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Resumo

As microalgas sdo uma alternativa ecolégica e economicamente vidvel para o tratamento de
efluentes industriais, j& que sdo capazes de assimilar compostos como nitrogénio, fésforo e
carbono. Em consequéncia ao potencial para o tratamento de efluentes ha a geracéo de biomassa que
pode ser utilizada para a fabricacdo de produtos com valor agregado, como 0s biocombustiveis.
Assim, neste trabalho, avaliou-se a viabilidade de crescimento e producdo de biomassa
microalgal em aguas residuais de curtume, sem tratamento prévio e sem adi¢do de nutrientes.
Objetiva-se, com tais experimentos, verificar a capacidade de remocdo de contaminantes deste
efluente, bem como composicdo microalgal em proteinas, lipidios e carboidratos para
subsequente utilizacdo. Inicialmente, verificou-se a influéncia da intensidade luminosa e da
concentracdo do efluente de curtume na producdo da biomassa da Scenedesmus sp., € na remocgao
de poluentes tais como nitrogénio amoniacal, fésforo e demanda quimica de oxigénio pela
microalga. A microalga foi cultivada em efluente bruto de curtume sem tratamento prévio,
coletado diretamente da etapa de ribeira, sob diferentes concentragdes (entre 20% e 100%) e
intensidade luminosa (entre 80 e 200 umol photons.m >.s ') com temperatura de 25 °C e aeracio
constante. Este estudo demonstrou que a concentragdo de efluente e a intensidade luminosa
influenciaram positivamente na quantidade de biomassa produzida, bem como na remocéo de
nitrogénio amoniacal e fosforo e DQO. Em um segundo passo, cultivaram-se as microalgas
Scenedesmus sp. e Chlorella sp. em fotobiorreatores airlift de 3 L, contendo diferentes
concentracBes de efluente bruto de ribeira de curtume (25%, 50% e 100%), sob intensidade
luminosa de 200 pmol photons.m >.s ', & temperatura ambiente (25 °C), durante 20 dias. Nos
cultivos com a microalga Scenedesmus sp. foi observada maxima concentracdo de biomassa de
1,75 g.L™ e elevadas remocdes de nitrogénio total - NT (91,68%), nitrogénio amoniacal - NH3-N
(94,36%), fosforo - PO4-P (97,33%), carbono inorganico - Cl (93,56%) e demanda quimica de
oxigénio - DQO (66,64%). Elevados teores de lipidios (27,14%) e carboidratos (34,17%) também
foram verificados. Os resultados obtidos a partir dos cultivos com a Chlorella sp. apresentaram
maxima concentracio de 1,64 g.L™. Além disso, foram observadas remocdes de NT (91,59%),
NH3-N (93,57%), PO,-P (98,10%), Cl (89,46%), DQO (71,20%) e DBO (37,87%). Na
composicdo da biomassa observou-se elevados teores de lipidios (25,46%) e carboidratos
(36,36%). Na andlise do perfil dos acidos graxos, os biodieseis etilicos produzidos a partir dos
lipidios das microalgas Scenedesmus sp. e Chlorella sp. apresentaram estabilidade oxidativa,
devido ao grau de saturacdo. Assim estes estudos demonstraram que 0 processo combinado de
tratamento de efluentes na conversdo de biomassa de microalgas oferece muitos méritos
ambientais com a producdo de produtos de valor agregado, como o biodiesel. Neste estudo
também investigou-se a recuperacdo da biomassa utilizando agentes coagulantes/floculantes
inorganicos (cloreto férrico e sulfato de aluminio) e taninos vegetais organicos (Tanfloc SL,
Tanfloc SG e Tanfloc SH). Além disso, também foram analisados os efeitos das condigdes
operacionais sobre o teor de lipidios nas microalgas e na composicdo de acidos graxos do
biodiesel produzido a partir dos lipidios. Verificou-se elevada eficiéncia de recuperagdo de
biomassa de aproximadamente 98% para as microalgas Scenedesmus sp. e Chlorella sp.
utilizando o tanino vegetal Tanfloc SH e ainda néo foi observado alteracdo no contetido de &cidos
graxos em FAEE com o uso do tanino floculante. A fim de maximizar a producdo de energia
obtida através das microalgas e reduzir os custos totais dos processos e do tratamento de
residuos, a biomassa residual gerada a partir da sintese do biodiesel foi utilizada como um
adosorvente alternativo do corante Acid Blue 161 (AB-161) utilizado amplamente na inddstria
coureira. A biomassa foi caracterizada por técnicas analiticas de FTIR, MEV, BET, BJH e
potencial zeta. As quantidades maximas de corante AB-161 adsorvido foram de 75,78 mg.g* a
25 °C e de 83,2 mg.g" a 40 °C. No tratamento de aguas residuais de curtumes reais, 0s
resultados mostram que a utilizagdo da biomassa residual (apds extracdo dos lipidios) como
adsorvente, reduziu significativamente a concentracdo de corante (76,65%), carbono organico
total - COT (50,78%) e nitrogénio total - TN (19,80%).



Abstract

Microalgae are an ecologically and economically viable alternative for the industrial
wastewater treatment, since they are able to assimilate compounds such as nitrogen,
phosphorus and carbon. As a consequence of the potential for the treatment of
wastewater, there is the generation of biomass that can be used for the production of
value-added products, such as biofuels. Thus, in this work, it was evaluated the viability
of growth and production of microalgal biomass in tannery wastewater, without previous
treatment and without addition of nutrients. The objective of these experiments was to
verify the bioremediation capacity to remove contaminants from this effluent, as well as
microalgal composition for subsequent use. The influence of light intensity and
concentration of tannery effluent on Scenedesmus sp. biomass production, as well as the
removal of pollutants such as ammoniacal nitrogen, phosphorus and chemical oxygen
demand from the microalga were verified. The microalga was cultivated in raw
wastewater from untreated tannery collected directly from the beamhouse stage under
different concentrations (between 20% and 100%) and light intensity (between 80 and
200 umol photons.m2.s™") with a temperature of 25°C and constant aeration. In a second
step, the microalgae Scenedesmus sp. and Chlorella sp. were grown in 3 L airlift
photobiororators, containing different concentrations of raw tannery wastewater (25%,
50% and 100%), under light intensity of 200 pmol photons.m2s™', at temperature
(25°C) for 20 days. In the cultures with the Scenedesmus sp. microalgae, a maximum
biomass concentration of 1.75 g.L™ and high removals of total nitrogen (NT) (91.68%),
NH3-N (94.36%), phosphorus - PO4-P (97,33%), inorganic carbon - Cl (93,56%) and
chemical oxygen demand - COD (66,64%). High levels of lipids (27.14%) and
carbohydrates (34.17%) were also observed. The results obtained from the cultures with
Chlorella sp. presented a maximum concentration of 1.64 g L™ In addition, NT
(91.59%), NH3-N (93.57%), PO4-P (98.10%), CI (89.46%), COD (71.20%), and BOD
(37.87%) removals were observed. The composition of the biomass showed high levels
of lipids (25.46%) and carbohydrates (36.36%). In the analysis of the fatty acid profile,
the ethylic biodiesel produced from the lipids of the microalgae Scenedesmus sp. and
Chlorella sp. presented oxidative stability due to the degree of saturation. Thus these
studies have shown that the combined process of effluent treatment in the conversion of
microalgae biomass offers many environmental merits with the production of value-
added products, such as biodiesel. This study also investigated biomass recovery using
inorganic coagulants / flocculants (ferric chloride and aluminum sulfate) and organic
vegetable tannins (Tanfloc SL, Tanfloc SG and Tanfloc SH). In addition, the effects of
operating conditions on lipid content in microalgae and on the fatty acid composition of
biodiesel produced from lipids were also analyzed. There was a high biomass recovery
efficiency of approximately 98% for the microalgae Scenedesmus sp. and Chlorella sp.
using Tanfloc SH and it was not observed any alteration in fatty acid content in FAEE
with the use of flocculent tannin. In order to maximize energy production through
microalgae and reduce the total costs of waste treatment processes and treatment, the
residual biomass generated from the biodiesel synthesis was used as an alternative adder
of the Acid Blue 161 dye (AB-161) widely used in the hull industry. Biomass was
characterized by analytical techniques of FTIR, MEV, BET, BJH and zeta potential. The
maximum amounts of adsorbed AB-161 dye were 75.78 mg.g ™ at 25 °C and 83.2 mg.g -
1 at 40 °C. The results showed that the use of residual biomass (after lipid extraction) as
adsorbent significantly reduced the concentration of dye (76.65%), total organic carbon
(TOC) (50.78%) and total nitrogen - TN (19.80%).

Vi
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Capitulo 1

Introducao

O uso de microalgas no tratamento de efluentes industriais tem despertado grande
interesse nas ultimas décadas, devido a sua alta capacidade em absorver nutrientes
organicos e inorganicos, além de produzir uma biomassa valiosa devido & procura de
fontes energéticas renovaveis e de alta produtividade.

Tais microrganismos utilizam espécies quimicas como nutrientes para as
atividades metabolicas e sintese de biomassa. As células de microalgas armazenam
nitrogénio, fdésforo e carbono para a sintese de proteinas, lipidios, carboidratos,
adenosina trifosfato (ATP) e outras formas biomoleculares (ZENG et al., 2015). Devido
a sua composicdo macromolecular, varios produtos comerciais podem ser alcan¢ados a
partir da biomassa de microalgas, como racdo animal, fertilizantes ou na producdo de
produtos de quimica fina, tais como pigmentos, polissacarideos, carotenos, esterois,
vitaminas, &cidos graxos poli-insaturados e lipidios. Além disso, as microalgas podem
fornecer matéria-prima para diferentes tipos de combustiveis renovaveis como o
biodiesel, 0 metano, o etanol, entre outros (BAUMGARTNER et al., 2013, CHEN et
al., 2011). As microalgas tém aplicacdo potencial para ser utilizadas como alternativa
no tratamento de efluentes para a reducdo de matéria organica, DQO, DBO e eliminagdo
de nutrientes tais como nitrogénio e fésforo, bem como na desinfec¢do (remocdo de
coliformes) e na remocao de metais pesados (ABDEL-RAOUF et al., 2012).

A viabilidade das microalgas para o tratamento de efluentes industriais e obtencéo

de biomassa para a producédo de biocombustiveis tem sido estudada por diversos autores



(ZHANG et al., 2014; ZHAO, 2014; JIA et al., 2016; MOLINUEVO-SALCES et al.,
2016; FAROOQ et al. 2013; KAMYAB et al. 2016).

A busca por fontes renovaveis para a producdo de biocombustiveis cresce a cada
dia em nossa sociedade principalmente devido a problemas ambientais, como as
emissdes de gases oriundos da queima de combustiveis fosseis, que poderdo acarretar
em mudancas climaticas a nivel global, bem como a previsdo de durabilidade das
reservas de combustiveis fésseis que ndo deve ultrapassar mais do que cinco décadas
(SILVA etal., 2011; HO et al., 2012).

Nesse contexto, os biocombustiveis a partir de microalgas sdo uma alternativa
atrativa devido a sua alta taxa de crescimento, elevados teores de lipidios, pouca
ocupacdo territorial em comparacdo com as demais fontes de biocombustiveis, elevada
absorcdo de CO,, além da sua capacidade de se adaptar e crescer em diferentes
ambientes (JORQUERA et al.,, 2010; SINGH e OLSEN, 2011). A relacdo entre
microalgas e biocombustiveis tem uma previsao promissora. Entretanto, uma tecnologia
totalmente competitiva para essa producdo ainda nao deve estar totalmente disponivel
até 2020, pois, alguns aspectos importantes como aumento da produtividade
(implantagcdo, nutrientes e agua) requerem o desenvolvimento de novas estratégias
(MALCATA et al., 2011). A producéo de biomassa microalgacea para biocombustiveis
€ uma alternativa promissora, e a utilizagdo de aguas residuais é uma estratégia para a
reducdo de custos dos combustiveis de microalgas, pois 0s nutrientes e a agua doce
contribuem com cerca de 50% do custo total de producdo de biomassa (SING e DAS,
2014).

1.1 Motivacao

A industria do couro é uma importante atividade econbmica em muitos paises cuja
economia é dependente da agropecudria. Até outubro de 2017, o Brasil ja exportou
neste ano 135 milhdes de m? de couro bovino (salgado, wet-blue, crust e acabado). Do
total de exportacdes, 67 milhdes de m? (49,4%) foram de couro acabado, que possui
maior valor agregado. O Brasil exporta para aproximadamente 90 paises, dos quais se
destacam a China (33%) e a Italia (21,2%) como os principais paises compradores do

produto nacional. Esses dados apontam que o couro brasileiro possui excelente



qualidade, o que acentua o destaque do Brasil no cenario da producdo coureira mundial
(ABQTIC, 2017).

O Brasil possui cerca de 220 curtumes, sendo que aproximadamente 80% se
localizam nas regides sul e sudeste. O Rio Grande do Sul lidera o ranking dos estados
que mais comercializam couro junto ao mercado externo, respondendo por 21,1% das
exportacdes. Sdo Paulo esta em segundo lugar, com 20,9%, e Goiéds em terceiro, com
15,0% (GUIA BRASILEIRO DO COURO, 2017).

O processamento do couro consiste em transformar a pele verde ou salgada em
couro acabado através de uma série de operacdes e tratamentos quimicos e mecanicos,
que envolvem principalmente quatro componentes principais: pele, &gua, produtos
quimicos e energia.

As operacOes quimicas sdo realizadas em meios aquosos, onde sdo adicionados
produtos quimicos tais como sais, surfactantes, acidos, corantes, agentes curtentes,
taninos naturais e sintéticos, Oleos sulfonados, etc., durante as diversas etapas do
processo. Os efluentes da indUstria coureira sdo caracterizados por conter grande
quantidade de material putrescivel (proteinas, sangue e fibras musculares), elevadas
demanda biologica de oxigénio (DBO), demanda quimica de oxigénio (DQO), altas
concentragfes de impurezas inorganicas (sais amoniacais, sulfetos e cloretos), sélidos
suspensos e dissolvidos e outros poluentes especificos, por exemplo, taninos vegetais
e/ou sintéticos, 6leos sulfonados, cromo, e surfactantes (GUTTERRES et al., 2015).

Considerando a grande quantidade e a baixa biodegradabilidade dos produtos
quimicos utilizados, o tratamento do efluente de curtume representa um relevante
problema ambiental e tecnoldgico.

De um modo geral, os efluentes tratados em curtumes apresentam as seguintes
configuracBes em suas estacGes de tratamento de efluentes: tratamento preliminar,
tratamento primério ou fisico quimico e tratamento secundario ou bioldgico, em alguns
casos emprega-se também o tratamento terciario ou de polimento.

Os processos fisico-quimicos envolvem a adicdo de agentes coagulantes e
floculantes que podem causar impactos devido a toxicidade de algumas das espécies
quimicas usadas, podendo, mesmo em baixas concentragcdes, romper o equilibrio do
meio ambiente em relacéo a biota do corpo receptor (SEKI et al., 2010).

Uma desvantagem do tratamento bioldgico € a geracdo de NOXx, que contribui para
a poluicdo atmosférica (BEUCKELS et al., 2015; YAN et al, 2016). Além disto, as

tecnologias tradicionais para o tratamento de efluentes produzem grandes quantidades
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de residuos sdlidos, os lodos de decantadores, que podem conter compostos toxicos cuja
disposicdo final é geralmente gerida por custosos aterros industriais.

Assim a busca por estratégias que visam o desenvolvimento de processos
eficientes, sustentaveis e de custos reduzidos torna-se essencial. Uma alternativa
idealizada seria uma combinacéo entre o tratamento de aguas residuais e a obtencao de
produtos de interesse biotecnoldgico, agregando valor ao processo final (QUEIROZ et
al., 2011).

1.2 Objetivos do trabalho

Este trabalho tem como objetivo estudar e avaliar a utilizacao de efluente bruto de
curtume gerado em etapas de ribeira, sem prévio tratamento e sem adicdo de nutrientes
como uma fonte alternativa de nutrientes para a produgdo de biomassa de microalgas,
aliando o processo de tratamento de efluentes com vistas a producdo de
biocombustiveis. Outro proposito deste trabalho foi investigar a aplicacdo da biomassa
residual apos extracdo de lipidios (biomassa de microalgas desengordurada — DMB)

como biossorvente de corantes da inddstria coureira.
Para alcancar o objetivo descrito, os seguintes objetivos especificos foram definidos:

e Avaliar a influéncia da intensidade luminosa e da concentracdo de efluente
de curtume na producdo de biomassa microalgal bem como na remocédo de
contaminantes tais como nitrogénio, fosforo e demanda quimica de oxigénio
(DQO).

e Avaliar o potencial de cultivo das microalgas Scenedesmus sp. e Chlorella
sp. em efluente de curtume bruto verificando a remogdo de contaminantes
bem como a composi¢do microalgal.

e Produzir biodiesel por transesterificacdo a partir da biomassa das microalgas
Scenedesmus sp. e Chlorella sp. cultivadas em efluente de curtume bruto
avaliando os perfis de &cidos graxos obtidos.

e Verificar a utilizagdo de coagulantes/floculantes para recuperagéo da

biomassa microalgal.



e Determinar a influéncia do uso de coagulantes/floculantes na composigéo
dos acidos graxos das microalgas Scenedesmus sp. e Chlorella sp. cultivadas
em efluente de curtume.

e Avaliar a utilizacdo da biomassa residual (DMB) como biossorvente do
corante Acid Blue 161, amplamente utilizado na indUstria coureira.

e Realizar a caracterizacao do biossorvente DMB.

e Avaliar o desempenho cinético, as isotermas de adsorcdo e 0s pardmetros
termodinamicos que controlam a adsorcdo do corante Acid Blue 161 pelo
biossorvente DMB.

1.3 Histoérico da linha de pesquisa

O LACOURO € um grupo atuante no setor coureiro, desenvolvendo pesquisas que
englobam a otimizacdo do processo industrial, o tratamento de residuos e a minimizagédo
do impacto ambiental, ou seja, tem uma forte linha de pesquisa relacionada as questdes
ambientais. O grupo tem firmado sua posi¢cdo como nlcleo de pesquisa em couros do
Brasil, o que Ihe concede um reconhecimento nacional e internacional. O LACOURO
tem uma forte linha de pesquisa reacionada com a biotecnologia e questdes ambientais
da inddstria do couro. Este trabalho, realizado em parceria com o Grupo de
Intensificagdo, Modelagem, Simulagdo, Controle e Otimizacdo de Processos
(GIMSCOP) do Departamento de Engenharia Quimica da UFRGS, é primeiro dentro do
Grupo LACOURO a estudar o tema microalgas no tratamento de efluentes de curtume e
producdo de biodiesel a partir da biomassa de microalgas. Diversos trabalhos prévios
realizados pelo LACOURO e pelo GIMSCOP forneceram fundamentos tedricos a
pesquisa.

O trabalho pioneiro no contexto da aplicacdo de processos biotecnoldgicos para a
producdo mais limpa, realizados no LACOURO, foi o produzido por Dettmer (2012).
Neste estudo a autora relizou a selecéo e o isolomento de bactérias produtoras de novas
enzimas com possibilidade de utilizacdo no processamento de couros na etapa de
depilacdo/caleiro, com a finlidade de substituir 0 uso de produtos quimicos agressivos
ao meio ambiente. Dando seguimento a esta linha de pesquisa Andrioli (2012) estudou a
aplicacdo associada de enzimas, produzidas por linhagens de Bacillus subtilis (isoladas
por Dettmer (2012)) e peroxido de hidrogénio. A viabilidade da aplicacdo de

metabolitos seundarios produzidos por diferentes espécies de fungos como produtos
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utilizados no processamento couro como corantes (FUCK, 2014) e biocidas
(FONTOURA, 2013) também foi estudada.

Quanto a caracterizagdo e tratamento de efluentes salienta-se os trabalhos de Baur
(2012) que analisou as contaminacfes por nitrogénio de banhos residuais de ribeira,
curtimento e acabamento molhado; Mella (2013) que avaliou a remocao de Cr(l1l) de
banhos residuais de curtimento através das técnicas de precipitacdo quimica e
eletrocoagulacdo e Gutterres et al. (2015) que descreveu as principais operacoes
unitarias aplicadas no tratamento de efluente bem como a caracterizagédo de efluentes de
curtume do estado do Rio Grande do Sul. Outro trabalho importante nesta area
relacionado com as tecnologias limpas foi o realizado por Aquim (2009) com o
proposito de diminuir impacto ambiental causado nas aguas pelos curtumes propondo o
uso integrado e eficiente da agua.

No tema de tratamento de corantes utilizados na industria coureira por processos
de adsorcdo, destacam-se os estudos realizados por Piccin (2013), Gomes (2014) e
Mella (2017), onde foi avaliado o tratamento de corantes e efluentes de tingimento
utilizando residuos de curtume, como farelo de couro curtido ao cromo e de curtimento
vegetal e pelos residuais do processo de depilacdo e caleiro, como adsorvente
alternativo. Na linha de pesquisa de tratamento de corantes por processos
biotecnoldgicos Ortiz-Monsalve (2015), verificou a pontencial aplicacdo de espécies
nativas de fungos da podriddo branca na descoloracdo de corantes para couro.

Com relacdo ao tratamento bioldgico dos residuos solidos destaca-se o trabalho de
Agustini (2014) que teve por objetivo identificar os microrganismos que apresentam
potencial de produzir biogas com alto teor de metano a partir de ensaios de
biodegradacdo de lodo proveniente de aterros de curtume com farelo de couro.

Os trabalhos realizados pelo GIMSCOP imprescindiveis para a realizacdo deste
estudo, foram os produzidos por Ramirez, (2013) onde a autora avaliou a viabilidade de
produzir a microalga Scenedesmus sp. usando a vinhaga como meio de cultivo e por
Gris, (2011) que visou a otimizacao da producdo da microalga Nannochloropsis oculata
e aprimoramento de tecnologias visando o processamento adequado da biomassa

gerada.

1.4 Estrutura do trabalho

O presente trabalho esté estruturado em oito capitulos, conforme segue:



No Capitulo 2 é apresentada uma revisao bibliografica referente aos conceitos
aplicados neste trabalho. Primeiramente serd apresentado um breve descritivo acerca
das microalgas e as diferentes aplicagdes da biomassa microalgal. Também seré relatada
a evolucdo no cenario dos biocombustiveis, destacando a insercdo da biomassa de
microalgas como matéria-prima para a producdo do biodiesel. Em seguida, sera
abordada a potencial viabilidade da utilizacdo de microalgas no tratamento de efluentes
industriais e uma breve base tedrica sobre a indUstria do couro bem como a constituicao
da pele, etapas do processamento, caracteristicas das aguas residuais de curtume e
tratamentos de efluentes aplicados.

Os materiais e métodos, bem como os resultados e discussdo serdo apresentados
nos respectivos artigos escritos como resultado deste trabalho de doutorado.

No Capitulo 3 é apresentado o primeiro artigo gerado por este trabalho, publicado
no Journal Process Safety and Environmental Protection (PSEP), intitulado: “Using
tannery wastewater as source of nutrients for microalgae Scenedesmus sp. .

No Capitulo 4 ¢é apresentado o segundo artigo gerado por este trabalho,
submetido para o Biochemical Engineering Journal (BEJ), intitulado: “Treatment of
beamhouse tannery wastewater with microalgae Scenedesmus sp. coupling to biodiesel
production”.

No Capitulo 5 é apresentado o terceiro artigo gerado por este trabalho, submetido
para 0 Clean Technologies and Environmental Policy (CTEP), intitulado:
“Simultaneous nutrient removal and lipid production from raw tannery wastewater by
Chlorella sp. ™.

No Capitulo 6 é apresentado o quarto artigo gerado por este trabalho, submetido
para o International Journal of Environmental Science and Technology (JEST),
intitulado: “Biodiesel production chain evaluation based on treatment of tannery
wastewater using microalgae — from nutrients removal to biodiesel quality”.

