo subsidios para sua otimizagdo e
implementagdo em escala real.

Esta pesquisa tem como objetivo avaliar o desempenho de um reator de
EC, em escala de bancada para a colheita de microalgas cultivadas em aguas
residuarias, determinando os parametros operacionais e as condi¢des ideais de
funcionamento. A inovagao do estudo consiste na aplicagédo da metodologia de
superficie de resposta (MSR) para a otimizacdo da EC, combinando dois
objetivos: aumentar a eficiéncia de colheita de microalgas e minimizar a
contaminagao da biomassa e da agua residual no processo. Por fim, a viabilidade
ambiental do processo é avaliada para quantificar os impactos da EC,
comparando os cenarios técnico e otimizado, a fim de fornecer insights para
futuras pesquisas e viabilizar sua aplicagao em larga escala.

8.2 Material e Métodos

8.1.1. Producao de biomassa

A produgao de biomassa de microalgas foi realizada em uma lagoa de alta
taxa em escala piloto (Figura 8.2), localizada na &rea experimental do
Laboratdrio de Engenharia Sanitaria e Ambiental da Universidade Federal de
Vigosa, em Vigosa, Minas Gerais, Brasil. O meio de cultivo foi composto pela
mistura de aguas residuarias municipais (ARM) e proveniente da industria de
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sucos (ARIS) na proporgéo de 60:40 (v.v''), resultando em uma razédo C/N igual
a 9,65. A escolha da razdo C/N foi baseada nos resultados obtidos em estudo
anterior, onde verificou-se condi¢gdes para o maior acumulo de biomassa pelas

microalgas.

Figura 8.2 (a) Area Experimental, (b) Dimensdes da LAT utilizada para a
producdo de biomassa de microalgas.

O esgoto doméstico e a biomassa de microalgas produzida ao final da
etapa de cultivo foram caracterizados em termos de: nitrogénio total Kjeldahl total
(NTK), nitrogénio amoniacal (N-NH4"), nitrato (N-NOs"), fésforo total (P — soluvel
e total), demanda quimica de oxigénio (DQO - soluvel e total), solidos
suspensos volateis (SSV) e totais (SST). Esses parametros foram determinados
por meio de analises laboratoriais, conforme estabelecido no Standard Methods
for the Examination of Water and Wastewater (APHA, 2012). O Carbono Total

Dissolvido (CTD), o Carbono Organico Dissolvido (COD) e o Carbono Inorganico
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Dissolvido (CID) foram determinados por meio do analizador Shimadzu TOC
5000. Ja os parametros pH, condutividade elétrica (CE), temperatura e oxigénio
dissolvido (OD) foram determinados por meio da sonda multiparamétrica In-Situ
(modelo Aqua troll 500). As caracteristicas fisicas e quimicas de cada agua

residuaria, bem como da mistura sdo apresentadas na Tabela 8.1.

Tabela 8.1. Caracteristicas fisicas e quimicas das aguas residuarias brutas,

misturadas (60% ARM + 40% ARIS) e apds o tratamento em lagoas de alta taxa.

Aguas residuarias

Parametro 60% ARM + Efluente
ARM ARIS 40% ARIS Tratado
OD (mg L) 0,08 0.09 0,08 7.64
oH 7.33 715 7.20 9.45
CE 114061 342261 2053 41 1150,31
;%r;‘perat“ra 36,17 34,02 36,05 21,87
DQOs (mg L) 21800  2178,67 1002,27 211.92
DOQ (mg L) 23550 242200 1110,10 676,81
N-NHs* (mg L) 70,27 0,00 4216 0,00
N org (mg L™ 20,87 15,88 18,87 24,11
NKT (mg L) 91.14 15,88 61.03 24 11
NOs (mg L) 1,85 1,45 1,69 1,20
Ps (mg L) 15,51 413 10,96 1,65
P (mg L) 16,10 6.87 12,41 508
SSV (mg L) 2.08 140,42 57 42 367,50
SST (mg L) 40,00 162,92 8917 387,50
COD (mg L) 74.26 9058 406,88 4223
CTD (mg L) 14110  1016,00 491,06 130.,9
CID (mg L) 67.13 110,22 84.37 88.63
CIN 1,03 624.69 9.28 3519

' calculada com o Carbono Total Dissolvido (CTD) e a soma entre N-NOs™ e N-
NH4™.

Apos 16 dias de cultivo, a biomassa de microalgas foi analisada para
determinar a diversidade da comunidade fitoplancténica, bem como sua
composi¢cao elementar e imediata. A analise qualitativa do fitoplancton foi
realizada em nivel de género, conforme descrito por PARRA et al., (1982) e
KOMAREK; FOTT, (1983). Paralelamente, foi realizada a contagem de
individuos em camara de sedimentagdo, empregando um microscopio invertido
e seguindo o método de UTHERMOHL, (1958). A densidade dos organismos foi
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determinada segundo os critérios estabelecidos pela (APHA, 2012). A
caracterizagdo da comunidade fitoplanctdnica revelou Tetradesmus obliquus
como a espécie predominante, representando 45% (2.563.401 células mL™),
seguida por Pseudodidymocystis fina com 34%, Chlorella vulgaris com 19% e
Nitzschia sp. com 2%.

Os teores de C, H e N foram determinados por combustido seca em um
analisador elementar Perkin ElImer PE-2400, série I, com combustdo a 925 °C e
analise dos gases por cromatografia gasosa. O teor de S foi obtido pelo método
de extragdo com acido acético, conforme descrito por EMBRAPA, (2009). Os
resultados indicaram 47,72% de C, 8,33% de N, 6,73% de H, 36,50% de O e
0,72% de S. A analise imediata, conforme ASTM (2012), resultou em 11,36% de

umidade, 14,94% de cinzas, 62,08% de matéria volatil e 11,97% de carbono fixo.

8.1.2. Reator de eletrocoagulacao (EC)

O experimento de EC foi realizado em um reator em escala de bancada,
fabricado em acrilico, apresentando as seguintes dimensdes: 20,00 cm de altura;
20,00 cm de comprimento; e 18,00 cm de largura; o volume total de 7,20 litros e;
volume util de 6,00 litros. Os catodos e anodos sao constituidos por 6 placas de
Al com 99% de pureza, 1,50 mm de espessura; 15,50 cm de altura e 13,00 cm
de largura, conforme apresentado na Figura 8.3. Todos os experimentos foram

realizados com a mesma area imersa de eletrodo no meio, sendo a area

superficial de cada eletrodo igual a 178,75 cm 2.

Figura 8.3. Reator de eletrocoagulagéo e fonte de alimentacado DC (A); e
as dimensdes do eletrodo de aluminio.
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8.1.3. Operacao e monitoramento

Antes de cada ensaio de EC, os eletrodos foram imersos em H2S04 (15%
v v-') por 10 min, e lavados com agua deionizada com o objetivo de remover
residuos e/ou camada de oxidos. Em seguida, os eletrodos foram conectados
em paralelo por meio de um parafuso ndo condutor e posicionado verticalmente
no reator. A reagao eletroquimica ocorreu por meio da aplicagdo de corrente
continua utilizando fonte de alimentagdo 32V (marca Hikari, modelo HF-3205).
Apods o tempo de eletrolise, a fonte de alimentacao foi desligada e o efluente
permaneceu em repouso por 15 min. Em seguida, o efluente tratado (fase
liquida) foi coletado por meio de uma valvula de saida localizada a 5 cm do fundo,
na lateral inferior do reator. Posteriormente, a biomassa de microalgas foi
coletada por meio de raspagem manual.

Apo6s cada batelada experimental, a fase liquida foi caracterizada em
termos de DQO (total e soluvel), SSV, SST (APHA, 2012), além da determinagao
da densidade dtica (DO) via espectrofotémetro (HACH, DR3900). A apds
separacgao, a eficiéncia de colheita foi determinada, por meio dos parametros
SST e DO da fragao liquida. Também foram monitorados os parametros pH, CE,
temperatura e oxigénio dissolvido por meio da sonda multiparamétrica In-Situ
(modelo Aqua troll 500). Adicionalmente, o potencial zeta foi determinado
utilizando a metodologia adaptada de PANDEY et al.,, (2019) por meio do
equipamento Zetasizer Z90 (marca Malvern). Ao final de cada experimento de
EC, a biomassa de microalgas foi coletada, armazenada, congelada e, por fim,
liofilizada.

O teor de Al na fase liquida e na biomassa de microalgas foi determinado
por espectroscopia de absorgao atdmica. Antes da analise, a biomassa liofilizada
foi moida e submetida a digestdo com 10 mL de uma solugao de acido nitrico e
acido perclérico (4:1) em chapa aquecida a 200 °C, até a obtencao de um extrato
cristalino. Em seguida, o Al foi quantificado utilizando o e Espectrofotémetro de
Absorg¢ao Atdmica com ldmpadas monoelementares e multielementares (Agilent,
modelo 240FS).

8.1.4. Otimizacao estatistica da EFC
Os parametros operacionais para a colheita de microalgas por EC foram
otimizados utilizando a metodologia de superficie de resposta (MSR),

empregando um delineamento composto central rotacional (DCCR). O
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planejamento experimental e a andlise dos dados foram conduzidos no software
Minitab®. A selecdo dos fatores e seus niveis experimentais foi baseada em
referéncias da literatura e com base nos resultados apresentados no capitulo
anterior (Capitulo 1V).

Os parametros escolhidos para otimizacao foram o pH, a densidade de
corrente (DC) e o tempo de eletrélise (TE). As faixas de valores para DC (A m2)
e TE (min) foram determinadas a partir de estudos prévios sobre EC aplicada ao
tratamento de aguas residudrias e a colheita de biomassa microalgal. Ja& os
niveis de pH foram definidos com base no intervalo alcangado ao final do cultivo
das microalgas (entre 8 e 9). A Tabela 8.2 apresenta as variaveis independentes
investigadas e suas respectivas faixas de variacéo.

