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RESUMO

0ZONIO FLOTACAO NA COLHEITA DE MICROALGAS CULTIVADAS EM
EFLUENTE SANITARIO

AUTORA: Gislayne Alves Oliveira
ORIENTADOR: Elvis Carissimi
COORIENTADOR: Rafael Teixeira Rodrigues

A falta de tratamento dos efluentes sanitérios acarreta diversos problemas, tanto de satde publica como
problemas ambientais. E pode ser reduzido utilizando esse efluente sanitario como fonte de nutrientes
para crescimento de microalgas. Além de proporcionar o tratamento da agua, reduzir custos, as
microalgas também podem ser utilizadas para diversos fins, como a producdo de biocombustiveis. No
entanto, um dos maiores desafios para 0 uso de microalgas € o método de colheita, por ndo ser vantajoso
em termos de custos. Dentre os métodos de colheita encontram-se a coagulagdo/floculagdo e a 0z6nio
flotacdo. O primeiro é um método de colheita de baixo custo, mas que necessita a adi¢ao de coagulantes,
geralmente com metais, que podem provocar a contaminagéo da biomassa colhida restringindo seu uso
posterior. A ozonio flotacdo agrega as propriedades fisicas da flotacéo e a acdo oxidante do 0z6nio que
em contato com as células propiciam a colheita, liberam biomoléculas, inclusive as proteinas que sdo
consideradas biosurfactantes reduzindo a possibilidade de coalescéncia das bolhas de oz6nio. A
formac&o das bolhas é um dos pardmetros mais importantes na flotagdo pois influenciam no tempo de
reacdo na coluna, na probabilidade de colisdo e captura das microalgas. O objetivo geral do presente
trabalho consistiu em avaliar parametros que influem na ozonio flotagdo em sistema trifasico (efluente
sanitario — microalgas — bolhas de ozbnio) visando a separacdo de microalgas cultivadas em agua
residual para geragdo de biocombustivel. E também, para a 0zonio flotac&o foi determinada a influéncia
da vazdo de ozbnio, altura da coluna e concentragdo de biomassa inicial no tamanho das bolhas de ozénio
em sistema trifasico (efluente sanitario— microalgas — 0zénio). Os resultados mostraram que a microalga
Scenedesmus obliquus cultivadas em um reator de alta taxa é eficiente na remogao de nutrientes da 4gua
residual, obtendo completa remogéo de nitrogénio amoniacal, remocéo de 93% para nitrogénio total e
61% de ortofosfato. Quanto a comparacao entre coagulacdo/floculacdo e ozdnio flotacdo, na colheita
com o0z0nio se obteve melhores resultados de qualidade da agua para a maioria dos parametros (NHs-N,
NTK, nitrato e nitrito), exceto para ortofosfato. Tambeém foi obtida a maior recuperagdo de lipideos,
carboidratos e proteinas que foram de 0,32 + 0,03, 0,33 + 0,025 e 0,58 + 0,014 mg/mg de biomassa. Ao
contrério da coagulacdo/floculacdo que houve uma menor recuperacdo de 0.21 mg de lipideos/mg de
biomassa e 0,12 — 0,23 mg de proteina/mg de biomassa. Quanto a eficiéncia de colheita para
coagulacao/floculacao foi obtida até 98% utilizando 2 g de sulfato de aluminio/ L e para 0zonio flotacéo
se obteve até 91.5% quando aplicado uma concentracdo de Oz de 0,16 mg de Os/mg de biomassa. A
vazdo de ozonio, a altura na coluna a qual foram capturadas as imagens e a concentragdo inicial de
microalgas interfere diretamente no tamanho das bolhas, assim como na oxidagdo das células de
microalgas e na transferéncia de Os. A acdo das proteinas como biosurfactantes, reduziram o tamanho
das bolhas, ou seja, quanto maior foi a concentracdo de biomassa inicial na coluna maior a liberacdo de
proteinas e assim menor foram os tamanhos das bolhas obtidas para todas as vaz@es de 0z6nio avaliadas
(0.2,0.6 e 1 L/min).

Palavras-chave: Scenedesmus obliquus. Tratamento de Efluente Sanitario. Recuperagdo de
biomoléculas. Tamanho de bolhas. Coagulacdo/floculacéo.






ABSTRACT

OZONE FLOTATION OF HARVESTING MICROALGAE CULTIVATED IN
SANITARY EFFLUENT

AUTHOR: Gislayne Alves Oliveira
ADVISOR: Elvis Carissimi
CO-ADVISOR: Rafael Teixeira Rodrigues

The lack of treatment of sanitary effluents causes several problems, both public health and
environmental problems. And it can be reduced by using this sanitary effluent as a source of
nutrients for microalgae growth. In addition to providing water treatment, reduce costs,
microalgae can also be used for various purposes, such as the production of biofuels. However,
one of the major challenges for the use of microalgae is the harvest method, as it is not cost-
effective. Among the harvest methods are coagulation/flocculation and ozone flotation. The
first is a low-cost harvesting method, but requires the addition of coagulants, usually with
metals, that can cause contamination of the harvested biomass by restricting its subsequent use.
The ozone flotation adds the physical properties of the flotation and the oxidizing action of the
ozone that in contact with the cells propitiates the harvest, liberate biomolecules, including the
proteins that are considered biosurfactantes reducing the possibility of coalescence of the ozone
bubbles. The formation of bubbles is one of the most important parameters in flotation because
they influence the reaction time in the column, the probability of collision and capture of the
microalgae. The general objective of the present work was to evaluate parameters that influence
ozone flotation in a three - phase system (sanitary effluent - microalgae - ozone bubbles) aiming
at the separation of microalgae grown in residual water for biofuel generation. Also, for ozone
flotation, the influence of ozone flow, column height and initial biomass concentration on the
size of the ozone bubbles in a three - phase system (sanitary effluent - microalgae - ozone) was
determined. The results showed that the microalgae Scenedesmus obliquus grown in a high-rate
reactor is efficient in the removal of nutrients from the residual water, obtaining complete
removal of ammoniacal nitrogen and removal of 93% for total nitrogen and 61% of
orthophosphate. As for the comparison between coagulation/flocculation and ozone flotation,
the best results of water quality for most parameters (NHs-N, NTK, nitrate and nitrite) were
obtained in the ozone harvest, except for orthophosphate. It was also obtained the highest
recovery of lipids, carbohydrates and proteins that were 0,32 = 0,03, 0,33 £ 0,025 and 0,58 £
0,014 mg/mg of biomass. Unlike coagulation/flocculation, there was a lower recovery of 0.21
mg of lipids/mg of biomass and 0,12 — 0,23 mg of protein/mg of biomass. Concerning the
efficiency of harvesting for coagulation/flocculation up to 98% was obtained using 2 g of
aluminum sulfate/L and for ozone flotation it was obtained up to 91.5% when an Oz dose of
0,16 mg of Os/mg of biomass was applied. The ozone flow, the height in the column to which
the images were captured and the initial concentration of microalgae directly interfere with the
size of the bubbles, as well as the oxidation of the microalgae cells and the transfer of Os. The
action of the proteins as biosurfactants reduced the size of the bubbles, ie, the higher the initial
biomass concentration in the column the higher the protein release and thus the lower the bubble
sizes obtained for all ozone flows (0.2, 0.6 and 1 L/min).

Keywords: Scenedesmus obliquus. Wastewater Treatment. Biomolecules recovery. Bubble
size. Coagulation/flocculation.
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1. APRESENTACAO

Vérias técnicas de colheita de microalgas visando a producédo de biocombustiveis estdo
sendo estudadas, a fim de reduzir os custos e aumentar a eficiéncia de colheita e extracdo de
lipideos e carboidratos. Uma dessas técnicas é a aplicacdo de ozonio flotagdo, a qual baseia-se
na remocao de particulas do meio liquido a partir da injecdo de bolhas de 0z6nio no sistema.
Estas bolhas aglomeradas as células de microalgas acarretam a flotagdo dos agregados.

Essa técnica apresenta como uma das principais vantagens utilizar dois processos em
apenas um, além da separacgdo fisica das particulas pela emissdo de bolhas (flotacdo) ocorre
também o processo de oxidacdo de compostos organicos, devido ao forte potencial de oxidacao
do ozénio. Wilinski e Naumczyk (2012) relatam alguns resultados positivos com a aplicacédo
de ozbnio flotacdo, como a reducdo na dosagem de coagulantes e floculantes, remocédo de
patdégenos, melhor biodegradabilidade das &guas residuérias, remogdo de micro-poluentes
(antibidticos, horménios, produtos de higiene pessoal) e diminui¢do da quantidade de lodo
bioldgico em excesso (no caso da unidade de ozonio flotacdo ser utilizada para a separacéo de
efluentes com excesso de lodo ativado).

A oz6nio flotacdo estd sendo estudada e aplicada em diversos campos, como no
tratamento da dgua potavel (LEE et al., 2009), tratamento de aguas residuais de tintura industrial
(KIM; KIM; LEE, 2011), &guas residuais (LEE et al., 2008) aguas residuais de gado (LEE e
SONG, 2006), colheita de microalgas (KOMOLAFE et al., 2014; VELASQUEZ-ORTA et al.,
2014; OLIVEIRA et al., 2018), entre outros.

Outra técnica utilizada e convencional, consiste na coagulacdo/floculagdo, por ter alta
eficiéncia de colheita e apresentar baixo custo de aplicacdo. A coagulacdo/floculagdo é utilizada
para reduzir ou neutralizar as cargas superficiais das células, que sdo carregadas negativamente,
com a aplicacdo de agentes quimicos, resultando na agregacdo das células entre si, formando
flocos e possibilitando sua remoc&o. Tradicionalmente, o liquido a ser tratado € pré-tratado com
coagulantes, geralmente coagulantes catidnicos de ions Fe ou Al, para aumentar o tamanho dos
agregados de algas (EDZWALD, 2010; HENDERSON; PARSONS; JEFFERSON, 2008).
Contudo, a combinacg&o de floculacéo e flotagdo pode ser problematica. Se os flocos produzidos
se tornarem muito grandes, eles sdo mais propensos a se desprender, exigindo varios acessorios
de bolha para reduzir o aumento da densidade causada pela floculagdo (EDZWALD, 2010). Ja
para a sedimentacdo, flocos grandes tendem a ser mais vantajosos.

A utilizacdo de microalgas como fonte para geracdo de biocombustivel tem se destacado

por ser uma matéria prima renovavel No entanto, busca-se uma forma eficiente de colheita e
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extracdo de lipideos e carboidratos. A tecnologia empregada para a recuperacdo de microalgas
tem o efeito mais influente na economia de producgéo de microalgas (DANQUAH et al., 2009;
BRENNAN e OWENDE, 2010). Entretanto, a maioria dos métodos de colheita ndo é
suficientemente eficaz em termos de custos (COWARD; LEE; CALDWELL, 2013; SHARMA
etal., 2013). A coagulagéo/floculacdo podem, contudo, proporcionar recuperagdes de biomassa
de microalgas elevadas a custos razodveis (GRIMA et al., 2003), porém necessita da adigdo de
produtos quimicos.

Microalgas sdo de particular interesse porque muitos de seus recursos requeridos para
cultivo em massa pode ser fornecido por &guas residuais (RAWAT et al., 2011; STURM e
LAMER, 2011), diéxido de carbono dos gases de combustdo (BRENTNER; ECKELMAN;
ZIMMERMAN, 2011; WANG et al., 2008), seu crescimento em agua residual favorece a
remocdo de nutrientes e metais (CHRISTENSON e SIMS, 2011), e porque as células de
microalgas sintetizam muitos bioprodutos diferentes, que podem ser colhidos com uma grande
variedade de composicdo e usos (MENETREZ, 2012), aléem de algumas espécies serem
excelentes produtoras de lipideos e carboidratos, que podem ser utilizados para a geracdo de
biocombustivel.

Na aplicacdo de ozonio flotacdo, avaliar algumas variaveis no processo, como o
tamanho e a distribuicdo das bolhas na cAmara de flotacéo, é de suma importancia para se obter
uma boa eficiéncia na colheita de microalgas e acdo do ozénio nas células provocando a lise
celular e favorecendo a liberacao de proteinas e extracdo de lipideos e carboidratos. Essas sdo
influenciadas principalmente pela vazdo e a concentracdo de oz6nio, parametros importantes
na determinacdo da distribuicdo do tamanho das bolhas. Além da influéncia da concentragdo de
microalgas, que a partir da aplicacdo do 0zonio ocorre a liberagdo de proteinas, como descrito
por Gonzalez et al. (2016) as proteinas liberadas pelas microalgas exibem atividade surfactante,
logo reduzem a tensdo superficial das bolhas, evitando assim o processo de coalescéncia.

A eficiéncia da flotacdo depende basicamente da colisédo bem sucedida e da ligacéo de
bolhas/particulas, alem de funcionar melhor quando as células algais forem hidrofobicas
(GARG et al., 2012; HENDERSON; PARSONS; JEFFERSON, 2009). O subprocesso de
colisdo comeca a partir da aproximagdo de uma particula para encontrar uma bolha que é
governada pelo fluxo de liquido e pelo movimento relativo entre a bolha e a particula. As
trajetorias de particulas/bolhas determinam se um encontro ocorrera (BRABCOVA, 2015).

As bolhas executam uma gama de funcgdes dentro do processo. No interior do
reservatorio liquido, o movimento de bolhas facilita a mistura e, portanto, aumenta a
probabilidade de interacdo bolha/algas (WONG; HOSSAIN; DAVIES, 2001), as bolhas
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fornecem a interface para a ligagdo da célula de microalgas e transportam as microalgas ligadas
para a interface espuma-liquido (COWARD; LEE; CALDWELL, 2015).

Uma forma eficaz de melhorar a interacéo, a ligacao e as eficiéncias de estabilidade na
relacdo bolha/microalga é reduzir o tamanho das bolhas, aumentando assim a area de superficie
por unidade de volume e aumentando a probabilidade de interacdo entre bolhas e algas
(HANOTU; BANDULASENA; ZIMMERMAN, 2012; PAHL et al., 2013).

Dentre os métodos utilizados para determinar o tamanho de bolhas, destacam-se
técnicas que empregam sensores Oticos, eletrorresistividade e analises de imagens. Mesmo com
varias técnicas, 0 alto custo dos equipamentos e suas limitagdes, restringem a determinagdo das
bolhas.

Apesar das dificuldades impostas para determinar a distribuicdo e o tamanho de bolhas
de ozbénio em um sistema trifasico, ou seja, na presenca de microalgas, agua residual e bolhas
de ozbnio, a sua identificacdo é determinante para 0 melhor entendimento da ozénio flotacéo,

como ja destacado.

1.1 JUSTIFICATIVA

O cultivo de microalgas em &gua residual promove a remocdo de nutrientes,
principalmente nitrogénio (N) e fésforo (P), presentes na agua que causam diversos problemas
guando lancados sem tratamento nos corpos hidricos. Essas dguas residuais quando sao tratadas
de forma convencional geram custos e o cultivo de microalgas é uma grande vantagem, por ser
um tratamento de baixo custo na remocao desses nutrientes, além de posterior uso de microalgas
como fonte para a producao de biocombustivel. No entanto, devido ao alto volume de 4gua com
as células de microalgas, o método de colheita aplicado é de fundamental importancia nesse
processo. Busca-se a maxima extracdo de lipideos e carboidratos e quando aplicado a técnica
de ozdnio flotacdo, a liberacdo de proteinas é fundamental para estabilizacdo das bolhas de
ozonio.

Como justificativa desta tese de doutorado, a Figura 1 apresenta a evolucdo de
publicacbes que relatam sobre a tematica colheita de microalgas para producdo de
biocombustivel. Diante do exposto, pode-se observar o crescente interesse cientifico por este
tema, devido principalmente a busca por novas fontes de biocombustivel e a preocupacéo com

0s métodos de colheita.
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Figura 1 - Numero de publicac@es por ano utilizando como palavras-chave colheita de
microalga e biocombustivel (do inglés harvesting of microalgae, biofuel).
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Fonte: Base de dados Science Direct (2018).

O uso da flotacdo para a colheita de microalgas é uma operacao eficiente, devido muitas
espécies de microalgas terem se adaptado para aumentar sua capacidade de flutuacao
(ESTEVES, 1998), sendo assim ja tendem a flotar. Na flotacdo convencional é necesséria a
aplicacdo de coagulantes ou floculantes em etapas anteriores (coagulacdo e floculagéo), para
modificar a interface hidrofilica das células de microalgas possibilitando sua aglomeracédo. Ja
na ozonio flotacdo o 0z6nio € quem cumpre esse papel.

Uma das variaveis fisicas determinantes para a eficiéncia do sistema é a distribuicédo e
tamanho das bolhas, que influenciam a acdo de captura de particulas pelas bolhas.
Normalmente, na cdmara de flotacdo as bolhas tendem a se coalescer, flotando mais rapido e
diminuindo a remocao das particulas. Para que a flotacdo seja bem-sucedida, as células ou as
particulas devem ser hidrofobicas, isto pode ser alcan¢ado através da adicdo de tensoativos ou
coagulante (GERARDO et al., 2015). A presenca de moléculas tensoativas alteram as
propriedades dindmicas da interface e, consequentemente, afetam o tamanho das bolhas e a
estabilidade da espuma durante a flotagdo (CHO e LASKOWSKI, 2002). Essa adi¢do melhora
a separacdo de particulas, aumentando o contato entre o ar e a particula solida e aumentando a
probabilidade de se aderirem (UDUMAN et al., 2010).

A adicdo de surfactantes ocasiona possivel contaminacdo da biomassa colhida, nédo

sendo um procedimento eficiente quando se utiliza essa biomassa para a producdo de
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biocombustivel. E a 0zénio flotagdo € um método alternativo de colheita de microalgas, que foi
relatado pela primeira vez na década de 1980 (BETZER; ARGAMAN; KOTT, 1980). Nesse
caso a aplicacdo do ozénio oxida as células liberando proteinas que agem como biosurfactantes,
reduzindo a carga superficial das células e evitando a coalescéncia das bolhas, além de aumentar
a extracao de lipideos e carboidratos devido sua acdo oxidante.

Velasquez-Orta et al. (2014) relataram a eficiéncia da ozonio flotagdo para colher
microalgas, sendo dobrada a quantidade de lipideos extraidos e FAME (ésteres metilicos de
acidos graxos) recuperados da biomassa. Além de reforcar a estabilidade oxidativa do biodiesel
devido ao efeito que 0 ozonio teve no grau de FAME saturacao.

A producdo de biocombustiveis a partir de células algais requer a extracdo de lipideos e
carboidratos de células cultivadas e isto pode ser alcancado por lise de células com oz6nio. A
espécie utilizada nesse estudo é a Scenedesmus obliquus, de acordo com Mandal e Mallick
(2009) essa espécie possui alto potencial de captura de CO- e producéo de lipideos adequados
para a producdo de biodiesel. Outra vantagem € utilizar como fonte de nutriente dgua residual
para o cultivo das microalgas, principalmente nitrogénio e fésforo que sdo os principais para o
seu crescimento, reduzindo assim a carga de nutrientes para 0s corpos d'agua receptores.

Na ozonio flotacdo as proteinas liberadas a partir da matéria orgéanica algogénica
fortemente ligadas, sdo essenciais para modificar a hidrofobicidade das superficies das bolhas,
para facil ligagdo de células e para formar uma camada de espuma superior para recolher células
flotantes (CHENG, YA et al., 2011).

A estrutura fragil das bolhas e a possibilidade de aglutinacdo das mesmas constituem as
principais causas da deformacao da bolha, alterando os resultados quando se utiliza extragdo de
amostras. Entretanto, a aplicacdo da tecnologia de cameras digitais facilitou seu uso, permitindo
uma reflexao sobre seu potencial de utilizacdo na avaliacao de bolhas. Portanto, nesse trabalho
foi realizado determinacédo do tamanho das bolhas em movimento (modo on-line), sem extracdo
de amostras, sistema trifasico (dgua residual, microalga e bolhas de 0z6nio) e por meio de
analise de imagem digital.

Alguns autores avaliaram a formacdo do tamanho das bolhas de ar em diferentes
processos e com diferentes objetivos de remogéo, Reis e Barrozo (2016) aplicaram a flotagdo
na remocdo de apatita, Coward; Lee; Caldwell (2015) utilizaram a flotacdo de espuma para
colheita de microalgas, Maldonado et al. (2015) avaliaram em coluna de flotacdo, Vazirizadeh;
Bouchard; Chen (2016) utilizaram a flotagdo com efeitos em particulas sélidas, Englert (2008)
avaliou por flotacdo por ar dissolvido, Cunha et al. (2007) avaliaram a flotacdo de particulas

de quartzo com diferentes tamanhos de bolhas e Rodrigues (2004) desenvolveu uma técnica



26

para caracterizar as bolhas utilizando a flotacdo. Porém a maioria destes autores avaliaram o
tamanho de bolhas relacionado a particulas finas de minérios. Até o presente momento nédo
foram encontrados trabalhos que reportaram a relacdo do tamanho das bolhas geradas pelo
ozonio flotacdo em um sistema trifasico para a colheita de microalgas em diferentes vaz@es de
ozonio avaliando o efeito das proteinas na coalescéncia das bolhas de 0z6nio, tdo pouco a
influéncia da concentracdo de biomassa inicial, visando a colheita de microalgas e extracdo de

biomoléculas para geracao de biocombustivel.

1.2 OBJETIVO

O objetivo geral do presente trabalho consistiu em avaliar parametros que influem na
ozonio flotacdo em sistema trifasico (efluente sanitario — microalgas — bolhas de 0z6nio)

visando a separacao de microalgas cultivadas em agua residual para geracao de biocombustivel.

13 OBJETIVOS ESPECIFICOS

Os objetivos especificos foram:
1. Analisar a eficiéncia do sistema (cultivo-colheita) no tratamento de aguas residuais;
2. Comparar ozonio flotacdo e coagulacao/floculacdo quanto a qualidade da agua, colheita
de microalgas e extracdo de biomoléculas (lipideos, carboidratos e proteinas);
3. Aplicar a técnica para a determinacdo do tamanho das bolhas formadas por ozonio
durante a colheita de microalgas, mediante aquisi¢ao e processamento de imagens em sistema
trifasico on-line;
4. Avaliar os efeitos da vazdo de ozbdnio, concentracdo inicial de biomassa e altura da

coluna de flotagdo no tamanho das bolhas;

5. Analisar o efeito da liberacdo de proteinas na coalescéncia das bolhas de ozonio;
6. Avaliar a influéncia da vazao de 0zdnio no potencial zeta das células;
7. Avaliar a eficiéncia do processo em diferentes condigdes de colheita em escala de

laboratorio;
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1.4  REVISAO DE LITERATURA

1.4.1 Flotacdo em coluna

A técnica de flotagdo é uma operacdo unitaria fisico-quimica para separacdo de
particulas de um fluido pela insercéo de bolhas de gés, geralmente se utiliza o ar. Essas bolhas
formadas se juntam as particulas quando as mesmas tém sua carga neutralizada por agentes
quimicos (coagulantes), facilitando a probabilidade de ades&o das bolhas as particulas. Devido
a diferenca de densidade entre as bolhas e o fluido, ocorre a flotagdo do material particulado até
a superficie, onde sdo removidos.

Diversas sdo as aplicacdes da flotacdo, por exemplo, em processos relacionados ao meio
ambiente, no tratamento de efluentes contendo material organico ou metais pesados, tratamento
de agua para separacdo-remocao de micro-organismos e odor, em processos industriais como a
separacdo de proteinas, remocao de 6leos emulsificados, espessamento de lodos, reuso de aguas
de processo, beneficiamento mineral, dentre outros (RUBIO; SOUZA; SMITH, 2002).

A etapa de flotacdo é complexa, por envolver trés fases (solido, liquido, gasoso) e se
baseia na capacidade de uma particula dentro de um meio liquido aderir a uma interface. Na
coluna de flotacdo, o meio liquido composto por particulas entra em contato com bolhas
injetadas no fundo da célula de flotacdo, visando a separacdo total das particulas. Antes de sua
introducdo na coluna, o meio é geralmente condicionado com substancias quimicas adequadas,
tornando a superficie das particulas hidrofébicas, as particulas que exibem superficies
hidréfobas, assim, se unem as bolhas de ar ascendentes (RIQUELME et al., 2015). Esses
agregados bolhas-particulas formam uma espuma na parte superior da coluna que entdo é
removida.

Na coluna de flotacdo sdo utilizados equipamentos de simples opera¢do, que possuem
uma alta taxa de transferéncia de massa e calor, compacidade e baixos custos, mas que
apresentam uma fluidodindmica muito complexa (KANTARCI; BORAK; ULGEN, 2005). Os
estudos nesse equipamento se concentram nos regimes de operacéo, e de que forma influem na
fluidodindmica das fases. Os experimentos em coluna de flotacéo se concentram principalmente
nos efeitos geométricos, no hold up e na influéncia de tamanho de bolhas que sdo parametros
importantes na hidrodindmica do processo (VAZIRIZADEH; BOUCHARD; CHEN, 2016). A
distribuicéo e o tamanho médio das bolhas sdo pardmetros responsaveis pela eficiéncia de coleta
e de transporte das particulas, onde o tamanho médio ideal de bolhas é funcdo do tamanho

médio das particulas, e nas colunas de flotagdo variam de 0,5 a 2,0 mm (PENNA et al., 2003).
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A eficiéncia de captura bolha-particula pode ser definida como a razdo entre o nimero
de particulas capturadas por uma bolha e o nimero total de particulas existentes no volume
deslocado pelo movimento (ascendente) da mesma (LEGENDRE; SARROT; GUIRAUD,
2009; SARROT; GUIRAUD, LEGENDRE, 2005). Desta forma, a eficiéncia de captura bolha-
particula equivale a probabilidade de que uma particula qualquer dentro do volume deslocado
pela bolha forme um agregado permanente (estavel) com a mesma (RALSTON; DUKHIN;
MISHCHUK, 2002).

1.4.1.1 Influéncia e mecanismo da flotacéo

Para geracdo de bolhas em coluna de flotacdo, utilizam-se difusores com orificios de
pequeno diametro que tem a finalidade de distribuir pequenas bolhas na coluna. A captura de
uma particula por uma bolha ascendente envolve diversos fatores cinéticos.

O processo de recuperacdo das particulas na flotacdo apresentadas por Schuhmann
(1942) sdo descritas em termos das probabilidades de colisdo e adesdo das bolhas de ar as
particulas, e as mesmas sdo aprisionadas pelas bolhas e arrastadas a superficie para posterior
remocdo (Equacdo 1).