No Capitulo 7 é apresentado o quinto artigo gerado por este trabalho, publicado
no periodico: Journal of Environmental Chemical Engineering (JECE), intitulado:
“Defatted microalgal biomass as biosorbent for the removal of Acid Blue 161 dye from
tannery effluent .

No Capitulo 8 sdo apresentadas as principais conclusdes oriundas deste trabalho
bem como as sugestdes para trabalhos futuros, considerando os objetivos iniciais

propostos.



O Anexo A apresenta os demais trabalhos originados como resultado da tese de
doutorado, incluindo artigo publicado em revista e participagdo em congressos
nacionais e internacionais. J& no Anexo B s&o descritos os procedimentos experimentais

utilizados para a eleboracdo desta Tese.



Capitulo 2

Revisao bibliografica

Neste capitulo é apresentada a revisdo bibliografica referente aos conceitos
aplicados neste trabalho. Primeiramente sera apresentada uma abordagem geral sobre as
microalgas e as diferentes aplicacdes da biomassa microalgal. Também sera descrita a
evolugdo no cendrio dos biocombustiveis, destacando a insercdo da biomassa de
microalgas como matéria prima para a producdo do biodiesel. Em seguida, seréa
abordado a potencial viabilidade da utilizacdo de microalgas no tratamento de efluentes
industriais e uma breve base tedrica sobre as caracteristicas das aguas residuais de
curtume e tratamentos de efluentes aplicados, bem como as etapas do processamento do

couro.

2.1 Microalgas

As microalgas s&o reconhecidas como uma das mais antigas formas de vida e
mantém direta ou indiretamente praticamente toda a vida aquética, uma vez que séo a
base da cadeia alimentar nos oceanos e rios. O termo microalga engloba uma série de
microrganismos de natureza distinta, incluindo tanto organismos procariéticos
(cianobactérias) como eucaridticos (algas de dimens6es microscopicas) (LOURENCO,
2006).

Segundo Barsanti e Gualtieri, (2006) o tamanho das microalgas varia entre 20-

200 um e estima-se que existam entre 200 a 800 mil espécies de microalgas no mundo



(RATHA e PRASANNA, 2012), mas apenas um numero limitado de aproximadamente
50 mil j& foram identificadas e analisadas (PARMAR et al., 2011).

Tradicionalmente, as microalgas séo classificadas quanto ao tipo de pigmento,
natureza quimica dos produtos de reserva e constituintes da parede celular, alem de
critérios citologicos e morfoldgicos tais como a ocorréncia de células flageladas, a
estrutura dos flagelos, a forma de divisdo celular, a presenca de um envolvimento de
reticulo endoplasmaético em torno do cloroplasto, e possivel conexdo entre o reticulo
endoplasmatico e a membrana nuclear (TOMASELLI, 2004). Dentre as classes mais
importantes destacam-se as algas verdes (Chlorophyta), algas vermelhas (Rhodophyta) e
as diatoméceas (Bacillariophyta) (BRENNAN e OWENDE, 2010; KHAN et al., 2009).

As microalgas podem ser encontradas em diferentes lugares, desde rios de agua
doce até lagos salgados, mas também sdo encontradas em alguns tipos de solos
terrestres, apresentando-se como células isoladas, agrupadas formando coldnias ou
encadeadas sob a forma de segmentos lineares de células. Estes microrganismos podem
ou ndo apresentar motilidade; podem viver em associacdo simbiotica, entretanto a
maioria é de vida livre; e tém tolerancia para uma ampla faixa de pH, temperatura,
turbidez e concentracéo de O, e CO, (LEE et al., 2008; LOURENCO, 2006; MATA et
al., 2010).

2.1.1 Tipos de metabolismo

As microalgas possuem uma notéavel variabilidade metabdlica quanto a utilizacéo
de fontes de energia e carbono; diversas espécies sao capazes de alterar 0 metabolismo
como resposta as mudancas das condi¢Ges ambientais estabelecidas. Dessa forma os
principais tipos de metabolismo podem ser classificados em trés grupos de acordo com
a obtencdo de energia e fonte de carbono: autotrofico, heterotrofico e mixotréfico
(MATA et al., 2010).

Embora algumas microalgas utilizem diversas fontes de carbono para se
desenvolver (CHEN, 2006), a maioria das espécies sdo autotroficas obrigatorias, ndo
crescendo na auséncia de luz e de carbono inorganico (PEREZ-GARCIA et al., 2011).

As microalgas autotrdficas utilizam a luz como fonte de energia e requerem
compostos inorganicos como fonte de carbono para, através do processo de fotossintese,

realizar suas funcdes vitais. A fonte de carbono inorgénico pode ser proveniente de CO,
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do ar ou pode ser obtido a partir de carbonatos (SUKAHARA e AWAYAMA 2005;
ESHAQ et al., 2010).

Os cultivos autotroficos tém um apelo ambiental, uma vez que o diéxido de
carbono atmosférico, um dos principais gases do efeito estufa, pode ser utilizado na
producdo da biomassa de microalgas para a producdo de biocombustiveis, o que
ocasionaria um balanco energético favoravel (MANDAL e MALLICK, 2009; YOO et
al., 2010).

Segundo Yan et al. (2011) é necessario que ocorra um equilibrio, pois sob baixa
iluminacdo, a energia disponivel € insuficiente, enquanto sob excesso de luz ocorre
fotoinibicdo. Atualmente, a producdo autotréfica € o método tecnicamente e
economicamente mais vidvel para a producdo em larga escala da biomassa de
microalgas (SALAMA et al., 2017).

No metabolismo heterotrofico, as microalgas tém um crescimento independente
da energia luminosa e requerem uma fonte externa de compostos organicos, bem como
a disponibilidade de nutrientes para que desempenhem seus processos metabolicos sem
a presenca de luz (LIANG, 2013; XIONG et al., 2008).

Ressalta-se que até mesmo as microalgas autotroficas sdo capazes de oxidar
compostos orgénicos para obter energia. O que difere estas microalgas das
heterotréficas é a origem destes compostos organicos; nas autotréficas o carbono
organico tem origem do processo interno de fotossintese, enquanto que nas
heterotroficas, o carbono organico é captado do meio externo (PEREZ-GARCIA et al.,
2011). O crescimento heterotrofico oferece a viabilidade de aumentar
consideravelmente a concentragdo e a producdo de biomassa de microalgas, entretanto
0s processos industriais heterotréficos sdo afetados devido ao numero limitado de
espécies de microalgas heterotroficas disponiveis e a inibicdo do crescimento por
substratos organicos em baixas concentragdes (CHEN et al., 2011).

A escolha pelo metabolismo heterotréfico € questionada, pois a necessidade de
adicdo de uma fonte de carbono organico pode acarretar custos elevados e inviabilizar a
producdo de biocombustiveis a partir de microalgas (FENG et al., 2011a; LIANG et al.,
2013). Entretanto, pesquisas tém demonstrado que os compostos organicos dissolvidos
em aguas residuais podem ser utilizados como fonte de nutrientes para o cultivo com
custo baixo (ZHANG et al., 2014).
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Como relatado por Perez-Garcia et al. (2011) no cultivo heterotrofico de algumas
espécies de microalgas, a fonte de carbono organico pode ser fornecida a partir glicose,
glicerol, &cidos graxos de cadeia curta e acetato.

Além dos metabolismos citados, € comum observar outro processo metabélico, o
mixotréfico. Este equivale ao autotrofico e ao heterotréfico combinados, onde as
microalgas realizam fotossintese e também conseguem assimilar, concomitantemente,
compostos organicos como fonte de carbono para o crescimento (ANDRULEVICIUTE
etal., 2014; MATA et al., 2010).

O cultivo em condi¢bes mixotréficas tem se mostrado como uma opcao versatil,
pois utiliza como fonte de energia a luz e compostos orgénicos e, como fonte de

carbono, compostos inorganicos e organicos (ZHANG et al., 2014).

2.1.2 Formas de conducéo dos cultivos de microalgas

Quanto as formas de conducéo dos cultivos, destacam-se os cultivos em batelada,
semicontinuos e continuos.

O cultivo em batelada € a maneira mais simples de cultivar microalgas, o qual
possui um tempo determinado e é caracterizado por modificagdes intensas na
composicdo do meio de cultura e pelo efeito de sombreamento causado pela
concentracdo celular. As células sdo inoculadas no meio de cultivo no inicio do cultivo,
ndo havendo nenhuma adicao posterior de nutrientes.

No regime em batelada, as etapas de crescimento celular sdo bem definidas
(Figura 2.1):

1 - Fase de adaptacdo ou Fase lag: representa a fase de adaptacao celular, ocorre
devido ao periodo de adaptacdo fisioldgica das células frente as modificacGes nas
condicBes de cultivo ou a presenca de células inviaveis no inéculo, podendo ser extensa
na presencga de compostos toxicos ou de nutrientes dificilmente metabolizaveis;

2- Fase exponencial ou Fase log: é a fase de crescimento na qual a biomassa se
duplica sucessivamente em intervalos regulares de tempo, as células se dividem como
uma funcdo exponencial do tempo, enquanto substratos, luz e temperatura adequada
estiverem disponiveis;

3 - Fase de reducdo do crescimento relativo ou de transi¢do: nesta etapa, o
tempo requerido para a duplicagdo celular aumenta, reduzindo assim a taxa de

crescimento. Isto é consequéncia da reducdo da concentracdo de nutrientes disponiveis
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no meio (os quais foram assimilados pelas microalgas) e, principalmente, da reducéo da
atividade fotossintética devido ao incremento da densidade microalgal, sendo que desta
forma, a quantidade de energia luminosa por célula torna-se bastante reduzida;

4 - Fase estacionaria: nesta etapa o crescimento esta limitado pelo esgotamento
dos nutrientes ou pelo acimulo de produtos inibitérios do metabolismo. Como
consequéncia, a velocidade de crescimento diminui e iguala a taxa de morte. As
microalgas mantém por algum tempo a concentra¢do de biomassa constante devido a
utilizacdo de reservas internas de nutrientes ou dos nutrientes que sdo libertados para o
meio devido a lise de outras células;

5 - Fase de declinio ou de morte: é o resultado da deplecdo de nutrientes e do
autossombreamento a um nivel que ndo suporta o crescimento, bem como da possivel
ocorréncia de um nivel téxico de metabdlitos (YUAN-KUN e HUI, 2004;
LOURENCO, 2006).

Concentragdo (células.ml")
[\
e
T o

Tempo (dias)

Figura 2.1: Curva de crescimento tipica de microalgas em cultivo em batelada, com as
etapas de crescimento identificadas. 1. Fase de adaptacéo ou Fase lag; 2. Fase
exponencial ou Fase log; 3. Fase de reducdo do crescimento relativo ou de transicéo;
4. Fase estacionaria; 5. Fase de declinio ou de morte.

Este regime de cultivo apresenta diversas vantagens, entre elas a simplicidade de
manutencdo e versatilidade do biorreator, sendo possivel alterar facilmente as condigdes
do crescimento a fim de estudos cinéticos. Em contrapartida, a maior desvantagem é a
baixa eficiéncia, além de haver tempos mortos onde ndo ha real uso do biorreator, como
no preparo do biorreator, esterilizagdo do meio de cultivo e preparo do indculo. O efeito

do autossombreamento é outro problema existente que ocorre quando a densidade
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celular cresce muito e dificulta a penetracéo da luz no interior do cultivo (LOURENCO,
2006).

Para a obtengdo de um produto homogéneo e de forma ininterrupta pode-se
utilizar fotobiorreatores operando em modo continuo. Nestes cultivos ha um processo
permanente de alimentacdo do meio de cultura, sendo o volume de cultivo mantido
através da retirada de biomassa a uma vazdo constante. A conservagdo do volume
invariadvel no biorreator € de primordial importancia, a fim de que o sistema atinja a
condicdo de estado estacionario ou regime permanente, no qual a concentracdo de
células e de substrato permaneca constante ao longo do tempo de operacdo
(SCHMIDELL et al., 2001). Neste processo € observado o crescimento balanceado das
microalgas, em que as células sdo mantidas em estado exponencial. Entretanto, em
muitos casos 0 modo de operacdo continuo ndo se torna viavel, econémica ou
tecnicamente.

Uma aproximagao desse processo continuo € o0 modo semicontinuo, que consiste
em um sistema onde héa a retirada de produto e subsequente adi¢do de meio de cultivo
em intervalos de tempos periddicos, geralmente quando a quantidade de biomassa
presente é elevada. Esse procedimento é normalmente realizado com o cultivo ainda
jovem, na fase exponencial, no qual as células apresentam estado fisioldgico muito
favoravel, no sentido de ndo sofrer com o efeito da diluicdo do meio de cultura,
colocando o cultivo em um reciclo teoricamente sem limites (BORZANI, 2001;
LOURENCO, 2006). Este tipo de cultivo busca evitar o custo com o preparo de um
novo in6culo para cada batelada, além de eliminar o tempo para obtencdo do inéculo,

bem como o consumo de nutrientes para isto.

2.1.3 Sistemas para cultivos de microalgas

De acordo com Dasgupta et al. (2010), os sistemas para cultivos podem ser
classificados em dois tipos principais: sistemas abertos (tanques aerados, raceway,
ponds e lagos) e os sistemas fechados (tubular, reator em placa, conico, piramidal e
fermentador). A escolha do sistema é influenciada pelas caracteristicas do local de
cultivo, pela especie utilizada, quantidade de luz necessaria, sistema de recuperacdo da
biomassa e aplicacdo da biomassa.

Os sistemas abertos sdo métodos de cultivo de microalgas em larga escala mais

comumente empregados. Neste tipo de sistema, as microalgas sdo cultivadas em lagoas
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ou tanques ao ar livre, expostos as condi¢cdes naturais de iluminacdo, temperatura,
evaporacédo e contaminacgéo. Estes tanques séo geralmente rasos (profundidade que varia
de 10 a 50 cm), de modo que permita a difusdo de dioxido de carbono proveniente da
atmosfera e a penetracdo da luz solar (CHISTI, 2007). Séo construidos em concreto,
fibra de vidro ou policarbonato, com fundo de terra ou revestidos com material plastico,
onde as culturas sdo mantidas em circulagcdo constante (RAWAT et al., 2013). De
acordo com Richmond (2004), para que as microalgas possam receber a energia solar
suficiente para crescer, o nivel de 4gua ndo pode ser superior a 15 cm (ou 150 L.m).

Nos cultivos de microalgas em grande escala, a agitacdo e/ou aeragdo do sistema
acarreta na oxigenacao do cultivo, aporte de CO, ao meio de cultura, exposicao de todos
os individuos a luz e acesso homogéneo das microalgas aos nutrientes (LOURENCO,
2006).

Os sistemas abertos mais utilizados em larga escala sdo lagoas abertas, 0s tanques
circulares com um misturador mecanico e os tipos raceway (Figura 2.2). Os tanques
tipo raceway (Figura 2.2a) sdo responsaveis por mais de 90% da producdo mundial de
microalgas (OJAMAE, 2011).

(b)

Figura 2.2: Exemplos de sistemas abertos para producdo de microalgas. (a) sistemas
tipo raceways de cultivo de Nannochloropsis sp. no Japéo, (b) producéo de Dunaleilla
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salina em lagoa abertas na Australia e (c) lagoa circular para a producéo de Chlorella
em Taiwan.
Fonte: Borowitzka (2005); Greenwell et al. (2010).

Nos sistemas fechados € comum a utilizacdo de fotobiorreatores, que tém como
principio fundamental de todos os projetos aumentar a disponibilidade de luz para cada
célula (SUALI e SARBATLY, 2012). Os fotobiorreatores sdo construidos com
materiais  opticamente transparentes, como vidro e materiais poliméricos
(principalmente acrilico), permitindo melhor captacdo luminosa (BRENNAN e
OWENDE, 2010; HARUN et al., 2010).

Os cultivos em fotobiorreatores fechados (Figura 2.3) possibilitam o controle de
diversos parametros importantes. As condi¢6es de cultivo, tais como: concentragdo de
nutrientes, temperatura, luz, pH e injecdo de CO, podem ser ajustadas para a obtencao
de maior producdo de biomassa de microalga em relagdo aos sistemas abertos (RAWAT
etal., 2013).

As principais vantagens deste sistema sdo: menor risco de contaminagdo, menores
perdas de CO,, maior reprodutibilidade de condi¢bes e cultivos, menor perda por
evaporacdo e design variado de acordo com as necessidades e possibilidades disponiveis
(MOLINA GRIMA et al., 1999; MOLINA GRIMA et al., 2000; PULZ, 2001). A
densidade celular alcangada em cultivos realizados em sistemas fechados ¢ alta devido
ao controle que se possui do ambiente de cultivo (LEE, 2001; UGWU et al., 2008).
Entretanto, as principais desvantagens deste sistema que se destacam sdo a dificuldade
de ampliacédo, deterioracdo do material transparente utilizado, alto custo de construgédo
(investimento 10 vezes maior que do tanque aberto) e possiveis danos as células pelo
estresse de cisalhamento (BRENNAN e OWENDE, 2010; MATA et al., 2010).
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Figura 2.3: Fotobiorreator tubular em operagéo
Fonte: Greenwell et al. (2010).

Chisti  (2007) ressalta as vantagens da producdo de microalgas em
fotobiorreatores, em comparacdo aos tanques de recirculacdo. De acordo com o autor, a
produtividade volumétrica dos fotobiorreatores é 13 vezes maior que a dos tanques
abertos. Além disso, assumindo uma produtividade similar entre os dois equipamentos,
a quantidade de area requerida para os cultivos em fotobiorreatores fechados é
favorecida, sendo aproximadamente 30% inferior aos tanques abertos.

Segundo Molina Grima et al. (2003) os custos de separacdo também
representam uma vantagem dos sistemas fechados, pois o cultivo é 30 vezes mais
concentrado que nos tanques de recirculagdo, facilitando assim a separacdo da
biomassa.

De acordo com Chisti (2007) o custo de producdo para cada quilograma de
biomassa é estimado em US$ 2,95 para fotobiorreatores e US$ 3,80 para tanques
raceways. Segundo o autor, se a capacidade anual de producdo de biomassa ultrapassar
10.000 toneladas, os custos de producdo por quilograma reduzem para US$ 0,47 e US$
0,60, para fotobiorreatores e tanques de recirculacdo, respectivamente, por causa da

economia de escala.

2.1.4 Fatores que influenciam a producéo de biomassa
A interacdo entre fatores fisicos, quimicos e bioldgicos influencia diretamente no
cultivo de microalgas, podendo promover ou inibir seu crescimento. Os fatores fisicos e

quimicos estdo relacionados aos efeitos provocados pela temperatura, pH, luz,
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salinidade e disponibilidade de nutrientes, enquanto que os fatores bioldgicos estdo
associados ao metabolismo celular da espécie cultivada e a influencia de contaminantes
no sistema (TANG et al., 2010; CHEN et al., 2011). A seguir serdo apresentados 0s
principais fatores que influenciam os cultivos e os efeitos causados sobre o crescimento

das microalgas.

2.1.4.1 Temperatura

A temperatura € um dos fatores que mais afeta a taxa metabdlica dos organismos,
além de influenciar na composicdo da biomassa e na estrutura dos componentes
celulares (proteinas e lipidios). Temperaturas abaixo do nivel 6timo de crescimento,
geralmente, aumentam o grau de insaturacdo dos lipidios nas membranas. Por outro
lado, altas temperaturas induzem a producdo de carotendides. O aumento na
temperatura nos cultivos também influencia o consumo de nitrogénio e carbono, bem
como o tamanho celular (HU, 2004).

Para algumas espécies, a elevacao da temperatura pode diminuir a quantidade de
acidos graxos insaturados e aumentar a quantidade de acidos graxos saturados
(THOMPSON et al., 2004). Este fator pode contribuir para a producdo de biodiesel de
melhor qualidade, elevando o nimero de cetanos e aumentando a estabilidade oxidativa
do combustivel. Entretanto, temperaturas muito elevadas provocam a ruptura das
membranas celulares uma vez que a dupla camada lipidica se altera por acdo do calor
(SINOGAS et al., 2003/2004). Temperaturas constantes sdo desejaveis, pois
proporcionam mais estabilidade nos experimentos, permitindo maior reprodutibilidade e
previsibilidade das respostas das espécies (LOURENCO, 2006).

Breuer et al. (2013) estudaram o impacto do pH e da temperatura na producéo de
biomassa e no acumulacéo de lipidios na forma de triacilglicerois (TAG) na microalga
Scenedesmus obliquus. As experiéncias foram realizadas em todas as combinacOes de
pH 5, 7 e 9, e temperaturas 20 °C, 27,5 °C e 35 °C, com a mesma intensidade de luz
incidente de 500 umol photons.m™2.s™'. A maior concentragdo final de biomassa e a
maior produtividade da biomassa foram observados a pH 7 e temperatura de 27,5 °C.
Esta condi¢do também resultou em um maior acimulo de TAG.

Rukminasari (2013) verificou que a microalga Scenedesmus sp. atingiu uma maior
densidade celular quando cultivada a 25 °C. Estes resultados estdo de acordo com o0s
obtidos por Xin et al. (2010) onde observaram que na temperatura de cultivo de 25 °C a

microalga Scenedesmus sp. apresentou a taxa maxima de crescimento especifico.
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Han et al. (2013) cultivaram a microalga Chlorella pyrenoidosa ao ar livre sob um
ciclo claro/escuro. Os resultados mostraram que 30 °C foi a temperatura diurna ideal
para atingir maxima concentragdo de biomassa e altos teores de lipidios. De acordo com
0s autores, aumentar a temperatura diurna pode diminuir a perda de biomassa noturna e

estimular a acumulacéo de lipidios.

2.1.4.2 pH

O pH afeta diretamente a disponibilidade de vérios elementos quimicos, que
podem néo solubilizar e precipitar em funcéo disso. Assim, o pH favoravel para o
crescimento da maioria das microalgas é sempre proximo da neutralidade, para que 0s
componentes do meio possam ser efetivamente absorvidos pelas microalgas
(LOURENCO, 2006). Os valores de pH baixos desempenham papel como inibidor
enzimatico no processo de fotossintese (YANG et al., 2011).

O crescimento da microalga envolve o consumo do CO, dissolvido no meio,
acarretando a elevacdo do pH (> 10) (PIRES et al., 2012). Baixas concentraces dos
ions carbonato e bicarbonato também estdo relacionadas com o aumento do pH. Este
aumento de pH pode ser benéfico pela inativacdo de patdgenos em tratamentos
bioldgicos de esgoto, porém pode inibir o crescimento das microalgas (KUMAR et al.,
2010).

Bakuei et al. (2015) verificaram maxima producdo de biomassa de 3,23 g.L™
quando cultivaram Scenedesmus sp. a pH 8. Este valor de concentracdo de biomassa é
aproximadamente o triplo do valor encontrado para o cultivo nos pHs 7, 7,5, e 8,5.

Maiores produtividades de biomassa (407 + 5,5 mg de biomassa.L™.dia™) e
lipidios (99 + 17,2 mg de lipidio.L™.dia™) foram relatados por Moheimani, (2013),
quando cultivou a microalga Chlorella sp. em pH 7. Neste estudo, as produtividades de
biomassa e lipidios foram na ordem de grandeza de pH 7> pH 7,50 = pH 8> pH 6,5> pH
6> pH 5,5.

2.1.4.3 Agitacéo do meio

A agitacdo nos cultivos de microalgas esté relacionada a uma série de fatores que
influenciam no crescimento e na produtividade da biomassa (SUH e LEE, 2003). Uma
agitacdo adequada evita a formacdo de aglomerados celulares, garante a incidéncia
luminosa uniforme as células, auxilia a troca de gases favorecendo a captacdo de CO,

da atmosfera e a liberagcdo de O, do interior do meio de cultivo, diminui o efeito da
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estratificacdo térmica bem como propicia melhor distribuicdo dos nutrientes (SOARES,
2010).

Em cultivos de bancada a agitacdo pode ser obtida com auxilio de mesa agitadora
(incubadoras do tipo shaker), ou mesmo aeracdo dos frascos de cultivo através da
introducdo de ar atmosférico ou enriquecido com CO..