Tabela 8.2. Delineamento rotacional composto central usado para avaliar a
eletrocoagulacéo da biomassa de microalgas.

Nivel
Fator +a
-a (-1,68) -1 0 +1
(+1,68)
pH 6.32 7,00 8,00 9,00 9,68
Densidade de corrente
6,59 10,00 15,00 20,00 23,41
(A/m?)

Tempo de eletrélise (min) 23,18 30,00 40,00 50,00 56,82

O numero de ensaios (Ne) experimentais foi definido com base na
equacao 8.1:

Ne = 25 + 2k + nc Equacéo 8.1

Em que: k representa o numero de varidveis independentes, nc
corresponde ao numero de repeticdes no ponto central e Ne o numero de
ensaios.

Para este estudo, considerando k=3, foram realizadas 8 repeticées no
ponto central, 6 pontos fatoriais e 6 pontos axiais, totalizando 20 ensaios

experimentais. O valor do parametro alfa (a), correspondente a distancia axial

1
ou raio da regido experimental, foi calculado pela férmula (2%)z e fixado em 1,68,

garantindo a ortogonalidade rotacional do delineamento.
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As variaveis resposta analisadas incluiram a eficiéncia de colheita em
termos de sodlidos suspensos totais (SST) e densidade éptica (DO), a eficiéncia
de remogao da demanda quimica de oxigénio total (DQOt) e o teor de aluminio
na fase liquida e na biomassa colhida. A escolha dessas variaveis foi baseada
na literatura e na abordagem adotada no capitulo anterior. A inclusdo tanto do
SST quanto da DO se justifica pelo fato de serem medidas complementares da
presenca de sélidos, permitindo uma analise mais robusta do processo.

Apés as rodadas experimentais e obtencao dos resultados, a analise dos
dados foi conduzida por meio de abordagens estatisticas conforme descrito por
OLIVEIRA, (2022). Inicialmente, foi realizada uma analise de correlagdo que
consistiu na investigagdo das relacbes lineares das variaveis respostas
consideradas no estudo (Eficiéncia de remo¢édo em termos de DO (%); Eficiéncia
de remocao em termos de SST (%); Eficiéncia de remogéao em termos de DQO
(%); Concentragdo de Aluminio na fase liquida (mg L"); Teor de Aluminio da
Biomassa colhida (%)). Essas variaveis representam os objetivos da otimizacgao
pretendida a partir das variaveis de controle. Dessa forma, utilizou-se o
coeficiente de correlacao de Pearson, com um nivel de significancia de 95% (p
< 0,05). Esse procedimento permitiu a constru¢do de uma matriz de correlagao,
possibilitando a identificacdo de associagdes estatisticamente significativas entre
os parametros analisados. Dessa forma, correlacdes fortes foram classificadas
com coeficientes abaixo de - 0,7 ou acima de 0,7; moderadas entre - 0,7 e - 0,5
ou entre 0,5 e 0,7; fracas entre - 0,5 e - 0,3 ou entre 0,3 e 0,5; e negligenciaveis
entre - 0,3 e 0,3 (ANZG, 2018).

Adicionalmente, foi realizada a analise fatorial multivariada com o intuito
de reduzir a complexidade dos dados, agrupando observagdes semelhantes e
extraindo fatores latentes que explicassem a variabilidade observada. O método
de rotacdo Varimax foi utilizado para simplificar a interpretacdo das relagdes
entre as variaveis e os fatores extraidos. Em seguida, foi realizada uma analise
da similaridade entre as varidveis originais e os fatores rotacionados, usando a
técnica de agrupamento hierarquico de Ward, com base na correlagdo absoluta.
Isso ajuda a identificar padrdes de similaridade entre as variaveis e os fatores de
forma mais clara e objetiva.
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Em seguida, foram calculados os escores dos fatores rotacionados para
determinacao das equagdes de regressao para cada fator criado. Os valores
desejados para cada fator sdo ajustados individualmente, otimizando cada um
deles com o uso do algoritmo Gradiente Reduzido Generalizado (GRG). Esse
processo foi realizado utilizando a ferramenta Solver do Excel®, de forma a
maximizar a fungao objetivo, sujeita a restricdo apresentada na Equacgao 8.2:

xTx < o? Equacao 8.2

Em que x"x é a soma dos quadrados dos elementos e a (alfa) é a distancia
axial ou raio da regido experimental.

Apods a obtengao dos valores de cada variavel codificada, calculou-se as

variaveis decodificadas por meio da equacéao 8.3:

_ Vmax— Vmin
Vaecoa = Veentrar + Veoai * ( >

Equacéao 8.3
Em que Vdecos € a variavel decodificada; Veentrar € 0 valor central da
variavel; Vcod € 0 valor da varavel codificada; Vmax € o valor maximo da variavel,

Vmin € 0 valor minimo da varavel.

8.1.5. Avaliacao do ciclo de vida (ACV)

Para avaliar o desempenho ambiental do processo de EC, os potenciais
impactos ambientais foram quantificados por meio de ACV conduzida seguindo
as normas da Organizagao Internacional para Padronizagéo (ISO) para "Gestéo
Ambiental - Avaliagao do Ciclo de Vida", ISO 14040 - Principios e Estrutura e ISO
14044 - Requisitos e Diretrizes (ISO, 2006a, 2006b). A analise incluiu as
seguintes etapas: definicdo de objetivo e escopo, unidade funcional (UF),
descrigao e limites do sistema, inventario do ciclo de vida (ICV), avaliagao de
impacto e interpretacéao.

O objetivo foi investigar os potenciais impactos ambientais de um sistema
de EC para colheita de microalgas cultivadas em aguas residuarias. Para a
comparagao dos cenarios, adotou-se a UF de 1 g de biomassa colhida,
considerando somente a etapa de colheita de microalgas (Figura 8.4). O escopo
deste estudo incluiu a abordagem gate to gate, considerando dados
experimentais, material e entradas de energia, e emissdes de Al (OH)s para a
agua associadas a UF.
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Figura 8.4. Limite do sistema da avaliagado do ciclo de vida.

Adicionalmente, considerou-se a matriz energética brasileira, com base
no trabalho de FERREIRA et al., (2024). A ACV nao incorporou 0s potenciais
impactos ambientais relacionados ao transporte de materiais e insumos, bem
como a implementagcdo de infraestrutura e equipamentos necessarios a
operacao e ao fim de sua vida util.

O software SimaPro® (PRé Sustainability® BV, Holanda, versdo 9.4.0.2) e
o banco de dados Ecoinvent v.3.8. ReCiPe 2016 versdo 1.7, foram utilizados
para avaliar os impactos do ciclo de vida por meio do método midpoint (H) e
endpoint (H). A nivel de midpoint foram avaliadas as seguintes categorias de
impacto: aquecimento global, acidificagao terrestre; eutrofizagcao (agua doce e
marinha); ecotoxicidade (terrestre, agua doce e marinha); toxicidade humana
carcinogénica; escassez de recursos fésseis e consumo de agua. A nivel de
endpoint danos ambientais foram quantificados para Recursos Naturais, Saude
Humana e Qualidade do Ecossistema. Estas categorias foram observadas em
pesquisas relacionadas a colheita de microalgas (COLLOTTA et al., 2017;
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FERREIRA et al., 2020; LEOVAC MACERAK et al., 2024; SCHNEIDER et al.,
2018).
8.2. Resultados e discussao

8.2.1. Analise preliminar dos dados experimentais

A colheita de microalgas a partir da tecnologia de eletrocoagulacao (EC)
foi otimizada para as seguintes variaveis empregando um projeto estatistico
CCD: pH, densidade de corrente (DC, A/m?) e tempo de eletrolise (TE, min). Na
Tabela 8.3 sdo apresentadas a caracterizacdo inicial da biomassa de microalgas,
bem como as propriedades da agua residual do processo de EC e a biomassa
colhida apdés cada rodada experimental. Na Tabela 8.4 sdo apresentados os
resultados das analises de regressao para as variaveis respostas DO, SST,
DQO:, Al Lig € Al Bio, incluindo os respectivos coeficientes de determinacao e os
valores de p. Na Figura 8.5 sdo apresentados os graficos de contorno para cada

uma das regressoes.
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Tabela 8.3. Resultados da eletrocoagulacao para colheita de microalgas em funcdo dos parametros operacionais avaliados.