P=P, %P, P, Q)

P = Probabilidade de flotacéo;

P.= Probabilidade de colisdo bolha-particula;

P,= Probabilidade de adesédo bolha-particula;

P,= Fator de estabilidade do agregado bolha-particula.

A compreensdo da interacdo bolha-particula é fundamental para o bom funcionamento
da flotacéo, sendo que cada probabilidade depende de fatores diferentes para atingir o objetivo,
completa separacdo das particulas do liquido.

No caso da ozo6nio flotacdo de microalgas, um dos mecanismos mais importantes é a
adesdo das células de microalgas as bolhas de ozénio, e, portanto para que essa interacdo
aconteca é necessaria a liberagdo das proteinas (biosurfactantes), que causam a reducdo da
energia superficial das células (potencial zeta) para possibilitar uma melhor adesdo das
microalgas as bolhas de 0z6nio. Na Figura 2 é apresentado de forma simples 0 mecanismo que

ocorre na recuperacao de particulas por flotagéo.
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Figura 2 - Mecanismo de colisdo, adeséo, e captura de particulas por bolhas de ar.
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Fonte: FERIS, 2001.

A colisdo de uma particula com uma bolha é influenciada por diversos fatores,
principalmente fisicos como o tamanho da particula e da bolha, a densidade e também por
fatores hidrodindmicos como destacado por Derjaguin e Dukhin (1961) as forcas de arraste, a
viscosidade, forcas de inércia, gravidade, além de difusdo e forcas eletroforéticas, influenciam
na colisdo particula-bolha.

Diversos modelos matematicos existentes na literatura descrevem a etapa de colisdo
bolha-particula, alguns séo apresentados por Meyer e Deglon (2011) que vdo desde modelos
simplistas a modelos altamente desenvolvidos que tentam incluir interacbes complexas de
particulas e fluidos. De acordo com os autores a analise experimental dos processos de colisdo
é dificil, devido principalmente a complexidade do campo de fluxo do fluido, onde as colisdes
ocorrem nas regides hidrodinamicas (Stokes, potencial e regime intermediario), por
mecanismos de interceptacdo, influéncias inerciais ou gravitacionais.

O processo de adesédo bolha-particula é fungédo do tempo de contato e fixa¢éo que ocorre
apos a colisdo, isso devido principalmente ao angulo de contato particula-bolha que quanto
maior o angulo, mais eficiente é a adesdo. Essa etapa pode ser dividida em trés sub etapas
principais (PHAN et al., 2003):

(1) diluicdo do filme liquido existente entre a bolha e a particula até uma espessura

critica (Ty);
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(2) ruptura do filme liquido e formacao de um contato trifasico (T:);

(3) expansdo da linha de contato trifasico para formar um agregado estavel (Trc).

A soma dos tempos correspondentes destas sub etapas corresponde ao tempo de unido
(Tat), comumente chamado de tempo de inducéo e para que a unido ocorra deve-se atender a
Equacéo 2 (PHAN et al., 2003):

Teontato = Tat = (T + T + Trpc) (2)

De acordo com Wang et al. (2016) para aumentar o tempo de contato entre as bolhas e
as particulas deve-se diminuir as forcas de separacdo provenientes de fluxo turbulento, flotando
as particulas em ambiente calmo e/ou aumentar as forcas de unido entre as particulas e as bolhas.
A recuperacdo bem sucedida das particulas depende das forcas capilares entre particulas e
bolhas, ou seja, do nivel hidrofébico das particulas, que é refletida pelo a&ngulo de contato. Com
maior hidrofobicidade, as particulas se juntam as bolhas com maior facilidade e, uma vez
anexadas, uma ligacdo estreita se forma entre a particula e a bolha.

Considera-se que os hidrofobicos, Van der Walls e as forcas eletrostaticas
desempenham um papel significativo durante a fixacéo e na estabilidade do agregado de bolhas
e particulas (LEGENDRE; SARROT; GUIRAUD, 2009).

De acordo com Ata e Jameson (2005) a estabilidade da particula e da bolha para que
possam flotar depende principalmente de trés situacdes: (1) da massa maxima de uma particula
que pode permanecer ligada a uma bolha em um liquido em estabilidade, a qual depende do
didmetro das particulas, da tensdo superficial, do angulo de contato e da forma da particula; (I1)
se a particula pode permanecer unida a bolha, a segunda maior consideracao é que deve haver
uma forca ascendente liquida no agregado particula-bolha, isto é, a forca de empuxo que atua
sobre a bolha deve exceder a forca de gravidade agindo sobre a particula; (I11) o terceiro
requisito é que o agregado particula-bolha é estavel ao efeito da turbuléncia na célula de
flotacdo.

A estabilidade do diametro da particula dentro da coluna de flotacdo estd diretamente
relacionada a presenca de surfactantes, devido a acao sobre a velocidade de ascensao das bolhas.
Considerando uma bolha de 1 mm em agua em condi¢des normais, a velocidade ascendente é
cerca de 25 cm/s para uma bolha limpa, enquanto que para uma bolha totalmente contaminada
(presenca de surfactantes) é de 11 cm/s (LEGENDRE; SARROT; GUIRAUD, 2009). Ou seja,
as bolhas na presenca de surfactantes permanecem mais tempo na coluna de flotacdo,
aumentando o tempo de contato bolha-particula e aumentando assim a probabilidade de flotagédo

das particulas e eficiéncia do sistema.
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Cho e Laskowski (2002) evidenciaram que o tamanho e a distribuigdo de tamanho das
bolhas diminuem com o aumento na concentracdo de reagentes tensoativos e consequente
diminuicdo da tensao superficial. Os autores concluiram que o efeito da adi¢éo destes reagentes
permite controlar o tamanho das bolhas devido a concentracao critica de coalescéncia (CCC),
ou seja, acima da CCC ndo ocorre coalescéncia porem em concentragdes de tensoativo menores
que a CCC a coalescéncia ocorre, sendo que cada tensoativo ird apresentar uma CCC diferente

e especifica.
1.4.1.2 Caracteristicas da superficie das bolhas e do liquido

As propriedades de dispersdo gas-liquido indicam como o gas é distribuido dentro de
uma coluna de flotagdo e normalmente é caracterizado pela velocidade superficial do gas (Jg),
géas hold up (¢), didametro da bolha (db) e fluxo superficial da bolha (S).

A velocidade superficial de gas é a medida da capacidade de aeracdo da coluna e é um

parametro que permite a comparacao entre colunas com diferentes diametros (Equacéo 3).

A 3)

Jo

Q4= Vazdo de gas (cm?/s);
A = Area transversal da coluna (cm?).
A velocidade superficial de ar (Jg) crescente aumentara o tamanho de bolha (d») na zona
de coleta e na zona de espuma. Na zona de coleta a relagdo é aproximadamente: dp o Jg%%°. A
partir de estudos em escalas piloto e industrial, definiu que a velocidade superior de gas é
aproximadamente de 3,0 a 4,0 cm/s (FINCH, 1989 apud VIEIRA, 2005). Em um regime de
fluxo de bolhas homogéneo, ocorre um aumento quase linear da velocidade superficial do gas
(até 5 cm/s) tanto para sistema biféasico e trifasico (SHUKLA; KUNDU; MUKHERJEE, 2010).
O hold up do ar na coluna de flotagdo pode ser definido como sendo a fracdo volumétrica
ocupada pelo ar na zona de coleta (ou da zona de espuma) em relagéo ao volume ocupado pela
massa liquida, o gas e as particulas. Segundo Tavera; Escudero; Finch (2001) o hold up do gas
é uma variavel que afeta o desempenho da flotacdo e ¢ uma fungdo de um grupo amplo de
variaveis presentes, tais como: variaveis quimicas, tamanho de bolha em funcdo do tipo de
difusor, com o tipo de aerador, com a taxa de fluxo de ar e a4gua, com as caracteristicas e
concentragfes do espumante, com o contetdo de solido, dentre outras. Conforme Dobby;
Yianatos; Finch (1988) o método da diferenca de pressdo (mandmetro diferencial) é o mais

simples para sistemas gas-liquido (Equacéo 4) (Figura 3):
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£= —ﬁ(1—A—h) (4)

p¢ = Densidade da agua (g/cm?);
ps1 = Densidade entre os dois pontos de medigdo (g/cmd);
Ah = Diferenca entre os niveis nos manémetros diferenciais (Ls-L3) (cm);

L, = Distancia entre os pontos de manémetro (cm).

Figura 3 - Determinag&o de hold up por diferenca de pressao em coluna de flotacéo.

GAS —p—7y-t 284 2

Fonte: Dobby; Yianatos; Finch (1988).

O hold up do ar, em células de flotacdo, geralmente, esta compreendido na faixa de 14-
22 %, no entanto, podem apresentar valores de magnitudes tdo baixas quanto 3 % e tao altas
quanto 32 %, os autores atribuem a variacao de valores dependente do tipo de célula, células
com alta poténcia apresentam valores mais elevados (DEGLON; MENSAH; FRANZIDIS,
2000). Reis (2015) em uma coluna de flotacdo com presenca de apatita encontrou o valor de
10-12 % no hold up, quando a velocidade do gas superficial esta entre 1,2 e 2,4 cm/s, e a
concentragdo de surfactante é superior a 30 ppm. Além disso para essa mesma faixa de
velocidade superficial do gés corresponde a bolhas grandes e médias a baixas concentracfes de
surfactante.

A distribuicdo do tamanho das bolhas é uma das variaveis mais influentes na flotacéo,
devido seu efeito na eficiéncia de colheita (eficiéncia de colisdo, adesdo e estabilidade do

agregado particula-bolha) e geralmente o diametro das bolhas é calculado a partir do diametro
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médio de Sauter (d3,). Que é definido como um didmetro medio volume/superficie, dada na
Equacdo 5:

3
_ Znidbi (5)
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d ;= didmetro de bolhas (mm);

n;= numero de bolhas.

Grau e Heiskenen (2005) mostraram que o tamanho médio de bolhas (ds2) é afetado por
fatores como fluxo de ar e concentracdo (dosagem) de espumante na célula de flotacdo. O fluxo
de &rea superficial de bolhas (Sb), quando se consideram bolhas esféricas e de tamanho
uniforme, pode ser definido de acordo com a Equacéo (6).

_ %
=2 (6)

O fluxo da area de superficie da bolha foi relacionado ao desempenho da flotacéo e esta

Sp

relacionado com o hold up (Sp + 5.5¢), esse fato é esperado devido a sua dependéncia

semelhante a taxa de gas e ao tamanho da bolha (ambos aumentam a medida que a taxa de gas
aumenta e o tamanho da bolha diminui) (FINCH et al., 2000).

As bolhas, depois de terem sido ligadas ou aprisionadas aos flocos, tém a velocidade de
ascensdo do complexo aumentada (CARISSIMI e RUBIO, 2005), sendo esta velocidade para
cada complexo, individualmente relacionada ao seu tamanho, peso especifico, massa (volume)
de ar atacado, forma do agregado, temperatura da agua e condic6es de fluxo (RODRIGUES e
RUBIO, 2007). Na Tabela 1, sdo indicados valores comparativos entre bolhas de diferentes

tamanhos em termos de quantidade, area superficial e velocidade de ascensao.

Tabela 1 - Comparacao entre bolhas de diferentes tamanhos.

Tamanho da bolha (pm) 20 50 100
Numero de bolhas (mL) 1.250.000 100.000  14.000
Area superficial (cm2 em 1 cmd) 23 12 6,6
Velocidade de ascensdo (m.h) 1 5 20

Fonte: Rodrigues e Rubio (2007).

De acordo com Assis (2006) uma menor velocidade ascensional proporciona um
aumento do tempo de detencdo das bolhas de ar no tanque de flotagdo e das chances de contato
com os flocos. Se a velocidade ascensional for muito pequena, o tempo que a bolha demora pra
flotar sera desfavoravel para a aplicagéo na colheita de biomassa.
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1.4.1.3 Ozonio flotagdo

A ozbnio flotacdo agrega duas etapas de tratamento, quanto as propriedades fisicas da
flotacdo e quanto as propriedades de oxidacdo do ozbnio que também age como um
coagulante/floculante para a recuperacdo de microalgas, entretanto ainda séo limitados esses
estudos. Sendo mais utilizado o 0z6nio na oxidacdo e desinfeccdo no tratamento de &guas
residuais (LEE et al., 2008).

Em uma solucdo aquosa, 0 0z6nio se dissocia mais rapido do que no ar e se quebra muito
rapidamente em solucdes alcalinas e permanece bastante estavel nos acidos (ROSHCHINA e
ROSHCHINA, 2003). De acordo com Metcalf e Eddy (1991) o ozénio é capaz de reagir com
uma numerosa classe de compostos organicos, devido, principalmente, ao seu elevado potencial
de oxidacgdo (E°= 2,08 V). Os mecanismos de ac&o ocorrem por dois tipos de reagdes: reacoes
diretas, as quais envolvem o ozonio molecular, e reagdes indiretas, que envolvem reagdes com
os radicas hidroxila (LAPOLLI et al., 2003). Algumas das propriedades quimicas apresentadas

pelo 0z6nio podem ser descritas por suas rea¢des de decomposicao (Equacao 7, 8, 9 e 10):

0, + H,0 - HO} + OH™ ©)
HOZ + OH™ - 2HO, (8)
0 + H,0 - HO + 20, 9)
HO + HO, - H,0 + 0, (10)

Vaérias substancias podem atuar como agente iniciador da decomposi¢cdo do 0zénio em
solucdo aquosa. Os radicais livres formados, ions hidroperoxidos (HO?) e ions hidroxila (OH),
tém grande poder oxidante e isso gera a oxidagdo de outras impurezas em solugdes aquosas,
além de desintegrar as células (lise celular) de microorganismos (METCALF e EDDY, 1991).

De acordo com Hoigne e Bader (1983), as reacGes de oxidacao iniciadas pelo 0z6nio na
agua apenas parte do ozénio reage diretamente com substancias dissolvidas e outra parte pode
se decompor antes da reacdo. As rea¢des do 0zonio com compostos organicos ndo dissociados

na agua podem prosseguir das seguintes formas (Equacgéo 11, 12, 13 e 14):

M
05 = Moy 1D
0, L on B R (12)
S (13)

0; — OH’" - compostos organicos — P

OH™ . +M A (14)
0; — OH" — compostos organicos — P
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(11) Reacdo direta do 0z6nio com a substancia dissolvida (M), um composto organico
ndo dissociado, que ird formar uma substancia oxidada (Mox); (12) Radical tipo de reagdo em
que o 0z6nio reage com ions OH™ para formar um radical de OH", o qual, por sua vez, reage
com moléculas de substancia organica (M) para produzir radicais (R); (13 e 14) Toda essa
cadeia esta quebrada em novos produtos estaveis (P).

Em sistemas de tratamento que séo utilizados oz6nio flotacdo muitos pardmetros
influenciam diretamente na transferéncia de oz6nio na massa liquida. Lapolli et al. (2003)
destacam como principais parametros a turbuléncia entre as fases gasosa e liquida, o nimero e
tamanho das bolhas e a area de transferéncia interfacial entre as duas fases dos fluidos.

Na Figura 4 sdo apresentas fotomicrografias de Scenedesmus obliquus sob a oxidacdo
do ozonio obtidas por Reis (2014), de acordo com o autor antes do processo de o0zonizagéo,
observa-se uma elevada presenca de cendbios (4a), apds 20 min da ozonizacao (4b) ocorre um
desarranjo das microalgas e depois (4c) ndo possui cenobios visiveis de 4 e 8 células, além de
um processo de despigmentacdo das microalgas e ao final (4d) ndo se observam células com a

cor caracteristica esverdeada.

Figura 4 - Aspecto das células da microalga Scenedesmus obliquus BR003. (a) antes da
ozonizacao; (b) apds 10 min; (c) 20 min e (d) 50 min apos a 0zonizacao.

@:

Fonte: REIS (2014).

A acdo do ozbnio nas microalgas provoca o rompimento da parede celular,
consequentemente a liberacdo da matéria organica extracelular (MOE) e da matéria organica
intracelular (MOI), ocorrendo assim a oxidacéo de seus compostos (MA et al., 2006; NGUYEN
et al., 2013). Devido a essa oxidagdo, ocorre a despigmentacdo das células (Figura 4), além da
reducdo do potencial zeta, favorecendo assim a aglomeracdo e posterior flotacdo das
microalgas.

Cheng, Ya et al. (2011) observaram a reducdo da carga superficial das células de
Scenedesmus obliquus, devido a acdo de bolhas de 0z6nio quando aplicado uma concentracao
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de ozonio de 0,2 a 0,5 mg de Os/mg de biomassa e associam isso justamente a liberacdo de
matéria organica algogénica (MOA). O mesmo aconteceu quando foi utilizada a espécie
Chlorella vulgaris porém com uma concentracao de ozénio inferior a 0,005 mg de Os/mg de
biomassa (CHENG et al., 2010).

Betzer; Argaman; Kott (1980) observaram pela primeira vez a separacdo de microalgas
com flotagdo por 0zonio induzido, a partir de efluentes de lagoas de oxidagdo. Foram aplicadas
concentracdes de ozonio de 15 a 50 mg/L, o qual obtiveram uma completa separacdo das
microalgas sem a adi¢cdo de coagulantes, ndo deixando residuos na agua.

Komolafe et al. (2014) avaliaram a recuperacao de biomassa e de ésteres metilicos de
acidos graxos (FAME) por oz6nio flotacdo. Os autores obtiveram sucesso com o cultivo de
Desmodesmus sp. e pela cultura mista nativa (Oscillatoria e Arthrospira) em agua residual,
obtendo uma reducéo significativa nos nutrientes das aguas residuais e coliformes totais. Além
disso, o0 FAME obtido a partir da ozonio flotacdo apresentou maior estabilidade oxidativa,
portanto, o0 oz6nio pode ser usado como um método combinado de colheita e redugdo da
insaturacdo FAME. O trabalho de Velasquez-Orta et al. (2014) também avaliaram a
recuperacdo de biomassa, lipideos e FAME por ozénio flotacdo, no qual obtiveram uma
porcentagem elevada de biomassa colhida (79,6 %) ao usar uma concentragédo de ozonio de
0,23 mg de Os/mg de biomassa seca, e perceberam que a quantidade de lipideos extraidos e
FAME recuperados da biomassa duplicaram quando comparados a centrifugacéo.

Gonzaélez et al. (2016) avaliaram o efeito da ozénio flotacdo na excrecdo de proteinas,
extracdo de lipideos e recuperacdo de biomassa. Comprovando que a liberacdo de proteinas de
microalgas apresenta efeitos surfactantes, diminuindo a tensdo superficial do sistema (42
mN/m) e promovendo assim a formacdo de espuma e recuperagdo de biomassa. Sendo
necessario uma concentracdo critica de micelas (CMC) de pelo menos 550 + 17 mg de
proteina/L, a qual esta relacionada a concentracdo de proteina necessaria para reduzir a tensao

superficial, bem como a concentracdo de 0zdnio necessaria para a separacdo de microalgas.

1.4.1.4 Transferéncia de massa de 0zbnio

A transferéncia de massa de 0z6nio da fase gasosa para a fase liquida baseia-se em
processos heterogéneos, e é de fundamental importancia para avaliar a eficiéncia do sistema de
ozonizagdo aplicado no tratamento de &gua, esgoto e colheita de biomassa. Existem diversas
teorias que explicam o processo de transferéncia de massa gas-liquido, com a hip6tese da

existéncia de filmes estacionarios na superficie do liquido quando em contato com um gés.
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O modelo de Lewis e Whitman (1924) propde para a interface gas-liquido a existéncia
de um filme gasoso e de um filme liquido, a qual ocorre uma resisténcia a passagem de
moléculas de gas entre a massa do liquido e a massa gasosa, conhecida como a teoria dos Dois
Filmes (Figura 5). Leva-se em consideracdo que um sistema gas-liquido que ndo estd em
equilibrio tende a se aproximar das condi¢des de equilibrio, 0 que ocasiona o transporte do gas
(soluto) por difusédo molecular.

Figura 5— Diagrama esquematico do modelo de transferéncia de gas “teoria dos dois filmes”.

Py |
P Fase liquida
: Ci
Fase gasosa
] d C|
0

Distancia da interface

Fonte: Adaptado de Schroeder (1977).

Na transferéncia de massa cada camada (gas e liquido) tem sua resisténcia. As condi¢des
na interface sdo determinadas pelo equilibrio entre as concentracdes de gas e liquido, entre a
pressdo parcial e a concentragdo (Equacao 15).
P = f(C)) (15)
P,= Presséo parcial na interface em equilibrio;
C;= Concentracdo do gas.
Admitindo as consideracGes sobre o fluxo de massa através da fase gasosa e liquida,
como o produto de um coeficiente de transferéncia do corpo liquido e gasoso, obtém-se a
seguinte Equacéo 16:
[= 1dC
AdT
J = Fluxo de massa (mol/m?.s);

Kg(Py — P) = Ki(C; — Cp) (16)

A = 4rea de contato (m™);
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dc o «
7 = Variagdo da concentragao no tempo;

K, = Coeficiente de transferéncia de massa no filme gasoso (kmol/m?.sY);

P,= Pressdo parcial do gas no vapor (atm);

P,= Pressdo parcial do gas na interface (atm);

K, = Coeficiente de transferéncia de massa no filme liquido (m/s');

C;= Concentracéo do gas na interface (kg/m®);

C,= Concentracéo do gas no liquido (kg/m®).

Como os filmes sdo considerados muito finos, entende-se que todo o gas que passa
através de um filme € o mesmo que passa pelo outro, sendo considerado que a taxa de
transferéncia de gas através do filme gasoso deve ser igual a taxa de transferéncia através do
filme liquido. Sendo assim, o equilibrio termodindmico é alcancado na interface gas-liquido
entre a pressdo e a concentracao do gas, logo se aplica a lei de Henry (Equacdes 17 e 18):

P, =HxC" (17)
P,=H=x*C(; (18)

H = Constante da lei de Henry;

C* = Concentragdo do gas dissolvido no liquido em equilibrio com a P,.

Substituindo as Equac@es 17 e 18, na Equacéo 16 e considerando a igualdade (Equacao
19):

] — ld_c
AdT
Logo a concentracdo na interface (Equacao 20):
K HC™ + K G
K + K H
Utilizando-se o valor de C; da equacao (20) na equacao (19), obtém-se a correlacdo dos

= K H(C" = C)) = K(C; — C) (19)
C = (20)

coeficientes de transferéncia individuais (K4 € K;) com o coeficiente de transferéncia global

(Ky,) referente a fase liquida e a fase gasosa (Equacéo 21 e 22):

1
Ki=— L1 1)
K, T K,
1
Kg=_1—+H_1 2
K, T K,

De acordo com a teoria para gases que apresentam baixa solubilidade, como o 0z6nio
que € um gas pouco sollvel e toda a resisténcia a transferéncia de massa € localizada no filme

liquido. Isso significa que praticamente toda a resisténcia a transferéncia de massa da fase
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gasosa para a fase liquida se deve ao filme estacionario liquido e ndo ao gasoso. O mesmo foi
verificado por Flores-Payan et al. (2015) em que a varidvel de transferéncia kia teve o maior
efeito na fase liquida e menor no processo de transferéncia de massa em fase gasosa. Assim, é

dada a velocidade de transferéncia de massa (Equacéo 23):

dC
57 = Kia(C* =€) 23)

a = Area por unidade de volume do reator (m™);

K., = Coeficiente de transferéncia de massa global na fase liquida (m/s');

T = Tempo (s);

K a = Coeficiente volumétrico global de transferéncia de massa (s™);

C* = Concentragéo de saturacio de 0zonio na fase liquida (kg/m?);

C,, = Concentragdo de 0z6nio na fase liquida (kg/m3).

Muitos fatores influenciam a transferéncia de ozénio da fase gasosa para a fase liquida
como a concentracdo do ozonio, a vazao de oz6nio, tamanho e a velocidade das bolhas, a
geometria da camara de contato, o dispersor utilizado, além das caracteristicas fisicas e
quimicas do meio.

Mahyar et al. (2017) avaliou de forma experimental a taxa de transferéncia de massa de
oz6nio em um reator de fluxo descendente e forneceu modelos empiricos para prever o
coeficiente de transferéncia de massa na fase liquida (K;) em processos continuos e semi-
continuos. De acordo com os autores houve um aumento no K; quando se aumenta a velocidade
superficial do g&s Ug e 0 niumero de Reynolds (60 < Rer <240) nos processos continuo e semi-
continuo. Porém o K teve influéncias diferentes quanto ao tipo de processo, no processo semi-
continuo o Ug teve maior influéncia, j& no continuo, o nimero de ReL governou a taxa de
transferéncia de massa do 0z6nio. Os modelos empiricos desenvolvidos para prever o K. como
funcdo de Rer, Ug e tipo de processo, apresentou uma boa correlacdo (Rz > 0,99) dos valores
calculados pelo modelo com os valores experimentais.

Al-Abduly et al. (2014) verificaram que um reator de fluxo oscilatorio (OBR) foi 3 e 5
vezes mais eficiente para a transferéncia de massa de 0zonio volumétrico (Kra) do que os
reatores de coluna de bolhas e de coluna compartimentada, respectivamente. No entanto,
verificou-se que a eficiéncia de transferéncia de massa (MTE) em ambos o0s reatores aumenta
proporcionalmente com a taxa de fluxo de agua e inversamente para as taxas de fluxo de gas,
devido a diminuicéo do tempo de contato entre as fases e a aceleracéo das colisdes de bolhas.
Os resultados mais significativos do K.a e do MTE foram alcangados usando OBR sob pressao

atmosférica, com um curto comprimento do reator, e baixas proporcdes volumétricas de
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gas/liquido tornam este tipo de reator um dos mais eficazes contatores para transferéncia de
massa de 0z6nio-agua.

Mitani et al. (2005) determinando o K.a, variando a vaz&o de gés e do liquido, bem
como microdifusores, perceberam que utilizando difusores microporosos, a vazao do liquido é
mais importante que a do gas no processo de transferéncia de massa, contrario para difusores
convencionais, e afirmam que o tamanho das bolhas e o grau de coalescéncia sdo cruciais para

determinar a taxa de transferéncia de massa.

1.4.2 Coagulacéo/floculagdo

Os métodos de colheita de microalgas geralmente utilizam duas etapas de tratamento, a
primeira visa favorecer a agregacdo das células como a coagulacdo/floculacdo para serem
removidas em etapas posteriores. Devido principalmente ao pequeno tamanho das células de
microalgas a coagulacdo/floculacdo quimica é frequentemente realizada para aumentar o
tamanho dessas particulas. Além de ser uma das operacdes mais vidveis energeticamente na
separacao de microalgas, comparado a outros.