Em sistemas abertos como lagoas e tanques, € necessaria a utilizacdo de pés
giratorias ou a recirculagdo da cultura através de bombeamento mecénico. No caso do
sistema fechados, tais como fotobiorreatores, a agitacdo do meio é realizada por bombas
mecanicas ou por borbulhamento de ar (LOURENCO, 2006; BRENNAN e OWENDE,
2010).

2.1.4.4 Intensidade luminosa

A intensidade e duracdo da exposicdo luminosa sdo importantes fatores
ambientais no crescimento dos microrganismos fotossintetizantes por ser a principal
fonte de energia (MASOJIDEK et al., 2004).

De acordo com Behrens (2005) a luz é o principal fator a ser controlado na
otimizacdo do processo de crescimento, seguindo-se a temperatura, 0 pH e a presenca
de CO, e O, no meio. Derner et al. (2006) ressaltam que a quantidade de energia
luminosa recebida pelo sistema fotossintético esta diretamente relacionada ao carbono
que seré fixado pelas microalgas e assim influenciara na producdo de biomassa e na taxa
de crescimento das culturas.

Niveis extremos de luminosidade nos cultivos de microalgas podem produzir um
efeito desfavordvel ao crescimento, a chamada fotoinibicdo. O processo fotoinibitorio
ocorre quando o fluxo de fétons absorvido pelos cloroplastos é tdo alto que a
concentracdo de elétrons de alta energia na célula € excessiva para ser consumida pelo
Ciclo de Calvin, assim as moléculas de clorofila ficam em estado excitado e acabam
produzindo substancias toxicas as células como o perdxido de hidrogénio (MOLINA
GRIMA et al., 1999; HIRAYAMA et al., 1996 ).

A luz natural pode ser utilizada em varios sistemas de cultivos, o que reduz os
custos de producgdo. Entretanto, as variacbes ambientais e a falta de controle do
fotoperiodo da intensidade luminosa fazem com que os cultivos que utilizem luz natural
nédo sejam estaveis (BECKER, 1994).

O efeito inibitdrio da luz (fotoinibicdo) foi observado por Vonshak et al. (2000),

no crescimento da microalga Spirulina platensis a uma intensidade luminosa de
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250 pumol fotons.m2.s %, sendo esta inibicdo mais acentuada em culturas autotréficas
que mixotroéficas.

Um aumento na producdo de biomassa correspondente a intensidade da luz, foi
observado por Liu et al. (2012), quando investigaram os efeitos da intensidade luminosa
em trés niveis: 50, 250 e 400 pmol fétons.m 2.5 %, no crescimento e producdo de lipidios
da microalga Scenedesmus sp. sob condigdes limitadas de nitrogénio. Neste estudo a
maior concentracio de biomassa (3,88 g.L™) e o maior teor de lipidios (41,1%) foram
obtidos quando a microalga cresceu em condiges de luz de 400 umol fétons.m 2.5 .

Pancha et al. (2015) verificaram um aumento no teor de lipidios de 21,34% para
23,62% e no teor de carboidratos de 35,34% para 42,58% quando aumentaram a
intensidade luminosa de 30 para 150 umol fétons.m2.s* em cultivos de Scenedesmus
sp. A acumulacdo desses produtos de armazenamento deve-se principalmente a uma
maior geracdo de fluxo metabolico em alta irradiacdo, que, em ultima instancia, é
direcionada para a acumulagdo de lipidios e carboidratos em microalgas (RAMANAN
etal., 2013).

Krzeminiska et al. (2015) relataram que o aumento da intensidade luminosa
ocasionou um aumento da taxa de crescimento especifico e uma reducdo do tempo de
duplicagdo da microalga Chlorella protothecoides quando cultivada sob baixa
luminosidade (35 umol fétons.m 2.5 %), média luminosidade (130 pmol fétons.m 2.5 %) e
alta luminosidade (420 pmol fétons.m%s ). Os autores também verificaram um
consideravel aumento no conteudo lipidico de 24,8% para 37,5% com o aumento da
intensidade da luz. Além disso, a composicao dos ésteres metilicos de acidos graxos foi
afetada pela intensidade da luz, com os &cidos graxos C16-18 aumentados de 76,97%
para 90,24% dos acidos gordurosos totais e o teor de acido linolénico (C18-3) foi

reduzido com o aumento da intensidade luminosa.

2.1.4.5 Salinidade
A salinidade afeta o crescimento das microalgas em virtude do estresse osmético
relacionado com o teor de ions e das modificacfes nas propor¢des idnicas celulares
devido a permeabilidade seletiva da membrana aos ions. Além disso, a concentracao
elevada de alguns ions pode apresentar toxicidade para as microalgas (VAN DAM et
al., 2014).
Alteragdes nas concentracbes da salinidade nos meios de cultivo provocam

mudancas na composi¢do bioquimica das microalgas, influenciando diretamente na
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sintese de lipidios e carboidratos. Diferentes autores relataram que o aumento da
concentracdo da salinidade (na forma de cloreto de so6dio) e a diminuicdo de alguns
nutrientes acarretam o aumento da concentracdo de carboidratos (VONSHAK, 1997,
RICHMOND, 2004; LOURENCO, 2006; BARROS, 2010).

A toleréncia de Scenedesmus almeriensis a concentracbes de sal (NaCl) foi
relatada por Sanchez et al. 2008, onde foi encontrada maior produtividade de biomassa
em cultivos contendo 5,85 g.L™! de NaCl em comparagdo com meios sem a presenca
NaCl. No entanto, em espécies de microalga tais como a Chlorella sp., concentracfes
do sal cloreto de sédio (NaCl) superior a 4,2 g.L™ apresentaram toxicidade para cultivos
(VAN DAM et al., 2014).

De acordo com Benavente-Valdés et al. (2016) o aumento da salinidade pode
aumentar o teor lipidico das microalgas, mas pode diminuir a taxa de crescimento.
Elevados teores de lipidio (33,13%) e carboidratos (35,91%) acumulados foram
relatados por Pancha et al. (2015), quando cultivaram a microalga Senedesmus sp. em
meio de cultivo contendo 7.200 mg.L™" de NaCl.

2.1.4.6 Nutrientes

O meio de cultivo para microalgas é composto basicamente por macronutrientes
tais como carbono (C), nitrogénio (N), oxigénio (O), hidrogénio (H) e fésforo (P), além
de calcio (Ca), magnésio (Mg), enxofre (S) e potassio (K) e micronutrientes tais como
ferro (Fe), manganés (Mn), cobre (Cu), molibdénio (Mo) e cobalto (Co). Algumas
microalgas também necessitam baixas concentraces de vitaminas no meio de cultura
(GUILLARD, 1975). Os principais elementos limitantes do crescimento sdo o carbono,
nitrogénio, o fésforo e o ferro (LOURENCO, 2006, RICHMOND, 2004).

Fortier e Sturm (2012) citam que a biomassa microalgal tem composic¢éo tipica de
Ci106H181045N16P, portanto, a exigéncia nutricional pode ser estimada com relagdo
106C:16N:1P pmol.L™* ou o equivalente a 42:7:1 mg.L™, proporcdo essa conhecida
como o Numero de Redfield (ANDERSEN, 2005; RICHMOND, 2004). Contudo a
relacdo N:P na biomassa algacea pode variar de 4:1 para quase 40:1, dependendo da
espécie e da disponibilidade de nutrientes. Sob condi¢Ges adequadas, uma alta
produtividade pode ser alcancada mesmo em relagdes N:P relativamente baixas (PARK
etal., 2011).

O carbono é considerado um dos nutrientes mais importantes, uma vez que

constitui cerca de 50% da biomassa microalgal. Sua elevada demanda decorre do fato de

22



que este componente é o constituinte principal de todas as substancias organicas
sintetizadas pelas células (proteinas, carboidratos, acidos nucléicos, vitaminas, lipidios,
entre outros). No meio de cultivo da microalga, o carbono pode estar nas formas
inorganica como dioxido de carbono (CO,), acido carbdnico (H.COs), bicarbonato
(HCO3) e carbonato (COs?) (MOHEIMANI, 2013; CAI et al., 2013), ou na forma
organica como os carboidratos e acidos organicos (LIANG et al., 2009), destacando-se
a glicose, o0 acetato (acido acético) e o glicerol, bem como o amido (WElI et al., 2009).

A composicdo bioquimica da biomassa de microalgas pode ser influenciada pela
fonte e pela concentracédo de carbono no meio de cultivo (LIANG et al., 2009).

Sob condicGes mixotroficas, onde ha a assimilagdo de carbono orgénico e
inorganico simultaneamente, algumas microalgas aumentam a concentracdo de
biomassa e sua taxa de crescimento, além de produzirem uma maior quantidade de
acidos graxos (MATA et al., 2010).

Girard et al. (2014) estudaram o cultivo da microalga Scenedesmus obliquus
(Turpin) Kitzing em condicdes fotoautotrofica, heterotréfica e mixotrofica, utilizando
soro de leite como fonte de carbono. O cultivo mixotréfico apresentou a maior taxa de
crescimento especifico de 1,083 d*. Li et al. (2014) utilizaram glicose como fonte de
carbono e verificaram maior concentracdo de biomassa da microalga Chorella
sorokiniana quando cultivada mixotroficamente, onde a biomassa seca final foi 2,4 e
5,2 vezes maior do que os cultivos heterotroficos e autotréficos, respectivamente.

O fosforo apresenta importantes funcdes na célula, estando associado a todos os
processos que envolvem trocas energéticas e na constituicdo de moléculas como o ATP,
acucares fosfatados, acidos nucléicos e fosfoenzimas. A assimilacdo do fosforo por
parte das microalgas ocorre principalmente em formas inorganicas, como o ortofosfato
(PO43) e os polifosfatos (LOURENCO, 2006). As concentracdes de fésforo para um
6timo crescimento diferem consideravelmente entre espécies, até mesmo nao existindo
fator externo limitante (RICHMOND, 2004). As microalgas séo capazes de acumular de
8 a 16 vezes a quantidade minima necessaria, 0 que garante o crescimento da célula
mesmo que novas fontes de fosforo ndo estejam disponiveis (LOURENCO, 2006;
CHISTI, 2007).

Qu et al. (2008) relataram a assimilacdo de fosfato pela microalga Chlorella
pyrenoidosa na producdo de biomassa sob condi¢cdes de cultura heterotréficas,
mixotroficas e autotroficas. Durante as culturas heterotréficas, a producdo final de

biomassa sob deficiéncia de fosfato foi menor, enquanto que em condi¢des mixotréficas
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e autotroficas observou-se uma maxima assimilacdo de fosfato e maior producgédo de
biomassa.

A acumulagdo de lipidios e carboidratos pode ser melhorada manipulando os
niveis de fosforo no meio de cultura. Liang et al. (2013) relataram o efeito da
concentracdo de fosforo no acumulo de lipidios pela microalga Chlorella sp. Neste
estudo os autores verificaram que o acumulo de lipidios nas células foi aumentado
quando o cultivo foi realizado com baixa concentragdo de fésforo (1 mg.L™), indicando
que a Chlorella sp. pode acumular lipidios sob condic¢des desfavoraveis ao fosforo. Este
efeito também foi observado em Scenedesmus sp., onde um aumento no teor de lipidios
em 35% foi observado quando a inanigéo de fosforo foi utilizada (WU et al., 2015).

Margarites et al., (2014) avaliaram o efeito das concentracdes de nitrogénio e
fosfato sobre os teores de carboidratos da biomassa da microalga Chlorella minutissima.
Os cultivos foram realizados em meio Basal seguindo um planejamento de Box-
Behnken com concentracdes de KNO; entre 0 e 0,250 g.L ™ e de K,HPO4,/KH,PO, entre
0 e 0,175 g.L™ As andlises dos efeitos evidenciaram que a Chlorella minutissima
cultivada com a adicdo de 0,125 g.L™ do componente nitrogenado (KNOs) e sem adicio
de componentes fosfatados (K,HPO, e KH,PO,) apresentou maior rendimento em
carboidratos (0,030 + 0,002 g.L ™ .d™).

O teor de proteina na microalga Chlorella vulgaris cultivada em meio Chu-10
contendo quatro diferentes concentracdes de fésforo (0, 2, 4, 6, g.L™") foi investigado
por Baiee e Salman (2016). Os autores observaram um aumento de 51,17% e 75,56%
quando utilizaram as concentracdes de 4 g.L™ e 6 g.L™ frente ao cultivo com inanicéo
de fosforo.

O nitrogénio compde em média cerca de 7-10% do peso seco da biomassa
microalgal e é essencial a constitui¢do das proteinas estruturais e funcionais das células
algais (HU, 2004).

As microalgas podem assimilar nitrato, amonia e outras fontes organicas de
nitrogénio, como uréia; adicionalmente, algumas microalgas podem fixar o nitrogénio
atmosférico (BECKER, 1994). O consumo de nitrato pelas microalgas utiliza enzimas
para reduzir o nitrogénio em uma forma assimilavel. Primeiramente o nitrato é
transportado para dentro da célula por uma proteina transportadora de nitrato e reduzido
a nitrito pela enzima nitrato redutase, e, posteriormente, para amoénia pela nitrito
redutase (HATORY e MYERS, 1966). J4& a aménia € incorporada ao metabolismo

através da acdo de transaminases, para a formagdo de aminoacidos (HUNG et al., 2000).
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A utilizacdo de fontes de nitrogénio inorganico na forma reduzida (nitrogénio
amoniacal) € energeticamente favordvel em comparacdo com nitratos e nitritos,
disponibilizando energia para o crescimento celular. Quando ha disponibilidade de
nitrogénio inorganico no cultivo ocorre 0 aumento das concentracGes de proteinas,
carotenoides e clorofila, porém, conforme se limita o nitrogénio do meio, reduzem-se as
quantidades dessas substancias (LOURENCO, 2006).

A escassez de nitrogénio no meio de cultivo pode aumentar o contetdo lipidico de
uma microalga (SANTOS et al., 2003). Devido ao fato que a deplecdo de nitrogénio
direciona o metabolismo das microalgas antes voltado a multiplicacdo celular para a
producdo de componentes de reserva, como 0s &cidos graxos saturados, preparando a
célula para um periodo de privacao nutricional (ALONSO et al, 2000; XU et al., 2012).

Vasileva et al. (2016) investigaram a influéncia de diferentes fontes de nitrogénio
(nitrato de amonio, ureia e nitrato de amdnio + ureia) sobre o crescimento, o teor de
proteinas, carboidratos e lipidios da microalga Scenedesmus sp.. Embora as duas fontes
de nitrogénio estejam rotineiramente presentes no meio de cultivo, o uso de meio com
cada uma delas separadamente proporcionou um melhor rendimento de biomassa de
algas durante todo o periodo de cultivo. O melhor crescimento foi observado em meio
contendo uréia, onde a concentracdo de biomassa atingiu 9,0 g.L™. Os carboidratos,
seguidos por proteinas e lipidios, dominaram a composicao bioquimica de Scenedesmus
sp. A biomassa da microalga cultivada em meio contendo uréia ou nitrato aménia foram
caracterizada por conter teores semelhantes de proteinas (29%), carboidratos (41%), e
lipidios (24%).

Agirman e Cetin (2015) verificaram uma aumentou de 80% no teor de lipidios
acumulado na biomassa da microalga Chlorella vulgaris quando cultivada em meio com
50% de inanic¢do de nitrogénio.

Em culturas de Chlorella, o esgotamento do nitrogénio no meio de cultura, cessou
a divisdo celular e o teor de lipidios das células aumentou de 28% para 70%. Foi
observado simultaneamente um decréscimo no conteddo protéico de 30% para 8%
(ROUND, 1973).

2.1.5 Métodos de recuperacao da biomassa microalgal
A natureza diluida das culturas de microalgas faz com que a recuperagdo da

biomassa algal possa representar de 20 a 30% dos custos totais de producdo (MOLINA
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GRIMA et al., 2003; UDUMAN et al., 2010). A escolha do processo de recuperacéo da
biomassa é dependente das caracteristicas das microalgas e do destino da biomassa
separada. O processo deve ser simples, rapido, eficiente para o maior nimero de
microalgas, de baixo custo e utilizar o minimo possivel de energia e reagentes quimicos
(CHEN et al., 2011; KIM et al. 2013).

A recuperacdo das microalgas pode ser por centrifugacdo, filtragdo e
coagulagdo/floculagcdo. Devido as pequenas dimensdes (3 a 30 um) e baixas
concentracdes de biomassa, a utilizagcdo de centrifugas para a recuperacdo da biomassa
apresenta elevados custos relacionados ao gasto energeético, sendo justificada apenas
para bioprodutos de alto valor, como carotendides ou acidos graxos poliinsaturados. As
tecnologias de filtracdo sdo apropriadas apenas para a recuperacdo de espécies
relativamente grandes como a Spirulina. Para espécies de tamanho reduzido como
Chlorella e Scenedesmus esta tecnologia é ineficiente (BOROWITZKA et al., 2013;
RAWAT et al.,, 2013; MOLINA GRIMA et al., 2003). Além disso, as microalgas
possuem suas superficies negativamente carregadas, 0 que resulta huma suspensdo de
microalgas estavel, dificultando a sedimentacdo por gravidade (BRENNAN e
OWENDE, 2010; BARRUT et al., 2013; KIM et al., 2013). A combinacéo de diferentes
técnicas pode compensar as deficiéncias das técnicas individuais, e muitas vezes
resultam em um efeito positivo sobre o processo de colheita (BRENNAN e OWENDE,
2010).

De acordo com Uduman et al. (2010), devido a variabilidade na composicao da
biomassa, a qual é constituida de diferentes caracteristicas como o tamanho, forma e
motilidade, é dificil selecionar uma Unica técnica de recuperacdo de biomassa que
contemple todos estes parametros e que ainda, possa vir a se tornar um método padrédo
para ser adotado em escala industrial.

Devido a superficie negativamente carregada das microalgas, que cria uma forca
de repulsdo, impedindo a aglomeracdo e a sedimentacgdo dessas particulas, o processo de
coagulacao/floculacdo quimica vem sendo estudado como uma forma de desestabilizar e
aumentar o tamanho das particulas, facilitando assim a remocao da biomassa do meio de
cultivo (CHRISTENSON e SIMS, 2011). O processo de coagulacdo/floculacdo é
utilizada para concentrar uma suspenséo diluida de 0,5 g.L™ de matéria seca 20 - 100
vezes para uma concentracdo final de material sedimentado de 10 - 50 g.L*

(WILEMAN et al., 2012). Estes processos sdo baseados na adicdo de substancias
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quimicas que agem neutralizando ou reduzindo a carga superficial, induzindo a
agregacdo das células de microalgas (DE GODOS et al., 2011).

Muito embora apresente elevada eficiéncia de remocdo da biomassa, algumas
caracteristicas podem ser apontadas como desvantagens do processo: grandes
concentracdes de floculantes podem ser necessarias para promover a separacao; O
processo é altamente sensivel a varia¢des de pH; os floculantes podem n&do apresentar a
mesma eficiéncia para todos os grupos de microalgas e a biomassa das microalgas pode
ser contaminada pela presenca dos componentes quimicos do floculante,
comprometendo a sua utilizacdo futura (CHEN et al., 2011; RAWAT et al., 2013).

A escolha do coagulante ou floculante ideal depende do tipo de uso ao qual a
biomassa sera submetida, ter baixo custo, ser atdxico e eficaz em baixa concentragao.
Os principais reagentes utilizados para floculacdo de microalgas podem ser divididos
em inorganicos, sendo comuns fons AI** e Fe** e organicos, sendo os mais comuns 0s
polimeros, também chamados de polieletrélitos, podendo ser catibnicos, aniénicos ou
ndo idnicos, naturais ou sintéticos (USDE, 1984; MOLINA GRIMA, et al., 2003).

Autores como Anthony et al. (2013b) e Kim et al. (2013) reforcam que o0 uso de
coagulantes inorganicos, como sulfato de aluminio e cloreto férrico, embora eficazes,
requerem altas dosagens, resultando na contaminacdo da biomassa. Além disso, esses
coagulantes podem acarretar lise celular e, por questdes ambientais, o efluente do
processo deve receber tratamento, o que muitas vezes pode ser oneroso. Estas
desvantagens podem ser contornadas através da utilizacdo de coagulantes organicos que
apresentam elevadas recuperacfes de biomassa aliada a baixa dosagem, o que reduz o
impacto sobre 0 meio ambiente, visto que estes compostos sdo biodegradaveis.

A maioria dos polimeros organicos que estdo comercialmente disponiveis sao
sintéticos a base de poliacrilamida (GREGORY, 2013). Danquah et al, (2009),
Granados et al, (2012) e Lam et al. (2014), aplicaram com sucesso polimeros sintéticos
de poliacrilamida para floculacdo de microalgas. Embora os polimeros sintéticos de
poliacrilamida ndo sejam tdxicos, podem conter residuos de acrilamida que apresentam
uma toxicidade elevada para os organismos aquaticos (BOLTO, 2007).

Polimeros de base natural, tais como amido catidnico, quitosana e tanino vegetal
estdo sendo preferencialmente utilizados na recuperacdo de microalgas, particularmente
quando a biomassa € utilizada para a alimentagdo animal, ou em processos da
biorrefinaria (WIJFFELS, 2010).
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Os coagulantes naturais a base de tanino vegetal sdo na sua maioria compostos
polifendlicos sollveis em agua com sua massa molar que varia entre 500 até alguns
milhares de Daltons. Estes produtos sdo quimicamente complexos e normalmente sao
obtidos da casca de vegetais como Schinopsis balansae (Quebracho), Castanea sativa
(Chestnut) ou Acacia mearnsii de Wild (Acacia-negra). Carboidratos simples, goma
hidroxidoloidais, fendis e aminoacidos sdo os principais constituintes dos taninos
(BELTRAN-HEREDIA e SANCHEZ-MARTIN, 2009; BELTRAN-HEREDIA et al.,
2010; GRAHAM et al.,, 2008). A utilizacdo dos taninos vegetais € amplamente
difundida na indudstria do couro, como agente curtente (GUTTERRES, 2007), bem
como na remogdo de contaminantes quimicos (BELTRAN-HEREDIA e SANCHEZ-
MARTIN, 2009) e turbidez no tratamento de aguas residuais (GUTTERRES e MATOS,
2006; SANCHEZ-MARTIN et al., 2010).

Taninos catibnicos tém despertado interesse no campo de coagulantes, pois além
de apresentarem vantagens ambientais, possuem a capacidade de atuar em sistemas
coloidais, neutralizando cargas e formando pontes entre as particulas, sendo este
processo responsavel pela formacdo de flocos e consequentemente sedimentacdo
(BELTRAN-HEREDIA, SANCHEZ-MARTIN, 2009; BELTRAN-HEREDIA, 2010).

Pereira e Monteggia (2003) observam eficiéncias de recuperagdo acima de 90% a
partir da dosagem de 100 mg.L-" de sulfato de aluminio ou de tanino floculante Tanfloc
SG em amostra proveniente de lagoa de estabilizacdo contendo células do género
Scenedesmus sp.

De Jesus (2014) utilizou Tanfloc como um agente coagulante para a recuperacao
da microalga Chlorella sp. por meio de coagulacdo. Os efeitos da concentracdo de
coagulante, pH, tempo de mistura, a velocidade de agitagéo, e o tempo de sedimentacao
para a recuperacdo de biomassa foram investigados. O pH e a velocidade de agitacdo
ndo afetaram o processo nas condicgdes testadas. Uma recuperacdo de biomassa de 98,2
+ 1,0% foi obtida sob as seguintes condicdes: concentracdo de tanino 130 mg.L™,
velocidade do agitador de 30 rpm, e tempo de sedimentacdo de 5 min. A coagulacéo
com tanino resultou numa reducdo do teor total de carotendides (acima de 5%) e o
conteddo de lipidios totais (acima de 8,6%).