Variaveis de entrada

Variaveis resposta

DC TE DO SST DQO; Al 1 Al gio Cond P Temp OD Volt pHfinal
Tratamentos pH . Remocéao Remocéao Remocéao Remocao
A/m?  min - (%) mg/L (%) mg/L (%) mg/L (%) mScm?' mv °C mglL V -
Biomassa - - - 1,21 - 371,67 - 674,05 - - - 1,36 -18,96 21,87 2,46 - 9,45
1 8,0 6,59 40,0 064 4729 270,00 27,03 246,25 50,65 14,36 9,84 1,32 -18,67 22,27 3,40 0,00 8,42
2 8,0 1500 40,0 025 79,16 156,67 57,66 244,17 51,07 10,99 1256 1,30 -16,10 22,23 2,76 4,88 8,83
3 90 20,00 30,0 045 6269 227,50 32,43 206,67 62,17 32,30 15,75 1,29 -18,50 22,13 2,48 7,22 8,95
4 8,0 1500 40,0 0,16 8658 130,00 61,39 146,25 73,23 23,51 12,11 1,35 -13,30 24,01 1,68 5,38 9,17
5 70 20,00 30,0 0,15 87,56 151,50 59,05 116,50 76,65 26,25 14,63 1,38 -13,40 22,18 2,85 6,02 9,04
6 8,0 1500 40,0 0,24 79,99 13250 60,64 150,42 7246 10,26 11,35 1,27 -16,63 23,87 1,91 496 8,96
7 9,68 15,00 40,0 055 5495 21167 37,13 281,67 48,44 34,05 15,48 1,20 -19,07 23,45 1,89 5,92 9,38
8 9,0 20,00 50,0 0,29 7579 164,44 60,13 24525 75,46 26,39 15,08 1,29 -14,47 22,30 2,50 0,00 9,32
9 8,0 1500 40,0 0,27 7793 148,13 64,09 191,08 80,88 9,67 11,80 1,31 -15,77 23,35 1,58 5,19 8,80
10 8,0 1500 56,82 0,23 80,81 159,17 61,41 272,75 72,71 2454 1540 1,39 -15,03 21,58 1,47 5,31 9,19
11 8,0 1500 23,1 0,49 59,89 174,38 57,73 272,75 72,71 10,01 10,77 1,33 1790 2229 1,66 5,19 8,71
12 6,32 15,00 40,0 0,02 98,60 32,56 91,14 172,75 73,48 0,63 13,64 1,67 -12,50 23,23 1,43 442 7,13
13 70 10,00 50,0 0,13 89,62 84,17 75,00 105,25 80,73 5,79 11,99 1,50 -15,07 23,88 1,88 0,00 8,46
14 8,0 1500 40,0 0,21 82,46 115,71 68,51 105,25 83,84 17,91 13,89 1,34 -16,50 26,02 1,65 4,84 8,62
15 9,0 10,00 30,0 0,70 42,19 28500 22,45 383,58 41,12 9,60 8,48 1,35 -18,60 22,66 1,55 3,80 8,99
16 8,0 1500 40,0 0,23 81,14 133,57 63,65 129,00 80,20 1589 12,70 1,36 -19,33 2229 1,19 4,84 9,08
17 70 20,00 50,0 0,12 89,79 13533 67,19 12942 87,05 12,77 16,17 1,35 -13,37 21,87 155 6,12 9,00
18 9,0 10,00 50,0 0,39 6796 23250 36,73 227,75 65,04 31,22 1553 1,34 -19,67 22,90 1,74 3,55 9,22
19 8,0 2341 40,0 0,24 80,07 246,67 32,88 130,25 80,01 30,58 10,27 1,38 -15,10 23,33 1,59 6,83 9,20
20 70 10,00 30,0 030 7529 160,63 61,06 20525 79,46 1,55 8,52 1,32 11,77 23,79 223 3,72 7,45

Nota: DC = Densidade de correntes; TE= Tempo de Eletrdlise; DO = Densidade 6tica; SST = Sdlidos Suspensos Totais; DQOt

Demanda Quimica de Oxigénio total; Al Liq = Aluminio presente na fase liquida; Al Bio = Aluminio presente na biomassa; Cond

Condutividade; P zeta = Potencial Zeta; Temp = Temperatura; OD = Oxigénio Dissolvido; Volt = Voltagem.
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Tabela 8.4. Equacdes de regressao para as variaveis respostas.

Equacio R? p-valor
1

DO (%) = 89,80 -23,39 pH +10,16 DC +1,66 TE -0,2093 94,68% <0,001
DC?2-0,00287 TE2 +0,279 pH.TE* -0,0620 DC.TE*
SST (%) =180,5-30,94 pH +5,41 DC +0,515TE -0,4519 93,61% <0,001
DC? +1,080 pH.DC
DQOt (%) =123,4 - 8,95 pH +1,235 DC 49,81% 0,003
Al Liq (mg/L) = -20,7 -4,47 pH +2,77 DC -0,57 TE* + 83,37% <0,001
0,0959 DC? +0,312 pH.TE* - 0,1131 DC.TE
Al Bio (%) =34.1 -13,46 pH* +2,093 DC+ 0,503 TE +0,871 76,03% 0,002

pH?2 -0,0289 DC? -0,0242 DC.TE

Nota: DO = Densidade 6tica; SST = Sélidos Suspensos Totais; DQOt = Demanda

Quimica de Oxigénio total; Al Liq = Concentragéo de aluminio na agua residual

do processo de EC; Al so = Teor de Aluminio na biomassa colhida; DC =

Densidade de corrente elétrica; TE = tempo de eletrdlise.
' p-valor da ANOVA para cada equagéo.

* Termos da equagao com p-valor > 0,05.
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Figura 8.5. Gréfico de contorno das variaveis de resposta eficiéncia de colheita (DO e SST), remocao de DQO, teor de aluminio na
fase liquida (AlLiq) € na biomassa (Alsio) em funcao de diferentes parametros de operacao.
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8.2.2. Eficiéncia de colheita e remocao de matéria organica

Os resultados das equacdes de regressdao demonstram como as variaveis
de resposta foram influenciadas pela densidade de corrente elétrica (DC), pelo
tempo de eletrdlise (TE) e pelo pH. Entretanto, os resultados evidenciam a
influéncia negativa do pH na solubilizagao do aluminio e, consequentemente, na
eficiéncia da EC, refletida pelos coeficientes negativos observados nas
equacodes de DO, SST e DQO.

A equacao de eficiéncia de colheita, baseada na densidade éptica (DO,
%), apresentou um alto coeficiente de determinagéo (R ? = 94,68 %) indicando
uma boa explicagcéo da variagdo dos dados, com valores de eficiéncia de colheita
oscilando entre 22,45% e 91,14 %. Aremocgao de solidos suspensos totais (SST,
%) também foi bem modelada (R 2 = 93,61 %), sendo reduzida pelo pH e
favorecida pelo aumento da DC e do TE, com valores oscilando entre 42,19% e
98,60 %. Comparando com outras tecnologias de colheita, FERREIRA et al.,
(2020) observaram eficiéncia de colheita de 87,00 % durante a sedimentagéo
gravitacional e 99,58 % acoplando o reator de biofilme seguido de sedimentagéo
gravitacional.

Esses resultados sao consistentes com os observados por Pratama e
Hadiyanto (2024), que avaliaram diferentes eletrodos durante a EC em pequena
escala (0,5 L, 30 min, sem controle de corrente, e area imersa de 65,6 cm?). O
Al teve 97,34 % de eficiéncia, ficando atras apenas do Mg (98,70 %), com base
na densidade 6ptica.

A demanda quimica de oxigénio total (DQOt, %), relacionada a remogéao
de matéria organica, teve menor ajuste (R 2 = 49,81 %), sugerindo a influéncia
de fatores n&o contemplados no modelo. O aumento do pH reduziu a eficiéncia
da remocgao, enquanto a DC teve efeito positivo, sem impacto significativo do TE,
com valores variando de 41,12% a 87,05%. Aremogao de matéria organica € um
dos principais focos de estudos que utiizam a EC como tecnologia de
tratamento, sendo aplicada em diversos tipos de aguas residuarias, sendo
também importante no contexto do presente trabalho (AL-QODAH et al., 2024;
ASEFAW et al., 2024; COIMBRA et al., 2021; FARHAN ABBASS; AMOOEY;
YASIR ALJABERI, 2024).

Nesse sentido, a eficiéncia maxima de 98,75 %, relatada por ASEFAW et

al., (2024) com EC e eletrodos de Al em efluentes de café, foi alcangada a pH 7,
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onde as condic¢des favoreceram a formacéao de flocos de hidroxido. COIMBRA et
al., (2021) também destacaram o impacto do pH na aplicagéo de EC em filtrados
de branqueamento de polpa kraft, observando que um aumento de uma unidade
no pH exigiu um aumento de 15 vezes na densidade de corrente para atingir
50% de biodegradabilidade (DBOs/DQO) da matéria organica dissolvida.
DEVLIN et al., (2019) avaliaram a EC no tratamento de aguas residuarias
municipais, obtendo remog¢éo de DQO de 68% com eletrodos de Al, 30—40% com
Fe e 27% com Mg. Entretanto, quando comparada com o sulfato de aluminio, a
remogao de DQO foi semelhante a do processo de EC nao otimizado, sugerindo
que este pode atingir resultados comparaveis a adigdo de sal metalico (DEVLIN
et al., 2019). Isso reforga a necessidade de otimizar o processo para melhorar a
eficiéncia técnica e econbmica em comparacio as técnicas convencionais, tanto

no tratamento de aguas residuarias, quanto na colheita de microalgas.

8.2.3. Concentracao de Aluminio na biomassa e na agua residual

Para que o processo de EC seja aplicado como tecnologia de colheita de
microalgas é necessario que a concentragdo de metais seja o mais baixa
possivel, principalmente devido aos efeitos tanto no meio ambiente, quanto na
saude humana. Conforme apresentado na Tabela 8.4 e em concordancia com a
Lei de Faraday, a concentracdo de Al na biomassa de microalgas e na agua
aumentou com o tempo de eletrdlise e a densidade de corrente.

Na analise de regressao, os coeficientes dessas variaveis (TE e DC)
apresentaram valores positivos, indicando que ambas influenciam diretamente o
acumulo de Al tanto na biomassa quanto na agua residual. Esse comportamento
era esperado, alinhando com as hipoteses estabelecidas. A configuragéo das
placas e hidrodinamica do reator, bem como as caracteristicas das microalgas e
do meio, como a temperatura, pH e salinidade, também podem impactar no
desempenho (VISIGALLI et al., 2021). Adicionalmente, a liberagéo de hidréxido
de aluminio (Al(OH)3) durante a EC pode contribuir para passivagao do eletrodo,
reduzindo a eficiéncia do processo (KHATIB et al., 2021). A passivagdo do
eletrodo € um processo quimico onde forma-se uma camada de 6xido na
superficie do eletrodo, tornando-o menos reativo.