A etapa de coagulacdo é aplicada para desestabilizar as particulas dispersas no meio
liquido, reduzindo ou neutralizando sua carga de repulsdo com a aplicacdo de coagulantes
quimicos, geralmente sais de ferro e aluminio, e a floculacdo é o resultado da agregacdo das
particulas entre si, aumentando seu tamanho efetivo (flocos), facilitando etapas posteriores de
remocdo. No caso da remocdo de microalgas as células sdo carregadas negativamente, o que
impede a agregacdo natural. Portanto na coagulacao as cargas superficiais das células podem
entdo ser neutralizadas com a aplicacdo de coagulantes e/ou floculantes.

A carga negativa na superficie das células atrai ions positivos (cations) do liquido,
formando uma camada de ions positivos e negativos, denominado camada de Stern ou camada
compacta. Essa forca de repulsdo que mantem as particulas separadas, ocorre devido a grandeza
da carga superficial das particulas coloidais (potencial zeta). Enquanto a forca de atracéo entre
as particulas ou de particulas com ions de carga oposta, que tendem a se aproximar de sua
superficie formam a camada de Stern decorrente da forca de atracdo de Van der Waals
(LIBANIO, 2010). Porem essas forcas de atracdo s&o insuficientes para superar a repulsio

eletrostatica (Figura 6).
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Figura 6 — Estrutura da dupla camada elétrica de ions e a forca liquida entre células de
microalgas de carga similar.
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Fonte: Adaptado de Vandamme; Foubert; Muylaert (2013).

Quando a forca i6nica da solucéo € alta, a camada difusa, a camada em que existe um
gradiente de concentracdo de ions, ocorre um aumento na magnitude do potencial zeta que
representa 0 aumento nas forcas eletrostaticas repulsivas (SCHROEDER, 1977). Logo, para
obter a aglomeracdo das particulas o potencial zeta deve ser nulo, ou seja, as forcas atraentes
de van der Waals superam as forcas repulsivas eletrostaticas.

Para neutralizar as forcas repulsivas (cargas superficiais) das microalgas, diversos sdo
os coagulantes/floculantes utilizados. Um grande nimero de produtos quimicos foram testados,
incluindo varios sais minerais inorganicos de metal (DUAN e GREGORY, 2003), os
coagulantes inorganicos mais comumente utilizados sdo geralmente sulfato de aluminio
(Al2(SOa4)3), sulfato férrico (Fe2(SOa4)3) e o cloreto férrico (FeCls) (GRIMA et al., 2003), e
também sdo utilizados com menor frequéncia os polimeros/polieletrélitos organicos (CHENG,
YU etal., 2011).

A coagulacdo/floculacdo é um processo complexo e varios parametros podem afetar a
sua eficiéncia, incluindo: propriedades da superficie celular (area superficial, morfologia, idade,
carga superficial e matéria organica algogénica), nimero de células por unidade de volume, pH
da &gua e o tipo e concentracdo de coagulante (ELDRIDGE; HILL; GLADMAN, 2012).
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Porém nem todos os coagulantes/floculantes sdo indicados devido a contaminagdo da
biomassa, a qual € uma questdo importante porque os produtos quimicos podem limitar o uso
da biomassa (por exemplo, alimentos ou alimentos para animais) ou interferir no processamento
da biomassa (VANDAMME; FOUBERT; MUYLAERT, 2013).

De acordo com Bratby (2016) durante a fase logaritmica do crescimento das algas, a
carga superficial negativa das células é relativamente alta e as células de algas permanecem
estaveis e dispersas, porém a medida que a taxa de crescimento se reduz (fase estacionaria-
declinio), a carga superficial negativa diminui e as células comecam a se aglomerar e se
assentar, resultando em um processo chamado autofloculacdo. Isto é reforcado pela excrecéo
natural de matéria orgénica algogénica extracelular (MOE) que se assemelha a polimeros
organicos.

De modo geral, a adicdo de coagulantes/floculantes € necessaria para a formacédo dos
flocos e remocgéo da biomassa, entretanto vale ressaltar que adotando a fase estacionaria do
cultivo se reduz a aplicagdo de coagulantes, consequentemente reduz também custos e
problemas de contaminacéo.

Durante a floculacdo, as células individuais formam agregados maiores (flocos) que
podem ser separados do meio por simples sedimentacdo por gravidade. A floculagdo € utilizada
para concentrar uma suspensao diluida de 0,5 g/L de matéria seca de 20-100 vezes para uma
massa de 10-50 g/L (VANDAMME; FOUBERT; MUYLAERT, 2013).

A colheita de biomassa requer uma ou mais etapas de separacdo sélido-liquido, a
coagulacao/floculacdo € essencialmente um passo de pré-tratamento para melhorar a colheita
celular por métodos como sedimentacdo por gravidade, filtracdo, centrifugacdo e flotacdo
(GRIMA et al., 2003).

Borges (2014) na coagulacao/floculacdo seguido de flotagéo por ar dissolvido utilizando
0 Al>(SO4)s para colheita de biomassa de Nannochloropsis oculata obteve baixas remocdes
(menor que 60 %) com concentracOes de 40 a 160 mg Alx(SO4)s/g de microalga. O autor relata
a desvantagem da aplicacdo de coagulante quimico devido ao problema de contaminacdo da
biomassa com sais de aluminio ou ferro.

Reyes e Labra (2016) utilizando Scenedesmus sp. obtiveram uma eficiéncia de remocao
de 98% com uma concentragdo de 1,5 g/L de Al>(SO4)3. Com a mesma espécie, Chen et al.
(2013) obtiveram uma remocdo de 98% apds 10 minutos de decantacdo com 0,3 g/L de
Al>(SO4)3.
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1.4.3 Tamanho de bolhas por andlise de imagem

A utilizacdo de técnicas precisas para determinar o tamanho das bolhas é de fundamental
importancia para compreender as interacdes fisicas relacionadas a eficiéncia do sistema em
coluna de flotag&o.

Diversas sao as técnicas utilizadas em sistemas bifésicos (gas-liquido) e trifasicos (gas-
liquido-solido) para determinar de forma precisa a distribuicdo do diametro de bolhas, sendo a
maior parte baseada na técnica de analise de imagens digitais (COWARD; LEE; CALDWELL,
2015; ENGLERT, 2008; LIN et al., 2008; MALDONADO et al., 2015; MORUZZI, 2005; REIS
e BARROZO, 2016; VAZIRIZADEH; BOUCHARD; CHEN, 2016; RODRIGUES, 2004;
RODRIGUES e RUBIO, 2003; SOARES, 2007). Os métodos fotograficos em combinacdo com
0 processamento de imagens digitais, aparentemente, € uma solu¢do promissora para obter
medidas confidveis de tamanho de bolha em sistemas trifasicos (GRAU e HEISKANEN, 2002).

Alguns fendmenos, como transferéncia de massa, adsorcdo, difusdo e reacdes
bioquimicas sdo influenciadas diretamente pelo tamanho das bolhas. Bolhas grandes tendem a
flotar mais rapido por ter uma maior velocidade ascensional dificultando a eficiéncia desses
fendmenos, aumentando esse problema quando se utiliza bolhas de 0z6nio, onde o tempo de
contato entre a bolha e a particula ndo deve ser muito pequeno para que possam ocorrer as
reacOes, e nem muito grande impossibilitando sua aplicacdo. Moruzzi (2005) destaca que as
alteraces da velocidade ascensional do conjunto bolha-particula podem implicar no
rompimento da ligacdo bolha/floco se 0 angulo de contato ndo possuir valor suficiente para
resistir a0 aumento das tensdes cisalhantes (viscosidade do liquido) devido ao aumento do
empuxo atuante e em uma situacdo extrema pode haver um nimero menor de bolhas que o
minimo necessario para que a flotacao ocorra.

O tamanho das bolhas ¢ influenciado pela presenca de diversas particulas e de agentes
adicionados para modificar a superficie das particulas. Em uma coluna de flotagdo com adicéo
de tensoativo as maiores frequéncias de bolhas obtidas estiveram na faixa de 0 a 300 pm,
enquanto que, no sistema sem adi¢do de tensoativos existe uma ampla faixa de tamanho
presente no sistema (600 e 1000 um). Além de se observar que as bolhas na presencga de
minerios sao menores do que bolhas presente no sistema bifasico (ar-agua) (REIS, 2015).

Coward; Lee; Caldwell (2015) descreveram que o mecanismo de formacdo de bolhas
em funcdo do tamanho da bolha e da velocidade de elevagdo € um recurso chave que afeta
significativamente a eficiéncia da colheita de microalgas. Os autores perceberam que o0s

didmetros do poro dos difusores interferem significativamente no tamanho das bolhas, as
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menores bolhas (622 pum didmetro de Sauter) proporcionou uma velocidade de ascenséo de
0,012 m/s e foram obtidas com um difusor cerdmico com 35 pm de didmetro de poro
proporcionou os maiores niveis de recuperacao de biomassa devido ao aumento nas colisdes de
algas e na estabilidade bolha-algas.

Hanotu; Bandulasena; Zimmerman (2012) na microflotacéo a caracterizacdo das bolhas
mostraram que o tamanho medio da bolha gerado no estado de fluxo de ar oscilatério era de 86
mm, aproximadamente o dobro do tamanho do poro do difusor de 38 mm. Em contraste, o fluxo
de ar continuo na mesma taxa através dos mesmos difusores produziu um tamanho médio de
bolha de 1,059 mm, 28 vezes maior do que o tamanho dos poros. Os autores atribuem isso ao
pulso gerado, devido a oscilacdo ajudar a reduzir bolhas no estagio de desenvolvimento. Em
contraste, as bolhas continuam a crescer sob fluxo continuo até um ponto em que sua forca
flotante é forte o suficiente para superar as forcas de tensdo superficial. Sob este estado de baixa
pressao, a diferenca de forca é a chave para o desprendimento de bolhas da fonte e geralmente,
as bolhas s&o vérias ordens de grandeza maiores do que o seu poro de saida. Da mesma forma,
devido a coalescéncia entre bolhas vizinhas, as bolhas crescem pelo menos uma ordem de
grandeza maior do que o poro de saida sob condicédo de fluxo de ar constante.

A frégil estrutura das microbolhas de ozénio presentes nas colunas de flotagcdo e a
possibilidade de aglutinacdo e dissolucdo das mesmas constituem as principais causas da
deformacéo dos resultados quando métodos intrusivos ou que utilizam extracdo de amostras
(off-line) séo aplicados. Porem no trabalho de Reis (2015) as mesmas tendéncias foram obtidas
para os resultados do método off-line e online, e observou que o aumento na vazdo de ar

aumenta o tamanho das bolhas.

1.4.4 Tratamento de dgua residual mediante o uso de microalgas

1.4.4.1 Aguas residuais e seu uso para o cultivo de microalga

As atividades antropogénicas tém ocasionado um grande impacto com o aumento no
descarte de aguas residuais cada vez mais intensas. O maior problema do descarte é a falta de
tratamento, no Brasil se trata apenas 42,7% dos esgotos gerados (BRASIL, 2015), logo a outra
parcela é descartada sem tratamento pelo escoamento direto ou por infiltragdo até atingir os
cursos d’agua ou aquiferos.

O principal problema do descarte sem tratamento das &guas residuais é o elevado

contetido de matéria organica e a alta concentracdo de nutrientes, principalmente N e P, bem
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como metais toxicos, ocasionando problemas de contaminacdo e eutrofizacdo, tendo como
consequéncias a reducdo da biodiversidade, aumento da toxicidade da agua e da turbidez,
reducao de oxigénio dissolvido na agua, entre muitos outros.

Algumas espécies de microalgas sao particularmente tolerantes as condicGes de
efluentes de esgoto e muitos pesquisadores relatam sua viabilidade e eficiéncia na remocao de
N, P e metais toxicos de aguas residuais (AHLUWALIA e GOYAL, 2007; GUDE, 2016;
GUPTA, 2016; HE et al., 2017; LABBE et al., 2017), além de propiciar o sequestro de CO;
atmosférico (ELOKA-EBOKA e INAMBAO, 2017; TRIPATHI; SINGH; THAKUR, 2015;
ZHU et al., 2017).

Um dos géneros tolerantes aos esgotos é a Scenedesmus, sendo que varias espécies desse
género podem fornecer uma remocdo elevada de nutrientes (> 80%) e, em muitos casos, quase
completa N e P total de aguas residuais (RUIZ-MARIN et al. 2010; KIM et al., 2015;
LEKSHMI et al., 2015; SHEN et al., 2015).

A capacidade das microalgas para crescer eficazmente em ambientes ricos em nutrientes
e para acumular eficientemente nutrientes e metais das aguas residuais, torna-los um meio
extremamente atraente para o tratamento de aguas residuais sustentaveis e de baixo custo (DE-
BASHAN e BASHAN, 2010).

Gupta et al. (2016) encontrou excelentes resultados de remocé&o utilizando a Chlorella
sorokiniana e a Scenedesmus obliquus no tratamento de aguas residuais sem adicionar qualquer
outro tratamento. S. obliquus apresentou um maior potencial de remoc¢éo quando comparada a
C. sorokiniana, com 76,13 % de carbono orgéanico, 98,54 % de N, 97,99 % de P e remocao de
99,93 % de coliformes totais e completa remogdo de coliformes fecais. Uma vantagem
apresentada com o aumento nos niveis de estresse (Fv/Fm de 0,48 + 0,03) foi 0 aumento da
acumulacdo de lipideos nas células (23,26 £ 3,95% p/p). Um importante composto para a
producdo de biocombustiveis.

Ruiz-Marin et al. (2010) comparou o crescimento de Scenedesmus obliquus em
condigdes semi-continua para a remocao de N e P e descobriu que o crescimento inicial ao
longo de quatro ciclos de cultivo (181 h) foi muito maior do que na cultura em lotes,
possivelmente devido a reducdo de nutrientes no lote, mas ap0s quatro ciclos de cultura, o
crescimento e teor de clorofila e proteinas das células diminuiram significativamente, indicando
um colapso da cultura.

Por um lado o uso das aguas residuais pode ser um meio viavel para aumentar a
sustentabilidade da produgdo de biocombustiveis, ja que o maior problema enfrentado pela

geracdo de biocombustivel a partir de biomassa microalgal € principalmente a necessidade de
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construcdes de instalagdes para cultivo, nutrientes para crescimento, colheita e processamento
da biomassa.

A falta de sistemas eficientes de remocéo de algas é a principal razdo pela qual o
tratamento de aguas residuais com base em algas ndo ¢ amplamente utilizado pela industria de
aguas residuais e € um impedimento significativo para a colheita de biomassa de tanques de
algas de alta taxa (DE-BASHAN e BASHAN, 2010).

1.4.4.2 Composicao bioquimica das microalgas

As microalgas s&o organismos fotossintéticos unicelulares ou multicelulares que estdo
presentes em diversos habitats, tais como ambientes de agua marinha, doce, salobra e residuais,
com diferentes condicdes de temperatura, pH, oxigénio, disponibilidade de nutrientes e outros.

Séo constituidas basicamente de proteinas, lipideos e carboidratos (Tabela 2) e encontra-
se em diferentes formas, geralmente sdo pequenas com didmetro de 3 a 30 um (DERMIBAS,
A. e DERMIBAS, M. F., 2010).

Tabela 2 - ComposicGes bioquimicas de microalgas em matéria seca (%).

Microalgas Proteinas  Carboidratos Lipideos
Scenedesmus obliquus 50-56 10-17 12-14
Scenedesmus quadricauda 47 - 1.9
Scenedesmus dimorphus 8-18 21-52 16-40
Chlamydomonas

rheinhardi 48 17 21
Chlorella vulgaris 51-58 12-17 14-22
Chlorella pyrenoidosa 57 26 2
Spirogyra sp. 6-20 33-64 11-21
Dunaliella bioculata 49 4 8
Dunaliella salina 57 32 6
Euglena gracilis 39-61 14-18 14-20
Prymnesium parvum 28-45 25-33 22-38
Tetraselmis maculata 52 15 3
Porphyridium cruentum 28-39 40-57 9-14
Spirulina platensis 46-63 8-14 4-9
Spirulina maxima 60-71 13-16 67
Synechoccus sp. 63 15 11
Anabaena cylindrica 43-56 25-30 4-7

Fonte: Dermibas, A. e Dermibas, M. F. (2010).
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As proteinas nas microalgas tém fungdes estruturais e metabolicas, séo utilizadas como
catalisadores do metabolismo celular por facilitar o crescimento (WILLIAMS e LAURENS,
2010). Cheng, Yaetal. (2011) sugeriram que as proteinas liberadas pela lise celular modificam
a hidrofobicidade das superficies das bolhas, atuando como surfactantes. E foram comprovadas
por Gonzélez et al. (2016) que as proteinas exibem atividade surfactante na 4gua interrompendo
sua tens&o superficial.

Os lipideos compreendem uma fracdo de biomassa que representa os triglicerideos
formados como armazenamento de energia para microalgas (SUALI e SARBATLY, 2012). E
se dividem em lipideos polares que incluem glicolipidios e fosfolipidios nas membranas
estruturais sob a forma de corpos de reserva de energia e 0s lipideos neutros sdo tipicamente 0s
constituintes do tipo triglicerideos, diglicerideos e monoglicerideos (GREENWELL et al.
2010).

Algumas espécies de microalgas tem uma maior capacidade de produzir lipideos, e a
sua extracdo &€ um processo que influencia no rendimento de biocombustivel e vantagem
financeira de operacdo. De acordo com Hu et al. (2008) manter as microalgas em condicgdes de
estresse (mudanca de pH, temperaturas extremas, limitacdo de nutrientes), aumenta a producéo
de lipideos (HU et al., 2008).

As estruturas das células das microalgas dificultam a extracéo dos lipideos, o que limita
a aplicacdo de alguns processos. Neste caso, a aplicacdo de 0z6nio é uma tecnologia de colheita
gue ajuda a aumentar a disponibilidade de lipideos (NGUYEN et al., 2013).

Os carboidratos sdo produtos gerados pela fotossintese durante a fixacdo do CO;
captado do ar (CHEN et al., 2013). A energia capturada pela fotossintese das microalgas é
usada para separar moléculas de CO. e H20, produz carboidratos através do ciclo de Calvin
com um processo geral que pode ser resumido pela Equacéo 24:

6C0O, + 12H,0 + féton — CcH;,04 + 60, + 6H, (24)

Um minimo de 8 fotons deve ser absorvido para dividir uma molécula de CO> e duas
moléculas de H,O para produzir uma molécula de carboidrato (CH20), uma molécula de Oz e
uma de H20 (VASUDEVAN e BRIGGS, 2008).

As rotas metabdlicas para a sintese de biomoléculas com alto valor energético
(carboidratos e lipideos) estdo estritamente relacionadas. Para aumentar a viabilidade
econémica da producédo de biocombustivel (biodiesel/bioetanol) é necessario que as microalgas
atinjam a maior produtividade do conteddo de lipideos/carboidratos (HO; CHEN; CHANG,
2012), porém esse processo nem sempre € viavel. O elevado teor de lipideos/carboidratos

geralmente ocorre sob estresse ambiental (deficiéncia de nutrientes), o que acarreta uma baixa
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produtividade de biomassa, e portanto, baixa produtividade de lipideos/carboidratos
(DRAGONE et al., 2011), sendo necessario combinar os parametros envolvidos para uma

melhor produtividade.

1.45 Microalgas como fonte de biocombustivel

O interesse pela producdo sustentavel de energia € um dos recursos mais importantes no
desenvolvimento de tecnologias, e uma das fontes promissoras é o uso de microalgas como
matéria prima. Essas sdo obtidas na natureza, ndo necessitam de boas condi¢Ges para se
desenvolver, ocupam uma pequena area para crescimento e substituem o uso de produtos
alimenticios para a producéo de biocombustivel.

De acordo com Greenwell et al. (2010) obter uma espécie de alga que tenha uma alta
taxa de crescimento, alto teor de lipideos e facilidade de colheita e extracdo € um dos grandes
desafios bioldgicos para a pesquisa de biocombustivel.

As principais vantagens potenciais em comparacdo com culturas de plantas
convencionais sdo principalmente: 1) a maior produtividade de biomassa por unidade de area e
tempo (MOHEIMANI e BOROWITZKA, 2006); 1) ndo competitividade de terra, para
producdo de alimentos e fibras, uma vez que pode ser produzido mesmo em terras nao-araveis
(SINGH et al., 2011); I11) melhor economia da agua e dos nutrientes atraves de uma reciclagem
eficaz (ZHOU et al., 2013); IV) possibilidade de utilizacao de residuos de industrias como fonte
de nutrientes baratos, especialmente CO2, N e P, que possam auxiliar na gestdo de residuos
urbanos ou industriais, ajudar a mitigar as alteracfes climaticas e a reduzir a procura por
fertilizantes (ZHOU et al., 2013).

As microalgas contém lipideos e acidos gordurosos como componentes da membrana,
produtos de armazenamento, metabdlitos e fontes de energia, e muitas podem ser induzidas a
acumular de 2 a 40 % de lipideos/6leos de sua massa (DERMIBAS, A. e DERMIBAS, M. F.,
2010), devido a esse grande potencial de acumulo de lipideos e acidos graxos algumas
microalgas se destacam para a producdo de biocombustiveis.

Algumas técnicas séo utilizadas para a conversdo energética dos compostos bioquimicos
extraidos das microalgas para a producéo de biocombustivel. As principais rotas a partir de
conversdo bioquimica sdo a fermentagdo e a transesterificacdo, enquanto a conversdo
termoquimica é aplicada para processos de gaseificacdo, pirdlise, liquefagdo e hidrogenacao
(BORGES, 2010). Os processos de conversao utilizados no processamento séo apresentados na
Figura 7.
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Figura 7- Esquema dos processos de conversédo energética utilizados no processamento de
microalgas.

j Fermentagéo Etanol
Conversao
Bioquimica L o
Transesterificacdo Biodiesel
Microalgas Gaseificacdo Gés Combustivel
i Pirélise Oleo, Carvéo
Converséo
Termoquimica ) ] ] f .
Liquefacédo Oleo
Hidrogenagio Oleo

Fonte: Borges (2010).

Aos biocombustiveis produzidos a partir de microalgas, se incluem o metano produzido
pela digestdo anaerdbia da biomassa das microalgas (CAPSON-TOJO et al., 2017), o biodiesel
derivado do 6leo (RIO et al., 2017), o biohidrogénio produzido por processos fotobiol6gicos
(LAKSHMIKANDAN e MURUGESAN, 2016), o bio-6leo resultante da pir6lise em
temperaturas elevadas (BACH e CHEN, 2017) e o bioetanoll (ASHOKKUMAR et al., 2017).
E dentre os combustiveis renovaveis mais promissores destaca-se o biodiesel, uma mistura de
ésteres metilicos ou etilicos de acidos graxos, produzido pela reacdo de um 6leo ou gordura
com um alcool, na presenca de um catalisador (FRANCO et al., 2013).

A Figura 8 mostra uma representacao esquematica da cadeia de producdo do biodiesel
a partir de microalgas, iniciando com a selecdo de espécies, e implementagdo do sistema de
cultivo para crescimento de microalgas. Em seguida, a colheita de biomassa, processamento e

extracdo de dleo para abastecer a unidade de producéo de biodiesel.
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Figura 8- Cadeia produtiva de biodiesel a partir de microalgas cultivadas em agua residual.
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Fonte: Adaptado de Mata; Martins; Caetano (2010).

A producdo de biodiesel a partir da biomassa de microalgas foi sugerida como
promissora por ser biodegradavel e sustentavel, uma vez que as microalgas tém caracteristicas
melhoradas em relacdo a culturas e fontes de plantas, tais como: aumento da eficiéncia
fotossintética, ciclo de reproducdo mais curto, maior eficiéncia de absorcao de nutrientes, teor
de lipideos e produtividade de biomassa (JAIMES-DUARTE et al., 2012; MATA; MARTINS;
CAETANO, 2010). Além de serem excelentes captadoras de CO, por cada 100 toneladas de
microalgas produzidas se consome 183 toneladas de CO, (CHISTI, 2008).
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1.5  MATERIAL E METODOS

A parte experimental deste trabalho foi realizada no laboratério de Engenharia
Ambiental (LIA) do Instituto de Engenharia da Universidade Nacional Auténoma do México
(UNAM) que conta com certificacdo de qualidade 1SO 9001:2008 outorgada pelo Instituto
Mexicano de Normalizacéo e Certificagdo, A.C. (IMNC) com registro RSGC 960 desde a data
de 11 de janeiro de 2016 vigente até 11 de janeiro de 2019.

A metodologia apresentada descreve o que foi realizado em 3 artigos cientificos e
primeiramente parte do pressuposto de avaliar o crescimento microalgal e a remogéo de
nutrientes de &gua residual por cultivo de Scenedesmus obliquus em reator de alta taxa. Apos
estabelecido o tempo de cultivo, foram realizados ensaios de laboratério para analisar 0s
principais parametros operacionais que estao relacionados e comparar a qualidade da agua antes
e depois dos tratamentos (oz6nio flotacdo e coagulacdo/floculacédo), também foram avaliados
parametros como recuperacdo de biomassa, liberacdo de proteinas, extracdo de lipideos e
carboidratos e a transferéncia de massa de Os. Além de ser avaliado o tamanho das bolhas,
viscosidade, potencial zeta na ozénio flotacdo para remocéao das microalgas cultivadas em agua
residual, visando uso na producéo de biocombustivel. Na Figura 9 é descrito de forma resumida
a metodologia experimental seguida para o desenvolvimento da pesquisa e na Tabela 3 os
parametros avaliados, as condi¢es experimentais e 0s parametros respostas para cada artigo.

Figura 9- Diagrama da metodologia experimental para desenvolvimento da investigacéao.
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Tabela 3- Resumo dos dados utilizados para cada artigo.