De Godos et al. (2011) compararam dois floculantes convencionais (cloreto
férrico e sulfato férrico) com cinco floculantes poliméricos quanto a capacidade de
recuperacdo de biomassa formada por um consorcio simbiotico de microalgas e

bactérias em um efluente de suinocultura. Nesta analise foi verificado que, enquanto
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floculantes convencionais a base de sais de ferro alcancaram elevadas eficiéncias de
remocao (66-98%) em concentracdes de 0,15 - 0,25 g.L™, os floculantes poliméricos
atingiram a mesma faixa de eficiéncia de remocédo requerendo concentragdes bastante
inferiores (0,025 - 0,050 g.L™).

2.1.6 Composicado quimica das microalgas e bioprodutos

As microalgas sintetizam importantes compostos tais como proteinas, lipidios,
vitaminas, pigmentos e outros que podem ser destinados para alimentagdo humana e
animal, fabricacdo de cosméticos, suplementos de saude, e para a producdo de energia
(RAPOSO et al., 2013; BARRA et al., 2014). A composi¢do bioquimica diversificada
destes microrganismos estd relacionada com a natureza de cada espécie e com as
condigBes de cultivos, como nutrientes, temperatura, salinidade, fonte de carbono,

intensidade luminosa, agitagéo, pH e fase de crescimento.

2.1.6.1 Proteinas

As proteinas sdo moléculas organicas de alto peso molecular, constituidas por
cadeias poliméricas de aminoécidos, ligados entre si por ligacBes peptidicas. Estes
compostos bioldgicos estdo relacionados a varias funcdes fisioldgicas e desempenham
papel importante na regeneracdo de tecidos e na catdlise das reagbes quimicas em
organismos Vvivos (enzimas ou hormdnios), sendo essenciais nas reacdes imunes e no
processo de crescimento e reproducdo (TOKUSOGLU e UNAL, 2003).

As proteinas, um dos principais constituintes da biomassa das microalgas,
correspondem até 70% do peso seco. Entretanto, seu teor pode mudar drasticamente ao
longo de seu ciclo de vida bem como com as condicGes de cultivo (LAURENS et al.,
2014). Diversas microalgas tém se destacado por seu teor de proteinas, tais como
Synechococcus sp. (63% base seca), Spirulina maxima (60 - 71% base seca) e Chlorella
vulgaris (51 - 53% base seca) (BECKER, 2007).

A fracdo proteica de microalgas pode ser ressaltada como fonte promissora para
racdo animal e suplementos alimentares, pois apresenta alta qualidade nutritiva e pode
ser comparada com a de outras proteinas alimentares, devido ao seu perfil e proporgéo
de aminoéacidos (SPOLAORE et al., 2006; BECKER, 2007).

O consumo humano de biomassa de microalgas € restrito a poucas espécies tais

como Chlorella, Spirulina e Dunaliella devido as normas de seguranga alimentar,
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fatores comerciais, demanda do mercado e preparacdo especifica (PULZ e GROSS,
2004).

O uso de microalgas como racdo animal é mais recente. Um grande numero de
avaliacdes nutricionais e toxicolégicas demonstram a adequacdo de biomassa de algas
como um valioso complemento ou como fonte substituinte de proteinas convencionais
(farelo de soja, farinha de peixe, farelo de arroz, etc.) na ragéo animal (BECKER, 2007).

A composicdo quimica das microalgas é facilmente influenciada pela forma de
cultivo podendo atingir taxas de crescimento elevadas e alta produtividade de biomassa
com altas fracGes de proteina, quando induzidas. Coca et al. (2014) investigaram a
producdo de S. platensis em meio de cultura mineral suplementado com diferentes
niveis de vinhaca e verificaram que a adicdo de 1kg.m™® de vinhaca aumentou
consideravelmente a produtividade de proteina quando comparado com a forma néo-
suplementado. Salla et al. (2016) avaliaram os niveis de carboidratos e proteinas na
biomassa da microalga S. platensis utilizando derivados do soro do leite, que contém
elevada concentracdo de lactose e niveis baixos de proteina. Os autores observaram um

aumento nos niveis de carboidrato e uma reducdo do teor de proteina na biomassa.

2.1.6.2 Carboidratos

O carboidrato € um componente metabolicamente ativo nas células microalgais,
seja como molécula de armazenamento, sujeitos as alteracdes estruturais durante o ciclo
de vida ou como componente estrutural da parede celular; portanto estando envolvidos
no crescimento celular (CRAIGIE, 1990). Os carboidratos em microalgas podem ser
encontrados na forma de glicose, celulose, amido, pectina, xilana, manana e outros
polissacarideos (STENGEL et al.,, 2011). Os monossacarideos e oligossacarideos
constituem 45 — 90% da fracdo total de carboidratos (TAKEDA, 1996).

A biomassa de microalgas, vista como matéria-prima para a producdo de
bioetanol (CHEN et al., 2011), representa uma potencial fonte de substrato fermentavel
uma vez que, de acordo com as condi¢des de crescimento, elas podem ter niveis
elevados de carboidratos na sua composi¢do, diretamente disponiveis para a
fermentacédo (FU et al., 2010).

A porcentagem de carboidratos na biomassa depende das espécies de microalgas e
das condi¢cbes de cultivo e ambientais. Varias espécies de microalgas, tais como
Chlorella vulgaris, Chlorella minutissima, Chlamydomona reinhardtii, Dunaliella

tertiolecta, Scenedesmus acutus, Tetraselmisem subcordiformis e Spirulina platensis
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destacam-se por acumularem uma grande quantidade de carboidratos (> 40% do peso
seco) (JOHN et al., 2011, RAZEGHIFARD, 2013; MARGATITES; COSTA, 2014,
DRAGONE et al., 2011; SALLA et al., 2016).

A viabilidade da utilizacdo da biomassa de microalgas no processo de producéo
de etanol tem sido relatada por varios autores (MIRANDA et al., 2012;
MARGATITES, 2014; MAGRO et al., 2016).

Harun et al. (2010) avaliaram a utilizagdo de células intactas e rompidas da
espécie Chlorococum sp. na obtencéo de etanol, por fermentacdo com Saccharomyces
bayanus. Os autores concluiram que o maior rendimento foi o obtido a partir das células
previamente rompidas. De acordo com Harun et al. (2010), para aumentar o rendimento
da fermentacdo, os lipidios devem ser extraidos (rompimento da célula via extracdo por
solvente e/ou mecanica), pois assim tanto os carboidratos presentes na membrana
celular e no meio intracelular (armazenados no cloroplasto, por exemplo) estardo
disponiveis para a fermentacéo

Margarites (2014) investigou a adicdo de glicose nas fermentagdes alcodlicas
utilizando as biomassas das microalgas Spirulina sp. e Chlorella pyrenoidosa como
substrato fermentativo. Neste estudo a autora verificou maior produtividade de etanol de
1,18 g.L™-.h* utilizando 50% dos carboidratos provindos da sacarificacdo da biomassa e
50% a partir da glicose.

2.1.6.3 Lipidios

Os lipidios sdo macromoléculas organicas classificados em trés classes: lipidios
neutros, lipidios compostos e lipidios derivados. Os lipidios neutros sdo constituidos
pelas gorduras, que sdo ésteres formados a partir de acidos graxos e glicerol também
conhecidos como triacilglicerideos e as ceras que sdo constituidas principalmente por
ésteres originarios de acidos graxos e alcoois de cadeia longa. Nos lipidios compostos,
além do grupo éster outros grupamentos quimicos também estéo ligados ao acido graxo.
Sdo representantes desta classe os fosfolipidios (ésteres formados a partir de acidos
graxos, glicerol e acido fosférico e outros grupos geralmente nitrogenados) e 0s
glicolipidios (formados por &acidos graxos, grupo nitrogenado e um carboidrato). Os
lipidios derivados sdo substancias produzidas pela hidrélise ou decomposicdo dos
lipidios neutros e compostos. Sdo os &cidos graxos saturados e insaturados, o glicerol e
os esterois (RIBEIRO e SERAVALLLI, 2007).
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O conteudo lipidico das células das microalgas varia, em média, de 10% a 40%
em termos de biomassa seca, porém, alguns estudos relatam um contetdo de lipidios de
mais de 85% para certas espécies de microalgas (LUQUE et al., 2010; MAIRET et al.,
2011). Fatores como a nutricdo, estagio de crescimento, temperatura, intensidade
luminosa entre outros também influenciam no teor de lipidios da biomassa microalgal.

A maioria das microalgas tem como componente majoritario de seus 6leos os
triglicerideos (fragdo conversivel em biodiesel), superior a 80%, com o perfil de &cidos
graxos preponderante de cadeias contendo de 16 a 18 atomos de carbono (LIU et al.,
2011; COUTO et al., 2010; FRANCO et al., 2013).

A composicdo tipica dos &cidos graxos do Oleo das microalgas é constituida
principalmente dos &cidos graxos insaturados palmitoléico (16:1), oléico (18:1) e
linoléico (18:2) e dos acidos graxos saturados palmitico (16:0) e estearico (18:0)
(D’OCA et al., 2011), que sdo potencialmente utilizados na producdo de biodiesel
(RAWAT et al., 2013).

2.1.6.3.1 Biodiesel

A Resolucdo ANP n° 14 de 11/05/2012, define o biodiesel como sendo um
combustivel composto de alquil-ésteres de acidos graxos de cadeia longa, produzido a
partir de uma reacdo quimica entre 6leos ou gorduras animais ou vegetais e um alcool,
que pode ser metanol ou etanol (ANP, 2017).

O biodiesel pode ser classificado em trés geracdes, que diferem entre si por
fatores como o tipo de matéria-prima e a tecnologia de processamento utilizada (Tabela
2.1). A primeira geracdo requer um processo simples de producdo e compreende 0s
fabricados a partir de espécies vegetais da agricultura comestiveis, como soja, milho,
trigo e cana-de-acucar (AHMAD et al., 2011).

O biodiesel de segunda geragcdo € produzido a partir de diferentes fontes de
biomassa vegetal ndo comestivel e residuos agricolas. A segunda geracdo compreende a
conversdo em biocombustivel por meio de processos bioguimicos ou termoguimicos, de
materiais como celulose e outras fibras vegetais existentes na madeira e em partes nao
comestiveis das plantas (KOH e GHAZI, 2011). Os combustiveis de terceira geracao,
também derivado de espécies ndo comestiveis, sdo baseados em avancos tecnologicos
feitos na fonte. Esta geracdo inclui os combustiveis produzidos a partir de gorduras

animais e da biomassa de microrganismos (WANG, 2013).
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Tabela 2.1: Classificacdo do biodiesel de acordo com as diferentes fontes de 6leos
utilizados como matéria-prima para a producao

Biodiesel de 1° geracao Biodiesel de 2° geracao Biodiesel de 3° geracao
CS(?IJ;a Sebo bovino
: Algodao Gordura de aves
Milho
Jatropha curcas Banha de porco
Arroz - L , .
. Karanja (Pongamia pinnata) Oleo de peixe
Girassol g > . -
Jojoba (Simmondsia Bactérias
Cevada \ .
. chinensis) Fungos
Amendoim
Semente de tabaco Algas
Palma .
Microalgas

Fonte: Adaptado de Atabani et al. (2012)

Dentre as matérias-primas disponiveis, a soja € a mais utilizada, responsavel por
mais de 82% da producéo de biodiesel no Brasil, de acordo com a Agéncia Nacional de
Petréleo, Gas Natural e Biocombustiveis (ANP), seguido da gordura bovina, com 16%
(ANP, 2017). Além destes, com menores participacdes encontram-se o0 6leo de algodéo,
oleo de fritura, gordura de porco e de frango, 6leo de palma, éleo de canola e outros
materiais graxos (FERRARI et al., 2005). Além das desvantagens relacionadas aos
custos de producdo (uso de grandes volumes de agrotoxicos e fertilizantes), a utilizacéo
da soja como matéria-prima para o biodiesel € um tema controverso, uma vez que a soja
€ um item importante na matriz alimenticia do Brasil e de outros paises (NOGUEIRA,
2010; SCHENK et al., 2008; STUART et al., 2011).

Sob este aspecto, o biodiesel a partir de microalgas pode ser considerado
altamente promissor, devido principalmente as seguintes vantagens (BRENNAN e
OWENDE, 2010; HUANG, 2010):

a) Além de ndo competirem com a agricultura, os cultivos de microalgas nédo
requererem terras araveis, podendo ser cultivada em regido desértica e em solo
degradado, uma vez que a demanda por terra é utilizada apenas como suporte
para o sistema de cultivo;

b) Embora crescam em meio aquoso, as culturas de microalgas consomem menos
agua do que plantas terrestres e aguas residuais podem ser reutilizadas no
processo, reduzindo o consumo global de agua doce; além disto, os cultivos
podem ser desenvolvidos com dgua marinha ou de estuarios, as quais nao podem
ser convencionalmente empregada no cultivo de plantas com valor para a
agricultura, ou com agua proveniente de diversos processos de producdo (por

exemplo: agropecuéria, industrial e dejetos domésticos);
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c) Podem crescer bem em regifes com extremas condicdes climaticas, além disto,
sua producdo pode ser realizada durante todo o ano, ndo seguindo o regime de
safras;

d) O cultivo ndo requer a aplicacdo de herbicidas ou pesticidas;

e) Tém um potencial de crescimento rapido, sendo capaz de dobrar sua biomassa
em periodos curtos (3,5h);

f) S&o eficientes fixadoras de carbono atmosférico, ou mesmo o residual de
processos industriais, atraveés da fotossintese (cada tonelada de biomassa
produzida consome 1,83 toneladas de CO,, 10 — 20 vezes mais que 0 absorvido
pelas plantas oleaginosas). Desta forma, o sequestro de carbono poderia impedir
que o acumulo de gases do efeito estufa fosse ainda maior;

g) Mesmo com uma percentagem de lipidios menor comparada as demais
oleaginosas (Tabela 2.2), esses microrganismos podem atingir uma
produtividade até 30 vezes maior do que o 6leo de soja. Além disso, os dleos de
microalgas sdo muito similares aos 6leos vegetais;

h) Sua composi¢do bioquimica pode ser modulada por diferentes condi¢Bes de
crescimento, sendo induzidas a produzirem altas concentracGes de componentes
de grande importancia comercial e o rendimento de Oleo pode ser

significativamente melhorado.

Tabela 2.2: Comparacao do teor de 6leo, produtividade de 6leo, area de producéo e
produtividade em biodiesel das matérias-primas de biodiesel tradicionais com

microalgas.
N _ Teor de 6leo Produtividade Areza de erodti(;éo Produ_tivi_dade
Matéria - prima (%) de 6leo (m©.ano™.kg ™ de em biodiesel
(L.ha™.ano™) biodiesel) (kg.ha*.ano™)
Milho 44 172 66 152
Soja 18 636 18 562
Pinhao 28 741 15 656
Canola 41 1.190 12 862
Girassol 40 1.070 11 946
Mamona 48 1.307 9 1.156
Palma 36 5.366 2 4.747
30 58.700 0,2 51.927
Microalgas 50 96.800 0,1 86.515
70 136.900 0,1 121.104

Fonte: Adaptado de MATA et al. (2010)
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Entre as inimeras vantagens do biodiesel, estdo as consideragdes ambientais: esse
biocombustivel é isento de contaminantes como o enxofre e, portanto, ndo ha emisséo
de gases sulfidricos (gases que podem levar a problemas respiratorios); o biodiesel é
originado dos acidos graxos e ndo contém aromaticos, produtos presentes nas emissoes
da queima de Oleo diesel mineral e amplamente conhecidos como cancerigenos. A
combustdo completa do biodiesel reduz os teores de mondxido de carbono (CO),
hidrocarbonetos (CH) ndo queimados e material particulado (MP); possui baixa emissao
de fuligem reduzindo em até 50% comparado ao diesel; e € biodegradavel (RAMOS et
al., 2003; CHISTI, 2007; MATA et al., 2010). Com relacdo aos aspectos econémicos,
pode diminuir a dependéncia dos paises importadores de petrdleo e estimular a
producdo agricola e o desenvolvimento rural. No que diz respeito ao desempenho, o
biodiesel apresenta maior ponto de fulgor, nimero de cetano e poder lubrificante. Por
fim, pode ser usado em motores com ignicdo por compressdo sem que haja a
necessidade de modificacbes mecanicas (PINTO et al., 2005; SUAREZ et al., 2007;
DEMIRBAS, 2008; OLIVEIRA et al., 2013).

Entretanto, algumas propriedades fisicas tais como alta viscosidade e baixa
volatilidade, caracteristicas que reduzem a eficiéncia de combustao, podendo provocar
até o entupimento em algumas partes do motor (ONG et al., 2011), poder calorifico,
menor do que no diesel, degradacdo por oxidacdo com facilidade e tendéncia de formar
cristais a baixas temperaturas (KNOTHE, 2005; KNOTHE, 2007) séo fatores limitantes
na utilizacdo de biodiesel em motores a diesel e se caracterizam como desafios na

cadeia produtiva de biodiesel.

2.1.6.3.2 Extracdo dos lipidios e potencialidade das microalgas para
producéao de biodiesel

A extracdo do 6leo de microalgas é tida como uma etapa de elevada
complexidade, pois os lipidios intracelulares estdo presentes na membrana celular,
sendo necessario realizar o rompimento da parede celular para maximizar a extracédo do
material lipidico (MARTINEZ-GUERRA et al., 2014). De acordo com Galadima e
Muraza (2014), a extracdo do 6leo das algas € um fator de extrema importancia na
producéo de biodiesel.

A extracdo sofre influéncia das condigdes de cultivo e da recuperacdo da

biomassa, onde tais procedimentos bem executados garantem além da reducéo do custo
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de extracdo, um alto rendimento no volume de dleo extraido. A fim de reduzir a
degradacdo dos lipidios, o0 método a ser selecionado para a extracdo do 6leo de
microalgas deve apresentar rapidez e ser termolabil. VVarios métodos de rompimento
celular podem ser utilizados para ruptura da parede celular, incluindo prensagem
mecanica, homogeneizacdo, extracdo com solvente, extracdo com fluido supercritico,
extracdo enzimaética, extracdo por ultrassom e choque osmético (CHISTI, 2007; SING
etal., 2010).

Na extracdo com solventes, o 6leo de microalgas é extraido pela repeticdo de
lavagens com solventes organicos, que pode ser feita de forma isolada ou juntamente
com outros métodos, a fim de se obter melhor rendimento em oOleo. Devido a
solubilidade dos lipidios em solvente apolares, a selecdo deste deve atender a alguns
requisitos, como: possuir seletividade para separar o 6leo de materiais indesejaveis;
baixa toxicidade; facil recuperacdo sem deixar residuos no Oleo; imiscibilidade em
agua; e apresentar ponto de ebulicdo que favoreca sua posterior eliminagdo (D’OCA et
al., 2011; KING et al., 2002).

Folch e colaboradores (1957) desenvolveram um método de extracdo de lipidios
usando uma mistura dos solventes cloroformio e metanol na propor¢do de 2:1 vlv,
seguida pela adicdo de solucéo salina de KCI, visando uma melhor separagéo das fases
lipidicas e aquosa. Bligh & Dyer (1959) modificaram o método anteriormente descrito e
propuseram um método rapido para extracdo e purificacdo de lipidios totais utilizando
os solventes cloroférmio, metanol e d4gua na propor¢do 2:1:0,8 v/v. As extracdes de
lipidios por Folch e Bligh & Dyer sdo métodos de extracdo a frio para que a qualidade
da fracdo lipidica ndo seja afetada.

Apbs a etapa de extracdo, os lipidios extraidos das microalgas podem ser
transformados em biodiesel através de diferentes processos tais como craqueamento,
hidrocragueamento e transesterificacdo, sendo este Gltimo o mais conhecido e utilizado
atualmente.

A transesterificacdo consiste huma reacdo catalitica de trialcilglicerdis (TAG) de
6leos ou gorduras (vegetal ou animal) com alcodis de cadeia curta, geralmente metanol
ou etanol, formando ésteres (metilicos ou etilicos) de &cidos graxos, constituintes do
biodiesel, e a glicerina como coproduto (Figura 2.4) (LOBO et al., 2009).

Estequiometricamente, a reacao de transesterificacdo requer 3 mols de alcool para
cada mol de triglicerideo para produzir 1 mol de glicerol e 3 de ésteres. Industrialmente,

por se tratar de processo reversivel, sdo utilizados pelo menos 6 mols de alcool para
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cada 1 mol de triglicerideo. Para que a reacdo de fato aconteca, o primeiro passo € a
conversdo dos triacilglicerois a diglicerideos, em seguida, a conversdo de diglicerideos a
monoglicerideos e, por fim, monoglicerideos se convertem em monoésteres alquilicos e
glicerol (LAM e LEE, 2012). Dentre os varios tipos de catalisadores utilizados para a
reacdo de transesterificacdo, 0s mais convencionalmente empregados sdo 0s
catalisadores basicos tais como os hidroxidos e os alcoxidos de metais alcalinos e os
catalisadores acidos, sendo os principais os &cidos sulfurico, fosforico, cloridrico e
organossulfonicos (SUAREZ et al., 2007).
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A " HO.
o” O*{ + 3 Ry—0H f + /}\O .

o R
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R R,
~
(o]
R;/I\EO
Triglicerideo Alcool Glicerina Mistura de alquil ésteres
(biodiesel)

Figura 2.4: Reacdo de transesterificacao de triglicerideo
Fonte: Lobo et al. (2009)

Para o biodiesel produzido a partir de microalgas ser aceito tanto no mercado
nacional quanto nos mercados internacionais, as suas propriedades fisico-quimicas
devem estar dentro dos padrfes nacionais, definidos pela Agéncia Nacional de Petroleo,
Gas Natural e Biocombustiveis - ANP (ANP 14/2012), e internacionais como o
International Biodiesel Standard (EN 14214) e o ASTM Biodiesel Standard. As
propriedades do biodiesel sdo fortemente dependentes das caracteristicas do acido graxo
que compde a cadeia do triglicerideo e que da origem ao metil ou etil éster (KNOTHE,
2005).

Embora a saturacdo e o perfil dos &cidos graxos das microalgas ndo parecam ter
muito impacto sobre a obtencdo de biodiesel a partir da reacdo de transesterificacao,
eles afetam as propriedades do combustivel. Por exemplo, 6leos saturados produzem um
biodiesel com alta estabilidade oxidativa e alto nimero de cetanos, mas propriedades

indesejaveis a baixas temperaturas, tais como a solidificacdo parcial e a perda de fluidez
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do biodiesel (CARDOSO et al., 2011; LOBO et al., 2009). Entretanto, 4cidos graxos
poliinsaturados sdo muito susceptiveis a oxidagdo, possuindo problemas de
instabilidade quando armazenado por muito tempo (HU et al., 2008; BUCY, 2012). Tal
problema pode ser resolvido com a utilizacdo de aditivos antioxidantes sintéticos que
proporcionam maior estabilidade ao combustivel; eles retardam o inicio da reacdo de
oxidacdo, pois reagem com os radicais livres formando compostos estaveis e assim,
dificultam a propagacéo das rea¢es em cadeia.

Dessa forma, observa-se que tanto os ésteres graxos saturados quanto 0s
insaturados possuem vantagens e desvantagens e o ideal é encontrar uma forma de
balancear a composicao do biodiesel para que apresentem um melhor desempenho.

A Tabela 2.3 compara as propriedades de biodiesel de primeira geracédo, biodiesel
de microalgas e os principais padrdes.

Tabela 2.3: Propriedades do biodiesel de 12 geracéo, biodiesel a partir de microalgas e
limites dos padrdes estabelecidos ANP, EN 14214 e ASTM D6751.

. Biodiesel de  Biodiesel de ANP d ASTM
Propriedades 4, geracdo®  microalgas®  14/2012° EN 142147 pg7s1e
Densidade a 0,86-0,89 0,864 0,85-0,9 0,86-09 0,86-0,9
25°C (g.cm™)

Viscosidade a 3,6-9,48 5,2 3,0-6,0 3,5-5,2 3,5-5,0
37,8°C (cSt)
Poder 31,8-42,3 41 - - -
calorifico
(MJ.kg™h)
Numero de 45-65 - - >51 -
cetanos
indice de - 0,374 <0,5 <0,5 <0,5
acidez mg
(KOH g7
Ponto de fulgor 100-170 115 >100 >101 >100
(°C)
Fonte: Adaptado de Brennan e Owende, (2010)% Xu et al. (2006)*°; ANP (2008)%; CEN
(2009)".