Na literatura recente, diversos trabalhos relatam diferentes teores de
metais na biomassa e na agua residual do processo. O estudo realizado por

FAYAD et al., (2017) avaliou o comportamento de diferentes densidades de
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corrente (4,80 e 6,70 mA cm™2) no acumulo de Al ao longo do tempo. Os autores
observaram concentragdes de Al entre 0,5 e 3,0 mg/L na agua residual e de 0,9
a 2,0% na biomassa, identificando o tempo de operacédo e a densidade de
corrente como os principais fatores que influenciam esse acumulo. KHATIB et
al., (2021) também avaliaram o desempenho da EC utilizando hastes cilindricas
e placas paralelas, além de avaliar diferentes densidades de corrente (20, 30, 40
e 50 mA cm). A contaminagdo de Al foi superior na operagdo com hastes
cilindricas para todas as densidades de corrente avaliadas. Os autores também
observaram que a medida que a densidade de corrente aumentou de 40 para 50
mA cm, o teor de aluminio nas algas diminuiu de 17,02 para 15,48 mg/g, devido
a passivagao do eletrodo.

Existem alternativas e configuragdes dos reatores e eletrodos que podem
minimizar a contaminacdo de metais. O moddulo composto por eletrodos
concéntricos assimétricos avaliado por HAWARI et al., (2020) conseguiu reduzir
em 52% o teor de Al, operando a 7,1 mA cm? e 30 min de reagdo, em
comparagdo com o0s eletrodos cilindricos concéntricos simétricos.
Adicionalmente, a presenca de Al na biomassa colhida pode comprometer sua
aplicagdo, pois adiciona massa e volume de residuos indesejados, exigindo
remogao e possivel reciclagem. LANDELS et al., (2019) demonstraram que o
tratamento com EC, seguido de lavagem com tampao para remocéao de Al ndo
influenciou significativamente os niveis de lipidios, mas a auséncia de lavagem
reduziu os niveis de FAME. Os autores também investigaram a aplicagdo da
biomassa colhida na produgdo de biocombustiveis via liquefagao hidrotérmica
(HTL). Entretanto, os autores notaram uma reducdo de temperatura,
possivelmente devido a decomposicdo endotérmica do Al(OH)s, e uma leve
diminuicdo na produgéo de bio-6leo, com aumento na producéo da fase gasosa,
sugerindo que a presencga de Al favorece a formagao de COx.

Portanto, é essencial otimizar a EC para minimizar a liberagao de Al, bem
como desenvolver tecnologias para melhorar a sua recuperag&o. Isso minimiza
impactos ambientais e evita efeitos toxicos na biomassa e suas aplicacdes, além

de tornando o processo mais sustentavel e econémico.

8.2.4. Condutividade elétrica, potencial zeta
Na Figura 8.6 apresenta-se os valores da condutividade elétrica e

potencial zeta mensurados apds cada rodada experimental. A condutividade
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elétrica do efluente influencia a eficiéncia da EC, podendo reduzir o consumo de
energia quando é elevada (GAO et al., 2010; KRISHNAMOORTHY et al., 2021;
PATEL et al., 2025). No presente estudo, a condutividade elétrica inicial do meio
de cultivo foi de 1,36 mS cm2. A medida que se reduziu o pH inicial, foi observado
um aumento dos valores de condutividade, indicando a dissolugdo de sais
metalicos no meio de cultivo e, consequentemente, aumentando a eficiéncia do
processo de EC.

LUCAKOVA et al., (2022) relataram valores entre 0,23 e 0,43 mS cm™' em meios
sintéticos, enquanto cultivos de microalgas marinhas em meio salino atingem
cerca de 62.53 mS cm™' (KHATIB et al., 2021).
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Figura 8.6. Potencial zeta e condutividade ap6s os ensaios de EC, em diferentes
valores de pH.

A variacdo do pH também influenciou o potencial zeta das células de
microalgas. Em pH entre 6 e 7, observou-se uma redugcdo nesse parametro,
indicando a diminuigdo da carga negativa das células. Isso pode favorecer a
agregacgao celular e a formagdo de flocos pela neutralizagdo das cargas
superficiais. FAYAD et al., (2017) observaram que o valor, em moddulo, do
potencial zeta é maior em pH mais elevado e diminui com a redugao do pH.

Os valores do potencial zeta variaram entre -11.77 a -19,67 mV para as
diferentes configuragdes experimentais avaliadas, sendo que a biomassa inicial
apresentou valores iguais a -18,96 mV. O potencial zeta € um parametro que
indica a estabilidade de dispersdes coloidais, medindo a repulsao eletrostatica
entre particulas de mesma carga, sendo definido como a diferenga de potencial

entre a superficie da particula e a solugdo em massa (FAYAD et al., 2017). Dessa
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forma, células de microalgas com potencial zeta acima de +30 mV ou abaixo de
-30 mV sao altamente estaveis, enquanto valores baixos de potencial zeta
(proximos a zero) geram instabilidade e favorecem a aglutinagdo das células
(KRISHNAMOORTHY et al., 2021; VISIGALLI et al., 2021).

8.2.5. Modelos de otimizacao e superficie resposta

A matriz de correlacédo de Pearson (Tabela 8.5) indica a forca e a direcéao
das relagcbes entre as interacOes analisadas. Valores positivos indicam

correlacao direta, enquanto valores negativos indicam correlagao inversa.

Tabela 8.5. Matriz de correlagao de Pearson pareadas.

DO (%) SST (%) DQOt(%) AlLiq(mg/L)
SST (%) 0,841
DQOt (%) | 0,769 0,676
AlLig (mg/lL)| -0,202*  -0,519  -0,155*

Al Bio (%) 0,317* 0,204* 0,168* 0,558
*Correlagbes com p-valor > 0.05.

Os resultados da matriz de correlagdo mostram como as diferentes
variaveis relacionadas a eficiéncia de remogao se relacionam entre si. A forte
correlagdo positiva entre a eficiéncia de remogao de DO e a eficiéncia de
remocgao de SST (0,841) indica que a remogao da biomassa contribui significante
para a SST. Da mesma forma, a eficiéncia de remog¢ao de DO também esta
correlacionada com a eficiéncia de remogao de DQO (0,769), demonstrando que
a biomassa pode estar contribuindo para a carga organica do meio e que sua
remocao favorece a redugdo da DQO. Além disso, a relagao positiva entre a
eficiéncia de remocgao de SST e DQO (0,676) reforga essa ideia, sugerindo que
a remogao de solidos também auxilia na remogao de matéria organica.

Por outro lado, a concentragdo de Al na fase liquida apresenta uma
correlagao negativa com a eficiéncia de remocéao de SST (-0,519), indicando que,
a medida que a concentracao de Al aumenta, a eficiéncia de remocao de SST
tende a diminuir. Além disso, verificou-se correlagdes negativas, embora mais
fracas, entre a concentracado de Al na fase liquida e, as eficiéncias de remoc¢ao
de DO (-0,202) e DQO (-0,155). Isso sugere que o Al dissolvido pode ter um leve
impacto negativo na remocado da biomassa e da carga organica. Por fim, a
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correlagcao positiva entre o teor de Al na biomassa colhida e a concentracéo de
Al na fase liquida (0,558), pode indicar que parte do Al dissolvido no meio pode
estar sendo adsorvido ou incorporado pela biomassa. Esse comportamento era
esperado, pois reflete a liberacédo de Al presente no eletrodo, durante o processo
de EC. Os resultados da analise fatorial rotacionada sdo apresentados na Tabela
8.6.

Tabela 8.6. Cargas fatoriais rotacionadas e itens comuns rotacao
Varimax.

Variavel Fator 1 Fator 2 Fator Comum
DO (%) 0,938 0,156 0,903
SST (%) 0,945 -0,113 0,906
DQOt (%) 0,853 0,102 0,738
Al Lig (mg/L) -0,395 0,864 0,902
Al Bio (%) 0,241 0,892 0,854
% Var 0,543 0,318 0,861

Os resultados indicam dois fatores principais que explicam 86,10% da
variancia total dos dados. O fator 1 foi melhor representado pelas variaveis DO
(%), SST (%) e DQOt (%), indicando que essas variaveis estdao fortemente
relacionadas entre si. Além disso, o fator 1 foi responsavel por 54,30 % da
variagao total dos dados. Essas variaveis estdo interligadas no processo de
tratamento, uma vez que a remoc¢ao da biomassa esta diretamente associada a
reducdo de SST e matéria organica, e consequentemente, da DO. Enquanto
isso, o fator 2 foi melhor representado pelas variaveis AlLiq € Algio, sendo
responsavel por 31,80 % da variagéo total dos dados. Isso pode ser um indicativo
de que a presenca do Al na fase liquida e sua incorporagcdo na biomassa sao
aspectos secundarios, mas ainda relevantes.

Adicionalmente, a coluna "Comum" indica a propor¢ao da variancia de
cada variavel explicada pelos fatores extraidos na analise fatorial. Dessa forma,
a comunalidade reflete o quanto uma variavel é representada pelos fatores
comuns, sendo uma medida fundamental para entender a estrutura subjacente
dos dados. Os valores elevados de comunalidade indicam que a maior parte da
variancia da variavel foi explicada pelos fatores identificados, reforcando a

adequacgao do modelo fatorial.
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Na Figura 8.7 é apresentado o Dendrograma de ligagdo de Ward com o
resultado da analise de agrupamento hierarquico, mostrando a similaridade entre

variaveis com base na distancia do coeficiente de correlagao.
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Figura 8.7. Dendrograma de ligagcao de Ward.