Resumo experimental

Artigo 1 Artigo 2 Artigo 3
('}gleﬁgﬂg de Coagulacao/floculacéo Ozonio flotacéo Ozonio flotacéo Ozobnio flotagdo
Concentracoes de « .
A Al(SO)s: 0.5, 1, 1.5, 2 ¢ Y3280 0e 02102, 06 € 1\, 2 46 0,:02, 0.6 1 Limin. Vazdo de Oz 0.2,0.6 ¢ 1 L/min,
Parametros 25 /L L/min.
avaliados Concentracdo de biomassa: Concentracdo de biomassa: Altura na coluna para captura Concentracdo de biomassa:
800 e 1200 mg/L. 800 e 1200 mg/L. das imagens: 3, 25 e 55 cm. 500, 700 e 1000 mg/L.
VeIpmdade de coag. 120_ « ol Concentracédo de ozo6nio de 0.16
rpm; tempo de coag. 30 s;  Concentragéo de ozonio de . . x Al
- . mg Os/mg de biomassa; tempo Concentracéo de 0z6nio de 0.16
Condicdes velocidade de floc. 25 014 mg Os/mg de 2 . X
. . ) : ) de ozonizacdo de 20 min e mg Os/mg de biomassa e tempo
experimentais rpm; tempo de floc. 12 biomassa; tempo de

min e tempo de
sedimentacgéo de 30 min.

ozonizacao de 20 min.

concentracdo de  biomassa

inicial de 500 mg/L.

de ozonizacao de 20 min.

Parametros
Resposta

Curva de crescimento, remocdo de nutrientes por cultivo
de microalga, qualidade da agua ap0Os tratamento,
biomassa recuperada, proteinas, carboidratos e lipideos
na biomassa colhida, e transferéncia de Os.

Tamanho de bolhas, biomassa
recuperada e oxidada, proteinas
na agua € na biomassa
recuperada, potencial zeta e
transferéncia de Oa.

Tamanho de bolhas, biomassa
recuperada e oxidada, proteinas
na coluna, viscosidade e
transferéncia de Os.




1.5.1 Caracterizacdo da &gua residual e qualidade da agua

O efluente sanitario utilizado para o cultivo das microalgas foi captada na Planta de
Tratamento de Aguas Residuais da UNAM que recebe os esgotos proveniente da universidade dos
edificios proximos a estacdo, e foram coletados antes do tratamento (esgoto bruto). Apds a coleta,
a dgua residual era filtrada para remover os solidos grosseiros e feito uma mescla para o cultivo
(14 litros de agua residual com 14 litros de cultivo mde de microalgas) e entdo determinado as
caracteristicas fisico-quimicas (dia 0): nitrogénio amoniacal (NHs-N), nitrogénio total Kjeldahl
(NTK), nitrato, nitrito e ortofosfato, nutrientes que influem no crescimento das microalgas. Os
parametros foram analisados no inicio do cultivo das microalgas e ao longo do crescimento, com
0 objetivo de avaliar o tratamento da agua residual realizado pela espécie Scenedesmus obliquus.
Depois de atingido o tempo ideal de crescimento das microalgas, foram realizados os ensaios de
laboratério de coagulagdo/floculacdo e o0zb6nio flotacdo, apOs esses tratamentos também foi
determinada a qualidade da agua.

As metodologias aplicadas para realizar a caracterizacdo da agua residual e determinar a

qualidade da &gua sdo descritas na Tabela 4.

Tabela 4 - Métodos utilizados para determinar os parametros fisico-quimicos das amostras de
agua.

Parametros Meétodos utilizados

Nitrogénio Total Kjeldahl *Método Kjeldahl

Nitrogénio Amoniacal *Método Titulométrico 4500 - NHz E
Nitrato Método 8039 HACH

Nitrito Método 8507 HACH

Ortofosfato Método 8178 HACH

Soélidos Suspensos Totais *Método 2540 D

Fonte: *APHA (2012).

1.5.2 Cultivo e crescimento de microalgas

As microalgas da espécie Scenedesmus obliquus (Figura 10) foram cultivadas em agua

residual (fonte de nutrientes) em laboratorio, com uma alimentagéo dos cultivos a cada oito dias,
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com uma proporgao de 10 litros de cultivo para 5 litros de agua residual, visando manter a taxa de
crescimento das microalgas continua a uma concentra¢do inicial de aproximadamente 300 mg/L,
para reduzir problemas de contaminacdo com outras espécies. As microalgas do cultivo “mée”
foram cultivadas em recipientes PET de 5 e 10 litros, sem aeracdo e simulando um sistema aberto
(Figura 11). E posterior crescimento em reator de alta taxa (Raceway) com capacidade de 30 L, 15
cm de altura, 115 cm de largura e 24 cm de didmetro (Figura 12), com uma proporcao inicial de

alimentacéo do reator de 14 L de cultivo com idade de 8 dias e 14 L de agua residual.

Figura 10- Microalga Scenedesmus obliquus utilizada para os ensaios de laboratério, com
aumento de 20x.
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Figura 12- Cultivo de microalgas em reator de alta taxa (Raceway) com iluminacéo direta (24
horas).

Para o melhor crescimento das microalgas no reator de alta taxa foi controlada a velocidade
de circulacgéo do cultivo em aproximadamente 20 cm/s (BAHR et al., 2014) e manteve-se constante
as condicdes luminosas (24 horas). A curva de crescimento das microalgas foi determinada pela
quantidade de biomassa (SST) utilizando a metodologia dos sélidos suspensos totais (SST).
Calcula-se a biomassa inicial (dia 0) e depois em intervalos de tempo (dia 2, dia 5, dia 7...), para
analisar as diferentes fases de crescimento das microalgas.

Devido & alta evaporacdo no reator foi calculado também a biomassa real (TSSy) e a taxa

de evaporacéo no reator (EV), determinadas pela Equacéo 25 e 26:

SST « V (25)
T. =
SST. T
V.-V
EV = ‘T f (26)

Onde Vi € o volume inicial no reator (L), V4 representa o volume medido no dia (L), Vs
representa o volume final no reator e T o tempo de cultivo mantido (dias).
Ap0s determinada a curva de crescimento da Scenedesmus obliquus, foi mantida a mesma

idade dos cultivos, em fase estacionaria, para realizar os ensaios de ozonio flotacdo e
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coagulacdo/floculacdo, visando minimizar o uso de ozdnio ou sulfato de aluminio para reduzir a

carga superficial das células.
1.5.3 Colheita por coagulacéo/floculagdo
1.5.3.1 Colheita de microalgas

Os testes de coagulacdo/floculacdo foram realizados em lote, utilizando um equipamento
de bancada de laboratorio teste de jarros da marca Phipps & Bird - modelo 7790-900B, que mantem
seis amostras em jarros com as mesmas condi¢des de velocidade de rotacdo dos agitadores e tempo

(Figura 13). Para todos os experimentos foi utilizado 1 litro de cultivo em cada jarro.

Figura 13— Jar test com 1 L de Scenedesmus obliquus utilizado para os testes de
coagulacao/floculagéo.

As condicdes de coagulagéo e floculagdo foram adotadas de acordo com o trabalho de Reyes
e Labra (2016) e foram mantidas iguais para todos os experimentos (Tabela 7).
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Tabela 5- Condicdes de funcionamento das etapas de coagulagéo/floculacéo e sedimentagéo.

Etapas Parametros Valores estabelecidos
~ Vc (rpm) 120
Coagulacao Tc (seg) 30
n VT (rpm) 25
Floculacéo TF (min) 12
Sedimentacéo Ts (min) 30

Apds o término dos ensaios de coagulacdo/floculacdo, a sedimentacdo foi realizada em

Cone de Imhoff (Figura 14) para separar a biomassa do sobrenadante.

Figura 14— Cone de Imhoff na etapa de sedimentacéo da biomassa.

1.5.3.2 Ensaio experimental

Os ensaios de coagulacdo/floculagdo foram baseados em um planejamento experimental
com dois fatores que devem considerar: concentracao de sulfato de aluminio - Al2(SOs)3 (g/L) em
um intervalo de 0,5-2,5 g/L e concentracdo de microalgas (biomassa) de 800 e 1200 mg/L, sendo
as variaveis de resposta: biomassa recuperada, proteina, lipideos e carboidratos extraidos e
qualidade da agua. Para o experimento se utilizaram variaveis codificadas com valores de 1, 2, 3,
4 e 5 para representar as diversas concentra¢fes de Al>(SOa4)3 e concentragdo de microalgas 1 e 2.
Construiu-se um fatorial 5x2 com um total de 10 experimentos, sendo todos realizados em

duplicata.
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O planejamento experimental é apresentada na Tabela 6, determinando experimentos

aleatdrios com varidveis codificadas e variaveis reais.

Tabela 6- Matriz do planejamento experimental de coagulacao/floculacéo.

Matriz do planejamento experimental

Variaveis Codificadas Variaveis Reais
Experimentos A B Al2(SOa)3 Biomassa
(9/L) (mg/L)
1 5 2 2.5 1200
2 4 2 2 1200
3 3 2 1.5 1200
4 5 1 2.5 800
5 3 1 1.5 800
6 1 1 0.5 800
7 1 2 0.5 1200
8 2 2 1 1200
9 2 1 1 800
10 4 1 2 800

1.5.4 Colheita por oz6nio flotagdo

1.5.4.1 Colheita de microalgas

Os testes de ozonio flotacdo em lotes foram realizados utilizando um reator de coluna de
vidro de 1,3 L especialmente projetado com altura de 66 cm e diametro interno de 4,9 cm, acoplado
a um gerador de ozénio Labo 76 (Emery-Trailigaz, EUA) com capacidade de producdo de 19 g
Os/h, utilizando ar enriquecido com oxigénio como gas de alimentagdo (90% £ 5% de pureza)
fornecido por um separador de ar AS-12 (AirSep, EUA).

O oz6nio injetado na coluna de flotagdo a uma vazéo de Oz determinada para cada ensaio,
usando um difusor de vidro (10-15 um tamanho do poro) localizado na parte inferior no centro da
coluna. A coluna de flotagédo foi abastecida com 1 L de cultivo de microalga em agua residual e
recebe uma determinada vazdo de Ogz, e entdo a biomassa colhida é armazenada em um coletor
localizado na parte superior da coluna. Na saida do coletor conectam-se dois lavadores de gases

em série, 0 primeiro para armazenar a biomassa colhida e 0 segundo para capturar o 0zénio
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residual. A Figura 15 apresenta a configuracdo experimental utilizada para a colheita de microalga
por ozonio flotagao.

Figura 15- Esquema do aparato experimental de colheita de microalgas por ozénio flotacéo.

Fluxo de
ozénio

Destruidor de
ozénio

Gerador de ozénio

Concentracido de
microalga

'T‘ de gas

Ap0s os ensaios de ozonio flotacdo foi adicionado 20 mL de agua destilada no coletor de
biomassa para remover completamente a biomassa que ficava contida nas tubulacdes e a partir
dessa biomassa foram analisados parametros respostas de proteinas, lipideos e carboidratos além
da biomassa recuperada. A agua ozonada que permanecia na coluna realizaram-se analises de
qualidade da &gua, viscosidade, potencial zeta, proteinas e biomassa. A porcentagem de biomassa
microalgal colhida foi determinada subtraindo o teor de SST na amostra inicial pelo teor de SST
colhida ao final dos ensaios e a eficiéncia de colheita foi determinado somando a biomassa colhida

com a biomassa oxidada dividido pela concentracdo inicial da biomassa.

1.5.4.2 Ensaio experimental

Os testes de ozonio flotagdo foram divididos em trés etapas:
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Na primeira etapa foram determinados parametros de qualidade da &gua, biomassa
recuperada, extracdo de lipideos, carboidratos e proteinas na biomassa recuperada e transferéncia
de massa de Os para comparar com 0 metodo de coagulagéo/floculagéo. Foi avaliada a vazéo de
0zonio (vazéo O3) de 0.2, 0.6 e 1 L/min e concentracdo de microalgas (biomassa) de 800 e 1200
mg/L. A concentracdo de ozonio foi mantida em 0,14 mg de Os/mg de biomassa e 0 tempo de
ozonizagdo em 20 minutos. Para realizagdo dos testes foi feito um planejamento experimental com

dois fatores a serem analisados (Tabela 7) em duplicata:

Tabela 7 - Matriz do planejamento experimental da vazdo Oz e biomassa.

Matriz do planejamento experimental

Experimentos Variaveis Codificadas Variaveis Reais
A B Vazéo O3 (L/min) Biomassa (mg/L)
1 -1 -1 0.2 800
2 -1 1 0.2 1200
3 0 -1 0.6 800
4 0 1 0.6 1200
5 1 -1 1 800
6 1 1 1 1200

Tabela 8 - Matriz do planejamento experimental da vazdo de Os e altura da coluna.

Matriz do planejamento experimental

Variaveis S .
. Variavels reais
Experimentos codificadas p
A B Vazao_ Os Altura da coluna
(L/min) (cm)
1 0 1 0.6 55
2 -1 0 0.2 25
3 0 -1 0.6 3
4 0 0 0.6 25
5 -1 -1 0.2 3
6 1 0 1 3
7 1 1 1 55
8 1 0 1 25
9 -1 1 0.2 55
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Os segundos testes foram realizados para determinar a relacdo entre o tamanho e
distribuicdo de bolhas, além da liberacdo de proteinas na coluna para analisar sua acdo como agente
biosurfactante e sua relacdo com o tamanho das bolhas, visando também analisar se ocorre a
reducdo na coalescéncia e para isso foi medido o tamanho das bolhas em 3 alturas na coluna de
ozonio flotacdo, tendo como pardmetros resposta tamanho de bolhas, biomassa recuperada e
oxidada, liberagdo de proteina (coluna e biomassa recuperada), transferéncia de massa de oz6nio e
potencial zeta. Os pardmetros avaliados foram o vazéo Oz de 0.2, 0.6 e 1 L/min e a altura da coluna
de 3, 25 e 55 cm (Tabela 8). A concentracédo de ozonio utilizada foi de 0.16 mg Os/mg de biomassa,
tempo de ozonizagdo de 20 minutos e concentragdo de biomassa de 500 mg/L.

E para a terceira etapa foram avaliadas diferentes concentra¢des de biomassa microalgal de
500, 700 e 1000 mg/L e vazédo de Oz de 0.2, 0.6 e 1 L/min, tendo como pardmetros resposta:
tamanho de bolhas, biomassa recuperada e oxidada, proteinas na coluna, viscosidade de
cisalhamento e transferéncia de massa de Os. Foram mantidas as mesmas condigdes experimentais
da segunda etapa e realizados 0s experimentos em duplicata (Tabela 9).

Para o delineamento experimental foram utilizadas variaveis codificadas com valores de -
1, 0, 1 para representar as dosagens variadas de vazao de Og, altura da coluna de ozonio flotagéo e
concentracdo de microalgas (Tabela 7, 8 e 9) e para a concentragdo de microalgas -1 e 1 (Tabela
7). Construiu-se um fatorial 3x2 e dois 3x3, resultando em 6, 9 e 9 experimentos, respectivamente,
sendo o primeiro e o terceiro fatorial analisado em duplicata e o segundo em triplicata.

As matrizes dos desenhos experimentais sdo apresentadas nas Tabelas 7, 8 e 9 determinando
0s experimentos com as varidveis codificadas (apresentadas pelo programa MINITAB 16) e as
variaveis reais. Os ensaios de laboratorio se iniciaram com base nessas matrizes experimentais e
se estabeleceu algumas condicdes. A concentracdo de 0zonio aplicada— DOA (mg Oas/L) se calcula
por (Equacdo 21):

_03+T+Qo, (1)

DOA
\'

Sendo:

0= Concentracdo de 0z6nio na fase gasosa (mg/L);
T= Tempo de ozonizagdo (min);

Qo,= Vazdo de ozdnio (L/min);

V= Volume de amostra a ozonar (L).
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Tabela 9- Matriz do planejamento experimental do vazao de Oz e concentracdo de biomassa.

Matriz do planejamento experimental

Variaveis codificadas Variaveis reais
Experimentos . . .
A B Vazédo O3z (L/min) Biomassa (mg/L)
1 -1 -1 0.2 500
2 -1 0 0.2 700
3 -1 1 0.2 1000
4 0 -1 0.6 500
5 0 0 0.6 700
6 0 1 0.6 1000
7 1 -1 1 500
8 1 0 1 700
9 1 1 1 1000

1.5.4.3 Transferéncia de massa de 0zbnio

A concentracdo inicial e final de ozbnio na fase gasosa foi determinada pelo Método
lodométrico (BIRDSALL; JENKINS; SPADINGE, 1952), por meio de titulagdo indireta. O Oz ao
passar pela coluna de flotacdo era entdo captado em um lavador de gases contendo iodeto de
potéssio (KI). Devido & instabilidade do Oz foi feita a quantificacdo logo ap6s término do ensaio,
titulando com tiossulfato de sodio (Na2S203).

Primeiro o equipamento era calibrado com a dosagem de Os requerida de acordo com 0s
desenhos experimentais, para estabelecer, era mantida a passagem de 2 L do gas pela coluna que
entdo era capturado por um lavador de gases que continha uma concentragéo de iodeto de potéssio
(KI). Apos era realizada a titulagdo com tiossulfato a 0.1 N, para saber a concentrac¢éo de ozoénio,
determinada pela Equagdo 22:

_ N * Viituiaao * 24

C
! Vg

(22)
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Onde Cg ¢ a concentracdo de Oz (mg Os/L), N a normalidade do tiossulfato (N), Vtitulado €
o0 volume utilizado na titulagdo (mL) e Vg0 volume do gés que passou pelo lavador de gases (L).

Para determinar a transferéncia de massa, depois de determinado o 0zénio de entrada era
capturado o ozonio residual ao longo dos ensaios, apds o término dos ensaios titulado para
determinar a concentracéo final. Para quantificar o Oz transferido subtrai o Oz de entrada pelo Os
de saida.

1.5.4.4 Viscosidade de cisalhamento

A viscosidade de cisalhamento foi determinada em um Rebmetro (MCR101, Anton Paar
Physica, Austria) com velocidade de deformagdo de 0.1 a 1000 s* controlado pelo estresse e
equipado com um cilindro geométrico concéntrico (CC27/T200 AL). Todas as medidas foram

feitas em duplicata a 25 ° C.

1.5.4.5 Potencial zeta

A avaliacdo da estabilidade das microalgas se determinou através do potencial zeta. As
determinacGes se realizaram em amostras que foram pré-tratadas com oz6nio. Essas amostras
foram obtidas ao cumprir o tempo de flotacdo com ozdnio, mesclando a &gua que restava na coluna
de flotacdo e obtendo uma amostra. Amostras do cultivo antes da ozdnio flotacdo foi tomada como
ponto de referéncia. A medicdo se realizou no equipamento Particle Sizing Systems, NICOMP
(modelo NICOMP 380 ZLS).

1.5.5 Anadlises de biomoléculas
1.5.5.1 Proteinas na coluna e na biomassa colhida
As proteinas foram quantificadas pelo método colorimétrico de Biuret (GORNALL;

BARDAWILL; DAVID, 1948), o método se quantifica pela formagdo de um complexo que
representa uma coloracao violeta a qual se pode observar a 540 nm em espectrofotometro HACH.
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1.5.5.2 Carboidratos

A quantificacdo dos carboidratos totais foi realizada pelo método colorimétrico fenol-acido
sulfarico (DUBOIS et al., 1956). Determinada a leitura da absorbancia em espectrofotdmetro

HACH com comprimento de onda de 490 nm.

1.5.5.3 Lipideos

Os lipideos foram quantificados pelo método colorimétrico de sulfofosfovanilina
(BARNES e BLACKSTOCK, 1973), com absorbancia a 530 nm em espectrofotometro HACH.

1.5.6 Método de andlise de imagem

Para determinar a distribuicdo e o tamanho de bolhas de 0zdnio gerados por ozonio flotacao
foi aplicada a técnica de analise de imagem em um sistema trifasico (agua residual-oz6nio-
microalgas). As imagens foram capturadas por uma camera NIKON D3400 com lente AF-S DX
MICRO NIKKOR 400 MM posicionada a uma distancia adequada da coluna de flotagéo para ajuste
do foco. Visando melhorar a qualidade das imagens foram posicionadas duas lampadas nas laterais
da coluna de flotacdo e uma lampada contrario a camera fotogréafica. Para evitar aquecimento e
mudanca de propriedades fisico-quimicas na agua foram utilizadas lampadas de LED Osram T8 10
W com iluminacdo fria, montadas verticalmente.

Devido a alta turbidez da agua causada pelas microalgas, as imagens foram capturadas apds
5 minutos de ozonizagdo, para que 0 0z0nio pudesse reagir com as microalgas liberando as
proteinas e iniciando a flotacao, reduzindo assim a turbidez.

Para a calibracdo do programa uma régua foi colocada dentro da coluna de flotacdo com o
cultivo de microalgas para calibrar as imagens por conversdo de nimero de pixels para mm, esse
procedimento foi realizado para cada ensaio. As imagens capturadas foram descarregadas em um
computador com a instalacdo do software Image Tools disponivel gratuitamente para o

processamento de dados das imagens.
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Para avaliar a coalescéncia das bolhas de 0z6nio, as imagens foram capturadas a 3 cm do
fundo da coluna de flotagdo, no meio da coluna as imagens foram capturadas a 25 cm do fundo e
no topo a 55 cm do fundo. Foram medidas manualmente 300 bolhas (BENEVENTI et al., 2009;
COWARD; LEE; CALDWELL, 2015) por ensaio, para determinar a distribuicdo e o tamanho das
bolhas. E em outro momento foram medidas em apenas uma altura da coluna (25 cm do fundo)
variando a concentragdo de biomassa inicial (500, 700 e 1000 mg/L) para avaliar seu efeito na
distribuicdo e tamanho das bolhas de ozonio.

O didmetro médio das bolhas foi calculado a partir do didmetro médio de Sauter (ds»)
(Equacéo 22), definido como:

_ Imdiy (22)

d ;= didmetro de bolhas

n;= namero de bolhas
Uma apresentacdo esquematica da configuracdo experimental é apresentada de forma

resumida na Figura 16.

Figura 16 - Configuracdo experimental para determinar a distribuicdo e tamanho das bolhas de
0z6nio na colheita de microalgas por ozdnio flotacdo.
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Abstract

The removal of nutrients by Scenedesmus sp. in a high-rate algal pond, and subsequent algal
separation by coagulation-flocculation or flotation with ozone to recover biomolecules, were
evaluated. Cultivation of Scenedesmus sp. in wastewater resulted in complete NH3-H removal, plus
93% total nitrogen and 61% orthophosphate removals. Ozone-flotation obtained better water
quality results than coagulation-flocculation for most parameters (NHz-N, NTK, nitrate and nitrite)
except orthophosphate. Ozone-flotation, also produced the highest recovery of lipids,
carbohydrates and proteins which were 0.32 + 0.03, 0.33 £ 0.025 and 0.58 + 0.014 mg/mg of
biomass, respectively. In contrast, there was a low lipid extraction of 0.21 mg of lipids/mg of
biomass and 0.12 - 0.23 mg of protein/mg of biomass in the coagulation-flocculation process. In
terms of biomolecule recovery and water quality, ozone showed better results than coagulation-

flocculation.

Keywords: Scenedesmus sp., coagulation-flocculation, ozone-flotation, wastewater, high rate

algal pond

1. Introduction

Microalgae has stood out as a renewable raw material for biofuel generation. Many of the

resources required for algal mass cultivation are present in wastewater (Ni et al., 2018);


https://maps.google.com/?q=Av.+B.Gon%C3%A7alves,+9500&entry=gmail&source=g
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simultaneously microalgae can help remove nutrients (N, P) and metals from residual effluents
(Christenson and Sims, 2011; Gupta et al., 2016). Carbon dioxide (CO2 ) sequestration by
microalgae can help offset air pollution caused by processes (Zhu et al., 2017). CO is the main
driver of biomass and lipid generation in algal production and so is an effective way to mitigate
emissions whilst also producing green energy (Eloka-Eboka and Inambao, 2017).

One of the promising genera are freshwater microalgae Scenedesmus, which are widely
available (Das et al., 2016) and a potential alternative as feedstock for biofuel, due to their high
growth rates and desirable intrinsic metabolites (Miranda et al., 2012). Scenedesmus have been
effective in treating municipal and other industrial wastewater (Mandal and Mallick, 2009; Shen
et al., 2015), efficiently fix CO2 (consumption rate 1420.6 mg.L'.d?) and show good
lipid/carbohydrate production (Ho et al., 2012) for biofuel generation. Growing algae in wastewater
offers numerous economic and environmental merits, providing one of the most sustainable ways
of producing biodiesel derived from microalgae (Komolafe et al., 2014).

However, an important aspect in microalgal harvesting is finding an efficient, economical
and sustainable separation method for splitting algal biomass from the high proportion (~98%w)
of liquid medium used for cultivation. The cost of biomass harvesting can be up to 20-30% of total
biofuels production costs (Rawat et al., 2011) or approximately 50% of the energy consumption in
the total biodiesel production process (Seo et al., 2016). But, most harvesting methods are not cost
effective enough (Sharma et al., 2013). Disrupting algal cell walls to liberate their constituents
(lipids and carbohydrates among others) and making them available for the biofuel production steps
is also a challenging task for large-scale biofuel production from microalgae (Christenson and
Sims, 2011).

According to Japar et al. (2017), coagulation-flocculation is one of the most suitable

techniques to harvest microalgae due to its high harvesting efficiencies, moderate
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operational/logistical costs, lack of negative impacts on the environment, and short harvesting time.
Coagulation-flocculation for harvesting microalgae is applied by decreasing or neutralizing the
surface charges of negatively charged cells through the application of chemical agents, resulting in
the aggregation of cells that form flakes and allow removal by a solid-liquid separation unit.
Numerous chemical coagulants or flocculants have been tested for microalgal flocculation (Rakesh
et al., 2014). Metal salts (aluminum sulfate and ferric chloride) are generally preferred because
they lead to improved harvesting efficiency (Ummalyma et al., 2016). Aluminum salts are usually
more effective than iron salts (Papazi et al., 2010) mostly because it is economically more viable,
making them useful for the recovery of Scenedesmus with efficiencies of 99% (c). However, the
potential presence of metals in the biomass can become problematic for downstream processes
(Vandamme et al., 2013). Alternative solutions to this problem include the use of plant-based
bioflocculation, microbial flocculation, bioflocculation by microalgal-fungal association or
autoflocculation (Ummalyma et al., 2017), using flocculants such as chitosan (Yunos et al., 2017),
cationic polymers (Polydiallyldimethylammonium chloride), Superfloc (Gerchman et al., 2017)
among others.