Como observado na Tabela 2.3, as propriedades fisico-quimicas de biodiesel a
partir das microalgas estdo de acordo tanto com as normas padrdo nacional quanto com

0s padrdes internacionais (exceto pela viscosidade no padrdo ASTM D6751).
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Por constituir uma fonte de energia limpa a um custo competitivo, a utilizacdo de
microalgas para a producdo de biodiesel tem recebido esforcos concentrados em
diversas pesquisas académicas (XU et al., 2006; MAKULLA et al., 2000; YOO et al.,
2010; WU et al., 2012; ANDRULEVICIUTE et al., 2014; HAKALIN et al., 2014).

Xu et al. (2006) observaram o perfil dos ésteres metilicos de acidos graxos
presentes no biodiesel produzido a partir da microalga Chlorella protothecoides
cultivada heterotroficamente em biorreatores. Os principais &cidos graxos encontrados
foram o &cido oléico, acido octadecadiendico, acido octadecandico, representando mais
de 80% na composicao do biodiesel. De acordo com 0 mesmo autor, este fato resulta em
um biodiesel de alta qualidade. Makulla et al. (2000) verificaram concentracfes de
acido palmitico (16:0) entre 35,86% e 43,06% na microalga Scenedesmus obliquus.
YOO et al. (2010) também obtiveram concentracdes majoritarias de 16:0 quando
estudaram o perfil lipidico das microalgas Chlorella vulgaris, Scenedesmus sp. e
Botryococcus braunni. Wu et al. (2012) cultivaram a microalga Chlamydomonas sp. em
aguas residuais industriais e verificaram acimulo de lipidios de até 18,4% e teor de
mais de 90% dos acidos graxos 14:0, 16:0, 16:1, 18:1 e 18:3 na composi¢do dos acidos
graxos totais. Teores da ordem de 97,5 %, 95 %, 89,5% e 83 % dos &cidos graxos C16 e
C18 foram observados por Andruleviciute et al. (2014) nos Oleos extraidos das
microalgas Chlorella sp., Scenedesmus sp., Haematococcus sp., e Nannochloropsis sp.,
respectivamente. Hakalin et al. (2014) reportaram que 0s acidos graxos saturados e
monoinsaturados compreendem mais de 80% dos acidos graxos totais presentes no
biodiesel a partir da microalga Scenedesmus sp., confirmando assim que a biomassa da
microalga Scenedesmus sp. poderia ser utilizada como matéria-prima adequada para a
producdo de biodiesel.

Na matriz energética do Brasil, o biodiesel foi incluido no ano de 2005 através do
Programa Nacional de Producdo e Uso do Biodiesel — PNPB — (Lei 11.097/2005), que
autorizou a mistura de 2% de biodiesel no diesel mineral comercializado, nomeado de
B2 (ANP, 2014).

Este percentual de mistura passou a ser obrigatdrio no pais a partir de janeiro de
2008, sendo ampliado sucessivamente até atingir 5% em janeiro de 2010, antecipando
em trés anos a meta estabelecida pala Lei N° 11.097 de 2005. Atualmente o diesel
vendido nos postos pelo Brasil possui 8% de biodiesel e 92% de diesel (B8). Este
incremento no uso do biodiesel foi estabelecido em margo de 2017. Em novembro deste

ano o Conselho Nacional de Politica Energética (CNPE) estabeleceu que o percentual
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de mistura de biodiesel no diesel devera passar dos atuais 8% para 10% em marco de
2018 — antecipando em um ano o que determina a Lei 13.263/2016.

Segundo ANP (2017), a expectativa da industria € produzir 4,5 bilhdes de litros
no ano de 2017, ante os 3,8 bilhdes produzidos em 2016, quando o pais registrou uma
reducdo na producdo de 2,6% quando comparado com o ano de 2015. A producao
estimada para 2017 corresponde a 62% da capacidade instalada de producdo de
biodiesel.

As microalgas apresentam-se como uma fonte renovavel alternativa para producao
de biodiesel com grande capacidade de suprir a demanda de combustiveis. Estima-se
que no Brasil, seja necesséria a producdo de 29,5 milhdes de toneladas de biodiesel para
a substituicdo de todo o diesel utilizado em transporte por ano. Considerando a soja
como matéria-prima, seria necessaria a ampliacao do cultivo em 63 milhdes de hectares
para atender esta necessidade, enquanto utilizando-se microalgas cultivadas em
fotobiorreatores, poderia utilizar apenas 55 mil hectares para a mesma producéo
(HAKALIN, 2014; PEREZ, 2007).

2.1.6.4 Bioprodutos a partir da biomassa residual de microalgas

A biomassa de microalgas € reconhecida como um estoque potencial de
substancias para a produ¢do de biocombustiveis. Entretanto, apos a extragdo de lipidios
cerca de 70% da biomassa de microalgas permanece intacta (PARK et al., 2012).
Estima-se que sdo gerados aproximadamente 2,4 kg de residuos para cada litro de
biodiesel produzido a partir de microalgas (WARD et al., 2015).

A utilizacdo da biomassa residual ¢ uma forma de maximizar a producdo de
energia obtida por meio das microalgas e reduzir os custos totais dos processos e de
tratamento dos residuos. Uma alternativa para a destinacdo da biomassa residual € a sua
utilizacdo como adsorvente alternativo para a remoc¢do de corantes de aguas residuais

industriais.

2.1.6.4.1 Processo de Adsorc¢ao com biossorvente

A adsorcdo € uma tecnologia promissora e amplamente adotada para tratamento
de efluentes industriais, responsavel pela remogdo de poluentes organicos, corantes e
compostos toxicos (DOS SANTOS et al., 2015, GOMES et al., 2016, PUCHANA-
ROSERO et al., 2016; MACHADO et al., 2016; PICCIN et al., 2016).
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A adsorcdo € um fendmeno fisico ou quimico baseado no principio de que uma
superficie solida (material adsorvente) quando em contato com um fluido (liquido ou
gés), tende a reter e acumular uma camada superficial de moléculas de soluto (material
removido da fase fluida), fato que ocorre devido a acdo de forcas de superficies nao
balanceadas (PICCIN, 2013).

O carvao ativado é o adsorvente mais utilizado para a remogéo de corantes devido
a sua alta capacidade de adsorcdo e efetiva remogdo. No entanto, 0 Sseu uso como
adsorvente é desvantajoso, pois estes sdo derivados de fontes ndo renovaveis (TSENG
et al., 2006) e sdo relativamente caros. Por esta razdo, um namero de materiais ndo
convencionais de baixo custo foram recentemente testados e propostos como
absorventes alternativos ao carvéo ativado para a remogdo de corantes (DERMIRBAS,
2008). Estes materiais compreendem residuos da industria coureira (PICCIN et al.,
2016; GOMES et al., 2016; MELLA et al., 2017); residuos agroindustriais (DUTTA et
al., 2011; SIDIRAS et al., 2011; GUPTA et al., 2012); biomassa fungica (KAUSHIK et
al., 2009; PUCHANA-ROSERO et al., 2016) e algas (DANESHVAR et al., 2012;
KOUSHA et al., 2012; CHANDRA et al., 2015).

Uma utilizacdo econémica adequada da biomassa de algas desengordurada
(Defatted Algal Biomass - DAB) ¢ a sua aplicacdo como adsorvente para a remogao de
metais pesados e corantes de &guas residuais industriais. A parede celular das
microalgas é composta principalmente por polissacarideos, proteinas e lipidios que
oferecem grupos funcionais para se ligarem com o0s poluentes, tais como grupos
carboxilas e hidroxilas que desempenham um papel importante no sistema de adsorgéo
(CHANDRA et al., 2015).

Cardoso et al. (2012) compararam a utilizacdo da biomassa da microalga
Spirulina platensis (SP) e do carvédo ativado comercial (CA) como adsorventes para
remocdo do corante téxtil Vermelho Reativo 120 (RR-120) de efluentes aquosos.
Capacidades de adsorcdo méxima de 482,2 e 267,2 mg.g™ foram encontradas a pH 2 e
25 °C, para os adsorventes SP e CA, respectivamente. Os adsorventes de SP e CA
apresentaram bom desempenho para o tratamento de efluentes téxteis industriais
sintéticos, removendo entre 94,4 - 99,0% e 93,6 - 97,7%, respectivamente, das misturas
de corantes contendo altas concentracgdes salinas.

Kousha et al. (2013) avaliaram os efeitos dos parametros concentragéo inicial de
corante (mg.L™), pH inicial da solucdo, quantidade de microalgas (mg.L™) e tempo de

contato (min) na biossor¢do do corante verde de malaquita (MG) pela biomassa das
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microalgas Scenedesmus quadricauda e Chlorella vulgaris. A eficiéncia maxima de
remocdo do corante foi de 73,49 e 91,61% para a biomassa da S. quadricauda e C.
vulgaris, respectivamente. A analise FT-IR indicou que grupos carboxilas presentes na
biomassa das microalgas foram responsaveis pela adsorcdo do corante MG. A
biossorcdo do corante MG na biomassa das microalgas seguiu 0 modelo cinético de
pseudo-segunda ordem, e 0 processo de biossorcao foi considerado viavel, endotérmico

e espontaneo.

2.2 Tratamento de efluentes com microalgas interligado

com a producao de biocombustiveis
A crescente concentracdo populacional urbana e o desenvolvimento das atividades

industriais e agropecudrias nos Gltimos tempos vém gerando cada vez mais elevados
volumes de efluentes que devem ser devidamente tratados, promovendo a reducdo dos
compostos presentes, tornando-os seguros a saude e ao ambiente (ASLAN e KAPDAN
2006; XIN, et al., 2010).

Os tratamentos convencionais de efluentes aléem de envolverem altos custos
podem ser ineficientes para a remocgdo de compostos especificos, assim, é crescente a
busca por alternativas e novos processos que visem o tratamento adequado dos efluentes
para posterior descarte. Uma alternativa idealizada seria uma combinacdo entre o
tratamento de &guas residuais e a obtencdo de produtos de interesse biotecnolégico,
agregando valor ao processo final (QUEIROZ et al., 2011).

A utilizacdo de microalgas no processo de tratamento de aguas residuais foi
inicialmente proposta por Oswald e Gotaas (1957), mas ganhou impulso a partir da
década de 80 (PROULX e DE LA NOUE, 1988; OSWALD, 1988; CHEVALIER e DE
LA NOUE, 1985). As microalgas tém aplicacdo potencial para ser utilizadas como
alternativa no tratamento de efluentes para a redu¢do de matéria organica, DQO, DBO e
eliminacdo de nutrientes tais como nitrogénio e fosforo, bem como na desinfeccdo
(remocédo de coliformes) e na remocdo de metais pesados (ABDEL-RAQOUF et al.,
2012).

Estudos também mencionam a utilizagcdo destes organismos na remoc¢do de
compostos organicos téxicos, como fendis e clorofendis (HIROOKA et al., 2003;
LIMA et al., 2004). As microalgas também foram relatadas por utilizarem varios
compostos, incluindo pesticidas, hidrocarbonetos, disruptores enddcrinos e cianetos

como fontes de carbono e nitrogénio. Além disso, a parede celular microalgal €
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composta de estruturas de carboidratos capazes de biossorver agentes quimicos toxicos
em aguas residuais (HAMMED et al., 2016).

As microalgas possuem rotas metabdlicas que se adéquam as formas de nitrogénio
disponiveis no meio, a fim de promover a assimilacdo e fixacdo deste. Durante a
assimilacdo da fonte de nitrogénio, verifica-se que o nitrogénio amoniacal é a forma
preferida das microalgas devido a auséncia de uma reacdo redox na sua assimilacdo, o
que para a célula é benéfico porque ocorre uma economia de energia. Assim as outras
formas de nitrogénio s6 sdo consumidas no meio de cultivo quando ndo ha mais a
presenca do nitrogénio amoniacal no meio (CAI et al., 2013). O nitrogénio amoniacal
ndo s6 é removido pelo metabolismo celular, mas também pelo processo de air
stripping, onde quantidades significativas de amonia podem ser volatilizadas a pH e
temperatura elevados (GARCIA et al., 2000).

O fésforo, como o nitrogénio, € um macronutriente que desempenha um papel
vital na célula, visto que este é usado para formar componentes estruturais e funcionais
para 0 bom crescimento, desenvolvimento e manutencdo celular da microalga (CAREY
et al., 2013). O fosforo € preferencialmente assimilado na forma inorganica como
fosfatos, porém algumas espécies sdo capazes de usar o fosforo encontrado em ésteres
organicos para o crescimento. Semelhante a remocdo de nitrogénio, a remocdo de
fésforo em é&guas residuais ndo se da apenas pela captacdo para a célula, mas também
por condicdes externas como pH e oxigénio dissolvido. O fésforo ndo pode existir no
estado gasoso, porém o fosfato precipitard no meio como resultado do pH elevado e da
concentragéo elevada do oxigénio dissolvido (CAl et al., 2013).

Quando comparado com o tratamento convencional de &guas residuais
(tratamento bioldgico aerdbio), em que um floco bioldgico degrada a matéria organica
carbonacea até CO,, as microalgas podem assimilar poluentes organicos em
componentes celulares como lipidios e carboidratos, alcangcando assim reducdo de
poluentes sem gerar danos ao ambiente (WANG et al., 2010).

Diversas variaveis podem influenciar diretamente no crescimento eficaz das
microalgas em &guas residuais, tais como o pH, a temperatura, a concentracdo de
nutrientes essenciais, incluindo nitrogénio, fosforo e carbono (e as relagdes destes
constituintes), e a disponibilidade de luz, O, e CO,. A presenca de metais como cadmio
e ou mercurio, produtos quimicos e organicos, bem como a presenca de bactérias
patogénicas ou predatdrias nos efluentes industriais podem impactar negativamente o
crescimento de algas (PITTMAN et al., 2011).
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Muitos estudos (vide Tabela 2.4) tém demonstrado éxito na utilizacdo de culturas
de algas para tratar diferentes tipos de aguas residuais (LI et al., 2011a, b; WANG et al.,
2010a; WOERTZ, et al., 2009; JIA et al., 2016; ZHU et al., 2013; MARTINEZ et al.,
2000).

Altas remoc0es de nitrogénio total (NT) e fosforo total (PT) foram observados por
Jia et al. (2016) quando cultivaram a microalga Scenedesmus sp. em diferentes dilui¢es
de efluente anaerdébio digerido (Digested Anaerobic Wastewater - ADWW). Neste
estudo foram verificadas percentagens de remocGes de NT entre 78,71% e 91,28% e de
PT entre 53,05% e 88,72%.

Wang et al. (2010) utilizaram efluente biodigerido da industria de laticinios nas
diluicdes de 10x, 15x, 20x e 25x como meio de cultivo para o crescimento da microalga
Chlorella sp. e verificaram altas remoc@es de NH3-N em todas as dilui¢cdes, chegando a
100%, maxima remocdo de fésforo de 74,7%) na cultura mais diluida (25x) e maxima
remocao de DQO (38,4%) na cultura mais concentrada (10x).

Zhu et al. (2013) cultivaram Chlorella zofingiensis em aguas residuais provindas
da criacdo de porcos, em seis diferentes concentracdes iniciais de demanda quimica de
oxigénio. Porcentagens de reducdo de DQO (65,81% - 79,84%), e remocdes de NT
(68,96% - 82,70%) e PT (89,23% - 100%) foram alcancadas neste estudo.

Li et al. (2011a) em experimentos cultivaram a microalga Chlorella sp. em reator
circular em escala de bancada contendo esgoto filtrado, em operacdo continua com
colheita diaria e taxa de reposicdo de 50% e observou a produtividade de 0,92 g de
microalga.L™.dia™. Ainda neste experimento observou-se remog&o de 93,9% de amonia,
89,1% de nitrogénio total, 80,1% de fdsforo total e 90,8% de DQO. Remocdo de
nitrogénio e fosforo no tratamento terciario de esgoto foi estudada por Martinez et al.
(2000) utilizando Scenedesmus obliquus eliminando 100% de amdnia e 98% de fdsforo.
Abdel-Raouf et al. (2012) afirmaram que o cultivo de microalgas em sistemas de

tratamento de esgoto inibiu coliformes e remove metais pesados.
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Tabela 2.4: Remocdo de nitrogénio total, nitrogénio amoniacal, fésforo, DBO e DQO nos cultivos de microalgas em diferentes tipos de

efluentes.
Remocao (%)
Microalga Tipo de efluente Tipo de tratamento  Nitrogénio  Nitrogénio Fosforo DBO DQO Referéncias
total amoniacal
Scenedesmus Sintético de cervejaria - 20,8 - - - 57,5 Mata et al. (2012)
obliquus
Chlorella vulgaris Industrial da fabricacdo 94,4 100 90,6 95,7 949 Li et al. (2013)
do &cido citrico
Scenedesmus Efluente municipal Ap0s tratamento 93,6% 66,2 77,3  Sacristan de Alva et al.
acutus primario (2013)
Scenedesmus Efluente municipal Ap0s tratamento 92,4 64,3 48,2  Sacristan de Alva et al.
acutus com lodo ativado (2013)
Scenedesmus Efluente municipal Enriguecido com 71,1 10,6 36,5  Sacristan de Alva et al.
acutus meio (2013)
Chlorella sp. Efluente municipal Filtracdo (0,2 um) 92 86 Cho et al. (2011)
secundario
Chlorella sp. Efluente municipal Filtragdo (0,1 pum) 85 84 Choetal. (2011)
secundario
Chlorella sp. Efluente municipal Radiacdo UV (3 75 84 Cho et al. (2011)
secundario min)
Chlorella vulgaris Efluente municipal Tratamento 96 77 Batista et al. (2015)
primario
Scenedesmus Efluente municipal Tratamento 98 100 54 Batista et al. (2015)
obliquus primario
Chlorella vulgaris Efluente sintético Autoclavagem 99 95 59 Yujie et al. (2011)
Chlorella vulgaris  Industrial de laticinio  Filtrado (0,15 pum) 78,3 100 71,6 34,5 Wang et al. (2010)

biodigerido




De acordo com Tam et al. (1998), 0 mecanismo de remog¢do de metais pesados
resulta da carga elétrica negativa presente nas superficies das microalgas e, portanto,
uma afinidade para os metais pesados, que se apresentam normalmente como cations.

As microalgas demonstraram capacidade para produzir enzimas capazes de
degradar hidrocarbonetos (CHEKROUN et al., 2014). Estudos anteriores sobre
remediacdo de ambientes poluidos por hidrocarbonetos com microalgas provaram que
varias espécies sdo capazes de utilizar hidrocarbonetos como fonte de carbono
(SEMPLE et al., 1999).

A potencialidade das microalgas para o tratamento de aguas residuais e obtencao
de biocombustiveis tem sido estudada por diversos autores (GOUVEIA et al., 2016;
MA et al., 2016; SHEN et al., 2015)

No contexto da producdo de biocombustiveis, os estudos buscam a viabilidade
econdmica dos cultivos visando a utilizagdo de aguas residuais como fonte de nutrientes
para as microalgas em substituicdo aos meios de cultivos sintéticos.

A producdo de biomassa microalgacea para biocombustiveis é uma alternativa
promissora, e a utilizacdo de aguas residuais é uma estratégia para a reducdo de custos
dos combustiveis de microalgas, pois 0s nutrientes e a dgua doce contribuem cerca de
50% do custo total de producédo de biomassa (SING e DAS, 2014).

Shen et al. (2015) investigaram a combinacdo do tratamento terciario de aguas
residuais urbanas e a produtividade de biomassa e lipidios. Neste estudo observou-se
produtividade méxima de biomassa de 577,6 mg.L™.d* e produtividade média de
lipidios de 16,7 mg.L™*.d™.

Ma et al. (2016) cultivaram a Chlorella vulgaris em esgoto sintético
suplementado com glicerol pré-tratado proveniente da producdo de biodiesel e
verificaram que a adicdo de 10 g.L™ desse residuo promoveu a reducdo de 95% do
nitrogénio total do efluente, a producdo de biomassa e 0 acimulo lipidico.

Gouveia et al. (2016) cultivaram as microalgas Chlorella vulgaris, Scenedesmus
obliguus e um consércio de microalgas em efluente urbano em fotobiorreatores de 150
litros. Os autores evidenciaram elevada remogdo dos nutrientes: nitrogénio, fésforo e
DQO e maxima produtividade e teor de lipidios de 900 mg.Ltd? e 13,6%,
respectivamente. A Tabela 2.5 apresenta a biomassa produzida em (g.L™), o contetido
lipidico (%) e o periodo de cultura de diferentes espécies de microalgas cultivadas em

efluentes.
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Tabela 2.5: Biomassa produzida e conteudo lipidico de diferentes espécies de microalgas cultivadas em efluentes.

Biomassa produzida

Conteudo lipidico

Periodo de cultura

Microalga Tipo de efluente (LY %) (dias) Referéncia
Chlorella sp. Industrial de cervejaria 2,28 £ 0,09 22 + 0,02 10 Farooq et al. (2013)
Chlorella vulgaris Industrial de cervejaria 2,01 +0,02 20 £0,05 10 Farooq et al. (2013)
Scenedesmus acutus Efluente municipal 0,77-1,18 12,7-28,3 21 Sacristan et al. (2013)
Scenedesmus sp. Efluente municipal 0,6 12,06 10 McGinn et al. (2012)
Chlorella sp. Efluente municipal 0,41 - 0,67 15-31 9 Cho et al. (2011)
secundario
. I ial [ I :
Chiorella vulgaris  '"oustrial da suinocultura 0,2-1,14 7-29 30 Ji et al. (2013)
pré-tratado
. Efluente municipal :
Chlorella vulgaris . 0,29 30 7 Jietal. (2013)
terciario
Scene.desmus Efluente rr/1uIn|C|paI 0.31 27 . Jietal. (2013)
obliquus terciario
Chlorella vulgaris Efluente sintético 1,7 33 17 Yujie et al. (2011)
Chiorellavulgaris ~ 'austrial de laticinio 1,47-1,71 9-137 21 Wang et al. (2010)
biodigerido
Scenedesmus Efluente municipal 1,46 36,26 30 Zhang et al. (2014)
obliquus
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2.3 Efluentes de curtumes

A industria do couro caracteriza-se por consumir grande quantidade de agua nos
processos devido as operagdes realizadas para transformar as peles em couros utilizarem
agua como um veiculo para a difusdo de produtos quimicos e para extracdo de materiais
indesejaveis. Uma média de 35 - 40 m® de 4guas residuais sdo produzidas por tonelada
de pele salgada (cerca de 630 litros de &gua por pele) (SHUQING et al., 2010). Segundo
Rajamani et al. (2008), o processamento médio de couros no mundo é de 50.000
ton.dia™ e a descarga do efluente é superior a 150 milhdes L.dia™.

Os efluentes de curtume apresentam grande quantidade de material putrescivel
(proteinas, sangue e fibras musculares), elevadas demanda bioquimica de oxigénio
(DBO) e demanda quimica de oxigénio (DQO), altas concentracdes de impurezas
inorganicas (sais amoniacais, sulfetos e cloretos), sélidos suspensos e dissolvidos, e
outros poluentes especificos tais como taninos vegetais e/ou sintéticos, 6leos sulfitados
e sulfatados, cromo e surfactantes (GUTTERRES et al., 2015).

Para Font (1985) é grande o volume da agua residual de remolho, com elevada
concentracdo de cloreto de sodio, presenca de gorduras, sangue, proteinas sollveis,
surfactantes, biocidas e impurezas da pele. De 15% (v/v) a 40% (v/v) de sal (NaCl) é
usado para conservacdo das peles e € removido durante a etapa de remolho
(SUNDARAPANDIYAN et al., 2010).