O dendrograma indica que as variaveis podem ser agrupadas em dois
conjuntos principais, cada um com caracteristicas semelhantes. O Grupo 1 é
composto por DO (%), SST (%), DQOt (%) e F1, enquanto o Grupo 2 inclui Al
Lig (mg/L), Al Bio (%) e F2. Além disso, a grande diferenga entre os grupos é
evidenciada pela altura da jungéo, sugerindo uma baixa similaridade entre os
grupos.

A partir dos resultados observados na andlise fatorial e na analise de
cluster, optou-se por estabelecer uma regressao de F1 em funcao das variaveis
de controle iniciais, representando de forma integrada as condigbes de
otimizacdo para as variaveis DO (%), SST (%) e DQOt (%). De forma
semelhante, foi realizada uma regressao de F2 em fungéo das mesmas variaveis
de controle, representando as condi¢cdes de otimizacédo para o Al na biomassa e
o Al na agua residual.

A Equacéo 8.4 e Equacéo 8.5 representam respectivamente as equacoes
de regressao do fator 1 (F1) e fator 2 (F2), em unidades nao codificadas, e na
Tabela 8.7 sdo apresentados os respectivos coeficientes de determinacédo. No
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Apéndice IV, é possivel observar os resultados da analise de variancia de F1 e
F2.

F1 = 0,376 -0,853pH +0,373DC +0,394 TE -0,0438 pH? -0,4526 CE?
- 0,0548 TE?+ 0,233 pH . DC + 0,169 pH . TE - 0,063 DC . TE Equagéo 8.4

F2 =-0,237 + 0,520 pH + 0,637 CE + 0,457 tempo + 0,226 pH? + 0,005 DC? +
0,116 TE2- 0,197 pH . DC + 0,215 pH . TE- 0,595 DC . TE Equagdo 8.5

Tabela 8.7. Coeficientes de determinacao dos modelos de fator 1 (F1) e do fator
2 (F2).

Soma de R?2
Equacao Quadrados do R? f - Valor p -Valor
(ajustado)
Modelo (SQ)
F1 17,6126 92,70% 86,13% 14,11 0,000
F2 16,4781 86,73% 74,78% 7,26 0,002

A anadlise de variancia (ANOVA) realizada para o fator 1 confirmou que o
modelo ajustado é estatisticamente significativo (p-valor = 0,000). O valor de F
elevado e o p-valor menor que 0,001 indicam que pelo menos uma das variaveis
independentes (pH, DC e TE) influencia significativamente a variavel resposta
F1. Dentre os fatores analisados, o pH apresentou o maior impacto, com um
coeficiente negativo na equacéao de regressao. Isso significa que o aumento do
pH resulta em uma reducao de F1. Ja a DC e o TE apresentaram coeficientes
positivos, indicando que o aumento dessas variaveis esta associado ao
crescimento de F1. Em relagdo aos termos quadraticos, apenas o efeito
quadratico da DC foi estatisticamente significativo, sugerindo que a relagao entre
CE e F1 nao é linear. Esse resultado pode indicar a existéncia de um ponto 6timo
de DC, no qual a maximizagéao de F1 ocorre, seguido por uma possivel redugéo
caso a variavel continue aumentando.

De forma semelhante, a ANOVA realizada para o fator 2 confirmou que o
modelo ajustado é estatisticamente significativo (p-valor = 0,002). Entre os
efeitos lineares, a DC apresentou mais influéncia sobre o fator 2, com p-valor =
0,001, seguido do pH (p-valor = 0,003) e TE (p-valor = 0,007), indicando que as
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variaveis influenciaram significante F2 de forma linear. Entretanto, os efeitos
quadraticos ndo apresentaram significancia, sugerindo que a relagdo entre as
variaveis e o fator 2 pode ser predominantemente linear.

As variaveis foram agrupadas em dois fatores que s&o inversamente
proporcionais. Dessa forma, a otimizagdo do processo buscou maximizar as
variaveis agrupadas em F1 (DO, SST e DQOt) e, simultaneamente, minimizar as
variaveis agrupadas em F2 (Alvio € AlLig). Para isso, a minimizagéo da fungéo F2
foi realizada conforme as restrigbes da Equagao 8.6, considerando a igual a
1,682. Em seguida, a maximizagdo da fungdo F1 seguiu as restrigbes da

Equacao 8.7, garantindo que as restricbes de F2 permanecessem inalteradas.
Minimizar E [F2 (x,z)], sujeito a restrigdo x'x < a2 Equacéao 8.6

Maximizar E [F1 (x,z)], sujeito a restricdo x'™x < a2 e T(F2) = F2

Equacao 8.7

A otimizagdo em dois fatores definiu o ponto 6timo nas condi¢des de pH
7,60, densidade de corrente de 8,41 A m2 e tempo de eletrolise de 30,37
minutos. A aplicagdo desses valores nas equagdes de regressédo apresentadas
(Tabela 8.4) resultou em: eficiéncia de remoc¢éo de DO de 74,79%, remocgao de
SST de 43,62%, remocao de DQO de 65,79%, concentragdao de Al de 1,20 mg
L-' nas aguas residuarias e teor de Al na biomassa de microalgas igual a 6,76%.
Esses resultados indicam um equilibrio entre eficiéncia de colheita de biomassa
e minimizagao da contaminacgao por Al.

Por outro lado, quando a otimizagdo considera somente as variaveis
agrupadas em um fator (F1), o ponto étimo foi verificado em condigdes diferentes
(pH 6,33, densidade de corrente de 14,89 A-m™2 e 42,21 minutos de operacgao).
Nessa situacdo, as eficiéncias foram superiores em termos de remocao:
143,32% de DO, 88,50% de SST e 85,10% de DQO. No entanto, a concentracao
de Al atingiu 1,75 mg L' na agua residual e o teor de Al na biomassa chegou a
14,57%, o que representa um aumento de 115,67% em comparagao ao cenario
de otimizacdo em dois fatores.

Analisando esses dois cenarios, observa-se que a otimizacido em um fator
(F1) apresenta melhor desempenho na remocédo de matéria orgénica. Esse

resultado é evidenciado por sua maior eficiéncia em DQO, parametro que pode
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estar relacionado a remocgé&o de biomassa de microalgas (RYU et al., 2018). No
entanto, essa otimizacdo resulta em uma contaminagdo por Al
consideravelmente maior. Em termos percentuais, a remogao de DQOt no
cenario F1 foi 29,36 % superior, mas gerou uma contaminagéo por Al cerca de
duas vezes maior na biomassa.

Adicionalmente, vale ressaltar que, de acordo com a lei de Faraday,
maiores tempos de operagao e maiores densidades de corrente aumentam tanto
0 consumo energético quanto a liberagdo de Al no meio. Dessa forma, a
otimizacdo em dois fatores (F1 + F2) equilibra a eficiéncia de colheita de
microalgas e a minimizagcao da contaminagao por Al, ainda que com menor
eficiéncia de remogdo de DQO em relagio ao cenario de
otimizagao em um fator.

Esses resultados estdo em concordancia com as observacoes de FAYAD
et al., (2017). Para evitar que a concentragéo de Al na agua ultrapasse 2 mg L'
e, simultaneamente, manter seu teor na biomassa microalgal abaixo de 1%, a
EC precisou ser conduzida com menor tempo de eletrolise e menor densidade
de corrente, afetando a colheita de microalgas. Com essa abordagem, os autores
observaram a concentracao de Al na fase liquida foi reduzida para 1,2 £ 0,1 mg
L ', enquanto o teor de Al na biomassa atingiu apenas 0,9 + 0,1%, minimizando
significativamente a contaminacgao tanto da agua residual quanto da biomassa.

Para o parametro de SST, foi observado melhor desempenho na
otimizagcao com 1 fator, devido ao maior tempo de reacédo e maior densidade de
corrente aplicados nesse cenario. Essa variavel também é importante para a
avaliagao do desempenho do processo, sendo utilizada para acompanhar o
desempenho da EC no tratamento de efluentes (ANUF et al.,, 2022).
Adicionalmente, maiores tempos de operacédo e maiores densidades de corrente
aumentam tanto o consumo energético quanto a liberagdo de Al no meio,
impactando diretamente no desempenho econbmico da operagao
(JEEVANANDAM et al., 2020). Dessa forma, a otimizagao em dois fatores (F1 +
F2) equilibrou a eficiéncia de colheita de microalgas e a minimizagdo da
contaminagao por Al, ainda que com menor eficiéncia de remog¢ao de SST em

relagdo ao cenario de otimizagao em um fator.

177



8.2.6. Viabilidade ambiental

O Inventario do Ciclo de Vida é apresentado na Tabela 8.8, com todas as
entradas e saidas expressas em termos de unidade funcional (1 g de biomassa
colhida), juntamente com os processos de fundo do banco de dados Ecoinvent
usados para modelar a colheita.

Tabela 8.8. Inventario de Ciclo de Vida dos cenarios

Descricao do processo Unid Ci Cc2 C3 C4

Biomassa colhida (unidade funcional g 1 1 1 1

Electricity, high voltage {BR}| production
mix | APOS, S MJ 2,28 0 16,79 0

Electricity, low voltage {MX]}| electricity
production, photovoltaic, 570kWp open MJ 0 2,23 0 16,79
ground installation, multi-Si | APOS, S

Aluminium, cast alloy {RoW}| treatment of 1389 1382
aluminium scrap, new, at refiner | APOS, mg 72,52 72,52 6’ 6’
S

Emissao de Hidréxido de aluminio mg 4,90 4,90 1,90 1,90

(Al(OH)z3) para a agua 103 103 108 103

Nota: C1 = Cenario com EC otimizada; C2 = Cenario com EC + energia

fotovoltaica; C3 = Cenario com EC; C4 = Cenario com EC + energia fotovoltaica.