In contrast, separation using ozone-flotation has the advantage of not using chemical or
biochemical agents but two physiochemical processes in one: the separation of particles by the
emission of bubbles (flotation), and the oxidation of organic compounds due to the high oxidation
potential of ozone. Different doses of ozone have been tested, showing an effect dependent on the
liquid culture medium, morphology, microalgae structure and concentration. Betzer et al. (1980)
observed for the first time, the separation of microalgae by ozone-induced flotation, with Oz doses
of 15 to 50 mg/L, which obtained a complete separation of the microalgae without the addition of
coagulants. Nguyen et al. (2013) reported that pre-oxidation of microalgae by ozone can induce

cell lysis and, therefore, the release of intracellular organic matter. Moreover, it is an effective cell
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rupture method for biodiesel production with high lipid extraction and more saturated hydrocarbon
products (Huang et al., 2014), and reduces the cell’s surface charge (Cheng et al., 2011).

Previous studies, evaluate other types of harvesting methods using microalgal biomass grown
in culture medium while in this work wastewater is used for microalgal growth. Additionally, there
is little information on the recovery of macronutrient components such as lipids, proteins and
carbohydrates for the selected harvesting methods. The importance and efficiency of Scenedesmus
sp. cultivation in the treatment of wastewater for nutrient removal was evaluated. After cultivation,
two techniques of harvesting were compared, coagulation-flocculation which is a very efficient
and proven technique for harvesting microalgae (Das et al., 2016; Reyes and Labra, 2016;
Vandamme et al., 2013) and ozone-flotation, which is currently being developed (Cheng et al.,
2011; Komolafe et al., 2014; Valeriano Gonzalez et al., 2016; Velasquez-Orta et al., 2014; Orta
Ledesma de Velasquez et al., 2017). The evaluation for both processes was performed by
determining nutrient removal at different water processing stages: 1) after treatment by
Scenedesmus, and 2) after recovering the biomass. In addition to ozone-flotation, the mass transfer
of ozone and coagulation-flocculation with a dose of aluminum sulfate were evaluated.

The objective of this study was to evaluate the removal of nutrients from wastewater through
a mixed microalgae culture dominated by Scenedesmus sp via comparison the two aforementioned
methods for microalgae harvesting. The conventional harvesting method (coagulation -
flocculation) and the new ozone-flotation method were compared taking into account the recovery
of microalgae biomass as SST and specific biomolecules of energy interest (lipids, carbohydrates
and proteins). Additionally, the removal of nitrogen and phosphorus was determined as part of an

integral wastewater treatment process.

2. Materials and methods
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2.1 Cultivation of Scenedesmus sp. in wastewater

Biomass used was obtained from the cultivation of Scenedesmus sp. isolated from "Lago
Nabor Carrillo” located in Texcoco, Mexico, grown in raw wastewater from a Ciudad Universitaria
wastewater treatment plant. Microalgae were fed with residual water filtered to remove solids, prior
to being transferred into a lab-scale High Rate Algal Pond (HRAP). The microalgae were produced
in an HRAP with a capacity of 30 liters (height: 15 cm, width: 115 cm and diameter: 24 cm),
cultivated in a ratio of 14 liters of wastewater to 14 liters of microalgae culture, from November
2016 to May 2017. They were kept under lighted conditions (photoperiod 24:0 light:darkness) and
controlled agitation (21.6 cm/s).

Biomass concentration (as total suspended solids, TSS), was used to monitor microalgae
growth and was determined, indirectly, by gravimetry using standard methods (APHA, 2005). The
growth curve was determined from day zero, immediately after mixing wastewater and the culture,
up to 16 days. Biomass concentration (TSSy) and evaporation rate (EV) were determined according
to equationsl and 2, respectively:

TSSy = (TSS*Vi)/Vyg 1)

EV = (Vi-Vi)/T (2)

Where Vi is the initial volume in the reactor (in L), Vq represents the volume measured on a given
day (in L); Vs represents the final volume in the reactor (in L) and T is the time the culture was
maintained (in days). In all harvesting analyses, microalgal growth was monitored for 14 days.
After this time coagulation-flocculation and ozone-flotation tests were carried out. The percentage
of microalgal biomass harvested was calculated by subtracting the TSSr content in the initial

sample from the TSSr remaining.

2.2 Harvesting of Scenedesmus sp.
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2.2.1 Coagulation-flocculation

Coagulation-flocculation tests were carried out in batches, using a Phipps & Bird and model
7790-900B laboratory bench jar test, which holds six samples in cups, under the same conditions
of stirrer speed and time. The following conditions were applied: (1) stirring at 120 rpm for a period
of 1 min for coagulation, (2) stirring at 25 rpm for 12 min of flocculation (Reyes and Labra, 2016),

and (3) a settling time of 30 min; these were used for all experiments.

2.2.2 Ozone-flotation

Ozone-flotation experiments were conducted using 1L of a freshly homogenized culture of
Scenedesmus sp. Batch flotation tests were carried out using a skimmer-type reactor, coupled to a
Labo 76 ozone generator (Emery Trailigaz, USA) with a production capacity of 19 g Os/h. The
biomass was harvested through a collector, which was located at the top of the reactor. Ozone was
injected at the bottom of the reactor (using a glass diffuser: 10-15 um pore size) at different flow
rates (0.2, 0.6 or 1 L/min) and different concentrations (800 or 1200 mg/L biomass) for 20 minutes,
to apply a dose of 0.14 mg Os/mg of dry biomass which had been previously reported by Valeriano-
Gonzalez, et al. 2016. The ozone concentration in the gas phase used for each test was determined

using the lodometric Method (Birdsall & Jenkins, 1952).

2.2.3 Experimental design
For the experiments, a design with two factors was proposed, with variables coded to
represent the ozone flux, the aluminum sulfate dose and the biomass concentration. The design

involved carrying out 16 experiments, each with four replicates. The combinations of levels were
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done using the statistical software Minitab 17, to obtain the best relation of the factors to the
variable tested.

In the ozone-flotation tests, a 3x2 factorial was constructed, for evaluating the ozone flow
rate (0.2, 0.6 and 1 L/min) and biomass concentrations (800 and 1200 mg SST/L). For coagulation-
flocculation, a 5x2 factorial was constructed using doses of Al2(SO4)3 (0.5, 1.0, 1.5, 2 and 2.5 g/L)
and biomass concentrations (800 and 1200 mg SST/L). The influences of these operational
variables were determined for the following responses: cell biomass recovery, amount of lipids,
protein and carbohydrates extracted and water quality (ammonia nitrogen, total Kjeldahl nitrogen,

orthophosphate, nitrate and nitrite).

2.3 Water quality

Water quality was determined on day zero and monitored during the 14 days of microalgal
growth while evaluating nutrient removal and the efficiency of the cultivation of Scenedesmus sp.
as a treatment technique for wastewater. After the treatment of wastewater with microalgae
cultivation, the influence of the coagulation-flocculation and ozone-flotation treatments on water
quality was also determined; to verify efficiency for the treatments the water quality was measured
at the end of microalgae cultivation and after treatments. The parameters determined in water
quality were total Kjehdal nitrogen (TKN) and ammonia nitrogen (APHA, 2005), orthophosphate,

nitrate and nitrite (HACH 3900 spectrophotometer).

2.4 Biomolecules



74

Total lipid, proteins and carbohydrates were extracted from the harvested microalgae
biomass in coagulation-flocculation and ozone-flotation treatments. For total lipids, the sulpho-
phospho-vanillin reaction by colorimetric method (Barnes and Blackstock, 1973) was used. Total
proteins were quantified by the Biuret colorimetric method (Gornall et al., 1948); and total
carbohydrates were determined by the colorimetric method phenol-sulfuric acid (Dubois et al.,
1956). The initial lipid concentration ranged from 0.03 to 0.075 + 0.02 mg lipid/mg of biomass and

carbohydrates from 0.06 to 0.44 + 0.16 mg carbohydrate/mg of biomass.

2.5 Statistical analysis

Statistical analysis was performed using R software version 3.2.2 with an analysis of variance
(ANOVA) at the 5% significance level, to analyze and compare the experimental data. The null
hypothesis was that there was no difference between different treatments. If p <0.05, the null
hypothesis was rejected, meaning that the difference was significant. If there was a significant
difference between the treatments, the multiple comparisons test by the Tukey test was performed.
If p >0.05, the null hypothesis was accepted, that is, there was no significant difference between

treatments.

3. Results and discussion
3.1 Growth and wastewater treatment by Scenedesmus sp.

Fig. 1 shows the results of the growth of Scenedesmus sp. and the consumption of ammonia
nitrogen and orthophosphate over 16 days. The maximum biomass concentration of 1200 mg/L
was obtained during the 14 days with an evaporation rate of 0.8 L/day.

As observed in Fig. 1, the growth trend of microalgae was related to nutrient consumption.

A high consumption of ammonia nitrogen and orthophosphate occurred until day 12, while over
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that same period the exponential phase of microalgae growth occurred. A strong correlation
between biomass and ammonia nitrogen consumption (R?> = - 0.90) and biomass with
orthophosphate consumption (R? = - 0.97) was obtained. For both, the correlation was inverse,
which means that biomass accumulation was directly related to nutrient consumption.

Because of the scarcity of nutrients (day 12), the Scenedesmus sp. cells entered a stationary
phase, and from the 14th day of cultivation, into a phase of decline and death. It is advantageous
to consider the stationary phase for harvesting microalgal biomass, due to a lower metabolic
activity and cell mobility, presenting higher intercellular interactions, as the zeta potential
decreases (Barros et al., 2015).

Table 1 shows the efficiency of nutrient removal from residual water by Scenedesmus sp,
achieving complete removal of ammonia nitrogen, 93% of total nitrogen removal and 61%
orthophosphate removal. The higher nitrogen removal compared to phosphorus, was a consequence
to the fact that the wastewater used in the study has a nitrogen deficiency (N/P: 2.3). It is known
that the N/P ratio for an optimal growth of the genus Scendesmus without limitations is around 30
(Rhee, 1978). According to these results, it can be concluded that the strain of Scenedesmus sp.
can be an alternative for wastewater treatment, thanks to their ability to absorb nutrients, using
them as a food source for growth. In contrast, the algal treatment resulted in an increase of nitrite
and nitrate levels in the final effluent after treatment and may be a consequence of favorable
conditions for nitrification. The same was observed by Gupta et al. (2016), where the species
Scenedesmus obliquus removed the N-NHs, but resulte in an increase in the levels of nitrite and
nitrate. The author related this as a consequence of favorable conditions for both, ammonia
oxidation and nitrification. Lorenzen et al. (1998) also observed nitrification in the presence of

microalgae and attributed it to photosynthetic oxygen.
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Results from this work showed that nutrient costs can be eliminated, since no nutrients have
been added for Scenedesmus growth besides the nutrients already present in the wastewater. At the
same time, this can also help reduce the problems caused by the release of wastewater into water
bodies without proper treatment.

In some studies such as that carried out by Gupta et al. (2016) the species Scenedesmus
obliquus obtained a removal of 99 + 3 % for nitrogen and 98 + 4% of orthophosphate, while
Sacristan de Alva et al.(2013), using pretreated wastewater for the cultivation of Scenedesmus
acutus, achieved 66% removal of phosphorus and 94% for organic nitrogen (94%). In another
study, the cultivation of Scenedesmus sp. showed a maximum biomass concentration (0.90 g/L)
and maximum removal of ammonia nitrogen (86%) and phosphorus (97%)(da Fontoura et al.,
2017). Scenedesmus sp. have also been shown to effectively metabolize both nitrogen and

phosphorus without suppressed assimilation of any nutrients (Kim et al., 2015).

3.2 Biomass and biomolecule recovery

The use of microalgae strains for biofuel production being economically viable depends on
several factors, and according to Ho et al. (2012) it is necessary that microalgae achieve the highest
productivity of lipid and carbohydrate content. Achieving microalgae species with a high growth
rate, lipid content and easy harvesting plus extraction may help overcome one of the major
biological challenges for the production of biofuels (Greenwell et al., 2009).

Within the variables tested, the most significant effect for biomass harvesting and proteins
extracted presented an ANOVA p-value of 0.004. In the case of lipids, the initial concentration of
algae and aluminum sulfate dose were the most significant factors (ANOVA p-value of 0.00002

and 0.003, respectively). For carbohydrates, both the aluminum sulfate dose and the initial



77

concentration of algae had significant effects (p-value of 0.00) with no interaction between them
(p-value of 0.13).

According to Fig. 2A, biomass harvesting values higher than 85% with a maximum recovery
of 98% were obtained. For biomass harvesting, the best Al>(SO4)3 dosage was 1 to 2.5 g/L for a
microalgae concentration of 800 mg SST/L (1.3 — 3.1 mg aluminum sulfate/mg of biomass)
obtaining 93-98% removal that did not statistically differ. Additionally for the biomass of 1200 mg
SST/L, dosages showed no significant difference in all tested range (0.5 to 2.5 g/L of aluminum
sulfate). The results of this study compared with those published by other authors are shown in
Table 2. Similar results were presented by Reyes and Labra (2016) who obtained a removal
efficiency of 98% using Scenedesmus sp. with a concentration of 1.5 g/L of Al2(SO4)s. With the
same species, Chen et al. (2013) obtained a removal of 98% after 10 min of settling with 0.3 g/L
of Al2(SOa)s.

For lipids, carbohydrates and proteins (Fig. 2B, 2C and 2D) an influence from the higher
aluminum sulfate dose in the initial biomass concentration of 800 mg/L was observed. The
extractions of lipids and carbohydrates (Fig. 2B and 2C) were higher for the biomass concentration
of 800 mg/L, with an extraction of 0.21mg lipid/mg of biomass and 0.38 mg carbohydrates/mg of
biomass. While for the proteins (Fig. 2D) the release values were 0.12 - 0.23 mg protein/mg of
biomass. As shown in Fig. 2, for carbohydrates, lipids and proteins, the dose of sulfate influences
the cells, that is, when the dose of coagulant applied increases, extraction increases to a certain
extent. Due to the focus of the work, the concentration of metals in the biomolecules was not
evaluated, however, it is recommended that further studies evaluate the influence of aluminum
sulfate on biomolecules.

The best efficiency with the lowest evaluated biomass (800 mg/L) may be due to the greater

contact between the coagulant and the cells, as observed by Papazi et al. (2010) in which the
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addition of Alx(SO4)s resulted in cells lysis of about 10% for the total number of cells,
demonstrating a lower efficiency when using a higher concentration (1200 mg/L), even almost null
the difference between the biomass harvested but with a great difference when evaluated the
recovery of biomolecules.

For ozone-flotation (Figure 3), even with a low recovery of biomass (62%), there was high
extraction of lipids (0.15 - 0.3 mg of lipids/mg of biomass), carbohydrates (0.25-0.3 mg of
carbohydrate/mg of biomass) and proteins (0.14 — 0.5 mg of protein/mg of biomass), using a dose
of ozone of 0.14 mg Os/ mg of biomass, 3- 22 times lower compared to aluminum sulfate. This is
due to the ozone actions on the cells of the microalgae by reducing the surface charge and oxidizing
the cells, which favors the collection of biomass and the extraction of biomolecules.

In previous studies, Velasquez-Orta et al. (2014) found a biomass recovery of 79% and a
lipid yield of 0.12 mg of lipids/mg of biomass, using higher doses of ozone (0.23 mg Os/mg of
biomass) and a lower concentration of microalgae (420 mg SST/L). Valeriano-Gonzalez et al.
(2016), obtained a recovery of 75% of biomass, with a lipid yield of 0.16 mg lipids/mg of biomass,
with the same dose of ozone used in this study (0.14 mg Os/mg of biomass), but a lower
concentration of microalgae (400 mg/L). The differences in biomass recovery obtained in this
work, with respect to previous reports, are mainly due to the type of microalgae used and the
required dose of ozone. In this study, a microalgal aggregation (dominated by Scenedesmus sp.)
grown in a wastewater in a high-rate reactor was used with an evaporation rate of 0.8 L/day. The
latter causes contaminants in the culture to almost duplicate in concentration which compete for
the ozone used to harvest microalgae, resulting in a less efficient process. In future studies, it is
advisable to adjust the dose of ozone used to compensate for secondary ozone demands.

Biomass concentration and Oz flow were significantly affecting algal recovery (p-value

<0.00) for the evaluated response parameters (harvested biomass, lipids, carbohydrates, protein
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and ozone mass transfer). As shown in Fig. 3A, the maximum biomass recovery was 62% with
flow greater than 0.85 L/min and high biomass concentration (1200 mg/L), predominating the
physical effect of the ozone flow. Not only does the recovery require a higher dose of ozone as
reported by Valeriano Gonzélez et al.(2016), but also a higher flow of ozone to separate the
biomass. The extraction of lipids and carbohydrates was obtained with lower concentrations of
biomass (Fig. 3B and 3C) with extraction higher than 0.30 mg lipid/mg of biomass and 0.30 mg
carbohydrate/mg of biomass. For proteins, the best results were obtained with a gas flow less than
0.5 L/min (Fig. 3D) with values > 0.5 mg protein/mg of biomass, due to the higher concentration
of ozone in contact with the biomass. As mentioned above, under these conditions, there is greater
availability of ozone due to lower algal demand; this is consistent with what was obtained by
Valeriano Gonzélez et al. (2016), who reported greater recovery of proteins with higher
concentrations of ozone.

According to the Tukey analysis, when a biomass concentration of 800 mg/L was used, no
differences were found between the flows, but for the concentration of 1200 mg/L, the best flows
with statistical difference were 0.6 and 1 L/min. Low ozone flow (0.2 L/min) was not efficient for
the biomass harvest, probably due to the lower inlet bubble concentration and higher biomass
concentration, which makes it difficult to float the microalgae. In order to achieve greater than 90%
mass transfer of Oz (Fig. 3E), for the range of biomass concentrations studied at 800-1200 mg/L,
flows between 0.2 and 0.68 L/min were required. The largest mass transfer of ozone (95%) was
achieved with a biomass of 1200 mg/L and a flow of 0.6 L/min, which did not differ statistically
from the biomass of 800 mg/L for a flow of 0.2 and 0.6 L/min with transfers of 93% and 92%,
respectively.

For lipid and carbohydrate extraction, the best biomass concentration was 800 mg/L, with an

Os flow of 0.6 L/min for the lipids, obtaining an extraction of 0.32 mg lipids/mg of biomass; for
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carbohydrates, the best Oz flows were 0.6 and 1 L/min, with an efficiency of 0.33 and 0.302 mg
carbohydrates/mg of biomass. Keris-Sen and Gurol (2017) reported that the application of ozone
leads to cell disruption in microalgae. With a lower concentration of microalgae (800 mg/L) a
higher concentration of available ozone permeates the membrane and results in a greater recovery
of lipids, showing the best results compared to coagulation-flocculation.

Higher lipid extraction is observed in relation to the greater mass transfer due to the action
of ozone in microalgae cells. According to Li et al. (2013) the intracellular space of the cells is
occupied by lipid bodies, which is distributed in all tissues, especially in cell membranes and fat
cells. Carbohydrates are similar to lipids and need treatment (O3) to break the cells, but extraction
is greater with higher concentrations of biomass. Though cells contain a large portion of stored
carbohydrates, cell walls also hold carbohydrates (Kim, 2015) that are easier to extract, and their
extraction was not as dependent on the transfer of Oz as the lipids were. For proteins the largest
extractions were with the highest Os transfers, as the proteins are present in the cell wall and inside
the cell (Sierra et al., 2017); the Oz breaks the cells, but with less transfer this action is diminished

and consequently, the extraction of proteins decreases.

3.3 Nutrient removal efficiency by coagulation-flocculation and ozone-flotation

In this study, different dosages of aluminum sulfate were used to evaluate coagulation-
flocculation and varying Oz gas flows were used to evaluate ozone-flotation. Both of these were
also used to evaluate two biomass concentrations (800 and 1200 mg/L) in terms of nutrient removal
from residual water after treatment with microalgal culture.

The experiments found high removal for nitrate and orthophosphate (> 60%) using a biomass
concentration of 800 mg/L, reaching 99% of nitrate remnants with the highest dosage (2.5 g/L) of

Al>(SO4)3 (Table 3). However, note that the efficiency for NHs-N, TKN and nitrite was not
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satisfactory (<33%), probably due to the low concentration of these in the culture since the majority
was consumed by the microalgae for its growth. As already discussed, the treatment with
microalgal culture in wastewater decreases or completely removes NH3-N and TKN from the
water, and can complement the coagulation-flocculation technique. It can also be observed (Table
3) that the lowest nutrient removal efficiencies were with the biomass concentration of 1200 mg/L,
which in contrast to the concentration of 800 mg/L, did not obtain significant removal results. This
was perhaps due to a lower interaction of sulfate with the medium due to high concentration of
biomass. Table 5 shows that the biomass had a greater influence (p-value <0.05) than the dose of
coagulant applied; for all statistical analyzes the best efficiency in the removal of nutrients was for
the biomass of 800 mg/L with a 2.5 g/L dose of Al>(SOa)s. This may be due to the higher interaction
between aluminum sulfate and nutrients when a lower concentration of biomass is applied, which
decreases their interaction at higher concentrations.

In the work of Teh et al. (2014), applying coagulation-flocculation in wastewater without the
presence of microalgae obtained a greater removal of TKN (51%) and 42% total phosphorus with
0.3 g/L of Al>(SO4)3, and for Ismail et al. (2012), using the same coagulant at a dose of 60 mg/L
obtained 63% removal of PO%*4. This difference in results may be due to the initial concentration
of nutrients and the absence of microalgae, which increases the nutrient-coagulant interaction.

Table 4 shows that the highest removal efficiency after treatment by ozone-flotation for
nutrients (100%) was obtained for NHs-N and TKN. The maximum nitrate removal efficiency was
89% for an Oz flux of 0.2 L/min and an initial biomass of 800 mg/L, and nitrite removal was greater
than 86% for an Oz flux of 0.6 L/min with the same biomass concentration. TKN, orthophosphate
and nitrite had a significant difference (p-value <0.05) in relation to the O3 flux, but only nitrate

and nitrite had a significant difference in relation to biomass concentration.
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According to the Tukey analysis, a difference between the averages for Oz flow (for total
nitrogen, orthophosphate and nitrite) was higher than 0.6 L/min. For biomass, a difference between
the averages was only obtained for nitrate, which was 800 mg/L as the ideal concentration of
biomass. When applying high concentrations of biomass (1200 mg/L), the results are unsatisfactory
for coagulation-flocculation (Table 3). Increasing viability and decreasing treatment costs for
biofuel production, energy is better with an increased concentration of microalgae. In this case,
ozone-flotation technique was more efficient when using a high concentration of biomass (Table

4).

4. Conclusions

The use of Scenedesmus sp. for wastewater treatment proved to be efficient and
advantageous, besides being an excellent producer of biomolecules. In general, the methods tested
were different; coagulation-flocculation had an efficiency between 85-98% for biomass harvesting
with a dose of 0.5-2.5 g/L of Al>(SO4)s yielding 0.4 — 3.1 mg of Al2(SOa)3/mg of biomass. Ozone-
flotation recovery achieved 62% with a dose of ozone applied at 0.16 g Os/L yielding 0.14 mg
Os/mg of biomass. With the application of Al2(SO4)s, the microalgae yield was 3 to 22 times greater
than Oz doses alone. However, the deciding factors in the appropriate technology to use depend on

the proposed objective regarding the evaluated parameters.

Acknowledgements

The authors acknowledge MSc. Isaura Yafez-Noguez for her laboratory support, Eng. Erick
Vielma for his valuable help in the laboratory, MEng. Maria Teresa Valeriano for her support with
ozone-flotation, MEng. Regina Gonzalez Balderas for her help with the lipid and carbohydrate

techniques, MSc. Andrea Hernandez Garcia for her help with statistics. MEng. Gislayne Alves



83

Oliveira appreciates the financial support received through by the Exceed-Swindon Project. This
research project was supported by the Fondo Sectorial CONACYT, project 220704. The authors

are also grateful to William LaBarre for reviewing the English.

References

APHA-AWA-WEF, 2005. Standard Methods for the Examination of Waters and Wastewater, 21

ed. APHA, Washington, DC.

Barnes, H., Blackstock, J., 1973. Estimation of lipids in marine animals and tissues: Detailed
investigation of the sulphophosphovanilun method for “total” lipids. J. Exp. Mar. Bio. Ecol.
12, 103-118. doi:10.1016/0022-0981(73)90040-3

Barros, A.l., Goncalves, A.L., Simoes, M., Pires, J.C.M., 2015. Harvesting techniques applied to
microalgae: A  review. Renew. Sustain. Energy Rev. 41, 1489-1500.
doi:10.1016/j.rser.2014.09.037

Betzer, N., Argaman, Y., Kott, Y., 1980. Effluent treatment and algae recovery by ozone-induced
flotation. Water Res. 14, 1003-1009. doi:10.1016/0043-1354(80)90144-X

Chen, L., Wang, C., Wang, W., Wei, J., 2013. Optimal conditions of different flocculation methods
for harvesting Scenedesmus sp. Cultivated in an open-pond system. Bioresour. Technol. 133,
9-15. doi:10.1016/j.biortech.2013.01.071

Cheng, Y.L., Juang, Y.C., Liao, G.Y., Tsai, P.W., Ho, S.H., Yeh, K.L., Chen, C.Y., Chang, J.S.,
Liu, J.C., Chen, W.M., Lee, D.J., 2011. Harvesting of Scenedesmus obliquus FSP-3 using
dispersed ozone flotation. Bioresour. Technol. 102, 82-87.
doi:10.1016/j.biortech.2010.04.083

Christenson, L., Sims, R., 2011. Production and harvesting of microalgae for wastewater treatment,

biofuels, and bioproducts. Biotechnol. Adv. 29, 686-702.



84

doi:10.1016/j.biotechadv.2011.05.015

da Fontoura, J.T., Rolim, G.S., Farenzena, M., Gutterres, M., 2017. Influence of light intensity and
tannery wastewater concentration on biomass production and nutrient removal by microalgae
Scenedesmus sp. Process Saf. Environ. Prot. 111, 355-362. doi:10.1016/j.psep.2017.07.024

Das, P., Thaher, M.l., Abdul Hakim, M.A.Q.M., Al-Jabri, H.M.S.J., Alghasal, G.S.H.S., 2016.
Microalgae harvesting by pH adjusted coagulation-flocculation, recycling of the coagulant
and the growth media. Bioresour. Technol. 216, 824-829. doi:10.1016/j.biortech.2016.06.014

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric Method for
Determination of Sugars and Related Substances. Anal. Chem. 28, 350-356.
doi:10.1021/ac60111a017

Eloka-Eboka, A.C., Inambao, F.L., 2017. Effects of CO2 sequestration on lipid and biomass
productivity in microalgal biomass production. Appl. Energy 195, 1100-1111.
doi:10.1016/j.apenergy.2017.03.071

Gerchman, Y., Vasker, B., Tavasi, M., Mishael, Y., Kinel-Tahan, Y., Yehoshua, Y., 2017.
Effective harvesting of microalgae: Comparison of different polymeric flocculants. Bioresour.
Technol. 228, 141-146. doi:10.1016/j.biortech.2016.12.040

Gerde, J.A,, Yao, L., Lio, J.,, Wen, Z., Wang, T., 2014. Microalgae flocculation: Impact of
flocculant type, algae species and cell concentration. Algal Res. 3, 30-35.
doi:10.1016/j.algal.2013.11.015

Gornall, A.G., Bardawill, charles j., David, M.M., 1948. Determination of serum proteins by
means of the biuret reaction. J. Biol. Chem. 177, 751-766.