Poluentes organicos (componentes proteicos e lipidicos) sdo originados a partir
das peles (calcula-se que a pele crua tem 30% de perda do material organico durante o
processamento) ou sdo introduzidos durante o processamento da pele (por exemplo,
taninos). Poluentes inorganicos sao remanescentes dos produtos quimicos utilizados que
ndo foram fixados na pele (CASSANO, 2001; LOFRANO et al., 2013).

De acordo com estudo realizado por Baur (2012), 31% do nitrogénio total esta na
forma de nitrogénio amoniacal no processamento de peles, portanto, considerando que
um curtume completo contribui com aproximadamente 6,45 g de NTK por quilo de pele
processada, a contribuicdo de nitrogénio amoniacal fica em torno de 2,02 g de N-NHj3
por quilograma de pele processada. Wang et al. 2012 relataram que a poluigdo do
nitrogénio total (NT) produzido a partir da etapa de ribeira é principalmente composto

de nitrogénio organico (NO, representando 60% de NT) e nitrogénio amoniacal (NHs-
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N, representando 40% de NT). Nitratos e nitritos sdo insignificantes devido ao seu
conteido extremamente baixo.

A qualidade dos efluentes de curtume varia de uma planta para outra (Tabela 2.6)
e sera influenciada pelo tipo de curtimento, pelos tipos de produtos quimicos utilizados
e pelos processos de producdo empregados (GUTTERRES et al., 2015; LETA et al.,
2004; SZPYRKOWICZ et al., 2005; GANESH et al., 2006; FENG et al., 2007;
DEEPALI et al., 2009; HAYDAR e AZIZ, 2009). Aléem disso, € relatado que varia¢es
nas mesmas condi¢des de fabricagdo podem ocorrer devido a qualidade das peles brutas
processadas (KURT et al., 2007).

Tabela 2.6: Caracteristicas fisico-quimicas de aguas residuais de curtumes

Parametros*  Gutterreset ~ Munz et al. Apaydin Haydarand  Mandal et
al. (2015) (2008) etal. (2009) Aziz (2009a) al. (2010)
pH 4,79-8,99 58-75 7,4 7-10 7,9-9,2
SDT 8109 - 40106 - - 4466- 14572 21620
SST 1591 - 3325 160-1840 2690 568 - 2132 1244
DQO 3884 - 8523 1280-5680 3700 1760 - 3320 2533
DBOs 1769 - 4073  6300-12100 1470 390 - 1320 977
N-NH; 185 - 762 102-324 180 - 118
Fosforo 15-83 - - - 62
Cromo 44 - 212 - - 23-122 258
Sulfito - 3-80 440 - 860
Cloretos 2979 - 10011 3690 - 7410 - - 6528

SST: Solidos suspensos totais; SDT: Sélidos dissolvidos totais; N-NH,: Nitrogénio amoniacal; DQO:
Demanda Quimica de oxigénio; DBOs: Demanda bioguimica de oxigénio;
*Todos 0s parametros s30 expressos em mg.L™?, exeto o pH.

Com base nas suas caracteristicas especificas, as aguas residuais de curtumes sdo
tratadas utilizando tecnologias apropriadas. De um modo geral, os efluentes tratados em
curtumes apresentam as seguintes configuracdes em suas estacGes de tratamento de
efluentes: tratamento preliminar, tratamento primario (ou fisico-quimico) e tratamento
secundario (ou biologico), em alguns casos emprega-se também o tratamento terciario
(ou de polimento). De acordo com Mella et al. (2012) alguns banhos do processamento
do couro podem ser tratados separadamente e reciclados ao processo.

A seguir serd apresentada uma breve descricdo das etapas do tratamento de
efluente de curtume baseada no trabalho de Aquim (2009), Mella (2012) e Gutterres
(2015).
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Tratamento preliminar

E a primeira etapa do tratamento cuja finalidade é a remocéo de sélidos grosseiros
e gorduras, a fim de que estes ndo danifiquem o sistema de bombas e ndo causem
obstrucdes em tubulacdes nas etapas posteriores. Os mecanismos basicos de remogéo
sdo de ordem fisica e incluem: gradeamento, remocao de 6leos e gorduras, desarenacao

e peneiramento.

Tratamento primario ou tratamento fisico-quimico

O tratamento primario comtempla etapas de homogeneizacao e neutralizacdo do
efluente, cuja finalidade € facilitar o tratamento posterior, evitando as variagdes nas
caracteristicas do efluente ao longo do tratamento. Apos as etapas iniciais, o efluente é
encaminhado para o processo de coagulacdo/floculacdo onde sdo adicionados
coagulantes quimicos, tais como sulfato de aluminio e cloreto férrico, que interagem
com as particulas coloidais ou em suspensdo, promovendo a desestabilizacdo das
mesmas e posterior formacdo de flocos que irdo sedimentar com maior facilidade. A
parte sedimentavel (lodo) é separada do efluente clarificado em taques de sedimentacao
(decantador priméario). Nos curtumes que segregam as correntes que contém cromo, é
realizada a precipitagcdo do cromo com o objetivo de retirar o tal composto sob a forma
de precipitado para reuso no processo de curtimento ou para que seja destinado a aterros
de residuos industriais perigosos (ARIP). A parte aquosa € encaminhada para o tanque

de homogeneizacdo para posterior tratamento.

Tratamento secundario ou tratamento biologico

Os processos de tratamento bioldgico visam a remoc¢do da matéria organica e
alguns nutrientes (compostos biodegradaveis). Entre os tratamentos biol6gicos, 0 mais
utilizado € o tratamento com lodos ativados, que consiste em um método de tratamento
aerébio no qual é usado um consorcio microbiano que realiza a biodegradacdo dos
poluentes mediante processos enzimaticos. O sistema consiste em um tanque com
aeracdo que funciona como um reator biologico, seguido por um tanque de
sedimentacdo (decantador secundario) e uma bomba que realiza a reciclagem parcial do
lodo ativado no tanque bioldgico para aumentar a massa microbiana e manté-la viva. O

excesso de biomassa produzida é removido no decantador secundario.
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Tratamento terciario ou polimento

A utilizacdo do tratamento terciario em curtumes, na préatica, ndo é comum. No
entanto, existem diversos estudos com respeito a aplicacdo de tratamentos terciarios
visando remocdo de determinados grupos de substancias que ndo sdo removidas nos
sistemas de tratamento convencionais (primario e secundario) ou na de remocdo de
poluentes que ndo tenham atingido os padrdes de emissdo do efluente. Dentre essas
substancias podem-se citar alguns ions (cloretos, sodio e célcio), ou substancias como
corantes dissolvidos e complexos organicos. Alem disso, o0 sistema terciario também é
aplicado na eliminac@o de microrganismos indesejaveis, como organismos patogénicos,

coliformes, etc.

2.4 Processamento do couro

As peles, matérias-primas da inddstria do couro, constituem cerca de 7% em peso
do corpo animal e geralmente sdo cobertas por pelos ou Ia. Além de revestir o0 corpo dos
animais superiores, as peles desempenham inimeras funcdes, tais como, regular e
manter constante a temperatura corporal, proteger frente a umidade e ao frio, eliminar
produtos do metabolismo, armazenar substancias graxas e exercer agdo protetora contra
a acdo de bactérias e demais agentes agressivos do meio em que vive o animal. A pele é
formada basicamente por trés camadas distintas, cada qual com a sua funcdo e
constituicdo quimica (GUTTERRES, 2008).

Os curtumes objetivam a transformacdo da pele crua, um material altamente
putrescivel, em couro, um produto estavel, com um valor comercial significativo. O
processo de fabricacdo do couro é feito mediante uma série de etapas que intercalam
operacOes unitarias, processos quimicos e mecanicos. As etapas do processo, que
envolvem tratamentos quimicos das peles em banhos, para sua limpeza ou para
condicionamento de suas fibras, bem como etapas intermediarias de lavagem com agua,
sdo realizadas em equipamentos conhecidos como fulBes, que sdo grandes recipientes
cilindricos, normalmente de madeira, dotados de dispositivos para rotacdo em torno de
seu eixo horizontal, com porta na superficie lateral para carga e descarga das peles, e
dispositivos para adi¢do dos produtos quimicos. Existem trés grandes grupos de etapas
necessarios para a transformacdo da pele em couro acabado: ribeira, curtimento,

acabamento. Entretanto, para cada produto final desejado, o processamento do couro €
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diferente e o tipo e quantidade de residuos produzidos podem variar numa ampla gama
(AQUIM, 2004; SOUZA, 2010).
A Figura 2.5 apresenta um fluxograma do processamento tipico do couro e a

indicacdo dos pontos de geracdo de residuos liquidos, solidos e gasosos.
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Figura 2.5: Fluxograma do processamento do couro
Fonte: Piccin (2013).

Em seguida, é apresentada uma breve explicacdo sobre cada uma das principais
etapas envolvidas na transformacgéo das peles cruas (frescas, in natura ou verdes) em
couro acabado. Estas informacdes, amplamente difundidas na industria coureira, estdo
baseadas em literatura especifica deste setor produtivo, descritas por Gutterres (2008),
Gutterres e Mella, (2014), Aquim (2009) e Mella (2013).

A etapa de ribeira tem por finalidade efetuar a limpeza na pele e preparar sua
matriz de fibras colagénicas (estrutura protéica a ser mantida), para reagir
adequadamente com o0s produtos quimicos das etapas seguintes, de curtimento e
acabamento molhado. Nas operacdes de ribeira hd& um grande consumo de agua e
produtos quimicos, utilizados principalmente, na eliminacdo dos constituintes da pele
que ndo constituem o produto final. As caracteristicas das principais etapas sdo descritas
a sequir.

a) Conservacao: tem por finalidade interromper a decomposicao da pele até o inicio
do processamento. Essa operacdo visa criar condi¢cbes que impossibilitam o
desenvolvimento de bactérias e a agdo enzimatica. A salga com cloreto de sodio (NaCl)

€ 0 processo de conservacdo mais empregado. A desvantagem de sua utilizagéo consiste

52



na alta quantidade empregada que devera ser eliminada durante o processamento,
gerando um efluente com alta concentragéo de sodio.

b) Pré-remolho: visa a lavagem do sal e a hidratacdo parcial das peles.

c) Pré-descarne: é realizado em uma maguina de descarnar que tem por objetivo a
eliminacdo dos materiais aderidos ao carnal como a gordura.

d) Remolho: busca repor o teor de &gua das peles, limpa-las, remover impurezas
aderidas aos pelos, extrair proteinas e materiais interfibrilares. Nesta etapa produtos
como: sais, alcalis, acidos, tensoativos e enzimas sdo utilizados no processo como
auxiliares.

e) Depilacdo e caleiro: na depilacdo, a camada epidérmica da pele é retirada
juntamente com pelo ou I& e demais materiais queratinosos. Ja a etapa de caleiro é
responsavel pela abertura, intumescimento da estrutura fibrosa e acéo sobre as gorduras,
preparando a pele para o curtimento. Isto é conseguido com a utilizacdo de cal hidratada
e sulfeto de sodio.

f) Descarne e divisdo: o descarne é realizado em maquina de descarnar e tem por
objetivo a remocao fisica dos materiais aderidos ao tecido subcutaneo e adiposo, a fim
de facilitar a penetracdo dos produtos quimicos aplicados em etapas posteriores. A
divisdo consiste em separar as peles em duas partes: flor ou camada superficial, que
constituird o couro, e a raspa (apara) que compreende a camada inferior da pele.

g) Desencalagem: removem as substancias alcalinas depositadas na pele nos
processos anteriores. Sais amoniacais, bissulfito de sddio ou acidos fracos séo utilizados
como desencalantes.

h) Purga: busca promover a limpeza da estrutura fibrosa por meio da agdo de
enzimas proteoliticas.

i) Piquel: constitui a Gltima etapa de ribeira, tem por objetivo interromper a acédo
da purga e preparar as fibras colagénicas para uma facil penetracdo dos agentes
curtentes.

Apbs as operacdes de ribeira, a pele apresenta-se preparada para receber o agente
curtente. Na etapa do curtimento, ocorre a verdadeira transformacgdo das peles, pré-
tratadas na ribeira, em material imputrescivel, dotado de estabilidade quimica, térmica e
mecanica. Quimicamente, o curtimento ocorre no interior das fibras promovendo o
crosslink entre as moléculas de colageno. A reticulagdo das cadeias do colageno por
acdo dos agentes curtentes confere caracteristicas importantes ao couro, como aumento

na temperatura de retracdo, aumento da espessura do couro e resisténcia ao ataque de
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microrganismos e enzimas. No processo de curtimento podem ser utilizadas substancias
de origem organica (taninos vegetais, sintéticos e aldeidos) ou inorgéanica (sais de
crébmio, zirconio, aluminio e ferro). Dentre os inorganicos, os sais de crémio trivalente
sdo 0s mais utilizados, sendo o sulfato basico de crémio (Cr,(OH),(S0O4),) a forma mais
comumente empregada.

Apos a etapa de curtimento, 0 couro passa por um equipamento que promove a
remocdo do excesso de agua dos couros. Seguido do enxugamento, o couro é rebaixado
a fim de uniformizar a espessura do couro.

Posteriormente estas etapas, 0 couro estd pronto para ser finalizado com as
etapas de acabamento. O acabamento pode ser subdividido nas seguintes etapas:
acabamento molhado, pré-acabamento e acabamento final.

O acabamento molhado compreende uma série de etapas, onde 0s couros séo
tratados com diversos tipos de produtos quimicos, buscando-se nestas operacgdes definir
algumas propriedades fisicas e mecanicas desejaveis no couro como, resisténcia a
tracdo, maciez, elasticidade, enchimento, toque, firmeza, cor, lisura da flor e
impermeabilidade. As etapas que compreendem o acabamento molhado séo:

a) Desacidulacdo: é a etapa de eliminacdo dos &cidos livres existentes nos couros
para que haja compatibilidade entre a carga do substrato (couro) e os produtos de carater
anidnicos, como recurtentes, corantes e agentes de engraxe. Os agentes de neutralizagdo
podem ser sais de acidos fracos (bicarbonato de sodio, carbonato de sédio e borato de
so0dio), agentes complexantes (polifosfatos, acetatos, formiatos) ou sais de tanino
sintético (na forma de sais de amonio ou de sodio).

b) Recurtimento: é o processo que visa completar o curtimento e dar as
caracteristicas finais ao couro. Nesta operacdo sdo definidas as principais caracteristicas
do artigo final com melhora de algumas propriedades mecanicas, de enchimento, textura
e maciez. Pode ser realizado com recurtentes minerais (sais de cromo, aluminio e
zircOnio), recurtentes vegetais (tanino de mimosa, tanino de quebracho e o tanino do
castanheiro) ou recurtentes poliméricos e aldeidos.

¢) Tingimento: nesta etapa sdao empregados corantes e auxiliares de dispersao a fim
de melhorar o aspecto e conferir uma determinada coloragéo ao couro.

d) Engraxe: a sua principal finalidade é conferir maciez ao couro. Nesta etapa as
fibras sdo lubrificadas com materiais de engraxe, evitando a aglutinacdo das mesmas
durante 0 processo de secagem; garantindo boa resisténcia mecanica, elasticidade e

flexibilidade do couro.
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A secagem e o0 pre-acabamento compreendem as operacdes fisico-mecanicas de
estiramento, secagem, aplicacdo de stuco, lixamento, desempoamento e amaciamento
do couro.

No acabamento final sdo aplicados sobre a superficie do couro camadas de
proutos pigmentados e filmogénicos, seguidas de prensagens que conferem o0 seu

aspecto definitivo. Ap6s o processamento, o couro é medido para ser comercializado.
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Capitulo 3

Influence of light intensity and tannery
wastewater concentration on biomass
production and nutrient removal by
microalgae Scenedesmus sp.
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Neste artigo foi realizado um planejamento experimental utilizando um delineamento
composto central 2% (DCC) a fim de verificar a influéncia da intensidade luminosa e da
concentracédo do efluente de curtume na producao da biomassa da Scenedesmus sp., bem
como na remocgdo de poluentes tais como nitrogénio amoniacal, fésforo e demanda
quimica de oxigénio pela microalga. A microalga foi cultivada em efluente bruto de
curtume sem tratamento prévio coletado diretamente da etapa de ribeira sob diferentes
concentracdes (entre 20% e 100%) e intensidade luminosa (entre 80 e 200 umol

photons.m™.s™") com temperatura de 25 °C e aeracio constantes.
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Abstract: Due to the absorption capacity of nutrients by microalgae, their uses for
industrial wastewater treatment have shown increasing interest in research. Tannery
wastewaters have high organic content and are rich in nitrogenous compounds which
are essential for microalgae cultivation. Thus, the aim of this study was to use tannery
wastewater as alternative cultivation medium for microalgae biomass production
aiming to treat this effluent. Biomass production and removal of ammoniacal nitrogen,
phosphorus and chemical oxygen demand by the microalgae Scenedesmus sp.,
cultivated in tannery wastewater, was studied under different wastewater
concentrations (between 20% and 100%), light intensity (between 80 and 200 umol
photons.m 2.s™%) at temperature of 25 °C and constant aeration. The results showed
that the adaptation of microalgae for this nutrient source was effective. The cultivation
of Scenedesmus sp. showed maximum biomass concentration (0.90 g.L™*) and maximum
removal of ammoniacal nitrogen (85.63%), phosphorus (96.78%) and COD (80.33%)
at a tannery wastewater of 88.4% and light intensity of 182.5 umol photons.m %.s™*

Keywords: Tannery wastewater, Microalgae, Ammoniacal nitrogen, Phosphorus,
Scenedesmus sp.

3.1 Introduction

Leather production is a wide common industry all over the world and the tanning
of hide is an important economic activity to bring forth wet-blue leather, a
commodity in the market for the manufactory industry of leather goods. Tannery
wastewaters are characterized by high concentrations of chlorides, organic matter
(COD, BOD, TOC), organic and inorganic nitrogen. Furthermore, are present dyes,
surfactants, sulfides, chrome, phenols, surfactants and pesticides (Gallego-Molina et al.
2013). Wastewater from tanneries contain large amounts of ammoniacal nitrogen N-
NHs (getting at 762 mg.L™) due to the removal of non-collagenous proteins of raw hide
on beamhouse process and addition of ammonium salts in the deliming and purged

stage (Aquim et al., 2010; Gutterres et al., 2015).This mixture of many compounds may
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complicate the wastewater treatment. In addition, for the many leather articles and
leather goods, the process in tanneries and chemicals used are different, and the kind
and amount of wastewater vary over a wide range.

Various techniques of treatment have been studied for their applicability to
tannery wastewater. Among them, chemical coagulation (Achouri et al., 2017),
photodegradation (Sun et al., 2006) biodegradation (EI-Sheikh et al., 2011), adsorption
(Piccin et al., 2016), ozonation (Bletterie et al., 2012), electrocoagulation (Mella et al.,
2016), reverse osmosis (Bhattacharya et al., 2013) are mentioned in the literature.
However, many of these wastewater treatment processes involving the addition of
chemicals that could contribute to increase in COD and/or BOD, thus causing a
secondary pollution (Henze et al., 2001). Traditional biological nutrient removal
systems (nitrogen, phosphorus and organic matter) result in generation of a considerable
amount of sludge, which require treatment before final disposal (Feng et al., 2003).
Furthermore, nitrification step of biological process require specific consideration for
the impact of sulfide, chromium and chloride inherently present in the wastewater
(Gallego-Molina et al., 2013). High chloride content of the wastewater, which fluctuates
around 5000 mg.L?, can acting as the limiting step for nitrogen removal, inhibition the
process of nitrification (Orhon et al., 2000).

The discharge of high nutrients concentration, such as nitrogen and phosphorus, in
receiving waters without appropriate treatment, cause its eutrophication and upset the
balance of the ecosystem. The major adverse ecological impacts caused by
eutrophication are: increase in algae and aquatic plants, fish death, reduction of
biodiversity and replacement of dominant species, increase water toxicity, increase
turbidity of the water and decrease lifespan of the lakes (Wang et al., 2016).

In face of emerging concern of environmental preservation and governmental
regulations of discharges that become more stringent, the development of innovative,
sustainable environmentally friendly and low operational cost processes for efficient
treatment of wastewater has growing interest of researchers. The use of microalgae by
industrial wastewater treatment has attracted great interest in the last decades due to its
high capacity of up taking organic and inorganic nutrients (Silva et al., 2015),
accumulation of metals (Benabdallah et al., 2017) as well as its high CO2 fixation
efficiency (Hussain et al., 2017) while producing potentially valuable biomass (Gendy
and El-Temtamy, 2013). Due to the composition of microalgal biomass, this can be used

as animal feed, energy production, fertilizers or to produce fine chemistry products such
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as pigments, polysaccharides, carotenes, sterols, vitamins, polyunsaturated fatty acids
and lipids (Grima et al., 2003). Researches are focusing on production of biomass and
biofuels from microalgae as an alternative energy source combining bioenergy
production and wastewater treatment (Aravantinou et al., 2013).

The microalgal biomass production is affected by a combination of environmental
parameters. In the synthetic culture medium, the high cost of nutrients may represent a
limiting factor for production. When the microalgae are grown in alternative culture
medium (industrial or agricultural waste), the limiting factors for the production of
biomass are the light intensity, photoperiod, temperature, and agitation culture.

The luminosity plays a fundamental role in microalgae productivity since it
provides the energy required for photosynthetic reactions, promoting the conversion of
inorganic nutrients dissolved in the medium on organic biomass (Sutherland et al.,
2015). Excessive light can cause lethal effect on cells by the formation of hydrogen
peroxide (toxic for microalgae) in the presence of oxygen. Such a reaction is called
photo-oxidation or fotoxidative death (Hirayama et al., 1996). Therefore, the luminosity
factor is essential in a microalgae biological wastewater treatment system (Wang et al.,
2007). Microalgae require optimal light to achieve economically the maximum
photosynthetic rate and nutrient removal efficiency (Yan et al., 2013).

Many studies have demonstrated the successful use of algal cultures to treat
various types of wastewater (Li et al., 2011a,b; Wang et al., 2010; Ji et al., 2014; Jia et
al., 2016; Gouveia et al., 2016). The mentioned studies are focused on the growth of
microalgae and removal of nutrients of municipal wastewater, dairy industry effluents,
waste from swine, and soybean processing wastewater. However many of these
cultivations are performed on wastewater were submitted to some previous treatment or
that were supplemented with a nutrient.

Studies related to the growth of microalgae and nutrient removals in wastewater
of tanneries are still limited. Thus, the aim of this study is to investigate the influence of
light intensity and concentration of beamhouse wastewater of tannery without any
previous treatment in the biomass production and removing or reducing the nutrients

using microalgae Scenedesmus sp. as debugger agent.
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3.2 Materials and methods
3.2.1 Microalgae and culture medium

The microalgae Scenedesmus sp. was culture in medium Guillard modified
(Ramirez et al., 2014) in 250 mL Erlenmeyer flasks and adapted at 25 °C under constant
aeration and continuous lighting of 80 pmol photons.m>.s'. The growth until the
exponential phase culture served as the inoculum. The modified medium contained two
different solutions with following concentrations (mg.L™): a macronutrient solution
comprising 367.60 CaCl,.2H,0, 369.70 MgSO,.7H,0, 126.00 NaHCO3;, 87.10
K2HPO,, 850.10 NaNOs3, 284.20 Na2Si03.9H,0; and micronutrient solution comprising
43.60 Na,EDTA, 3150 FeCl;.6H,0, 0.1 CuS045H,0, 0.22 ZnS0,.7H,O, 0.1
CoCl,.6H,0, 1.80 MnCl,.4H,0, 0.06 Na,M00,4.2H,0.

3.2.2 Raw tannery wastewater and characterization

Raw tannery wastewater (RTW) was obtained from a tannery located in
Montenegro City in the State of Rio Grande do Sul (Southern Brazil). The wastewater
was collected directly after the beamhouse process and characterized by chlorides (CI'),
pH, biochemical oxygen demand (BODs), chemical oxygen demand (COD), total
organic carbon (TOC), phosphorus (P) and, ammonical nitrogen (N-NH3) (APHA,
1998).