Na Figura 8.8 s&o apresentados os resultados da Normalizagdo por
categoria de impacto, expressa em Eco-point, enfatizando impactos ambientais
de midpoint e endpoint. Resultados detalhados de Caracterizagao e
Normalizacédo sao fornecidos nos Arquivos Suplementares (Apéndice V e
Apéndice VI).
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Figura 8.8. Resultados normalizados a nivel mid point (A) e end point (B),
para os cendrios avaliados: Colheita otimizada (C1); Colheita otimizada +
energia fotovoltaica (C2); Colheita ndo otimizada (C3); Colheita ndo otimizada +
energia fotovoltaica (C4).

A otimizacdo dos cenarios resultou em uma diminuigdo do consumo de
energia no sistema de EC e, ao incorporar o uso de energia fotovoltaica,
observou-se uma redugdo significativa dos impactos ambientais, tanto no
cenario otimizado quanto no nao otimizado. Entre as categorias de impacto mais
relevantes, destaca-se a toxicidade humana carcinogénica, cujos maiores

valores normalizados foram observados no cenario C4 (5,99x1072), seguido por
179



C3 (3,06x107%), C2 (7,98x107™*) e C1 (4,09x10™). No que se refere a
ecotoxicidade, o cenario C4 também apresentou valores elevados, sobretudo
para agua doce (2,51%x1073), marinha (1,96x1072) e terrestre (5,95x107%).

Outro ponto critico evidenciado pelos resultados foi o consumo de
recursos fosseis, especialmente no cenario C3 (2,32x107*), indicando forte
dependéncia de fontes ndo renovaveis. Na categoria de aquecimento global,
destacaram-se os cenarios C3 (1,18x107%) e C4 (4,58x107°), que apresentaram
emissdes mais elevadas de gases de efeito estufa. De modo geral, os impactos
observados relacionam-se mais ao consumo energético do que a emissao de Al
pelos eletrodos.

Nesse contexto, ficou evidente que a mudancga na fonte de energia teve
efeito marcante na reducéo dos impactos, sobretudo em nivel endpoint (Figura
8.8). Mesmo com maiores valores de toxicidade humana carcinogénica em nivel
midpoint, a adogado de energia fotovoltaica diminui o impacto geral sobre o
indicador de Saude Humana em nivel endpoint, pois esse nivel de avaliagao
integra diversas categorias simultaneamente.

Por outro lado, o uso de placas fotovoltaicas elevou alguns impactos nas
categorias de toxicidade e ecotoxicidade. PIOTROWSKA et al., (2022) discutiram
essa questao ao comparar energia fotovoltaica e edlica, enfatizando a influéncia
das emissdes de cromo (particularmente sais de acido crdmico VI) na agua,
amplamente utilizados em industrias metalurgicas, quimicas e de construgéo,
bem como na fabricagdo de pigmentos, polimeros e vidros. Assim, niveis
significativos de emissdes desse elemento sao registrados no ciclo de vida tanto
de usinas edlicas quanto fotovoltaicas, sobretudo na etapa de producao dos
materiais e componentes.

No contexto de aplicacdo pratica, MACERAK et al., (2024) analisaram a
EC aplicada ao tratamento de efluentes domésticos, indicando que melhorias
ambientais podem advir principalmente do uso de fontes renovaveis de energia
e da substituicdo de materiais de eletrodos convencionais por alternativas mais
sustentaveis. Ja LI et al., (2024) compararam Al, Fe e Mg como materiais de
eletrodo, concluindo que o Al apresenta os menores impactos associados. Dessa
forma, para o avango na redugao de impactos, faz-se necessario avaliar tanto a
adocao de energias limpas quanto o uso de ligas ou materiais mais inovadores

e ambientalmente amigaveis para os eletrodos. Ainda assim, o principal desafio
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continua sendo 0 consumo energético e seus processos associados, reforgando
a importancia de fontes renovaveis para a minimizagao dos impactos ambientais.

Na Figura 8.9 séo apresentados os resultados da avaliagdo de impactos no nivel

de pontuagao uUnica, expressa em milipontos (mPt).

Figura 8.9. Pontuacgao unica, a nivel end point, para os cenarios avaliados:
Colheita via EC otimizada (C1); Colheita via EC otimizada + energia fotovoltaica
(C2); Colheita via EC nao otimizada (C3); Colheita Via EC nao otimizada +
energia fotovoltaica (C4).

Aintroducé&o da energia fotovoltaica no cenario otimizado resultou em uma
reducdo de aproximadamente 39,30 % no impacto ambiental. Além disso, a
analise da contribuicdo dos processos no ciclo de vida revelou que o consumo
de energia é o principal fator determinante para a viabilidade ambiental da
colheita de microalgas. De fato, a energia representou entre 99,70 % (C2) e
99,95 % (C3) dos impactos totais do sistema, destacando a importancia de fontes
energéticas mais sustentaveis na mitigacao dos impactos ambientais associados
ao processo. Em contrapartida, o Al representou entre 0,05 % (C3) a 0,30 % (C2)
do total de contribuigdo no processo.

Esses resultados corroboram com o observado por Ll et al., (2024), que
realizaram uma avaliagao de ciclo de vida para comparar os eletrodos de Al, Fe
e Mg no tratamento de aguas residuarias. O estudo indicou que o coeficiente de

sensibilidade da energia elétrica de entrada foi maior para o eletrodo de Al
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(0,8873), sugerindo que a energia elétrica € mais critica do que a massa do
eletrodo.

Uma estratégia eficaz para aprimorar o desempenho energético e
ambiental do sistema € a recuperagéo do hidrogénio gerado durante o processo
de EC. O gas hidrogénio (Hz), coproduto da eletrélise da agua, ocorre juntamente
com o gas oxigénio (Oz2) e pode ser aproveitado como uma fonte de energia
renovavel, reduzindo a dependéncia de fontes fésseis. Nos estudos realizados
por RAHMANI et al., (2017) durante a colheita de Chlorella pyrenoidosa via EC,
o rendimento de Hz representou entre 10% e 19% da demanda energética do
processo. Portanto, a recuperagao desse coproduto n&do sé contribui para
atender parte da demanda energética, como também melhora a eficiéncia

ambiental do sistema, promovendo uma abordagem mais sustentavel.

8.2.7. Perspectivas Futuras e Direcoes para Pesquisas em EC

As perspectivas futuras de pesquisa para melhorar a colheita de
biomassa, via EC, apontam para varias dire¢cdes promissoras. Por exemplo, a
variavel concentragdo de biomassa desempenha um papel crucial no
desempenho do processo de eletrocoagulagdo, ja que concentracbes mais
baixas resultam em uma eletrocoagulacdo menos eficiente, exigindo mais
poténcia/energia para ser concluida (PECHSIRI et al., 2023). Pesquisas futuras
podem explorar o impacto da concentragcdo de biomassa na eficiéncia do
processo, especialmente considerando que podem ocorrer flutuagdes nessa
variavel. Compreender a relacdo entre a concentracdo de biomassa e o
desempenho do processo € fundamental, principalmente em cenarios de
ampliagao de escala, onde essas variagdes podem se tornar mais significativas.

Outro aspecto relevante é a recuperacao de H, durante o processo de EC,
uma estratégia que pode agregar valor ao sistema e otimizar sua eficiéncia.
Pesquisas futuras podem focar no desenvolvimento de estratégias para
maximizar a recuperacao de Hz. Esse avango pode contribuir para a viabilizagao
econdmica de tecnologias de EC e para a redugdo dos impactos ambientais
associados a geracao de energia.

Diferentes configuragbes de células de EC e o uso de materiais
alternativos, como eletrodos nao sacrificiais, para eletrodos também devem ser
investigados, visando otimizar a colheita de biomassa e reduzir os requisitos

energéticos do processo. A modificagdo e o aprimoramento das configuragdes
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de EC, aliados a selecdo de materiais de eletrodos mais eficientes, podem
aumentar a eficiéncia do processo, minimizando a poténcia necessaria para
operagao e ampliando a viabilidade técnica e econémica da tecnologia.

Assim, as pesquisas futuras devem concentrar-se no aprimoramento da
eficiéncia energética e da sustentabilidade dos processos de EC, visando torna-
los escalonaveis e viaveis em larga escala. Isso inclui otimizar o uso de
biomassa, recuperar subprodutos como o Hgz, integrar fontes de energia
renovaveis e adogado de materiais ecologicos. Alcangar esses objetivos €
essencial para garantir que 0 processo seja economicamente viavel,
energeticamente eficiente e ambientalmente sustentavel, permitindo sua
aplicagdo em escala industrial e contribuindo para a transigao para tecnologias

mais limpas e eficientes.

8.3.Conclusao

Este estudo investigou a otimizag&do da colheita de microalgas utilizando
a tecnologia de EC, com foco na eficiéncia e viabilidade ambiental do processo.
O pH apresentou o maior coeficiente nas regressdes, influenciando de forma
significativa tanto a eficiéncia da colheita (DO e SST) quanto a solubilizagao do
Al. A pesquisa evidenciou a dificuldade de conciliar dois fatores concorrentes: a
contaminagao por Al com a eficiéncia da remocao. Isso porque a maior eficiéncia
na remogao de biomassa e matéria organica ocorre em condigdes que também
favorecem a liberagao de Al na fase liquida e na biomassa. O estudo reforgou a
necessidade equilibrar esses fatores e garantir a viabilidade técnica e ambiental
da biomassa colhida.