Greenwell, H.C., Laurens, L.M.L., Shields, R.J., Lovitt, R.W., Flynn, K.J., 2009. Placing
microalgae on the biofuels priority list: a review of the technological challenges. J. R. Soc.

Interface 7, 703—726. doi:10.1098/rsif.2009.0322



85

Gupta, S.K., Ansari, F.A., Shriwastav, A., Sahoo, N.K., Rawat, I., Bux, F., 2016. Dual role of
Chlorella sorokiniana and Scenedesmus obliquus for comprehensive wastewater treatment
and biomass production for bio-fuels. J. Clean. Prod. 115, 255-264.
doi:10.1016/j.jclepro.2015.12.040

Ho, S.H., Chen, C.Y., Chang, J.S., 2012. Effect of light intensity and nitrogen starvation on CO 2
fixation and lipid/carbohydrate production of an indigenous microalga Scenedesmus obliquus
CNW-N. Bioresour. Technol. 113, 244-252. doi:10.1016/j.biortech.2011.11.133

Huang, Y., Hong, A., Zhang, D., Li, L., 2014. Comparison of cell rupturing by ozonation and
ultrasonication for algal lipid extraction from Chlorella vulgaris. Environ. Technol. (United
Kingdom) 35, 931-937. doi:10.1080/09593330.2013.856954

Ismail, I.M., Fawzy, A.S., Abdel-Monem, N.M., Mahmoud, M.H., El-Halwany, M.A., 2012.
Combined coagulation flocculation pre treatment unit for municipal wastewater. J. Adv. Res.
3, 331-336. d0i:10.1016/j.jare.2011.10.004

Japar, A.S., Takriff, M.S., Yasin, N.H.M., 2017. Harvesting microalgal biomass and lipid
extraction for potential biofuel production: A review. J. Environ. Chem. Eng. 5, 555-563.
doi:10.1016/j.jece.2016.12.016

Keris-Sen, U.D., Gurol, M.D., 2017. Using ozone for microalgal cell disruption to improve
enzymatic saccharification of cellular carbohydrates. Biomass and Bioenergy 105, 59-65.
doi:10.1016/j.biombioe.2017.06.023

Kim, G.Y., Yun, Y.M,, Shin, H.S., Kim, H.S., Han, J.I., 2015. Scenedesmus-based treatment of
nitrogen and phosphorus from effluent of anaerobic digester and bio-oil production.
Bioresour. Technol. 196, 235-240. doi:10.1016/j.biortech.2015.07.091

Kim, S.K., 2015. Handbook of Marine Microalgae: Biotechnology Advances, Handbook of Marine

Microalgae: Biotechnology Advances. doi:10.1016/C2013-0-19117-9



86

Komolafe, O., Velasquez Orta, S.B., Monje-Ramirez, I., Noguez, 1.Y., Harvey, A.P., Orta
Ledesma, M.T., 2014. Biodiesel production from indigenous microalgae grown in
wastewater. Bioresour. Technol. 154, 297-304. doi:10.1016/j.biortech.2013.12.048

Li, X., Pribyl, P., Bisov4, K., Kawano, S., Cepak, V., Zachleder, V., Cizkova, M., Branyikova, 1.,
Vitova, M., 2013. The microalga Parachlorella kessleri--A novel highly efficient lipid
producer. Biotechnol. Bioeng. 110, 97-107. doi:10.1002/bit.24595

Lorenzen, J., Larsen, L.H., Kjaer, T., Revsbech, N., 1998. Biosensor Determination of the
Microscale Distribution of Nitrate , Nitrate Assimilation , Nitrification , and Denitrification
in a Diatom-Inhabited Freshwater Sediment Biosensor Determination of the Microscale
Distribution of Nitrate , Nitrate Assimilati. Appl Env. Microb 64, 3264—-32609.

Mandal, S., Mallick, N., 2009. Microalga Scenedesmus obliquus as a potential source for biodiesel
production. Appl. Microbiol. Biotechnol. 84, 281-291. doi:10.1007/s00253-009-1935-6
Miranda, J.R., Passarinho, P.C., Gouveia, L., 2012. Bioethanol production from Scenedesmus
obliquus sugars: The influence of photobioreactors and culture conditions on biomass

production. Appl. Microbiol. Biotechnol. 96, 555-564. doi:10.1007/s00253-012-4338-z

Nguyen, T.L., Lee, D.J., Chang, J.S., Liu, J.C., 2013. Effects of ozone and peroxone on algal
separation via dispersed air flotation. Colloids Surfaces B Biointerfaces 105, 246-250.
doi:10.1016/j.colsurfb.2012.12.017

Ni, Z.-Y., Li, J.-Y., Xiong, Z.-Z., Cheng, L.-H., Xu, X.-H., 2018. Role of granular activated carbon
in the microalgal cultivation from bacteria contamination. Bioresour. Technol. 247, 36-43.
doi:10.1016/j.biortech.2017.07.079

Orta Ledesma de Velasquez, M.T., Monje-Ramirez, 1., Velasquez-Orta, S., Rodriguez-Muiiiz, V.,
Yafez-Noguez, 1., 2017. Ozone for Microalgae Biomass Harvesting from Wastewater. Ozone

Sci. Eng. 39, 264-272. doi:10.1080/01919512.2017.1322488



87

Papazi, A., Makridis, P., Divanach, P., 2010. Harvesting Chlorella minutissima using cell
coagulants. J. Appl. Phycol. 22, 349-355. doi:10.1007/s10811-009-9465-2

Rakesh, S., Saxena, S., Dhar, D.W., Prasanna, R., Saxena, A.K., 2014. Comparative evaluation of
inorganic and organic amendments for their flocculation efficiency of selected microalgae. J.
Appl. Phycol. 26, 399-406. doi:10.1007/s10811-013-0114-4

Rawat, I., Ranjith Kumar, R., Mutanda, T., Bux, F., 2011. Dual role of microalgae:
Phycoremediation of domestic wastewater and biomass production for sustainable biofuels
production. Appl. Energy 88, 3411-3424. doi:10.1016/j.apenergy.2010.11.025

Reyes, J.F., Labra, C., 2016. Biomass harvesting and concentration of microalgae scenedesmus sp.
cultivated in a pilot phobioreactor. Biomass and Bioenergy 87, 78-83.
doi:10.1016/j.biombioe.2016.02.014

Rhee, G.-Y., 1978. Effects of N: P atomic ratios and nitrate limitation on algal growth , cell
composition , and nitrate uptake ’ 23.

Sacristan de Alva, M., Luna-Pabello, V.M., Cadena, E., Ortiz, E., 2013. Green microalga
Scenedesmus acutus grown on municipal wastewater to couple nutrient removal with lipid
accumulation  for  biodiesel production. Bioresour. Technol. 146, 744-748.
doi:10.1016/j.biortech.2013.07.061

Seo, Y.H., Sung, M., Oh, Y.K., Han, J.l., 2016. Lipid extraction from microalgae cell using
persulfate-based oxidation. Bioresour. Technol. 200, 1073-1075.
doi:10.1016/j.biortech.2015.10.106

Sharma, K.K., Garg, S., Li, Y., Malekizadeh, A., Schenk, P.M., 2013. Critical analysis of current
Microalgae dewatering techniques. Biofuels 4, 397—-407. doi:10.4155/bfs.13.25

Shen, Q.H., Jiang, J.W., Chen, L.P., Cheng, L.H., Xu, X.H., Chen, H.L., 2015. Effect of carbon

source on biomass growth and nutrients removal of Scenedesmus obliquus for wastewater



88

advanced treatment and lipid production. Bioresour. Technol. 190, 257-263.
doi:10.1016/j.biortech.2015.04.053

Sierra, L.S., Dixon, C.K., Wilken, L.R., 2017. Enzymatic cell disruption of the microalgae
Chlamydomonas reinhardtii for lipid and protein extraction. Algal Res. 25, 149-159.
doi:10.1016/j.algal.2017.04.004

Teh, C.Y., Wu, T.Y., Juan, J.C., 2014. Potential use of rice starch in coagulation-flocculation
process of agro-industrial wastewater: Treatment performance and flocs characterization.
Ecol. Eng. 71, 509-519. doi:10.1016/j.ecoleng.2014.07.005

Ummalyma, S.B., Gnansounou, E., Sukumaran, R.K., Sindhu, R., Pandey, A., Sahoo, D., 2017.
Bioflocculation: An alternative strategy for harvesting of microalgae — An overview.
Bioresour. Technol. 242, 227-235. doi:10.1016/j.biortech.2017.02.097

Ummalyma, S.B., Mathew, A.K., Pandey, A., Sukumaran, R.K., 2016. Harvesting of microalgal
biomass: Efficient method for flocculation through pH modulation. Bioresour. Technol. 213,
216-221. doi:10.1016/j.biortech.2016.03.114

Valeriano Gonzéalez, M.T., Monje-Ramirez, 1., Orta Ledesma, M.T., Gracia Fadrique, J.,
Velasquez-Orta, S.B., 2016. Harvesting microalgae using ozoflotation releases surfactant
proteins, facilitates biomass recovery and lipid extraction. Biomass and Bioenergy 95, 109—
115. doi:10.1016/j.biombioe.2016.09.020

Vandamme, D., Foubert, I., Muylaert, K., 2013. Flocculation as a low-cost method for harvesting
microalgae for Dbulk biomass production. Trends Biotechnol. 31, 233-239.
doi:10.1016/j.tibtech.2012.12.005

Velasquez-Orta, S.B., Garcia-Estrada, R., Monje-Ramirez, 1., Harvey, A., Orta Ledesma, M.T.,
2014. Microalgae harvesting using ozoflotation: Effect on lipid and FAME recoveries.

Biomass and Bioenergy 70, 356-363. doi:10.1016/j.biombioe.2014.08.022



89

Yunos, F.H.M., Nasir, M., Mohd, N., Jusoh, W., Khatoon, H., Shiung, S., Jusoh, A., 2017.
Harvesting of microalgae ( Chlorella sp .) from aquaculture bio fl ocs using an environmental-
friendly chitosan-based bio-coagulant. Int. Biodeterior. Biodegradation 124, 243-249.
doi:10.1016/j.ibiod.2017.07.016

Zhu, B., Chen, G., Cao, X., Wei, D., 2017. Molecular characterization of CO2 sequestration and
assimilation in microalgae and its biotechnological applications. Bioresour. Technol.

doi:10.1016/j.biortech.2017.05.199

FIGURE CAPTIONS

Fig. 1. Growth in wastewater and consumption of ammonia nitrogen and orthophosphates of

Scenedesmus sp. from a Raceway reactor.

Fig. 2. Effect of Al>(SO4)3 dose and biomass of coagulation-flocculation: A. recovery of biomass,

B. recovery of lipid per biomass, and C. recovery of carbohydrates per biomass.

Fig. 3. Ozone dose of 0.14 mg Os/mg biomass: recovery of biomass (A), recovery of lipid per
biomass (B) and recovery of carbohydrate per biomass (C) versus ozone flow and biomass of

ozone-flotation, respectively.
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Table 1 Characteristics of influent and effluent with cultivation and growth of Scenedesmus sp.

Parameters Inlet _ Outlet . Removal
concentration concentration (%0)

Ammonia nitrogen (mg NHz-N/L) 69.30 = 3.50 0£0.0 100

Total Kjeldahl nitrogen (mg/L) 79.80 £ 0.00 56+0.0 93

Orthophosphate (mg/L) 28.69 + 1.81 11.25+£0.11 61

Nitrate (mg/L) 1.75+0.05 48.14 + 0.62 -

Nitrite (mg/L) 0.007 £ 0.001 0.548 £ 0.001 -

-not detected.
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Table 2 Coagulation-flocculation conditions used by different studies for the harvesting of microalgae biomass.

Microalgae Biomass Yield
Reference %‘;g;ﬂ; Microalgae concentration AIE(?84)3 recovery (mgAt;'?? C? S)S/) Mg
(mg/L) | (%) SR
Chen etal. Bold’s Scenedesmus sp 540 0.3 98 18
(2013) ' ' '
Gerde et al. -
(2014) Fertilizers Scenedesmus sp. 1000 0.3 90 3.0
Reyes and Labra .
(2016) Z8 S. spinosus 400 1.5 98 0.3
This study Wastewater  Scenedesmus sp. 1200 0.5 95 2.3
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Table 3 Removal of nutrients by coagulation-flocculation after pre-treatment with Scenedesmus sp.

Parameters NHs-N Total nitrogen Orthophosphate Nitrate Nitrite

Dose of Microalgae  Remnant Remnant Remnant Remnant Remnant

Al>(SOs4)s concentration concentration® E(?;;noval concentration g/e;noval concentration gz;noval concentration gz;noval concentration gzgnoval

(gL)  (mg/L) (mg/L) ’ (mg/L) ’ (mg/L) (mg/L) (mg/L)
0.5 0 20 60 53 6
1 17 20 75 65 3
1.5 800 4.2 0 7 30 10.7 89 3.5 67 0.4 1
2 33 20 87 75 4
2.5 0 30 76 99 5
0.5 - - 0 5 0.9
1 - - 15.5 0.6 7.7 5 1.0
1.5 1200 - - - - 0.8 3 0.5 0.2
2 - - 0.9 2 0.5

7.8 22.6

2.5 - - 0.7 1 0.3

*measured after treatment with microalgae; -not detected.
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Table 4 Removal of nutrients by ozone-flotation after pre-treatment with Scenedesmus sp.

Parameters NHs-N Total nitrogen Orthophosphate Nitrate Nitrite
Microalgal ~ Remnant Remnant Remnant Remnant Remnant
OsFlow . . Removal . Removal : Removal . Removal . Removal
(L/min) concentration concentration (%) concentration (%) concentration (%) concentration %) concentration (%)
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
0.2 100 100 2 89 97
0.6 800 4.2 100 4.2 100 4.2 6 4.2 88 4.2 86
1 100 50 3 88 96
0.2 - - 2 79 99
0.6 1200 - - - - 16 11 48.8 83 0.5 97
1 - - 5 77 99

*measured after treatment with microalgae; - not detected.
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Table 5 Experimental significance of tested variables in coagulation-flocculation and ozone-
flotation. The confidence level used was 95%.

p-value
NHs-N  NTK Orthophosphate Nitrate  Nitrite

Coagulation-Flocculation

A:Dose of Al2(SO4)3 0.072 0.112 0.133 7.50E-09 0.980
B:Biomass 0.027 0.00 0.00 0.279
AB 0.072 0.174 1.38E-10 0.988
Ozone-Flotation

A: O3 Flow 0.387 0.00 0.027 0.401 0.004
B: Biomass 0.331 0.268 1.20E-04 0.002

AB 0.387 0.697 0.313 0.024
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Nutrients (mg/L)

Figure 1. Growth in wastewater and consumption of ammonia nitrogen and
orthophosphates of Scenedesmus sp. from a Raceway reactor.
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Figure 2. Effect of Al2(SO4)3 dose and biomass of coagulation-flocculation: A. recovery
of biomass, B. recovery of lipid per biomass, and C. recovery of carbohydrates per biomass.
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Figure 3. Ozone dose of 0.14 mg Os/mg biomass: recovery of biomass (A), recovery of
lipid per biomass (B) and recovery of carbohydrate per biomass (C) versus ozone flow and
biomass of ozone-flotation, respectively.
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Abstract

Interest in sustainable energy production is one of the most important resources in the development of technologies,
and one of the promising sources is the use of microalgae as a raw material. These are obtained in nature, do not
need good conditions to develop, occupy a small area for growth and replace the use of food products for the
production of biofuel. However, one of the biggest hurdle is the biomass harvest and one of the innovative
techniques being proposed is ozone-flotation. Flotation processes are influenced by the physical characteristics of
bubbles and particles, and therefore it is necessary to investigate the size distribution of generated bubbles, their
action in microalgal cells and the oxidation and release of proteins that act as biosurfactants. In this work the effect
of ozone bubble size in a three-phase system (0zone — wastewater - microalgae) and size of microalgal particles
separated by ozone-flotation were evaluated. Three ozone flows were used (0.2, 0.6 and 1 L/min). Best results
were obtained with a flow of 0.6 L/min achieving 88.5% efficiency, increased biomass oxidation, destabilization
of microalgal cells (zeta potential 3.17 mV), highest protein release (46.7 mg/L) and, a demonstrated efficiency of
proteins in reducing bubble coalescence. Regarding the latter, no differences in size or distribution of the ozone
bubbles were obtained between the 3 evaluated heights of the column (bottom, middle and top). At this flow the
mean bubble diameters were maintained at 1910, 2028 and 2071 pum for bottom, middle and top, respectively, with
approximately 50% of the bubbles concentrated up to 2000 um. In addition, due to the higher action of ozone with

microalgal cells, smaller particle sizes in the column were found due to the oxidizing action of ozone.

Keywords: Scenedesmus sp.; Wastewater; Biosurfactant; Ozone bubble size; Digital image analysis.

Introduction

The use of microalgae as a source of biofuel has stood out as a renewable raw material in part because
many of the resources required for mass cultivation can be supplied by sewage [1] which promotes the removal of

nutrients and metal ions [2,3]. When compared to fossil fuels, microalgae biofuels are renewable, biodegradable,
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and an important non food-based alternative [4] . Microalgae are fast growing in adequate environmental
conditions and produce significant amounts of lipid and carbohydrates, in a small footprint.

However, one of the major challenges for using microalgae in biofuel production is an efficient harvesting
method. Normally, harvesting processes are based on different physicochemical and biological properties of
microalgae. Flotation has emerged as a promising unit operation for microalgae harvesting due to the tendency of
microalgae to float instead of settle, and less energy is used compared to centrifugation. In order to achieve
adequate contact angle between bubbles and microalgae, the cells of the microalgae must be hydrophobic; this can
be achieved through the addition of surfactants or coagulants [5] which alter the dynamic properties of the
interface, and therefore affect the surface charges and the stability of the foam during flotation [6]. Added
chemicals aim to enhance particle separation, increase contact between air and solid particles and improve the
likelihood of adhesion [7]. However, the presence of metal ions in biomass resulting from coagulants can become
problematic for downstream processes [8] since it is toxic to the cells [9]. In this case the application of ozone
flotation is an advantageous method that does not require flocculants or to lower the pH [10] and, instead,
stimulates the flotation capacity of microalgae.

Bubble-particle interactions have been widely shown to be the most important sub-process in flotation
[11]; bubbles are the key of flotation, where bubbles attach to hydrophobic particles and carry them to the froth
layer [12]. Within the liquid pool, bubble motion facilitates mixing and therefore increases the likelihood of
algae/bubble interaction [13]. The bubbles provide the interface for microalgal cell binding and carry the
microalgae bound to the foam-liquid interface [14].

The main individual elementary steps of flotation are the collision of a solid particle with a bubble,
attachment and adhesion of a particle to a bubble and detachment of a particle from a bubble [12,15-21]. The
collection mechanism is one in which the bubbles attach to hydrophobic particles or microalgae the formation of
a finite contact angle at the gas—liquid-solid contact line [22].

An effective way to improve interaction, binding and stability efficiencies in the bubble/microalgae
relationship is to reduce the size of the bubbles, thus increasing the surface area per unit volume and increasing
the probability of interaction between bubbles and algae [23]. Apart from size, small bubbles also affect the mass
transfer of ozone, and help decrease the use of excess costly ozone. In ozone flotation, ozone bubbles cause
oxidation when in contact with microalgae cells, releasing proteins that exhibit surfactant properties, and thus
reduce the surface tension of water [22].

The addition of surfactants reduces bubble coalescence and push bubbles in the slurry zone towards the
foam phase, due to an increase in air bubble residence time [24]. Ozone also reduces the surface charge of cells
(measured in terms of zeta potential) and increases the extraction of lipids and carbohydrates due to its oxidizing
action. Proteins released from highly bound allogenic organic matter are essential for both modifying the
hydrophobicity of bubble surfaces for easy cell attachment and for forming an upper foam layer to collect floating
cells [25].

There are currently few works that have evaluated the bubble-particle relationship in flotation, and the
majority of such literature is for two-phase systems, because three-phase systems (solid-liquid-gas) are
particularly complex [26]. Additionally, the bubble-microalgae relationship is strongly related to the transfer of

ozone mass to the cells of microalgae which cause a reduction in the surface charge of the cells, thereby causing
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these microalgae to agglomerate and float. Also, ozone oxidizes the cells favoring liberation of biomolecules,
including proteins that reduce the surface tension of water.

The three-phase system works with minerals, with air-water-quartz and talc [27], air-water tap water-
glass particles [12], air-Milli Q water-alumina and silica [28], water—air-phosphate ore [24], air-water-silica [29],
air-water-quartz [30], and air-water-barite [31]. Coward et al. [14] evaluated the size of air bubbles with different
spargers with Chlorella, but determined the size of the bubbles before harvest with the addition of the cationic
surfactant cetyltrimethylammonium bromide (CTAB). Beneventi et al. [32] used the ozone flotation column for
deinking papers and determined the size of the bubbles and the transfer coefficient of ozone, but to determine the
size of the bubbles the authors used air bubbles.

The aim of this work was to investigate, for the first time, the effect of ozone bubble size distribution and
microalgal size in a three-phase system (ozone-wastewater-microalgae). Three ozone flow setups were used to
evaluate the effect of protein release as a biosurfactant, helping in the coalescence of ozone bubbles by ozone

flotation.

Materials and Methods

Cultivation of Scenedesmus sp. in wastewater

The biomass used was obtained from the cultivation of microalgae containing a majority of Scenedesmus
sp. grown in raw wastewater from a Wastewater Treatment Plant from the Facultad de Ciencias Politicas y
Sociales, Universidad Nacional Auténoma de México. The microalgae was produced in a High Rate Algal Pond
(HRAP) at lab scale with a capacity of 30 L, cultivated in a ratio of 14 L of wastewater to 14 L of microalgae
culture. Biomass concentration as total suspended solids (TSS) was determined, indirectly, by gravimetry using
standard methods (APHA 2005). The amount of biomass harvested was calculated by dividing the biomass
harvested by the initial biomass concentration and the oxidized biomass was calculated from the initial biomass
by subtracting the harvested biomass and the biomass that remained in the flotation column. The particles of
microalgae were visualized in Axio Lab.Al microscope combined with the Axiocam ERc 5s microscope camera
to capture the images of the microalgae cells that were modified and measured the particle size (130 particles) of
20 captured images in the Zen imaging software. The particle size distribution for the initial biomass were
determined using a LS 13 320 Laser Diffraction Particle Size Analyzer coupled to Universal Liquid Module

(ULM), which is based on the principle of diode laser light scattering ensemble.

Ozone Flotation

Ozone-flotation experiments were carried out in batch and bench scale using 1L of a freshly homogenized
culture of Scenedesmus sp. in a glass column reactor (height: 66 cm, inner diameter: 4.9 cm) with closed in line
system avoiding the ozone flight. The ozone produced by to a Labo 76 ozone generator (Emery Trailigaz, USA)
with a production capacity of 19 g Os/h, was injected in the bottom of the reactor using a glass diffuser (10-15 um

pore size) located in the central axis of the cell, which dispersed the ozone in the liquid medium with different
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ozone flow rates (0.2, 0.6 and 1 L/min) for 20 minutes and ozone gas concentration in the gas phase (18.2, 6.67
and 4.22 mg Os/L), in order to apply a dose of 0.16 mg Os/mg of dry biomass and a biomass concentration of 500
mg/L. The ozone concentration in the gas phase used for each test was determined using the lodometric Method

[33]. The percentage of transferred ozone was calculated as follows:

Ozone In—-0zone Out
% Transferred ozone = ( py—— ) * 100%

Bubble size determination

Bubbles generated during ozone-flotation were measured in a three-phase system (wastewater-ozone-
microalgae) applying a visual technique with image analysis. The images were captured by a NIKON D3400
digital still camera with an AF-S DX MICRO NIKKOR 400 MM lens positioned at a suitable distance (29.7 cm)
from the flotation column for focus adjustment. Shutter speed was 1/1000 and SO sensitivity of 400, this allowed
to capture bubble images without blur. The flotation column was backlit using illumination assisted with a cold
light, with three vertically mounted Osram T8 10 W LED lamps. One lamp was placed on the opposite side of the

camera and the other two on the sides of the flotation column. Example of the obtained photograph are shown in
Fig. 1.

Fig. 1 Example of the obtained photograph by ozone-flotation to determine bubble size.

A computer with special software for image data processing and analysis (Image Tools) was used. Image
size obtained was 6000 x 4000 pixels (24 Megapixels) and 24 bits color. The Image processing basically included
the following steps: calibrate spatial measurements (for the transformation of number of pixels to um), and then
draw lines over the bubbles to determine the diameter of each bubble.

Due to the great turbidity of the water caused by the microalgae, the images were captured after 5 minutes
of ozone flotation so that ozone could react with microalgae by releasing proteins to harvest biomass. A ruler was
placed inside the flotation column with the culture to calibrate the images by conversion to pixel number; this was
done for each height of column and ozone flow.

To evaluate the coalescence of bubbles, the images were captured 3 cm from the bottom of the flotation
column; from the middle of the column the images were captured 25 cm from the bottom and from the top, 55 cm

from the bottom. About 300 bubbles [14,32] (10 images) were measured manually (software Image Tools) for the
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determination of the size distribution in each experimental run. The mean bubble diameter adopted was the Sauter

diameter, calculated by equation:

Zn;dy,

where: dp; is the bubble diameter and n; is the number of bubbles.

A schematic representation of the experimental setup is shown in Fig. 2.
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Fig. 2 Experimental setup for testing ozone-flotation to determine bubble size distribution.