3.2.3 Experimental setup and culture conditions

The microalgae cultivations were carried out in 1000 ml flasks containing
concentrations of tannery effluent ranging between 20% and 100% and light intensities
ranging between 80 and 200 pumol photons.m 2.5 ' with cycle light/dark 12:12 h.
Autoclaved distilled water was used in dilutions of tannery effluent. The volume of
inoculum (from exponential phase) was standardized for all tests to a ODszo of 0.2.
Cultures were grown in batch mode for 24 days at room temperature (25 °C). Agitation

was obtained by bubbling compressed air (1 L.min™) in the bottom of the flasks.

3.2.4 Determination of microalgae growth

The culture was monitored daily by optical density (OD) measured at a

wavelength of 570 nm using a spectrophotometer (Model T80 + UV/Vis, PG

60



Instruments) after appropriate dilution. The dried biomass was measured by filtering the
samples through 0.7 um pre-weighed membranes, which were dried at 100 °C for 24 h.
The specific growth rate (u, d™) in exponential phase of algal growth was

measured according to Equation (1):

=ln(X1/X0)
! t1 — o

1)

where X, and X, are biomass concentrations (g.L™') at time (d) ¢, and ¢, (t; were
considered the end of the exponential growth phase and t,the beginning of the
exponential growth phase).

Biomass productivities (P,) were calculated from the variation in biomass

concentration within a cultivation time, as shown in Equation (2):

X1 — Xo
P = PR 2)
1 0

3.2.5 Analysis of removal of contaminants

The determinations of ammonia nitrogen (N-NHs), phosphorus (P-PO,) and
chemical oxygen demand (COD) were performed at the beginning and the end of the
experiment or assay. The parameters N-NH3; and P were characterized using ion
chromatography (METROHM 20000) and COD was characterized according to
methods described by APHA (1998). The analyzes were performed in triplicate and the
removal of the compound was calculated by Equation (3):

x. —_—
Removal(%) = ( lx xf) * 100 3)

i
where x; and x; are the concentrations of the compounds N-NHjz, P-PO4, COD before

and after the biomass growth, respectively.

The results of removals of ammoniacal nitrogen (N-NH3), phosphorus (P-POy)
and Chemical Oxygen Demand (COD) were analyzed using the Statistica 12.0 software,
by analysis of variance (ANOVA) with a confidence interval of 95% and response

surface methodology.
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3.2.6. Experimental design

A 2% central composite design (CCD) was used to study the influence of light
intensity and the tannery effluent concentration on the Scenedesmus sp. growth and
removal wastewater pollutants. The variation ranges between the upper and lower limits
of the independent variables were established according to previous studies of this
research group. Table 3.1 shows the experimental design.

Table 3.1: Real and codified values of the variables used in the 22 central
composite design.

Assay Conc. Tannery wastewater Light Intensity
(%) (umol photons.m2.s™")
1 31.6 (-1) 97.5(-1)
2 88.4 (1) 97.5(-1)
3 31.6 (-1) 182.5 (1)
4 88.4 (1) 182.5 (1)
5 20 (-a) 140 (0)
6 100 (o) 140 (0)
7 60 (0) 80 (-a)
8 60 (0) 200 (o)
9 60 (0) 140 (0)
10 60 (0) 140 (0)
11 60 (0) 140 (0)
a=1,414

A control experiment (without addition of inoculum) was performed out at the
central point of the CCD (60% of wastewater and 140 pumol photons.m s ' of light
intensity). In this experiment neither biomass growth nor nutrients removal was

verified.

3.3 Results and discussion
3.3.1 Physicochemical characteristics of the wastewater tannery

The results presented in Table 3.2 of the raw wastewater revealed high
concentrations of chlorides, organic matter and nitrogen compounds. The
physicochemical characteristics of the tannery wastewater used in this study were
within the range of the values recorded by Gutterres et al. (2015). The constituents of
the beamhouse wastewater will differ from one tannery to other, according the
chemicals used, the production processes employed and raw materials used in this
industry.
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Table 3.2: Physicochemical characteristics of the beamhouse tannery wastewater.

Parameter Value
pH 7.5
TOC 1692 mg.L™
CI 7683 mg.L™
BOD 1400 mg.L™
CcCOoD 4000 mg.L™
P-PO, 6.6 mg.L™
N-NH; 343 mg.L™*

3.3.2. Growth of Scenedesmus sp. in tannery wastewater by different cultivation
conditions

Figures 3.1a, 3.1b, 3.1c show the biomass growth curves (g.L™) of microalgae
Scenedesmus sp. obtained for each treatment of factorial design. The growth parameters,
such as maximum biomass concentration, maximum productivity, and maximum
specific growth rate of Scenedesmus sp. in different cultivation conditions are given in
Table 3.3.

The growth of microalgae Scenedesmus sp. increased gradually with the time in
all the cultivation conditions. The curves illustrate characteristic growth phases in a
batch culture of microalgae, all cultures have shown a lag phase (phase of adaptation of
microalgae to the effluent) of about 3 days. The stationary and decaying phases, were
not observed in the assays. Assays 9, 10 and 11 (Fig. 3.1c) represent triplicate center
point of the central composite design, the growth curve behavior and the final biomass
was similar for the three assays. This shows that the assays tend to be reproductive.
According to Moazami et al. (2012) the stationary and decaying phases would appear
after about 12 days and 18 days, respectively. However for this study the initial phase of
adaptation may have delayed the stationary and decaying phases development.

In the CCD employed, the highest concentrations of microalgae biomass were
achieved for assay 4 (0.90 g.L™) and assay 6 (0.85 g.L™) (see Table 3.3). The assays
with less wastewater concentration (assay 1, 3 and 5) presented the lower biomass
concentration (0.61 g.L ™, 0.68 g.L™ and 0.62 g.L™ respectively). The highest value of
the specific growth rate (0.081 d™*) was also observed for assay 4 in the cultivation
conditions of wastewater 88.4% and light intensity of 182.5 umol photons m > s .
While the higher biomass productivity (210.52 mg.L™.d?) was observed for the assay 8
with higher light intensity 200 pmol photons.m >.s ' and 60% of wastewater. The

increase in concentration of wastewater resulted in increase of biomass, higher specific
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growth rate and higher biomass productivity for assays with same light intensity, such
as in the cases 1- 2 and 3 - 4. This behavior was also observed in assay with the same
concentration of wastewater and higher light intensity, in the cases 1 - 3and 2 - 4.

Biomass concentration (g L)

0 5 10 15 20 25
Time (day)
—B8-31.6%, 97.5 umol photons m-2 s—1 (Assay 1) —©-88.4%, 97.5 pmol photons m-2 s—1 (Assay 2)
—-31.6%, 182.5 pumol photons m-2 s—1 (Assay 3) —@—88.4%, 182.5 pmol photons m-2 s—1 (Assay 4)

(a)

Biomass concentration (g L)

0
0 5 10 15 20 25
Time (day)
—©—-20%, 140 pmol photons m-2 s—1 (Assay 5) —4—100%, 140 pmol photons m-2 s—1 (Assay 6)
—A—60%, 80 pmol photons m-2 s—1 (Assay 7) —A—60%, 200 pmol photons m-2 s—1 (Assay 8)
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Figure 3.1: Biomass growth curves for Scenedesmus sp. over time for the assays:
(a) tannery wastewater concentration of 31.6% and 88.4% and light intensity
of 97.5 umol photons.m 2.5 and 182.5 umol photons.m 2.5 ', (b) tannery wastewater
concentration of 20%, 60% and 100% and light intensity of 80 umol photons.m >.s™',
140 umol photons m *s " and 200 pmol photons.m 2.5 ', (C) tannery wastewater
concentration of 60% and light intensity of 140 pmol photons.m 2. ' (triplicate).

Table 3.3: Growth parameters of Scenedesmus sp. in the Central Composite Design
considering tannery wastewater concentration and light intensity

Assay  Biomass concentration  Specific growth rate  Biomass productivity

(@.L? (day™) (mg.L™.d™)
1 0.61 0.066 123.30
2 0.79 0.070 151.00
3 0.68 0.071 136.63
4 0.90 0.081 183.33
5 0.62 0.060 127.67
6 0.85 0.075 193.33
7 0.70 0.071 96.67
8 0.78 0.073 210.52
o* 0.73 0.065 125.40
10* 0.71 0.065 210.00
11* 0.79 0.076 159.93
Average
and SD* 0.74 £0.04 0.068 £ 0.006 165.11 +42.54

* Average and standard deviation (SD) at the central point (9, 10 and 11).

Ho et al. (2012) studied the effect of luminosity (light intensity of 60, 180, 300,
420 and 540 pmol photons.m 2.5 ') in the biomass production of microalgae
Scenedesmus obliqguus CNW-N. The authors observed a positive relation between light
intensity and biomass productivity, before photo-inhibition, which occurred in the

luminous intensity of the 540 umol photons.m 2.s'. Maximum biomass productivity of

65



840.56 mg.L™.d? in the light intensity of 420 umol photons.m 2.5 . Ramirez et al.
(2014) evaluated the feasibility of cultivation of microalgae Scenedesmus sp. in medium
supplemented with vinasse (0 - 40%) in different luminous intensity (48 - 200 umol
photons.m 2.s™') and temperature (20 — 35 °C). The results of CCD showed that is
possible to cultivate microalgae in concentrations of up to 40% of vinasse into the
culture medium, but better results were obtained for biomass produced vinasse smaller
concentrations in the medium and higher light intensities. The variable temperature had

no significant effect.

3.3.3 Nutrient removal in tannery wastewater in different cultivation

Ammoniacal nitrogen (N-NH3), phosphorus (P-PO4) and chemical oxygen
demand (COD) in all different cultivation conditions decreased during the culturing
time. The initial and final concentrations and removal efficiency of ammoniacal
nitrogen, phosphorus, and chemical oxygen demand based on the CCD are tabulated in
Table 3.4. High removal of ammoniacal nitrogen of 77.57%, 85.63% and 80.05% and
phosphorus of 94.65%, 96.78% and 96.64% were observed in assays with greater
tannery wastewater concentration, such as assay 2 and 4 (88.4%) and assay 6 (100%),
respectively. High values of ammoniacal nitrogen removal (76.59%) and phosphorus
removal (95.37%) were also observed for assay 8 which had the greater luminous
intensity of 200 umol photons.m>.s™" but the wastewater concentration 60%.

Metabolism of nitrogen and phosphorus present in the wastewater by
microorganisms is directly linked to biomass production and metabolic activities.
Nitrogen is an important macro-element in living organisms, including microalgae, as
constituent of biomass which can range from 1% to more than 10% by dry weight and is
dependent upon the amount, availability, and type of the nitrogen source (Richmond,
2004). Microalgae require this nutrient to produce important biological substances, such
as proteins, chlorophylls, energy transfer molecules (ADP and ATP) and genetic
materials (RNA and DNA) (Silva et al., 2015). The assimilation of inorganic nitrogen is
performed in the form of nitrate, nitrite and ammonia. The ammonia nitrogen N-NHs is
the most reduced form of nitrogen compounds and therefore is more easily assimilated
by microalgae. Generally, microalgae not consume nitrite and nitrate until all
ammoniacal nitrogen is almost completely consumed (Maestrini et al., 1986).
Phosphorus is an essential element for microalgae growth and plays several roles in

microalgae which includes the formation of phospholipids (for cell membranes),
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nucleotides (biosynthesis of DNASs) and nucleic acids for microorganism growth and
adenosine triphosphate (to carry energy for cell functions), among other functions (Cai
et al., 2013). The algae biomass typically contains 0.5 - 3.3% of phosphorus
(Richmond, 2004). The phosphorus is assimilated as inorganic orthophosphate,
preferably as H,PO4 or HPO4? (Becker, 1994). COD concentrations of each assay
decreased in the 24-day period, especially to assays 2, 3, 4 and 6, which had high
removals of 79.51, 76.82%, 80.33% and 75.30% respectively.
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Table 3.4: Initial (IC) and final concentration (FC) and removal efficiency (RE) of ammoniacal nitrogen (N-NHj3), phosphorus (P-PO,4) and
chemical oxygen demand (COD) in the Central Composite Design considering tannery wastewater concentration and light intensity.

Nutrient concentration (mg.L™)** and Removal efficiency (%6)***

N-NH, P-PO, COoD

Assay IC** FC** RE*** IC** FC** RE*** IC** FC** RE***
1 109.49 4333 60.42 2.08 0.28 86.53 1282.06 404.09 68.48
2 300.04 67.30 77.57 5.84 0.31 94.65 3581.67 733.78 79.51
3 117.87 36.83 68.75 2.08 0.25 87.39 1264.53 293.19 76.82
4 293.90 42.23 85.63 5.83 0.18 96.78 3544.32 697.26 80.33
5 64.77 23.88 63.13 1.32 0.20 84.17 789.17 429.85 4553
6 338.88 67.60 80.05 6.68 0.22 96.64 4036.97 996.83 75.30
7 207.81 82.10 60.49 3.96 0.41 89.50 2447.02 1040.90 57.46
8 214.62 50.24 76.59 3.87 0.18 95.37 2439.75 734.05 69.91
9* 216.36 52.38 75.79 3.92 0.22 94.24 2462.41 791.97 67.83
10* 220.43 52.83 76.03 3.84 0.21 94.39 2474.66 949.96 61.62
11* 210.29 63.46 69.82 3.90 0.27 93.16 2442.95 927.66 62.03

Average and

Sp* 21569+510 56.22+6.27 73.88+352 388+004 023+0.03 93.93+0.67 2460.00+1599 889.86+8550 63.83+3.47

*Average and standard deviation (SD) at the central point (9, 10 and 11).
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High removals of total nitrogen (82.51 - 91.28%) and total phosphorus (53.05 -
88.72%) were also observed by Jia et al. (2016) when cultivated microalgae
Scenedesmus sp. in different dilutions of anaerobic digested wastewater - ADWW (5 -
15%). Gouveia et al., (2016) cultivated the microalgae Scenedesmus Obliquus in urban
wastewater after primary treatment. The authors verified high removals of nitrogen
(95%), phosphorus (92%) and COD (63%). Kim et al. (2015) cultivated the microalgae
Scenedesmus sp. isolated, in effluent from anaerobic digester (AD) containing low
carbon but high nutrients (N-NH3; = 273 mg.L™, total P = 58.75 mg.L™). This algae-
based treatment was quite effective: nutrient removal efficiencies were over 99.19% for
nitrogen and 98.01% for phosphorus.

The results presented in Fig. 3.2a, b, ¢ and d show the surface responses of
biomass, N-NHj;, P-PO,;, COD removal due to the influence of the independent
variables tannery wastewater concentration and light intensity. It can be observed in the
figures that the increases of light intensity and of effluent concentration cause the

increases in biomass production and an in the removal of ammoniacal nitrogen and
phosphorus.
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Figure 3.2: Response surface to influence of tannery wastewater concentration (%) and
light intensity (umol photons.m *s ') on (a) Biomass (g.L™), (b) N-NHsz removal (%),
(c) P-PO4removal (%) and (d) COD removal (%).

Tables 3.5, 3.6, 3.7, and 3.8 presented the analysis of variance. The linear effects

of tannery wastewater concentration and light intensity showed significant influences on
biomass responses (p = 0.000323 and p = 0.008934, respectively), ammoniacal nitrogen
removal (p = 0.005039 and p = 0.019577, respectively) and phosphorus removal (p =
0.000193 and p = 0.013461, respectively) for a 95% confidence level. For the variable

response P-PO, removal the quadratic term variable tannery wastewater with value of p

= 0.011072 also was significant. Already the response variable COD removal was not

significantly influence the independent variable light intensity and tannery wastewater.

Table 3.5: Analysis of variance - Central Composite Design considering tannery
wastewater concentration and light intensity for the variable response biomass

Factor SS df MS F p
(1) Tannery wastewater (%)(L) 0.063 1 0.0632 133.0706 0.0003
Tannery wastewater (%)(Q) 0.0007 1 0.0007 1.5133 0.2860
(2)Light intensity (umol photons.m 2.5 ")(L) 0.0107 1 0.0107 22.6152  0.0089
Light intensity (umol photons.m 2.5 )(Q) 0.0002 1 0.0002 0.5442 0.5016
1L by 2L 0.0004 1 0.0004 0.8416 0.4108
Error 0.0019 4 0.0004
Total SS 0.0770 9

R?= 0.9753
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Table 3.6: Analysis of variance - Central Composite Design considering tannery
wastewater concentration and light intensity for the variable response ammoniacal
nitrogen removal (N-NH3)

Factor SS df MS F p

(1) Tannery wastewater (%)(L) 420.195 1 420.1955  31.1991 0.0050
Tannery wastewater (%)(Q) 0.125 1 0.1255 0.00932  0.9277
(2)Light intensity (umol photons.m 2.s")(L) 191.584 1 191.5841  14.2253  0.0195
Light intensity (umol photons.m *.s ')(Q) 8.5137 1 8.5137 0.63215 0.4710
1L by 2L 0.0182 1 0.0182 0.00135 0.9724
Error 53.8714 4 13.4678

Total SS 677.295 9

R%=0.9204

Table 3.7: Analysis of variance - Central Composite Design considering tannery
wastewater concentration and light intensity for the variable response phosphorus
removal (P-POy)

Factor SS df  MS F p

(1) Tannery wastewater (%)(L) 154.3956 1 154.3956 172.8922 0.0002
Tannery wastewater (%0)(Q) 17.8457 1 17.8457  19.9836 0.0111
(2)Light intensity (umol 15.9149 1 159149  17.8215 0.0134

photons.m™.s™")(L)

Light intensity (umol photons.m >.s™')(Q) 41928 1 4.1928 4.6951 0.0961
1L by 2L 0.4032 1 0.4032 0.4515 0.5384
Error 3.5721 4 0.8930

Total SS 192.2074 9

R*=0.9814

Table 3.8: Analysis of variance - Central Composite Design considering tannery
wastewater concentration and light intensity for the variable response chemical oxygen
demand (COD)

Factor SS df  MS F p
(1)Tannery wastewater (%)(L) 21.4351 1 21.4351 0.1499 0.7183
Tannery wastewater (%)(Q) 307.0349 1 307.0349 2.1471 0.2167
(2)Light intensity (umol photons.m>.s')(L) 1146875 1  114.6875 0.8020 0.4211
Light intensity (umol photons.m 2.5 )(Q) 945716 1 945716 0.6614 0.4617
1L by 2L 141376 1  14.1376  0.0988 0.7689
Error 571980 4 142.9949
Total SS 1115.702 9

R?=0.7873

3.4 Conclusion

This study showed that the microalgae Scenedesmus sp. can grows in tannery
wastewater. The central composite design (CCD) showed that concentration of
wastewater and light intensity influence the amount of biomass produced, and the
removal of ammoniacal nitrogen and phosphorus. The cultivation of Scenedesmus sp.
showed maximum biomass concentration (0.90 g.L™), maximum specific growth rate
(0.081 d) for the tannery wastewater concentration of 88.4% and light intensity of

182.5umol photons.m>.s', while maximum biomass productivity (210.52 mg.L™ day’
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1) was observed for the assay with higher light intensity 200 pmol photons.m %s' and
60% of wastewater. The cultivation of microalgae in the effluent of tannery showed
high removal capacity of ammoniacal nitrogen (85.631%), phosphorus (96.78%) and
COD (80.33%). Thus, the study showed that tannery wastewater can be used to an

alternative source of nutrients for the production of biomass microalgae.
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Capitulo 4

Using tannery wastewater as source of
nutrients for microalgae Scenedesmus sp.

Artigo enviado para publicacdo no periddico: Biochemical Engineering Journal (BEJ)
em 13/09/2017.

Neste artigo a microalga Scenedesmus sp. foi cultivada em fotobiorreatores airlift de 3 L
em diluicBes de 25%, 50% e 100% de efluente de curtume bruto sem tratamento prévio,
com luminosidade e aeracdo constantes. Para verificar a eficiéncia de remocgéo, 0s
efluentes (brutos e tratados) foram caracterizados por analise de nitrogénio total (NT),
nitrogénio amoniacal (NHs-N), fésforo (PO4-P), carbono inorganico (Cl), demanda
quimica de oxigénio (DQO) e demanda bioquimica de oxigénio (DBO). Neste estudo
também caracterizou-se a biomassa microalgal quanto a sua composi¢do bioquimica em
carboidratos, proteinas e lipidios, bem como a composic¢do dos teores de acidos graxos

de cada biomassa cultivada nas diferentes condicdes.
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ABSTRACT: The scope of this work is to use raw tanning wastewater without
pretreatment as an alternative culture medium for the production of microalgae
biomass aiming at the treatment of this wastewater. The microalgae Scenedesmus sp.
grown in airlift photobioreactors was evaluated for their capability to support nutrient
removal and to accumulate lipids, protein and carbohydrate in their cell during a 20-
day treatment of tannery wastewater. The cultivation of Scenedesmus sp. presented
maximum biomass concentration of 1.75 g.L™ for the culture condition without dilution
of the wastewater. In this cultivation condition (TW100%), the highest nutrient removal
rates (mg.L.d?) TN (13.16 + 0.71), NHs-N (8.14 # 0.31), PO,-P (0.17), IC (1.66 *
0.11), COD (43.94 + 3.43), and BOD (23.33 £ 2.14) and higher productivity of protein
(22.85 + 0.34 mg.L™.d™), carbohydrates (19.67 + 1.15 mg.L™*.d™), and lipids (16.75 +
0.76 mg.L™.d™), was observed. This study showed the potential of Scenedesmus sp. for
biomass production and simultaneous nutrient removal from tannery wastewater,
linking the wastewater treatment process with the production of biofuels.

Keywords: Tannery wastewater, Scenedesmus sp., wastewater treatment, biomass
production, biodiesel.

4.1 INTRODUCTION

Meeting global energy demand has been a great challenge to modern societies.
The environmental concerns associated with burning fossil fuels have claimed to the
development of new, clean and sustainable energy sources. Microalgae have high
productivity rates, synthesize bioproducts such as lipids and carbohydrates, do not
occupy fertile lands, and can be grown using industrial effluents as a nutrient source,

linking effluent treatment to biofuels with potential biofuel production. An effluent of
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interest for the production of microalgal biomass is the raw tannery wastewaters [1,2].
The tannery wastewaters are characterized by high concentrations of chlorides, organic
matter (COD, BOD, TOC), organic and inorganic nitrogen. In addition, dyes, sulfides,
chromium, phenols, surfactants and biocides are present [3].

Several studies reported that microalgae have great potential for the removal of
nitrogen and phosphorus from wastewater. Species of microalgae such as Chlorella [4],
Scenedesmus [5], Spirulina [6] can be used to fulfill this task.

Microalgae use these chemical nitrogenous species as nutrients relevant to
metabolic activities and biomass synthesis. Microalgae cells store nitrogen, phosphorus
and carbon for the synthesis of proteins, lipids, carbohydrates, adenosine triphosphates
(ATP) and other biomolecular forms [7]. The microalgae regulated metabolic routes that
will adjust to the nitrogen forms available in the medium, in order to promote the
assimilation and fixation of this compound.

Due to their macromolecular composition, several commercial products can be
obtained from the microalgae biomass [8]: for human consumption or animal nutrition,
fine chemicals, biofuels and fertilizers. Microalgae cultures have been already carried
out on a large scale, mainly for food products of high nutritional value. However, the
production for bioenergy is not yet economically feasible. Several researches are being
carried out to reduce costs of biomass production.

The productivity of microalgae lipids (dry weight) is 15-300 times greater than
that of conventional agricultural crops. In addition, the growth rate of microalgae is
faster than other photosynthetic plants, indicating a high productivity per cultivated area
[9]. Microalgae production requires a small area of land for crops than other biodiesel
feedstocks of agricultural origin, up to 49-132 times less when compared to colza or
soybean crops, for an oil content of 30% in biomass algal [9,10]. Thus, competition for
arable land with other crops, particularly for human consumption, is very low. The oil
extracted from microalgae has characteristics similar to those of most traditional
oleaginous plant oils and can produce biodiesel with the necessary characteristics to be
in accordance with EN 14214 and ASTM D6751 quality requirements [11].