Contudo, a aplicagdo da metodologia de superficie de resposta permitiu
identificar as condi¢gdes operacionais ideais para a EC (pH 7,60, densidade de
corrente igual a 8,41 A m? e 30,37 minutos de operagdo). Os principais
resultados mostraram que otimizacdo em dois fatores pode conciliar a eficiéncia
de colheita de microalgas e a minimizagdo da contaminacéo por Al, ainda que
com menor remocao em termos de DQO e SST em comparagao a otimizagao
em um fator. Em comparagdao com um cenario de otimizagao considerando um
fator (pH 6,33, densidade de corrente de 14,89 A m? e 42,21 minutos), tempos
de eletrdlise mais longos e densidades de corrente mais altas aumentam o
consumo de energia e a liberagao de Al, podendo comprometer a viabilidade do

processo.
183



Quanto a viabilidade ambiental do sistema, a ACV mostrou que a
otimizacdo do processo e a integracdo de energia fotovoltaica reduziram
significativamente os impactos ambientais, principalmente as categorias de
saude humana. O consumo de energia foi identificado como o principal fator de
impacto, representando entre 99,70 % e 99,95 % dos impactos totais. A adogéo
de fontes renovaveis de energia, como a fotovoltaica, reduziu os impactos em
39,30 %, destacando a importédncia de estratégias sustentaveis para a
viabilidade ambiental do processo. As pesquisas futuras devem, portanto, focar
na otimizagao energética, na reutilizagdo de subprodutos como o hidrogénio e
no desenvolvimento de diferentes configuracbes de eletrodos que reduzam a
liberacdo de contaminagao, tornando a tecnologia mais sustentavel e aplicavel

em larga escala.
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9. CONCLUSOES GERAIS

Este estudo demonstrou que o cultivo de microalgas em aguas
residuarias, aliado a otimizagdo de tecnologias de colheita, pode impulsionar
tanto a produgao de bioprodutos quanto o tratamento de efluentes. A adequacéao
da razédo C/N, combinando aguas residuarias municipais e industriais, aumentou
a concentracao de clorofila-a em até 1,54 vezes (C/N 7,52) em comparagao ao
uso exclusivo de esgoto doméstico (C/N = 1,75). Além disso, a razdo C/N de
30,67 aumentou o teor de lipidios (26,39 %) e carboidratos (30,07 %), enquanto
a razao intermediaria (7,52) favoreceu a producao de proteina (33,00 %). Com o
aumento da escala e a investigagdo em lagoas de alta taxa em escala piloto, a
razdo C/N de 9,65 resultou em maior teor proteico (25,37 %), e a de 52,71
promoveu o acumulo de acidos graxos saturados (C16:0 em 40,39 % e C18:0
em 10,08 %), indicando potencial para rotas de biocombustiveis. Contudo, é
fundamental continuar a otimizacdo de parémetros operacionais e integrar
abordagens de biorrefinaria para a recuperagado de multiplos bioprodutos.

No que se refere a colheita, a otimizacao da eletrocoagulacédo consolidou-
se como etapa-chave para tornar a produgédo de biomassa atrativa. A aplicacao
da Metodologia de Superficie de Resposta permitiu ajustar as variaveis de pH,
densidade de corrente e tempo de operacdo para conciliar dois fatores
concorrentes: contaminacgao por aluminio e eficiéncia da colheita. As condigdes
ideais de operacao foram observadas em pH 7,60, densidade de corrente igual
a 8,41 Am=2 e 30,37 minutos, equilibrando eficiéncia de colheita e minimizagao
da contaminagao por aluminio (1,20 mg L ™" nas aguas residuarias e 6,76 % na
biomassa). Além disso, a avaliacao de ciclo de vida indicou que o0 consumo de
energia elétrica é a principal fonte de impactos ambientais, recomendando-se,
portanto, o uso de fontes renovaveis para mitigar esse efeito. Esses resultados
reforcam a necessidade de estudos de escalonamento e analise econdmica do

processo para viabilizar a aplicagéo da tecnologia em larga escala.
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10. SUGESTOES PARA PESQUISAS FUTURAS

Os resultados deste estudo evidenciaram o potencial do cultivo de
microalgas em aguas residuarias combinadas e da eletrocoagulagdo como
método de colheita. Embora as microalgas possam ser uma alternativa
promissora para o0 manejo sustentavel de efluentes, ainda existem desafios a
serem superados. As futuras pesquisas devem priorizar a otimizacdo da
composi¢cdo do meio de cultivo e a selecdo de linhagens mais eficientes de
microalgas para desenvolver cepas com maior estabilidade fisioldgica. Além
disso, é essencial aprofundar o estudo da simbiose entre microalgas e bactérias
para aprimorar a eficiéncia do tratamento de efluentes e melhorar o acumulo de
compostos durante o cultivo. Esses avancos sao decisivos para impulsionar a
produtividade das microalgas, aprimorar a eficiéncia dos processos de
tratamento, viabilizar a produg¢ao de bioprodutos e consolidar a biotecnologia de
microalgas como uma solugao estratégica para o saneamento ambiental.

No contexto da tecnologia de eletrocoagulagdo para a colheita de
microalgas, ainda € necessario superar desafios para viabilizar sua aplicagédo em
larga escala de forma econdmica e ambientalmente sustentavel no ambito das
biorrefinarias de microalgas. Dessa forma, as pesquisas futuras devem
concentrar os esforgos na investigagao de diferentes configuragdes do reator,
para reduzir o consumo energético e minimizar problemas como a passivagao
dos eletrodos. Adicionalmente, a investigacdo de diferentes materiais de
eletrodos, incluindo anodos alternativos como magnésio, zinco, carbono e ago
inoxidavel, considerando sua durabilidade, eficiéncia na remogao de biomassa e
menor impacto na qualidade final da biomassa colhida e do efluente tratado. O
desenvolvimento de modelos preditivos que integrem aspectos técnicos,
econbmicos e ambientais pode ser uma alternativa para melhorar a
compreensao da viabilidade da EC.

Por fim, a integracédo dessas estratégias no contexto de biorrefinarias de
microalgas deve priorizar abordagens que considerem n&o apenas o potencial
da biomassa para a producdo de biocombustiveis, biofertilizantes e outros
bioprodutos de valor agregado, mas também a compatibilidade com aspectos

técnico-econémicos e ambientais, garantindo a viabilidade dos processos.
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Editor: Qilin Wang Microalgae biomass has attracted attention as a feedstock to produce biofuels, biofertilizers, and pigments.
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ARTICLE INFO ABSTRACT

Keywords: Municipal wastewater (MW) and industrial wastewater from juice processing (IWJ) were blended in different
Microalgae proportions to assess the effect of the carbon/nitrogen (C/N) ratio on pollutant removal, microalgal biomass
Biomass

(MB) cultivation, and the accumulation of carotenoids and biocompounds. MB development was not observed in
S treatments with higher C/N ratios (>30.67). The wastewater mixture favored the removal of dissolved organic
Wastewater treatment carbon (75.61 and 81.90%) and soluble chemical oxygen demand (66.78-88.85%), compared to the treatment
C/N ratio composed exclusively of MW (T7). Treatments T3 and T6 (C/N ratio equal to 30.67 and 7.52, respectively)
showed higher Chlorophyll-a concentrations, 1.47 and 1.54 times higher than T7 (C/N ratio 1.75). It was also
observed that the C/N ratio of 30.67 favored the accumulation of carbohydrates and lipids (30.07% and 26.39%,
respectively), while the C/N ratio of 7.52 improved protein accumulation (33.00%). The fatty acids C16:0,
C18:1, C18:2, and C18:3 had the highest concentrations. Additionally, increasing the C/N ratio can be an effi-
cient strategy to improve the production of fatty acids for biofuels, mainly due to the increased concentration of
shorter-chain fatty acids (C16:0). These findings suggest that blending wastewater not only enhances treatment
performance but also increases the accumulation of valuable carbohydrates and lipids in MB, and optimizes fatty
acid production for biofuel applications. This research represents significant progress towards feasibility of using
MB produced from wastewater.

Nutrients removal

medium with a more favorable carbon/nitrogen (C/N) ratio, enhancing
MB cultivation performance.

The interaction between algae and bacteria improves the efficiency
of biological nitrogen (N) and phosphorus (P) removal and effectively
reduces aeration energy consumption (Yu et al., 2024). However, the
availability of C, N, and P can vary between different types of waste-
water and, consequently, influence microalgae development (Xie et al.,
2019b) and biocompound accumulation (Ferreira et al., 2024; Liang
et al., 2023). Wastewater from different sources has been used as a
cultivation medium for MB, including MW (Assis et al., 2017; Gao et al.,
2022; Khan et al., 2022), swine wastewater (Cheng et al., 2017; Oliveira
et al., 2023a, 2023b; Qu et al., 2019), agro-industrial sector (Pereira
et al., 2021; Silva et al., 2021; Wu et al., 2019), and brewery industry
(Gamaetal.,, 2023; Zheng et al., 2018). However, the composition of the
culture medium plays a fundamental role in biomass production and

1. Introduction

Microalgal biomass (MB) production can be effectively integrated
into wastewater treatment due to the abundance of nutrients and
organic matter, which is crucial for the symbiotic interactions between
microalgae and bacteria. Moreover, the MB produced at the end of this
process can be utilized in biofertilizer and biofuel production pathways
(Castro et al., 2023; Pereira et al., 2024), enhancing the valorization of
sanitation resources (Liyanaarachchi et al., 2021; Pereira et al., 2023).
However, several challenges can impact MB production performance,
such as carbon (C) limitation, which is commonly reported in municipal
wastewater (MW) (Moreno-Garcia et al., 2019; Xie et al., 2019a). A
viable alternative is to co-treat MW with other types of wastewater that
have a higher carbon concentration. This approach can provide a
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Highlights:

. Operating conditions (pH 6, 7, 8), time (3, 5, 7 min), and electric current (1, 3, 5 A) were
assessed;

. The process performance was evaluated based on harvest efficiency and aluminum content;

. Highest harvesting efficiency (92.61%) achieved at pH 8, 5A electric current, and 7-minute

operation time.
Keywords: Microalgae; Wastewater; Electrocoagulation.