Zeta potential

Stabilization of the microalgae was determined by the zeta potential. The zeta potential of the microalgae

culture (initial sample) was taken as a reference point to evaluate the effect of ozone on the cells after harvesting

by ozone-flotation. After completion of the microalgae harvest by ozone-flotation (ozonation time for all tests was

20 minutes) the water remaining in the flotation column was then blended to obtain only one final sample for

determination of the zeta potential. The zeta potential was measured with a particle sizing systems ZLS zeta

module that fits into the Dynamic Light Scattering (DLS) technique, using Particle Sizing Systems equipment,
NICOMP (model NICOMP 380 ZLS). This technique actually measures the electrophoretic mobility of the

particles and converts this measurement to zeta potential based on Smoluchowski equation with sample

temperature 25 °C. The determination was made in triplicate.
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Protein in the flotation column and in the harvested biomass

The total protein content was determined by the Biuret colorimetric method as described by Gornall et al.
[34]. From the harvested biomass, a 0.125 g portion was taken and 17 mL of water at pH 12 was added and
maintained for 1 hour at 40 °C under stirring. Afterwards, it was centrifuged to separate the supernatant from the
proteins. Then 500 uL of that supernatant was measured and 500 pL of Milli Q water was added for analysis of
the proteins in the harvested biomass. For the proteins in the flotation column, 1 mL of column water was filtered
after ozonation. After measuring 1 mL from both forms, 4 mL of biuret reactive was added and stirred, then held

for 30 min and read on a HACH spectrophotometer at 540 nm.

Experimental design

For ozone-flotation, a design with two factors was proposed, with variables coded to represent the ozone
flow rates (0.2, 0.6 and 1 L/min) and column height at the bottom, middle and top (3, 25 and 55 cm, respectively).
The design involved carrying out 27 experiments, each with three replicates. The influences of these operational
variables were determined for the following responses: bubble size, particle size, mass transfer of ozone, protein

in column flotation and biomass harvested, biomass recovery, oxidized biomass and zeta potential.
Statistical analysis

Statistical analyses were performed using statistical software MINITAB version 16. Data were tested for
normality using an Anderson-Darling Normality Test. Normally distributed data were compared using an analysis
of variance (ANOVA) at the 5% significance level, to analyze and compare the experimental data the Tukey test

was used. For data not normally distributed, a non-parametric analysis of variance (nonparametric ANOVA) was

applied using the Mood’s Median Test.

Results

Ozone bubble size distribution and protein release in ozone-flotation

The bubble size distribution from three heights in the flotation column and protein release within the different

ozone flow conditions is shown in Fig. 3.
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Fig. 3 Average diameter of ozone bubble size at three heights (bottom, middle and top) in triplicate measured

900 bubbles the column and protein release with three ozone flow rates in ozone flotation.

Ozone bubble size is directly influenced by the ozone flow rate (p-value 0.000) (Table 1); the greater the
O3 flow the larger the bubble size. The size varied from 1334 + 613.21 um (flow 0.2 L/min, bottom) to 3426 +

699.35 pum (flow 1 L/min, top). For flow rates of 0.2 or 1 L/min, a greater variation in bubble size was observed

at different column heights, when compared to the flow rate of 0.6 L/min, produced a lower variation in ozone

bubble size, and a higher protein release (46.7 + 18.8 mg/L) was found, already for the fluxes 0.2 and 1 L/min. the

values of released proteins were low (24.8 £ 11.9 and 21.2 + 14 mg/L, respectively).

For a flow rate of 0.2 L/min, there was a statistical difference between the bottom and middle height
bubbles, bottom and top bubbles (p-value 0.000), but not between middle and top bubbles (p-value 0.203). And
for the O3 flow of 1 L/min, bubbles were different at all heights (p-value 0.000). At a flow rate of 0.6 L/min, there

was no statistical difference between the bottom and middle (p-value 0.073) nor between the middle and top

bubbles (p-value 0.479) (Table 1).

Table 1 Statistical results for ozone fluxes and column heights analyzed.

O3 flow (L/min) Column height  P-value O3 flow (L/min) Column height P-value
bottom/middle ~ 0.000 bottom/middle 0.000
0.2 bottom/top 0.000 1 bottom/top 0.000
middle/top 0.203 middle/top 0.000
bottom/middle  0.073 bottom 0.000
0.6 bottom/top 0.055 0.2/0.6/1 middle 0.000
middle/top 0.479 top 0.000

The bubble size distribution differed according to flows used (Fig. 4a, b and c). A flow of 0.2 L/min
produced small bubbles at the bottom, and had a peak of 32% of the bubbles between 500 and 1000 um. The size
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of the bubbles increased in the middle and top, where there was the same frequency and size distribution of bubbles
(Fig 3a), with a peak between 1500 and 2000 um with 34% of the bubbles in the mean and 33% of the bubbles in
the top of that range with greater bubble concentrations found from 1000 to 3500 um with a Sauter diameter of
1834 pm at the bottom, 2302 um in the middle and 2415 um at the top (Fig. d).
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Fig. 4 The relative frequency of bubble size distribution and Sauter mean diameter (D) in three heights in the
column (bottom, middle and top) with ozone flows of 0.2 (A), 0.6 (B) and 1 L/min (C) in triplicate measured 900
bubbles.

With a flow of 0.6 L/min the distribution was more homogeneous. The majority of the bubbles were
concentrated between 1500 and 3000 um (representing 81, 97.6 and 98 % of the distribution, respectively). The
distribution was maintained in the middle through the top of the column with a flow of 0.2 L/min with a Sauter
diameter of 2045 um for the bottom, 2028 pum at the middle and 3057 um at the top (Fig. 4d).

For the flow rate of 1 L/min the minimum diameter of the bubbles was not between 500 and 1000 um as
it was for the other flow rates, and in fact bubbles with a diameter less than 1500 um were only in the lower part
of the column. A significant size increase was found and the distribution is wider for the curves (Fig. 4c) for
bubbles from 1500 to 5000 um. The highest frequency of bubbles (Fig. 4c) was between 3000 and 4000 pm (56.9%
bottom, 69% middle and 66% top). In contrast to other flows (0.2 and 0.6 L/min) the bubbles reach a diameter up
to 6500 pm with Sauter diameters 2146, 2071 and 3426 pm for the bottom, middle and top, respectively.
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Fig. 5 The cumulative relative frequency of bubble size distribution in three heights in the column with ozone
flows 0.2 (A), 0.6 (B) and 1 L/min (C) in triplicate measured 900 bubbles.

In figure 5a, the ozone flow of 0.2 L/min shows the smallest bubble sizes and the largest difference
between the heights (bottom, middle and top) in the column with a maximum diameter of 3500 wm, compared to
the highest evaluated flows (0.6 and 1 L/min). For the flow of 0.2 L/min in the lower part of the column, 59% of
the bubbles are below 1500 pum, with 50% of the bubbles in the middle and 43.5% in the top at 2000 um. Already
for the flow of 0.6 L/min (Fig. 4b) the relative cumulative frequency did not show much difference between
heights; 55% of the bubbles range in the size up to 2000 pm and for the mean, 50.2% and 45.7% for the middle
and top, respectively, however the cumulative relative frequency that was more concentrated up to 1500 um for
the flow of 0.2 L/min passed at 2000 um. For the flow of 1 L/min (Fig. 5¢) the cumulative relative frequency
increases, most are concentrated between 2500 and 4500 um, being 87% bottom, 77% middle and 56% top of the
concentrated bubbles up to 3500 um.

Microalgae harvest

Ozone flow rate had a great influence on harvested biomass and biomass oxidation during the ozone-
flotation process. Figure 6 shows that the O3 flow rate of 0.6 L/min was the most favorable and obtained the

greatest harvest and oxidation of biomass.
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Fig. 6 Percentage of transferred O3, oxidized biomass and biomass harvested in relation to ozone flow, and

determination of proteins in biomass (SD < 0.08).

The transferred Oz had no significant difference for ozone flow (p-value 0.146), as opposed to oxidized
biomass (p-value 0.006), harvested biomass (p-value 0.000) and proteins in harvested biomass (p-value 0.000).
The effect of Oz flow on biomass produced the best results for the flow of 0.6 L/min with 88.5% efficiency of
ozone transfer and 31.6% of the initial biomass was oxidized by ozone; the oxidation variation in relation to the
flow was 21.2% and 31.6 % for the flow of 0.2 and 0.6 L/min, respectively. The oxidation of biomass by ozone
was demonstrated from the visualization of Scenedesmus sp. by microscope after ozonation (Fig. 7), which
produced sizes smaller than 1 um, with an average of 0.93 + 0.19 pm and was compared to the size of the initials
cells that had a Dgo of 3.57 + 0.008 um and an average diameter of 2.2 + 0.03 um. Scenedesmus sp. have an
approximated size of 6 to 20 x 3 to 10 um, its morphology is unicellular as well as coenobia of 2, 4 and 8 cells
[35,36].

A o ‘ﬁ =
& ”
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& ‘ 50 pm

Fig. 7 Cells of Scenedesmus sp. before the application of ozone flotation with 40x magnification (A) and after

application with a flow of 0.6 L/min 100x magnification (B).
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The lowest efficiency was found when the O3 flow was applied at 1 L/min, with an efficiency of 53%,
35.5% lower than the higher efficiency (88.5%). However for the proteins in the biomass harvested, the flow of 1
L/min was more efficient with 0.57 + 0.03 mg of proteins/mg of biomass, approximately 30% higher than when
using a flow of 0.6 L/min.

The initial zeta potential of the microalgae was -15 =+ 1.4 mV and a pH of about 8. After the ozone-

flotation process, the zeta potential was different for each O3 flow evaluated (Fig. 8).
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Fig. 8 Zeta potential after ozone-flotation.

For ozone flows of 0.2 and 1 L/min the microalgal loads after ozonation remained negative, but less
negative than initially (-6.6 and -12.1 mV, respectively). For the flow of 0.6 L/min the charge of the microalgae

was positive (3.17 mV).

Discussion

Ozone bubble size distribution and protein release in ozone-flotation

The photographic methods in combination with digital imaging is apparently a promising solution to
obtain reliable measurements of bubble size in three-phase systems [37]. The fragile structure of the ozone bubbles
present in flotation columns and the possibility of agglutination and dissolution are the main causes of deformation
of the results when intrusive or offline (extraction of samples) methods are applied. In this study, the direct image
capture method (online) was used in the real time flotation column, without the extraction of bubbles. However in
the work of Reis and Barrozo [24] the same trends were obtained for the results using the offline and online method.

The size of the bubble increases with increasing ozone flow due to the larger volume of gas entering the
system, this increase was also observed by Reis and Barrozo [24]. ].” Increased superficial gas velocity increases

the bubble collision frequency leading to a higher coalescence rate and an increased stable bubble diameter [38].
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For the ozone flow of 0.6 L/min, there was no significant difference in bubble size at the 3 heights of the column
evaluated, probably due to higher protein extraction, which, unlike the other flows (0.2 and 1 L/min), showed an
increase (54.7% for the O3 flow of 0.2 L/min and 46.8% for 1 L/min). The proteins released by the microalgae
exhibit surfactant activity, thus reducing the surface tension of bubbles and avoiding coalescence [39].

Each ozone flow and each column height produced significantly different Sauter mean diameters, with
smaller diameters at the bottom that increased to the top. Bubbles carrying particles can be brought together in a
turbulent vortex resulting in bubble coalescence and consequent detachment of particles. Inertial detachments have
also been found, due to rapid changes in the trajectory of the bubble, or because of oscillations of the bubble’s
surface [12].

Through visual observations, it was observed that at the beginning of the ozone flotation process, the
bubbles were less uniform and greater coalescence could be observed. With the passage of time and greater
reaction of the ozone with the microalgae cells, the bubbles became uniform with less coalescence. However, at
the end of the process the bubbles return to as they were in the beginning of the process due to the low concentration
of microalgae and a consequent a reduction in proteins. In this case the application of ozone oxidizes the cells,
releasing proteins that act as biosurfactants, reducing the superficial charge of the cells and avoiding the

coalescence of bubbles, in addition to increasing the extraction of biomolecules due to their oxidizing action.

Microalgal harvesting

In microalgae harvesting two processes predominate, the chemical reaction of ozone with microalgae and
a physical process that favor the flotation of microalgae. Small bubbles increase the chance of bubble-particle
contact, but very small bubbles have a low rate of ascent. Very large bubbles are also not favorable because they
decrease bubble-particle interaction. Coward et al. [14] described the mechanism of bubble formation as a function
of bubble size and elevation velocity as a key feature that significantly affects the efficiency of harvesting
microalgae.

In this process, a biomass harvesting efficiency of up to 88.5% and 0.404 + 0.08 mg of proteins/mg of
biomass was obtained for an ozone flow of 0.6 L/min and doses of ozone applied at 0.16 mg Os/mg of biomass.
Valeriano-Gonzalez et al. [39] with 0.14 mg Os/mg of biomass and ozone flow 0.2 L/min obtained a lower
efficiency (75%), for a lower concentration of microalgae (400 mg/L) and Oliveira et al. [40] obtained a biomass
recovery of 62% and 0.58 mg of proteins/mg of biomass. The highest release of proteins obtained by the authors
was due to the higher concentration of initial biomass (800 mg/L and 1200 mg/L), using the same species of
microalgae (Scenedesmus sp.) and 0.14 mg Os/mg of biomass. Velasquez-Orta et al. [41] obtained a biomass
recovery of 79%, using higher doses of ozone (0.23 mg Os/mg of biomass) and lower microalgal concentration
(420 mg SST/L) than in this study (0.16 mg Os/mg of dry biomass and a 500 mg SST /L biomass concentration).

It was observed that efficiency is dependent on the flow of ozone applied. For the flow of 1 L/min it was
not possible to obtain high efficiency due to shorter contact time and larger size of bubbles. For the flow of 0.2
L/min, the low efficiency was previously explained by low bubble flotation velocity and thus particle detachment,
which may also be related to the negative zeta potential of the microalgae. However, for the flow of 0.6 L/min,
there was a low stability of colloids with positive zeta potential (+3.2), which favored the high efficiency of

microalgae harvest (88.5%) and oxidation of cells (31.6%) reducing its size to less than 1 um. The increase in zeta
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potential at 0.6 L/min flow rate, It occurred because there is more efficient contact between the bubbles and the
particles, when there is a more homogeneous bubble size in the column and so highest microalgae harvesting
(shown in Fig. 6), where the proteins may change the microalgae surface charge into slightly positive. Proteins are
amphiphilic molecules that reduce surface tension and promote foaming [42], allowing microalgae harvesting and
change in zeta potential. The decrease in algal size could be a result of disintegration of EOM from algal surface
[43] or generation of algal debris due to cell lysis [44]. According to Tsang et al. [45] the contact time between the
bubble and the particle depends on the flow rate of the gas, the higher the flow the shorter the contact time, and
they demonstrated that coalescence behavior is independent of time of contact. Besides observing that for the flows
of 0.2 and 1 L/min there was lower efficiency and greater coalescence of ozone bubbles, according to Ata [46],

the particles detached from the bubble surfaces as a result of the oscillations caused by coalescence.

Conclusions

Ozone-flotation bubble size distribution is one of the main characteristics that influences harvesting
efficiency. For the flow of 0.2 L/min in the lower part of the column, 59% of the bubbles are below 1500 um, with
50% of the bubbles in the middle and 43.5% in the top at 2000 pm. For the flow of 0.6 L/min the relative cumulative
frequency did not show much difference between heights, 55% of the bubbles are below 2000 um (bottom), 50.2%
(middle) 45.7% (top). And for the flow of 1 L/min the size of the bubbles increases, being that the most are
concentrated between 2500 and 4500 pum for the 3 columns height. The ozone flow of 0.6 L/min produced the
most effective algal harvesting, liberation of proteins in the flotation column, biomass oxidation, greater
destabilization of particles, and especially greater action of proteins a as biosurfactant that reduce the coalescence

of ozone bubbles for a biomass concentration of 500 mg/L of microalgae grown in wastewater.
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INTRODUCTION

Sustainable energy production is one of the most important resources in the
development of technologies, and a promising source is the use of microalgae as a feedstock.
Algae are obtained in nature, do well in poor conditions, occupy little area for growth and

replace the use of food products for the production of biofuel.
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The main potential advantages compared to conventional plant cultures are: 1) the
highest biomass productivity per unit area and time !; 2) non-competitiveness of land, for
food and fiber production, since it can even be produced on non-arable land 2; 3) improved
water and nutrient economy through effective recycling *; 4) the possibility of using wastes
from industries as a source of cheap nutrients, especially CO2, N and P, which can assist in
the management of urban or industrial waste, help mitigate climate change and reduce the

demand for fertilizers °.

Microalgae contain lipids and fatty acids as membrane components, storage products,
metabolites and energy sources, and many can be induced to accumulate 2 to 40% lipids/oils
in their mass *. Due to this great potential of accumulation of lipids and fatty acids some

microalgae stand out for the production of biofuels.

Several microalgal harvesting techniques for the production of biofuels are being
studied to reduce costs and increase the efficiency of harvesting and extraction of lipids and
carbohydrates. An innovative method is ozone-flotation, which adds two treatment steps to
the physical properties of flotation and to the oxidation properties of ozone. However, these
studies are still limited. Ozone is used more for oxidation and disinfection in wastewater

treatment °.

The first study of microalgal separation with induced ozone flotation was presented by
Betzer et al., who obtained complete separation of microalgae without the addition of
coagulants, leaving no residues in the water. Oliveira et al.,” obtained a large removal of
nutrients from wastewater with Scenedesmus sp. and better biomolecule recovery by ozone-

flotation when compared to coagulation-flocculation.

Valeriano Gonzalez et al.,® showed that the release of microalgae proteins has

surfactant effects that reduce the surface tension of the system (42 mN/m) and promote the
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formation of foam and recovery of biomass. However, there are no publications that evaluate
the effect of microalgal concentration on the size and distribution of bubbles. In general,
ozone-flotation research is more focused on treatment and harvesting®'?; it does not evaluate

bubble/particle interaction. It is of fundamental importance to understand this reaction since

the bubbles perform a range of functions within the process.

In the interior of a liquid reservoir, bubble movement facilitates mixing and thus
increases the likelihood of bubble/algae interaction'®. The bubbles provide the interface for
microalgal cell binding and transport the microalgae bound to the foam-liquid interface'¥, and
the contact between ozone bubbles and microalgae cells will delimit the efficiency of

harvesting and the release of biomolecules for the generation of biofuels.

In this context, this work aims to highlight, for the first time, the influence of the
concentration of microalgae on the distribution and size of ozone bubbles, as well as evaluate
this difference of concentration on the efficiency of the microalgae harvest process by ozone-

flotation and its influence on rheological properties.

MATERIALS AND METHODS

Microalgae cultivation in wastewater and a high rate algal pond (HRAP)

The predominant microalgae used in this study were the species Scenedesmus
obliquus, which were grown in wastewater collected from a municipal wastewater treatment
plant in Mexico City. First the wastewater was filtered to remove the solids. After filtration,
the microalgae were cultured in 15 liters of residual water and 15 liters of microalgae culture
in a high rate algal pond with a capacity of 30 liters. They were kept under lighted conditions
(photoperiod 24:0 - light:dark), controlled agitation (21.6 cm/s) with growth maintained for
14 days’. Biomass concentration (total suspended solids, TSS) was determined indirectly by

gravimetry using standard methods (APHA, 2005). The biomass harvested was calculated by
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dividing the harvested biomass and oxidized biomass by the initial biomass concentration;
oxidized biomass was calculated from the initial biomass by subtracting the harvested

biomass and biomass that remained in the flotation column.

Evaluation of ozone-flotation for microalgae harvesting

Ozone-flotation experiments were conducted in batch using a skimmer-type reactor,
coupled to a Labo 76 ozone generator (Emery Trailigaz, USA). The ozone was injected using
a 10-15 pm pore size glass diffuser located at the bottom of the flotation column. For all
experiments a 1 L culture of Scenedesmus obliquus and a dose of 0.16 mg O3z/mg of dry
biomass were used. The ozone concentration in the gas phase was determined using the
Iodometric Method!”. Different concentrations of microalgae biomass of 500, 700 and 1000
mg/L and O3 flows of 0.2, 0.6 and 1 L/min were evaluated. For the experiments, a design with
two factors was proposed that involved carrying out 18 experiments, each with two replicates.
The response parameters were: bubble size, recovered and oxidized biomass, column proteins,
shear viscosity and mass transfer of Os. Statistical analysis was performed using R software
version 3.2.2. An analysis of variance (ANOVA) was applied at the 5% significance level, to

analyze and compare the experimental data by Tukey test.

Ozone bubble size determination

Bubbles generated in ozone-flotation were measured in a three-phase system
(wastewater-ozone-microalgae) applying a visual technique with image analysis (Figure 1).
The images were captured by a NIKON D3400 camera with an AF-S DX MICRO NIKKOR
400 MM lens. The flotation column was backlit using illumination and assisted using a cold

light, with three vertically mounted Osram T8 10 W LED lamps.

The images were captured at 25 cm from the bottom of the column, after 5 minutes of

ozone flotation in order to enable the ozone to react with the microalgae. A ruler was placed
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inside the flotation column with the microalgae culture to calibrate the images by conversion
to pixel number. This procedure was carried out for each initial biomass concentration and
ozone flow. Free software for image data processing and analysis (Image Tools) was used.
About 300 bubbles'*!'® were measured manually for determination of the size distribution in
each experimental run. The mean bubble diameter adopted was the Sauter diameter,
calculated by the equation:

Zn;dg;
2 = —

where: d; is the bubble diameter and n; is the number of bubbles.
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Figure 1. Experimental setup used to determine bubble size distribution and harvesting of

microalgae by ozone-flotation.



120

Rheological properties

Shear viscosity tests were carried out from 0.1 to 1000 s™! in a stress-controlled
Rheometer (MCR101, Anton Paar Physica, Austria) equipped with a cylinder concentric

geometry (CC27/T200 AL). All measurements were made in duplicate at 25°C.

Proteins

The total protein content was determined by the Biuret colorimetric method as
described by Gornall et al.”. For “reactor protein”, the proteins that remained in the flotation
column bulk liquid obtained after ozonation were measured. After filtration of the liquid
remaining in the column, 1 ml of this water was used for the determination of proteins in the
ozone-flotation column, and for measurement on a HACH spectrophotometer at a wavelength

of 540 nm.

RESULTS AND DISCUSSION

Influence of microalgae biomass concentration on bubble size distribution

The increase in biomass concentration significantly influenced the size of ozone
bubbles (p-value 0.000) in the system (Figure 2), regardless of the flow applied. The highest
difference observed within ozone flows applied (0.2, 0.6 and 1 L/min) was in 0.2 L/min,
where a biomass concentration of 500 mg/L had a mean bubble size of 1963 + 482 um,;
whereas for a concentration of 1000 mg/L the size was 1022 + 511 um. This difference
between the sizes of 0zone bubbles with respect to the concentration of microalgae is due to
the ozone action in cells that causes a release of proteins acting as biosurfactants that reduce
the size and coalescence of bubbles. During ozone-flotation, proteins released exhibited a

surfactant activity in water by disrupting surface tension®.

As the ozone flow increases (Figure 2), the difference between averages bubble sizes

decreases, due to a coalescence effect predominating when bubbles exit the diffuser. In
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addition, longer contact time spent in the ozone flotation chamber and mutual collisions
increase the probability of coalescence. The mechanism of bubble formation is a key design
feature that significantly affects harvest efficiency as a function of bubble size and rise

velocity'?.

4000 -
€
= 3000 -
g
£
S 2000 -
=]
>
S 1000
5 ]
<
0 A
0,2 0,6 1
Ozone flow (L/min)
Initial biomass (mg/L): 500 ®700 m=1000

Figure 2. Average diameter of the ozone bubbles and standard deviation at three biomass

concentrations and three ozone flows.

The increase in bubble size with the lowest concentration of microalga (500 mg/L) is
directly related to the release of proteins in the column (p-value 0.000) where concentrations
below 150 mg protein/L were observed. This is different from what occurs with a biomass
concentration greater than 700 mg/L where the protein concentration in the column becomes
greater than 750 mg/L. According to Valeriano Gonzalez et al.,® a critical micelle
concentration (CMC) of at least 550 + 17 mg protein/L was needed to produce foaming and
biomass separation of the aqueous medium. Typically, the more efficiently the surfactant

adsorbed at the bubble interface'®, the efficiency of harvesting microalgae improves.
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Figure 3. Release of proteins in the ozone-flotation column with different concentrations of

Scenedesmus obliquus.

The cumulative relative bubble diameter frequency curves (Figure 4) were similar
when a constant ozone flow was applied at different concentrations of biomass. The greatest
difference occurred for the flow of 0.2 L/min where a greater variation in the distribution of
the bubbles was obtained than for 0.6 and 1 L/min flows. At 0.2 L/min, the frequency ranged
from 56.5% (biomass concentration of 500 mg/L) to 78.3% (1000 mg/L) for bubbles sizes up
to 1500 p. At this flow, a greater number of small bubbles were present at high concentrations

of microalgae, and consequently a higher concentration of proteins released into the column.
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Figure 4. Cumulative relative frequency for three ozone flows and three initial biomass

concentrations.

For the ozone flow of 0.6 L/min the distribution curve presented the greatest similarity

when using biomass concentrations of 500 and 1000 mg/L; both contained approximately

85% of bubbles with a size up to 2000 pum, as opposed to the concentration of 700 mg/L

which contained 66%. For the ozone flow of 1 L/min, the size of bubbles increased

considerably, up to 5000 um. Bubbles up to 2500 um were concentrated at 53%, 44% and

50% for biomasses of 500, 700 and 1000 mg/L, respectively.

For all ozone flows (0.2, 0.6 and 1 L/min) the lowest Sauter diameters were obtained

when using the highest biomass concentration (1000 mg/L), as expected. The size of the

Sauter diameter was maximum when using the lowest concentration of biomass and greatest

ozone flow. The addition of surfactants reduced bubble coalescence and pushed bubbles in the
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slurry zone toward the foam phase, due to an increase in the residence time of air bubbles'”.

Effect of initial biomass and ozone flow in separation efficiency

Figure 5 shows the results of the harvested biomass, oxidized biomass and transferred
ozone during ozone-flotation. A high biomass recovery efficiency was obtained (92%), as
well as an ozone transfer from 70% to 86%, with a 10% to 32% of oxidized biomass, when

using 0.16 mg O3/mg of biomass.