INTRODUCTION

Microalgae biotechnology, a promising alternative that integrates nutrient recovery with wastewater
treatment, faces a significant challenge in biomass harvesting. This challenge is due to the operational
complexity, high energy consumption, and elevated costs associated with conventional methods
(Pereira et al., 2024). However, these alternatives are slower processes, requiring chemical inputs that
affect nutrient concentrations and increase salinity (Morais et al., 2023). In this context
electrocoagulation (EC) technology emerges as a promising method for efficient, rapid, and low-energy
consumption harvesting. The EC process, which occurs through the electrolytic oxidation of an anode,
releases ions that neutralize the negative electrostatic charges on the microalgae surface, thus facilitating
the harvesting (Lucakova et al., 2022). The efficiency of this method can be influenced by various
factors, from operational parameters to the characteristics of the wastewater used. Therefore, the study
aims to evaluate the performance of an EC reactor as a harvesting technology for microalgae cultivated
in wastewater, investigating the impact of current intensity, reaction time, and pH on the process.

METHODOLOGY

The microalgal biomass (MB) was cultivated using domestic wastewater as the culture medium. This
effluent was collected after passing through a septic tank at a wastewater treatment plant. MB
production was carried out in batch mode in pilot-scale high-rate algae ponds (HRAPs). At the end of
the batch, the treated domestic wastewater presented the following characteristics: 10.15 mg/L of
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Analise de variancia do fator 1 (F1)

Fonte GL SQ (Aj.) QM (Aj.) Valor F Valor-P
Modelo 9 17,6126 1,95696 14,11 0,000
Linear 3 13,9666 4,65553 33,56 0,000
pH 1 9,9468 9,94684 71,70 0,000
CE 1 1,9027 1,90269 13,71 0,004
tempo 1 2,1171 2,11707 15,26 0,003
Quadrado 3 2,9534 0,98446 7,10 0,008
pH*pH 1 0,0276 0,02761 0,20 0,665
CE*CE 1 2,9519 2,95189 21,28 0,001
tempo*tempo 1 0,0433 0,04333 0,31 0,589
Interacdo com 2 Fatores 3 0,6927 0,23089 1,66 0,237
pH*CE 1 0,4333 0,43330 3,12 0,108
pH*tempo 1 0,2276 0,22756 1,64 0,229
CE*tempo 1 0,0318 0,03181 0,23 0,642
Erro 10 1,3874 0,13874
Falta de ajuste 5 0,7120 0,14239 1,05 0,478
Erro puro 5 0,6754 0,13508 * *
Total 19 19,0000

Analise de variancia do fator 2 (F2)
Fonte GL SQ (Aj.) QM (Aj.) Valor F Valor-P
Modelo 9 16,4781 1,83090 7,26 0,002
Linear 3 12,0905 4,03017 15,98 0,000
pH 1 3,6965 3,69646 14,66 0,003
CE 1 5,5379 5563795 21,96 0,001
tempo 1 2,8561 2,85610 11,33 0,007
Quadrado 3 0,8736 0,29120 1,15 0,374
pH*pH 1 0,7351 0,73512 2,91 0,119
CE*CE 1 0,0004 0,00035 0,00 0,971
tempo*tempo 1 0,1953 0,19532 0,77 0,399
Interacdo com 2 Fatores 3 3,5140 1,17134 4,64 0,028
pH*CE 1 0,3111 0,31110 1,23 0,293
pH*tempo 1 0,3699 0,36994 1,47 0,254
CE*tempo 1 2,8330 2,83298 11,23 0,007
Erro 10 2,5219 0,25219
Falta de ajuste 5 1,6099 0,32197 1,77 0,274
Erro puro 5 0,9120 0,18240 * *
Total 19 19,0000
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16. APENDICE V
Caracterizacao - Midpoint
Categoria de
impacto Unidade C1 C2 C3 C4
0,12566 0,04871 0,94533 0,36624
Aquecimento global kg CO2 eq 1 5 4 9
Acidificacao 0,00063 0,00021 0,00475
terrestre kg SO2 eq 2 8 5 0,00164
Eutrofizacao de 0,00013 0,00024
agua doce kg P eq 1,80E-05 3,20E-05 5 1
Eutrofizacao 0,00025
marinha kg N eq 3,38E-05 3,55E-06 4 2,66E-05
Ecotoxicidade 0,18477 1,20274 1,37972 9,04084
terrestre kg 1,4-DCB 8 9 1 9
Ecotoxicidade de 0,00132 0,00842 0,00978 0,06321
agua doce kg 1,4-DCB 8 8 3 8
Ecotoxicidade 0,00181 0,01136 0,01336
marinha kg 1,4-DCB 4 8 6 0,08527
Toxicidade
carcinogénica 0,00421 0,00821 0,03156 0,06164
humana kg 1,4-DCB 7 4 1 4
Escassez de 0,03026 0,01268 0,22768
recursos fésseis kg oil eq 5 5 1 0,09537
0,01256 0,00156 0,09457 0,01177
Consumo de agua m3 9 7 8 5
Normalizacao - Midpoint
Categoria de impacto C1 C2 C3 C4
Aquecimento global 1,57E-05 6,09E-06 1,18E-04 4,58E-05
Acidificacao terrestre 1,54E-05 5,32E-06 1,16E-04 4,00E-05
Eutrofizacdo de agua doce 2,78E-05 4,93E-05 2,08E-04 3,70E-04
Eutrofizacdo marinha 7,33E-06 7,69E-07 5,52E-05 5,78E-06
Ecotoxicidade terrestre 1,22E-05 7,91E-05 9,08E-05 5,95E-04
Ecotoxicidade de agua doce 5,27E-05 3,35E-04 3,88E-04 2,51E-03
Ecotoxicidade marinha 417E-05 2,61E-04 3,07E-04 1,96E-03
Toxicidade carcinogénica humana  4,09E-04 7,98E-04 3,06E-03 5,99E-03
Escassez de recursos fosseis 3,09E-05 1,29E-05 2,32E-04 9,73E-05
Consumo de agua 4,71E-05 5,88E-06 3,55E-04 4,42E-05
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17. APENDICE VI

Pontuacao unica - Endpoint

Categoria de danos Unidade C1 C2 C3 C4

Total mPt 4900 2,973 36,829 22,328

Saude humana mPt 4608 2,843 34,632 21,347

Ecossistemas mPt 0,220 0,108 1,656 0,811

Recursos mPt 0,072 0,023 0,541 0,170
Caracterizacao - Endponit

Categoria de impacto Unidade C1 C2 C3 C4

Aquecimento global, Saude

humana DALY 1,17E-07 4,52E-08 8,78E-07 3,40E-07

Agquecimento global,

Ecossistemas terrestres species.yr 3,52E-10 1,36E-10 2,65E-09 1,03E-09

Aguecimento global,

Ecossistemas de agua doce species.yr 9,61E-15 3,73E-15 7,23E-14 2,80E-14

Deplecéao do 0z6nio

estratosférico DALY 1,86E-10 1,16E-11 1,40E-09 8,69E-11

Radiacao ionizante DALY 9,97E-11 3,10E-11 7,50E-10 2,33E-10

Formacdo de ozénio, Saude

humana DALY 2,06E-10 1,17E-10 1,55E-09 8,83E-10

Formacao de particulas finas DALY 1,33E-07 6,62E-08 1,00E-06 4,98E-07

Formacao de 0zonio,

Ecossistemas terrestres species.yr 3,03E-11 1,74E-11 2,28E-10 1,31E-10

Acidificacao terrestre species.yr 1,34E-10 4,63E-11 1,01E-09 3,48E-10

Eutrofizagao de agua doce species.yr 1,21E-11 2,15E-11 9,07E-11 1,61E-10

Eutrofizacdo marinha species.yr 5,74E-14 6,03E-15 4,32E-13 4,53E-14

Ecotoxicidade terrestre species.yr 2,11E-12 1,37E-11 1,57E-11 1,03E-10

Ecotoxicidade de agua doce species.yr 9,21E-13 5,83E-12 6,78E-12 4,37E-11

Ecotoxicidade marinha species.yr 1,91E-13 1,20E-12 1,40E-12 8,96E-12

Toxicidade carcinogénica

humana DALY  1,40E-08 2,73E-08 1,05E-07 2,05E-07

Toxicidade n&o carcinogénica

humana DALY 1,06E-08 2,93E-08 7,82E-08 2,19E-07

Uso da terra species.yr 2,51E-10 1,42E-10 1,89E-09 1,07E-09

Escassez de recursos minerais USD2013 5,25E-05 0,000147 0,00039 0,001104

Escassez de recursos fosseis  USD2013 0,010015 0,003026 0,07535 0,022747

Consumo de agua, Saude

humana DALY  1,49E-09 2,26E-09 1,12E-08 1,70E-08

Consumo de agua,

Ecossistema terrestre species.yr 3,16E-11 1,45E-11 2,38E-10 1,09E-10

Consumo de agua,

Ecossistemas aquaticos species.yr 2,94E-14 9,64E-16 2,22E-13 7,25E-15
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