The ozone flow significantly affected the ozone transferred (p-value 0.0000258), as
opposed to the biomass harvested. The amount of oxidized biomass was positively influenced
by the initial biomass concentration (p-value 0.0015 and 0.0000866, respectively). As shown
in Figure 5A, the maximum harvested biomass was >90% with a flow lower than 0.3 L/min
and a biomass concentration higher than 730 mg/L. Here, the chemical oxidation effect of
ozone dominated, due to an increased ozone transfer (Figure 5C). The transfer of ozone for
small flows (0.2 L/min) related to the size of the bubbles (Figure 2), an increased amount of
small bubbles improved the contact surface area when compared to large bubbles (considering
the same ozone volume). This enabled an improved contact and interaction with the
microalgae. Particularly, when the concentration of microalgae was greater than 700 mg/L,
the probability of bubble/particle collision increased, thus increasing the ozone transfer. The
small bubbles produced in the liquid pool increased the collision rate and attachment

efficiency'?, rising algae capture prior to reaching the liquid surface®”.
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Figure 5. Effect of initial biomass and ozone flow: A. harvested biomass, B. oxidized

biomass, and C. transferred ozone.

Only for the 1 L/min flow and the biomass concentration of 500 mg/L, the biomass
recovery was lower than 60%. The highest biomass oxidation rates (Figure 5B) were obtained
for an initial biomass of 500 mg/L (20 to 31.6%), independent of ozone flow (p-value 0.27).
Due to the low concentration of microalgae and the increase in the size of the bubbles, the
bubble/particle contact is reduced which decreases the harvesting efficiency. The decrease
observed at different bubble/particle ratios is greater than optimum and indicates that when
cell concentrations are more dilute relative to bubble concentration, removal is reduced as the
probability of bubble-particle collision is lowered*®. Higher concentration of biomass
increased the harvesting efficiency (80-90 %). Within the rising foam phase, larger bubbles

are correlated to an increase in foam drainage?, which improved biomass concentrations per
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liter harvested®®.

According to the Tukey analysis, for an initial biomass of 500 mg/L, a harvesting
efficiency of 89% was obtained with a flow of 0.6 L/min. For 700 and 1000 mg/L, the best
flow was 0.2 L/min with efficiencies of 88 and 92% respectively. No differences were found
between the initial biomasses (700 and 1000 mg/L). The largest ozone mass transfer (86%)
was achieved with a biomass greater than 620 mg/L and a flow of 0.2 — 0.35 L/min, but it did
not differ statistically from the other flows, except when the flow of 1 L/min for the biomass

of 1000 mg/L (69.5% Oz transfer) was applied.

The results of this study compared with those published by other authors are shown in
Table 1. Cheng et al.,'>?? reported a high reduction in turbidity between 95 and 98%, using a
high dose of ozone, a different culture medium and strains. Here wastewater was used to
decrease the microalgae growing cost and also to use microalgae as a source of treatment, as
previous satisfactory results have been presented’. The low efficiencies obtained by
Velasquez Orta et al.,'! and Valeriano Gonzalez et al.,® were probably due to the difference in
species of microalgae as well as the water coming from freshly treated wastewater and an
artificial lake, along with the differences in applied ozone concentrations. Different results

were also found using the same microalgae species, but with different ozone doses’”.
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Table 1. Ozone-flotation conditions used by different studies for the harvesting of microalgal

biomass.
Microalgae Culture Mlcroalgqe mg Os/ mg Biomass
. 2 concentration . Reference
species medium biomass recovery (%o)
(mg/L)
Chlorella Turbidity
vulgaris pure culture i 0.2-05 ' reduction 98% 22
Scenedesmus | ified Turbidity
obliquus ; - 0.2-05 . 12
FSP-3 Detmer’s reduction 95%
_Mlxed fresh treated 420 0.23 29.6 11
microalgae wastewater
Consortium - ificial lake 400 0.14 75 8
microalgae
Scenedemus \yastewater | 200 2000d g 050 142 70-75 9
sp. 700
Scenggemus Wastewater = 800 and 1200 0.14 62 7
Scenedesmus 500, 700 and .
obliquus Wastewater 1000 0.16 89-92 This study

The rheological properties of water submitted to different initial biomass concentration

and ozone flows were studied after being harvested by ozone-flotation. For all the samples

tested, viscosity had the same behavior (Figure 6). Moreover, the viscosities suggest that no

viscous substances such as extracellular polysaccharides were excreted by the species® after

ozone-flotation. Only for the flow of 0.2 L/min with an initial biomass of 700 mg/L and for

the flows of 0.6 and 1 L/min with an initial biomass of 1000 mg/L, was there a small increase

in viscosity at the beginning of the shear rate (Figures 6B, C). This is normally an effect

produced by the release of polysaccharides, which can cause a sharp increase in medium

viscosity?*. Additionally, data of solutions after the algae had been harvested were monitored

and compared with viscosity data of the culture medium and no differences were found in

viscosities before or after treatment (data not shown).
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Figure 6. Viscosity of water after harvesting of microalgae by ozone flotation with different
initial biomasses (A: 500 mg/L; B: 700 mg/L and C: 1000 mg/L) and ozone flows as a

function of shear rate.

CONCLUSIONS

This work proved that the initial concentration of biomass influenced the bubble sizes
in the ozone-flotation process, regardless of the applied ozone flow. The size of bubbles
significantly affected the harvesting efficiency. For each biomass content studied (500, 700
and 1000 mg/L), 3 flows (0.2, 0.6 and 1 L/min) were applied. An increased biomass
concentration improved the harvesting efficiency. Also, as expected, low flows produced
small bubbles and high flows produced large bubbles. For the initial biomass of 500 mg/L the
best ozone flow was 0.6 L/min with a bubble size of 2016 + 449 um on average, and a

maximum harvesting efficiency of 89%. For the biomasses of 700 and 1000 mg/L the best
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flow was 0.2 L/min with efficiencies of 88 and 92%, respectively; and a mean bubble size of

1191 = 501 pm for 700 mg/L , and 1022 + 511 pum for 1000 mg/L.

AUTHOR INFORMATION

Corresponding Author

*DrAZsx. Maria Teresa Orta Ledesma. E-mail address: tol@pumas.iingen.unam.mx.

Phone: +52 55 56233672; Fax: +52 55 56162164

Notes

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS

The authors appreciate the financial support provided by the Consejo Nacional de Ciencia y
Tecnologia (CONACYT) and Secretaria de Energia (SENER), project 220704. The
experimental work was carried out in the Laboratorio de Ingenieria Ambiental, Instituto de

Ingenieria, UNAM.

REFERENCES
[1]  N.R. Moheimani, M.A. Borowitzka, Limits to productivity of the alga Pleurochrysis
carterae (haptophyta) grown in outdoor raceway ponds, Biotechnology and

Bioengineering. 96 (2007) 27-36. doi:10.1002/bit.21169.

[2]  A. Singh, P.S. Nigam, J.D. Murphy, Renewable fuels from algae: An answer to
debatable land based fuels, Bioresource Technology. 102 (2011) 10-16.

doi:10.1016/j.biortech.2010.06.032.

[3] Y. Zhou, L. Schideman, G. Yu, Y. Zhang, A synergistic combination of algal


mailto:tol@pumas.iingen.unam.mx

130

[4]

[3]

[6]

[7]

[8]

[9]

wastewater treatment and hydrothermal biofuel production maximized by nutrient and
carbon recycling, Energy & Environmental Science. 6 (2013) 3765.

doi:10.1039/c3ee24241b.

A. Dermibas, M. Fatih Dermibas, Algae Energy: Algae as a new source o biodiesel,

2010. doi:10.1007/978-1-84996-050-2.

B.H. Lee, W.C. Song, B. Manna, J.K. Ha, Dissolved ozone flotation (DOF) - a
promising technology in municipal wastewater treatment, Desalination. 225 (2008)

260-273. doi:10.1016/j.desal.2007.07.011.

N. Betzer, Y. Argaman, Y. Kott, Effluent treatment and algae recovery by ozone-
induced flotation, Water Research. 14 (1980) 1003—1009. doi:10.1016/0043-

1354(80)90144-X.

G.A. Oliveira, E. Carissimi, I. Monje-ramirez, S.B. Velasquez-orta, R.T. Rodrigues,
M.T. Orta Ledesma, Comparison between coagulation-flocculation and ozone-flotation
for Scenedesmus microalgal biomolecule recovery and nutrient removal from
wastewater in a high-rate algal pond, Bioresource Technology. 259 (2018) 334-342.

doi:10.1016/j.biortech.2018.03.072.

M.T. Valeriano Gonzalez, I. Monje-Ramirez, M.T. Orta Ledesma, J. Gracia Fadrique,
S.B. Veldsquez-Orta, Harvesting microalgae using ozoflotation releases surfactant
proteins, facilitates biomass recovery and lipid extraction, Biomass and Bioenergy. 95

(2016) 109-115. do1:10.1016/j.biombioe.2016.09.020.

M.T. Orta Ledesma de Veldsquez, I. Monje-Ramirez, S. Velasquez-Orta, V.
Rodriguez-Muiliz, 1. Yafiez-Noguez, Ozone for Microalgae Biomass Harvesting from

Wastewater, Ozone: Science and Engineering. 39 (2017) 264-272.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

131

doi:10.1080/01919512.2017.1322488.

0. Komolafe, S.B. Velasquez Orta, I. Monje-Ramirez, 1.Y. Noguez, A.P. Harvey, M.T.
Orta Ledesma, Biodiesel production from indigenous microalgae grown in wastewater,

Bioresource Technology. 154 (2014) 297-304. doi:10.1016/j.biortech.2013.12.048.

S.B. Velasquez-Orta, R. Garcia-Estrada, I. Monje-Ramirez, A. Harvey, M.T. Orta
Ledesma, Microalgae harvesting using ozoflotation: Effect on lipid and FAME

recoveries, Biomass and Bioenergy. 70 (2014) 356-363.

doi:10.1016/j.biombioe.2014.08.022.

Y.L. Cheng, Y.C. Juang, G.Y. Liao, P.W. Tsai, S.H. Ho, K.L. Yeh, C.Y. Chen, J.S.
Chang, J.C. Liu, W.M. Chen, D.J. Lee, Harvesting of Scenedesmus obliquus FSP-3
using dispersed ozone flotation, Bioresource Technology. 102 (2011) 82-87.

doi:10.1016/j.biortech.2010.04.083.

C.H. Wong, M.M. Hossain, C.E. Davies, Performance of a continuous foam separation
column as a function of process variables, Bioprocess and Biosystems Engineering. 24

(2001) 73-81. do1:10.1007/s004490100225.

T. Coward, J.G.M. Lee, G.S. Caldwell, The effect of bubble size on the efficiency and
economics of harvesting microalgae by foam flotation, Journal of Applied Phycology.

27 (2015) 733-742. do1:10.1007/s10811-014-0384-5.

C.. Birdsall, A.C. Jenkins, E. Spadinger, lodometric Determination of Ozone,

Analytical Chemistry. 24 (1952) 662—-664. doi1:10.1021/ac60064a013.

D. Beneventi, F. Almeida, N. Marlin, D. Curtil, L. Salgueiro, M. Aurousseau,

Hydrodynamics and recovered papers deinking in an ozone flotation column, Chemical



132

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Engineering and Processing: Process Intensification. 48 (2009) 1517—-1526.

doi:10.1016/j.cep.2009.10.007.

A.G. Gornall, charles j. Bardawill, M.M. David, Determination of serum proteins by

means of the biuret reaction, Journal of Biological Chemistry. 177 (1948) 751-766.

R.K. Henderson, S.A. Parsons, B. Jefferson, Surfactants as bubble surface modifiers in
the flotation of algae: Dissolved air flotation that utilizes a chemically modified bubble
surface, Environmental Science and Technology. 42 (2008) 4883—4888.

doi:10.1021/es702645h.

A.S. Reis, M.A.S. Barrozo, A study on bubble formation and its relation with the
performance of apatite flotation, Separation and Purification Technology. 161 (2016)

112-120. doi1:10.1016/j.seppur.2016.01.038.

J. Hanotu, H.C.H. Bandulasena, W.B. Zimmerman, Microflotation performance for
algal separation, Biotechnology and Bioengineering. 109 (2012) 1663-1673.

doi:10.1002/bit.24449.

T. Coward, J.G.M. Lee, G.S. Caldwell, Development of a foam flotation system for
harvesting microalgae biomass, Algal Research. 2 (2013) 135-144.

doi:10.1016/j.algal.2012.12.001.

Y.L. Cheng, Y.C. Juang, G.Y. Liao, S.H. Ho, K.L. Yeh, C.Y. Chen, J.S. Chang, J.C.
Liu, D.J. Lee, Dispersed ozone flotation of Chlorella vulgaris, Bioresource

Technology. 101 (2010) 9092-9096. doi:10.1016/j.biortech.2010.07.016.

S. Sirin, E. Clavero, J. Salvado, Potential pre-concentration methods for

Nannochloropsis gaditana and a comparative study of pre-concentrated sample



[24]

133

properties, Bioresource Technology. 132 (2013) 293-304.

doi:10.1016/j.biortech.2013.01.037.

Y. Chi, L. Qiao, S. Zuo, H. Yan, C. Du, H. Hwang, P. Wang, Submerged liquid
fermentation of Ulva prolifera Miiller tissue and applications for improving growth
performance in juvenile abalone (Haliotis discus hannai Ino), Journal of Applied

Phycology. (2018) 1-9. doi:10.1007/s10811-018-1413-6.



134

5. DISCUSSAO

O problema das aguas residuais afeta muitas regiées no Brasil e a falta de tratamento e
a disposicdo inadequada causam diversos problemas. Uma solucdo economicamente viavel
proposta nessa tese foi utilizar efluentes sanitarios para cultivo e crescimento de microalgas.
Uma das principais vantagens de interesse econdmico é a reducdo dos custos com o tratamento
dos efluentes sanitarios, na qual as microalgas fazem esse tratamento, removendo 0s nutrientes
e os utilizando para seu crescimento. Apds o tratamento dos efluentes sanitarios, essa agua pode
regressar para 0s corpos hidricos e as microalgas utilizadas para fins como a producdo de
biocombustivel.

Um dos maiores problemas na producdo de biocombustiveis a partir de microalgas € o
alto custo de colheita. O custo de colheita de biomassa pode ser de 20-30% do custo total de
producdo de biocombustiveis (RAWAT et al., 2011). Utilizando efluente sanitario como fonte
de nutrientes o custo seria reduzido, pois ao invés de agregar fertilizantes para o crescimento
das microalgas utilizaria os nutrientes provenientes dos efluentes sanitarios e em contrapartida
estaria solucionando um problema e reduzindo custos no tratamento. As microalgas da espécie
Scenedesmus obliquus se mostraram eficientes na remocdo dos nutrientes, chegando a obter
completa remocdo de nitrogénio amoniacal, 93% de nitrogénio total e 61% de ortofosfato. Em
alguns estudos, como o realizado por Gupta et al. (2016) a espécie Scenedesmus obliquus obteve
uma remocdo de 99 * 3% para nitrogénio e 98 + 4% de ortofosfato, enquanto Sacristan de Alva
et al. (2013), utilizando aguas residuarias pré-tratadas para o cultivo de Scenedesmus acutus,
alcancaram 66% de remocdo de fosforo e 94% para nitrogénio organico.

Ap0s o tratamento das aguas residuais pelo crescimento das microalgas, foram avaliados
dois métodos de colheita. Um método tradicional e bem solidificado (coagulacdo-floculacédo)
com eficiéncia comprovada (REIS e LABRA, 2016) e um método inovador (ozonio flotacdo)
que a investigacao apenas teve inicio nos anos 80 (BETZER; ARGAMAN; KOTT, 1980).

Para a geracdo de biocombustivel as microalgas devem produzir biomoléculas,
principalmente os lipideos para a geragdo de biodiesel. O interesse em comparar 0s dois
métodos de colheita foi avaliar o efeito na producgéo destas. E como esperado, a 0zénio flotacéo,
devido ao grande efeito oxidante do ozdnio, teve maior recuperacdo das biomoléculas (lipideos,
carboidratos e proteinas que foram de 0,32 + 0,03, 0,33 £ 0,025 e 0,58 + 0,014 mg/mg de
biomassa) comparado com a coagulacdo-floculacdo (0,21 mg de lipideos/mg de biomassa e
0,12 — 0,23 mg de proteina/mg de biomassa). Em estudos anteriores, Velasquez-Orta et al.

(2014) encontraram uma recuperacao de biomassa de 79% e um rendimento lipidico de 0,12
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mg de lipideos/mg de biomassa, utilizando doses mais altas de ozénio (0,23 mg Osz/mg de
biomassa) e menor concentracdo de microalgas (420 mg SST/L). Valeriano-Gonzélez et al.
(2016), obtiveram uma recuperacdo de 75% da biomassa, com um rendimento lipidico de 0,16
mg lipidios/mg de biomassa, com concentracao de ozénio de 0,14 mg Os/mg de biomassa, mas
uma menor concentracdo de microalgas (400 mg/L).

Mesmo obtendo uma recuperacao de biomassa de até 98%, comparado a ozonio flotagéo
que teve no maximo 62% utilizando uma concentracdo de ozénio de 0,14 mg de Os/mg de
biomassa. No entanto nesse primeiro momento ndo se levou em consideracdo a biomassa
oxidada, apenas o que foi recuperado. Visto posteriormente em outros testes de laboratério que
0 0zOnio oxidou de 8 a 32% da biomassa inicial. E entdo foram obtidas eficiéncias de até 91.5%
com uma concentracéo de ozénio de 0,16 mg de Oz/mg de biomassa. Além do mais por 0z6nio
flotacdo pode se concentrar a biomassa em aproximadamente 11 vezes, sendo representativa a
reducdo de volume.

Devido as lacunas sobre a 0z6nio flotagdo buscou-se investigar mais sobre essa técnica
e 0s principais parametros que influem na sua eficiéncia. Na flotacdo de forma geral, o tamanho
das bolhas influencia diretamente na eficiéncia do sistema, no efeito de colisdo, adeséo e
estabilidade na relacdo floco/bolha. Principalmente no caso da ozonio flotacdo em que as
bolhas, além das propriedades fisicas para flotar as particulas, tém como funcéo desestabilizar
as celulas de microalgas fazendo com que se transfira mais ozonio, reduza sua carga superficial
e proporcione sua flotacdo. Alem disso, a relacdo bolha/microalga gera a liberacdo de proteinas
com atividade surfactante que reduzem a tensdo superficial e evita o processo de coalescéncia
das bolhas, favorecendo um maior tempo de contato e possivel desprendimento das células de
microalgas das bolhas de ozonio. Coward et al. (2013) descreveram o mecanismo de formacéo
de bolhas como uma funcdo do tamanho da bolha e da velocidade de elevacdo como uma
caracteristica chave que afeta significativamente a eficiéncia da colheita de microalgas.

Essa tese determina o tamanho e distribuicdo das bolhas por ozonio flotagdo em um
sistema trifasico (efluente sanitario — microalgas — bolhas de 0z6nio). A maior dificuldade para
se obter o didmetro das bolhas foi devido a grande turbidez proporcionada pelas microalgas,
porém medir as bolhas sem agregar os cultivos ndo teria as mesmas propriedades. Logo, foi
realizada a captura das imagens diretamente na coluna de flotacdo com o cultivo de microalga
em efluente sanitario e entdo medida manualmente as bolhas no software Image Tools, ou seja,
medidas bolha por bolha.

As variaveis que mais influem no tamanho das bolhas em ozonio flotacdo é a vazéo de

0zo6nio aplicado e a concentracdo da biomassa inicial, quanto maior a concentracao de biomassa
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maior a concentracdo de proteinas. Primeiramente foi avaliado o efeito das proteinas no
tamanho das bolhas e para isso foram capturadas imagens em diferentes alturas da coluna e com
diferentes vazdes (0.2, 0.6 e 1 L/min) e mantida a concentracao de biomassa (500 mg/L). Depois
foi avaliado o efeito da concentracdo inicial de biomassa (500, 700 e 1000 mg/L) e as vazoes
de 0z6nio (0.2, 0.6 e 1 L/min) no tamanho das bolhas.

Como esperado, a vazdo de ozonio influenciou no tamanho das bolhas. Quando se
manteve a concentracdo de biomassa (500 mg/L), assim como quando se variou as
concentracdes de biomassa (500, 700 e 1000 mg/L), a resposta foi a mesma. Obtiveram-se
tamanhos de bolhas menores para a vazao de 0.2 L/min e tamanhos maiores para o de 1 L/min,
vazdo de gas maior gera bolhas maiores.

O aumento da concentracdo de biomassa (> 700 mg/L) proporcionou um aumento na
liberacdo de proteinas na coluna de flotacdo (> 750 mg/L), assim como para ambas as vazdes
(0.2, 0.6 e 1 L/min) houve reducéo no tamanho das bolhas conforme aumentava a biomassa.
Por exemplo, para a biomassa de 500 mg/L o tamanho médio das bolhas para a vazéo de 0.2
L/min foi de 1964 pum e para a vazdo de 1 L/min foi de 3038 um, para a biomassa de 700 mg/L
foi de 1191 um para a vazédo de 0.2 L/min e de 2619 um para 1 L/min e para a biomassa de
1000 mg/L o tamanho médio das bolhas foi de 1021 pm e 2535 pum para 0.2 e 1 L/min,
respectivamente. As maiores diferencas foram para a biomassa de 500 mg/L, ndo se obteve
muita diferenca entre os tamanhos das bolhas para a biomassa de 700 e 1000 mg/L,
demonstrando que a maior liberacdo de proteinas ndo influenciou tanto quanto a menor
biomassa (500 mg/L). As proteinas liberadas pelas microalgas exibem atividade surfactante,

reduzindo a tenséo superficial das bolhas e evitando a coalescéncia (GONZALEZ et al., 2016).
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6. CONCLUSAO E RECOMENDACOES

Diante dos resultados obtidos a partir do estudo de ozonio flotacdo na colheita de
microalgas cultivadas em efluente sanitario visando geracdo de biocombustivel, de acordo com
0s objetivos propostos pode-se concluir que:

As microalgas foram eficientes no tratamento de aguas residuais resultando em uma
completa remocéo de nitrogénio amoniacal, 93% de nitrogénio total e 61% na remocéo de
ortofosfatos, além dos nutrientes favorecerem seu crescimento.

Com oz6nio flotacdo foram obtidos melhores resultados de qualidade da agua para a
maioria dos parametros avaliados (NHz-N, NTK, nitrato e nitrito), exceto para ortofosfato e
maior recuperacdo de lipideos, carboidratos e proteinas com 0,32 + 0,03, 0,33 £ 0,025 e 0,58 £
0,014 mg/mg de biomassa, respectivamente, quando comparado a coagulacdo/floculacdo, com
recuperacdo de biomassa de no maximo 62% com uma concentra¢éo de ozonio de 0,14 mg de
Os/mg de biomassa porem quando aplicado uma concentracdo de 0,16 mg de Osz/mg de
biomassa a eficiéncia alcancou até 91.5%. Em contraste, houve baixa extracao de lipideos e
proteinas de 0,21 mg de lipideos/mg de biomassa e 0,12-0,23 mg de proteinas/mg de biomassa
para o processo de coagulacao/floculagdo com alta recuperacao de biomassa (85-98%).

A técnica de imagens para a determinacéo do tamanho das bolhas de 0z6nio durante o
processo de ozonio flotagdo na colheita de microalgas se mostrou eficiente, no entanto, devido
a alta turbidez ndo se pode realizar medidas automaticamente, sendo entdo medidas
manualmente bolha por bolha.

As bolhas de 0zonio estdo diretamente relacionadas as vazdes de ozonio aplicadas e a
concentracdo de biomassa inicial, além de apresentar diferentes formas ao longo do tempo de
colheita. Nos primeiros minutos de ozonizacdo ndo se pode visualizar as bolhas nas imagens
capturadas devido a alta turbidez, quando se inicia a colheita das microalgas as bolhas séo
menores e mais regulares, ja apés a clarificacdo da agua as bolhas se tornaram irregulares e
maiores. E foi observado que quanto maior a vazdo de ozénio aplicada (1 L/min) maior o
tamanho das bolhas, bolhas menores foram observadas em vazdes menores (0.2 L/min). O
mesmo foi observado para as concentracGes de biomassa inicial, onde a menor concentracéo
(500 mg/L) obteve maiores tamanhos de bolhas e em maiores concentra¢fes microalgal (1000
mg/L) menores tamanhos de bolhas, isso foi notado em todas as vaz@es de 0zonio avaliado (0.2,
0.6 e 1 L/min).

Foram obtidas melhores recuperagdes de biomassa com a concentracdo de ozonio de

0,16 mg de Oz/mg de biomassa que para 0,14 mg de Os/mg de biomassa. A vazdo de 0zonio
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influenciou na recuperacao e na oxidacdo da biomassa assim como a concentracéo de biomassa
inicial, sendo encontrada recuperacéo de 53 até 91.5% e oxidacgdo de 8 até 30%.

As proteinas agiram como tensoativos reduzindo a coalescéncia apenas para a vazao de
0.6 L/min com uma concentracdo inicial de biomassa de 500 mg/L, onde foi obtida maior
liberagdo das proteinas na coluna.

Ambas as vazdes de ozbnio aplicados reduziram o potencial zeta das células de
microalga, no entanto para a vazao de 0.6 L/min a carga das microalgas passou a ser positiva
(3.17 mV) e para as demais vazdes houve uma reducdo porem menor, principalmente para a
vazdo de 1 L/min (-12.1 mV) onde o tamanho das bolhas s&o maiores e reduzem o tempo de
contato bolha/particula.

Para todas as vazdes de 0zonio o tamanho médio das bolhas foi menor para as maiores
concentracdes de biomassa (700 e 1000 mg/L), devido a maior liberacao de proteinas na coluna
(>750 mg/L). J& a viscosidade ndo teve efeito significativo no tamanho das bolhas de 0z6nio e
as bolhas menores facilitaram a transferéncia de ozoénio (83.5-86.3%) devido a maior &rea
superficial, maior tempo de contato bolha/particula, diferente das bolhas maiores que obtém
menor transferéncia (69.5-78.8%).

Para futuros trabalhos recomenda-se:

= Avaliar o carbono organico total na mineralizagdo e toxicidade.

= Analisar o efeito das proteinas quanto a coalescéncia das bolhas em diferentes
concentracdes de biomassa (700 e 1000 mg/L) ja que essas concentracdes
apresentaram maior liberacao de proteinas.

= Modificar a forma de captura de imagens para que possa ser realizada medicoes
automaéticas nos softwares disponiveis.

= Determinar a influéncia do tempo de captura da imagem ao longo do processo
de ozonio flotagdo no tamanho das bolhas e liberacdo das proteinas.

= Avaliar o efeito do 0zbnio na ruptura das células de microalgas.

= Auvaliar o efeito do sulfato de aluminio retido nas células para a geracdo de

biocombustivel.
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