There has been intense research interest in the production of biofuels from microalgae
as an alternative source of energy, combining the production of bioenergy with
wastewater treatment. Several studies that have explored the growth of microalgae and

the nutrient removal efficiencies of a variety of wastewater [12,13,14,15]. Studies that
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use microalgae in the treatment of tannery effluent have reported relevant results
regarding the removal of nutrients [16,17,18,19,20,21].

Considering that one significant cost is the nutrient requirement for microalgae
growth, combined with the capacity of wastewater treatment, the aim of this work is to
investigate growth feasibility of the microalgae Scenedesmus sp. to assimilate nutrients
from tannery effluent without any previous treatment. The algal biomass chemical
composition was also characterized and the potential application of lipids to biodiesel

production was verified.

4.2 MATERIALS AND METHODS
4.2.1 Microalga and effluent of tannery

The culture was maintained in medium Guillard Modified in 250 mL Erlenmeyer
flasks and adapted at 25 °C, under constant aeration and continuous lighting of 80 pmol
photons.m 2.5, with photoperiod of 12 hours clear and 12 hours dark. The growth until
the exponential phase culture served as the inoculum. The effluent was obtained from a
tannery located in Montenegro, in the State of Rio Grande do Sul, Brazil. The raw
wastewater samples were collected directly from the beamhouse process.

4.2.2 Experimental setup and culture conditions

Cultures of microalgae were performed on 3 L photobioreactor airlift, under
continuous light intensities of 200 pmol photons.m s ', for 20 days at room
temperature (25 °C). Aeration was obtained by bubbling compressed air at a flow rate of
1 L min™. The airflows were controlled using rotameters. The volume of inoculum
(from the exponential phase) was standardized for all the tests at a proportion of 10.0%
(v/v), considering to a final volume of 2.8 L. The microalga was cultivated in tannery
wastewater without pretreatment under the dilutions conditions of 25% (TW25%), 50%
(TW50%) and 100% effluent without dilution (TW100%). The microalgae were also
cultured in the modified Guillard medium, this condition was used as control. All
cultures were performed in duplicate. The dilutions conditions of tannery wastewater
without pretreatment were established according to previous studies carried out by the

authors.
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4.2.3 Evaluation of biomass growth
The biomass concentration (X, g.L™") was monitored daily by optical density
(OD) measured at 570 nm using a in a T80+UV/Vis spectrophotometer (PG
Instruments) after appropriate dilution. The dry cell mass of microalgae biomass was
measured by gravimetry, where samples of known volumes were filtered through 0.7
um porous pre-weighed filters and oven dried at 100 °C for 24 h. The relationship
between biomass dry weight and optical density (ODszo) was estimated using the

linear regression (R2 = 0.997) presented in Equation 1:
X (gL™1) = 0.3649 x ODs,, - 0.019 (1)

The biomass concentration (X, g.L™) was used to determine the specific growth
rate (n, d*) and biomass productivity (Px, g.L™.d™). During the exponential growth
phase, the specific growth rate was calculated according to Equation 2 [22]:

where X;and X, are the biomass concentrations at times t;and t, (the end and the
beginning of the exponential growth phase), respectively.

Biomass productivity (P,) was calculated from the difference in biomass
concentration per unit time for two consecutive samples (Eqg. 3):

_ X1~ Xo (3)
t1 —

Py

In order to compare this parameter between the different cultures, the average

productivity (P,yer) and the maximum productivity (Py,.x) Were determined.

4.2.4 Analysis of the removal of pollutants

The determination of total nitrogen (TN) and inorganic carbon (IC) were
performed using a total organic carbon analyzer (model TOC-L TNM, Shimadzu). The
parameters ammoniacal nitrogen (NHs-N), phosphorus (PO4-P), chemical oxygen
demand (COD), and biochemical oxygen demand (BOD) were measured according to
the methodology described by APHA [23].

In this study, the nutrient removal by microalgae, (RE, %) nutrient uptake was
verified by percentage of removal (Eq. 4) removal rates (Eq. 5) and substrate conversion
factor in biomass (Eq. 6) [24,25].
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where RR represents the removal rate of nutrients, S, represents the initial concentration
of nutrients, S; is the nutrient concentration at time t;, t; is the time when there was no
significant was no significant decrease of nutrients, t, is the initial time of cultivation,

X; represents for the biomass concentration with respect to the nutrient S;.

4.2.5 Determination of microalgae composition

Total lipids were extracted using the solvents chloroform:methanol (1:1, v/v)
according to methodology described by Bligh and Dyer [26]. Organic phase containing
lipid was vacuum dried. The lipid weight was calculated gravimetrically and expressed
as % of dry weight. The protein content in the microalgae was estimated by
Equation (7), where the nitrogen content N (% dry weight) was multiplied by a factor
suggested in the literature [27].
Protein (%) = 6.25 X N (7

Carbohydrate extraction was performed by treating the dried samples with H,SO,4
80% for 20 h. The total carbohydrate content was determined by the method using
phenol-sulfuric acid as an indicator [28]. The analytical curve was prepared using
glucose standards and the microalgae total carbohydrate content was determined in a
spectrophotometer at 490 nm.

Carbohydrate P, protein Py and lipids P,y productivity, were calculated

according to the Equation (8):

Py, = L2 Cern ®)
@1 7100 X tf

where X is the final biomass concentration, Cc p 1 the carbohydrate, protein and lipids

concentration and t, the final culture time.
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4.2.6 In-situ transesterification

Fatty acid ethyl esters were obtained by transesterification of lipids following the
methodology proposed by Guzatto [29]. The transesterifications were conducted in a
round-bottom flask equipped with a reflux condenser and stabilized temperature (80 °C)
in two consecutive steps, using KOH followed by H,SO, as catalysts. In the first step,
the ethanol (1 mL, 24 mmol) and the triglyceride (1 g, 1.2 mmol) were heated at 80 °C
in the presence of KOH (12 mg, 0.2 mmol) for 30 min. Subsequently, a solution of
H.SO4 (4.4 pL, 0.8 mmol) in ethanol (0.7 mL, 12 mmol) was added to the reaction
mixture, which was kept at the same temperature for 2.5 h. After this period, the
reaction mixture was removed from the reflux system and concentrated using a rotary
evaporator to remove ethanol excess. The solution was solubilized in hexane (5 mL)
and washed with water (2 x 2.5 mL). The organic phase was separated, and, then,

concentrated under reduced pressure.

4.2.7 Fatty acid composition analysis in GC

The fatty esters mixture composition was determined in a 2010 Shimadzu gas
chromatograph equipped with a flame ionization detector, AOC 20i auto-sampler and
OV CARBOWAX 20 M (30 m x 320 um x 0,25 pm). The initial oven temperature was
maintained at 40 °C for 2 min and was subsequently increased to 230 °C with a heating
rate of 10 °C min™* and kept for 7 min. A volume of 1 uL was automatically injected in

split mode. Helium was used as the carrier at a 2.5 mL.min™ flow.

4.2.8 Statistical analysis
All the determinations were repepated at least two or three times and results were
evaluated using the SISVAR software and the average comparison Tukey (p < 0.05)

test.

4.3 RESULTS AND DISCUSSION

Figure 4.1 shows the biomass growth curves (g.L™") of the microalgae
Scenedesmus sp. in different cultivation conditions. In all dilutions, the concentration of
microalgae increased gradually throughout the period considered. The cultures showed
maximum biomass concentrations of 1.12 + 0.09 g.L™* for TW25%, 1.58 + 0.07 g.L™ for
TW50%, 1.75 + 0.09 g.L™ for TW100% and 1.20 + 0.08 g.L™ for the control condition.
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When Scenedesmus sp. was cultivated in tannery effluent, the values microalga growth
were higher (TW50% and TW100%) or similar (TW25%) to microalga growth in
modified Guillard medium (control). This indicates that the tannery wastewater itself
has valuable compounds necessary for the growth of microalgae without external
nutrient additions.
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Fig. 4.1 Biomass growth curves for Scenedesmus sp. over time, for culture conditions
with dilutions of 25% (TW25%), 50% (TW50%) and 100% (TW100%) of tannery
wastewater and control.

Table 4.1 shows the mean values of the main kinetic parameters (Xjax, L,
P,ver and Pp,.,) determined for the different microalgae cultures. The cultivation
condition TW100% resulted in higher biomass concentration (1.75 + 0.09 g.L™), higher
specific growth rate (0.64 + 0.10 d™), higher average productivity (0.09 + 0.02 g.L%.d "
1) and higher maximum productivity (0.18 + 0.05 g.L".d ) when compared to the
dilutions. These results are in accordance with several studies that presented biomass
concentrations between 0.82 and 1.84 (g.L™), specific growth rate between 0.943 and
0.15 d* and maximum productivity between 266 and 74 mg.L™t.d *, for different
species of Scenedesmus [30,31,32,33].

Arbib et al. [34] cultivated the microalgae Scenedesmus obliquus in urban
wastewater and verified maximum concentrations of biomass, specific growth rate,
average and maximum productivity of 1.684 + 0.105 g.L™*, 0.672 + 0.168 d*, 0.152 g.L’
1d* 0.201 g.L™.d™, respectively. Gouveia et al. [15] verified high average productivity
(0.22 g.LtdY and maximum productivity (0.44 g.L™.d") when cultivated the

microalgae Scenedesmus obliquus in urban effluent.
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Table 4.1. Parameters of microalgae growth in tannery wastewater and control medium
biomass concentration (X), specific growth rate (u), average productivity (P,yer),
maximum productivity (Ppay)-

Growing Xmax QL) w(d™) Paver @L.07)  Ppge (9.L70d7)

condition

TW25% 1.12 +0.09° 0.41 +0.08° 0.07 + 0.04° 0.15 +0,02°
TW50% 1.58 + 0.07° 0.47 +0.06" 0.08 + 0.02° 0.16 + 0.08°

TW100% 1.75 + 0.09° 0.64 +0.10° 0.09 + 0.02° 0.18 + 0.05°
Control 1.20 + 0.08° 0.45 +0.07° 0.07 +0.03° 0.13 +0.06°

Results are the average of 3 replicates
Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p

< 0.05, F test, p < 0.05.

Determination of pH is a very important factor since it determines the solubility of
carbon and mineral compounds in the medium, which may influence the metabolism of
microalgae. Figure 4.2 shows the variation of pH in the different conditions with the
batch time. Increase in pH value was observed in the cultures over time, ranging from
6.58 £ 0.38 to 7.22 + 0.29 for TW25%, 6.59 + 0.38 to 7.49 + 0.36 for condition TW50%
and 7.03 £ 0.23 to 7.97 + 0.25 for TW100% culture condition. According to Lee et al.
[35] the pH increase throughout the experiment can be explained due to the inorganic

carbon consumption by microalgae.
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Fig. 4.2 Variation of pH in the different conditions of tannery wastewater with the
culture time.

Concentrations of total nitrogen, ammoniacal nitrogen, phosphorus and inorganic
carbon decreased during the batch time (Figure 4.3). Table 4.2 shows the efficiency and
rate of removal of nutrients as well as the substrate conversion factor in biomass. The
removal of these nutrients by microalgae is directly linked to the production of biomass
and metabolic activities.

High efficiency of removal of total nitrogen above 80%, reaching a maximum

level of 91.68 = 0.70% and ammoniacal nitrogen above 83% reached a maximum level
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of 94.36 + 0.28%, was observed. Removal rates increased with the increase in the initial
concentration of TN and NH3-N, the maximum value of 13.16 + 0.71 mg. L™ .d"* and
8.14 + 0.31 mg. L~1.d™1, respectively, occurred in TW100% culture condition. In the
same condition (TW100%) the highest conversion of substrate (total and ammoniacal
nitrogen) in biomass was observed 21 + 0.02 and 0.12 + 0.01 Gsustrate.d biomass,
respectively. Nitrogen is an important macro-element for living organisms, including
microalgae as a constituent that can range from 1% to 10% of the dry weight of
microalgal biomass which is dependent on the amount, availability, and source of
nitrogen [36]. Microalgae require this nutrient to produce important biological
substances such as proteins, chlorophylls, energy transfer molecules (ADP and ATP)
and genetic materials (DNA and RNA) [24]. The high ammonium removal is reinforced
by the fact that if ammonium, nitrate or nitrite are present in the medium, the
microalgae will mainly assimilate the ammoniacal nitrogen until depletion, and then the
remaining forms, nitrite followed by nitrate [37].

Phosphorus is also an essential element for the growth of microalgae and performs
a number of roles including the formation of phospholipids (for cell membranes),
nucleotides (DNA biosynthesis) and nucleic acids for the growth of the microorganism
and adenosine triphosphate (transport of energy for cellular functions), among other
functions [38]. As shown in Figure 4.3c and Table 4.2, the microalgal cultures have high
phosphorus removals, in the form of orthophosphate, with percentage of removal of
more than 93%. Maximum removal rate (0.17 mg.L™1.d~') observed was for the
condition without dilution of the effluent (TW100%). Conversion of phosphorus
substrate into biomass did not vary significantly in cultures of Scenedesmus sp. (0.01
Osubstrate.J " biomass)-

Higher removal efficiencies of up to 93.56x 0.56% IC were observed for growing
condition (Figure 3d and Table 4.2). Removal rate of (1.66 + 0.11 mg.L~.d™!) and
conversion of inorganic carbon substrate into biomass (0.03 Qsubstrate g'lbiomass) maximum
were observed for condition TW100%. Its high demand derived from the fact that
carbon is the most important component of all the organic substances synthesized by
cells such as proteins, carbohydrates, nucleic acids, vitamins, lipids, among others [38].
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Fig. 4.3 Concentrations of (a) Total Nitrogen (TN), (b) Ammonia Nitrogen (NH3-N), (c)
Phosphorus (PO4-P) and (d) Inorganic Carbon (IC) in the different culture conditions of
microalgae Scenedesmus sp., over time.

Removals between 66.64 + 3.34% and 52.08 + 5.35% of COD (Figure 4.4 and
Table 4.2) and 31.06 + 3.39% and 27.22+ 1.22% of BOD (Figure 4.5 and Table 4.2)
were observed for growing conditions. High removal rate of 43.94 + 3.43mg. L™ 1.d"!
and 23.33 + 2.14 mg. L~t.d™1, and conversion of substrate into biomass were verified
for the condition TW100%, for the COD and BOD parameters, respectively.
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Fig. 4.4 Initial (before treatment) and final (after treatment) concentrations of chemical
oxygen demand (COD) in the different culture conditions of scenedesmus sp.
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Fig. 4.5 Initial (before treatment) and final (after treatment) concentrations of biological
oxygen demand (BOD) in the different culture conditions of Scenedesmus sp.

Table 4.2. Removal efficiency (RE), removal rate (RR) and substrate conversion factor
in biomass (YY) of nutrients uptake by microalgae in the different growing conditions.

Growing condition

Nutr
trient TW25% TW50% TW100%
TN RE (%) 91.68+ 0.70° 86.49 + 5.99% 80.89 + 6.50°
RR (mg.L™%.d™1)  1.95+0.27° 5.38 +0.16" 13.16 + 0.71°
Y (Qsubstrate.d biomass) ~ 0.05 % 0.01° 0.09 +0.01° 0.21 +0.02°
NHs-N RE (%) 94.36 + 0.28 88.79+ 4.81° 83.44+ 2,93
RR (mg.L7'.d"%)  1.12+0.09° 3.60 + 0.59" 8.14 +0.31°
Y (Qsubstrate.d biomass) ~ 0.03 = 0.01° 0.06 +0.01° 0.12 +0.01°
PO,-P RE (%) 97.33+ 1.35° 97.14+ 2.47° 93.09+ 0.27°
RR (mg.L~t.d™1) 0.04° 0.08" 0.17°
Y (gsubstrate.g_lbiomass) 0.01° 0.01° 0.012
IC RE (%) 92.03+ 0.85° 93.56+ 0.56° 82.78+0.81°
RR (mg.L™1.d™1) 0.27 +0.08° 0.61 + 0.06° 1.66 +0.11°
Y (gsubstrate.g-lbiomass) O-Olb 0-01b 0.03a
COD RE (%) 66.64 + 3.34° 57.85 +4.19" 52.08 + 5.35"
RR (mg.L~t.d™')  2553+1.17° 30.43 £ 2.04° 43.94 + 3.43°
Y (Qsubstrate.d biomass) ~ 0.88 +0.03° 1.34 +0.17° 1.51 +0.02°
BOD RE (%) 31.06 * 3.39° 29.37 + 4.51° 27.22+ 1.22°
RR (mg.L7'.d"Y)  7.00+0.58° 13.14 £ 2.76" 23.33 £ 2.14%
Y (gsubstrate_g_lbiomass) 017 i OOlC 023 i 004b 036 i 0053

Standard deviation less than 10> were not presented
Results are the average of 3 replicates
Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p
< 0.05, F test, p < 0.05.

High removals of total nitrogen and phosphorus were also observed by Jia et al.

[14] when they cultivated the microalgae Scenedesmus sp. in the Digested Anaerobic
Wastewater (ADWW), obtaining mean removal of 84.24% for TN and de 79.74% for

TP. Gouveia et al. [15] cultivated the microalgae Scenedesmus Obliquus in urban
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wastewater after primary treatment. The authors verified high removals of nitrogen
(95%), phosphorus (92%) and COD (63%). In a previous study, Sacristan et al. [39]
cultivated the Scenedesmus acutus in municipal effluent. In these study maximum
percentages of removals of orthophosphate 66.2%, nitrates 71.1%; ammoniacal nitrogen
93.6% and COD 77.3% were reached in the cultures using municipal effluent before
treatment.

The results obtained for the biochemical characterization of the biomass of
microalgae Scenedesmus sp. grown under different conditions TW25%, TW50%,
TW100% and control are presented in Table 4.3 and are expressed as dry weight
percentages. The carbohydrate and lipid contents present in the microalgae biomass
grown in the modified Guillard medium (control condition) are similar to the biomass

contents of the microalgae grown in the raw wastewater without dilution.

Table 4.3. Composition of the microalgal biomass

Growing Composition (%)

condition Protein Carbohydrates Lipids
TW25% 13.71 +1.17° 34.17 + 0.19° 27.14 + 0.65°
TW50% 24,22 +1.22° 29.99 + 1.58" 20.65 +1.11"

TW100% 26.12 + 0.39" 22.48 +1.32° 18.92 +0.78"
Control 30.06 + 0.88" 25.52 +0.79° 17.17 +1.23°

Results are the average of 3 replicates
Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p
< 0.05, F test, p < 0.05.

Higher protein contents were observed for the microalgae grown in raw
wastewater without dilution - TW100% (26.12 + 0.39%). This can be explained by the
high availability of nitrogen present in the culture medium.

Although there is a large variation in protein levels among the works reported in
the literature, for cultures grown under different conditions, the values are in agreement
with those reported by Arbib et al. [34] 16%, Martinez et al. [40] 11.8% and Ruiz et al.
[41] 19 - 37% for the same microalgae specie.

The limitation of nitrogen concentration can reduce the protein synthesis by
almost one order of magnitude [39], which explains the reduced value (13.71 + 1.17%)
of the protein content in the biomass of TW25% condition. Conversely, the limitation of
this nutrient leads to an accumulation of lipids and/or carbohydrates since carbon is
accumulated in the form of triacylglycerols and reserve sugars within the cells [42].

High carbohydrate content was observed for the TW25% culture condition of

88



34.17 + 0.19%, which is in agreement with Mirandaet al. [43], Ho et al. [44] and Batista
et al. [45], that reported maximum carbohydrate levels of 45%, 39% and 43%,
respectively, when they cultured the microalgae Scenedesmus in culture media with
nutritional stress. High carbohydrate content in microalgae is a positive factor in
relation to the potential use of biomass as a source of carbon for the production of
hydrogen or ethanol [46].

In this study, high lipid contents (27.14 £+ 0.65%) were verified for TW25%
biomass. According to Li et al. [47], there is a high lipid accumulation when the cells
are under conditions of physiological stress (nutrient limitation) or during the stationary
phase (representing up to 15% more than during an exponential phase). Similar to the
results obtained in this work, Arbib et al. [34], Sacristan et al. [39], Zhang et al. [48],
also verified high levels of lipids for different species of Scenedesmus. In a study
conducted by Sacristan et al. [39] the lipid content obtained was 28% for Scenedesmus
acutus. Lipid contents up to 36.06% were observed by Zhang et al. [48], when they
cultivated the Scenedesmus obliquus in urban effluent with optimized conditions.

Table 4.4 shows the average productivity of the proteins, carbohydrates and lipids
of the microalgae Scenedesmus sp. in the growing conditions TW25%, TW50% and
TW100%. Higher productivity of protein 22.85 + 0.34 mg.L™".d™ was verified for the
TW100% culture condition. Carbohydrate productivity presented maximum levels of
22.37 + 1.34 mg.L™".d* and 19.67 + 1.15 mg.L™.d™* for TW50% and TW100% culture
conditions, respectively.

No significant difference was observed in the lipid productivity between the
different cultures in the tannery wastewater. The cultivation condition TW100%
presented high lipid productivity (16.75 + 0.76 mg.L™.d™). In this condition, the lowest
lipid content (18.92 + 0.78%) was observed in the biomass of the cultures in tannery
effluent, however, a high biomass concentration of 1.75 + 0.09 g.L™* resulted in a high
lipid productivity.

Productivity is an interesting parameter to be evaluated, since it has been argued
that microalgae with fast growth is success for cultures targeting products such as
biofuels. The high concentration of biomass increases the yield per volume of lipids and
decreases the cost, besides reducing the contamination due to external competition with

slower microorganisms [49,50].
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Table 4.4. Productivity in carbohydrates, proteins and lipids of the microalgae
Scenedesmus sp. in the different culture conditions

Growing Productivity (mg.L™.d?)

condition Protein Carbohydrates Lipids
TW25% 7.68 +0.66° 19.13+0.11° 15.16 + 0.33°
TW50% 19.13 + 0.96" 22.37 +1.34° 16.09 +1.03°

TW100% 22.85 +0.34° 19.67 + 1.15% 16.75 + 0.76°
Control 18.04 + 0.53° 15.31 + 0.47° 10.33 + 0.69"

Results are the average of 3 replicates
Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p
< 0.05, F test, p < 0.05.

The dominant fatty acids compositions of the four culture conditions of
microalgae Scenedesmus sp. are shown in Table 4.5. In order to compare in Table 4.5
also fatty acids compositions of soy, tallow and palm are presented. It was found that
the fatty acid compositions of microalgae differ from condition to condition. Although
the content of unidentified fatty acids was quite significant, the results obtained suggest
that the lipids profile of microalgae grown in tannery effluent are composed mainly of
unsaturated fatty acids with a significant percentage (24.16 - 29.60%) of linoleic
acid (C18:2). The dominant saturated fatty acid in these conditions (TW25%, TW50%,
TW100%) was the palmitic acid (C16:0) (9.89 — 15.99%).

Unlike the culture in tannery effluent, the biomass of the control condition
showed a major composition of saturated fatty acid, mainly composed of palmitic acid
(37.98%). In the composition unsaturated fatty acids were verified higher contents of
Oleic acid (12.16%) and linoleic acid (15.01%). Among unsaturated fatty acids, special
attention should be given to the linolenic acid (C18:3). According to EN 14214, it is
specified that for a biodiesel there is a limit of 12% of the linolenic acid (C18:3) and 1%
for polyunsaturated fatty acids (=4 double bonds) respectively.

The linolenic acid content of microalgal lipid was lower than 12%, ranging
between 0.33% (TW100%) and 5.94% (control). Among the fatty acids identified, no
polyunsaturated fatty acids with four or more double bonds were observed for all

cultures.

90



Table 4.5. Dominant fatty acids (% of total fatty acid) composition of biodiesel of the
Scenedesmus sp. cultivated in the tannery wastewater in the conditions TW25%,
TW50%, TW100% and control and of bodiesel of soy, tallow and palm

Fatty acid TW25% TW50% TW100% Control Soy*  Tallow® Palm®

(%)

(16:0) 14.75 15.99 9.89 37.98 10.5 25.2 41.6
(16:2) 8.06 8.91 19.55 - - - -
(17:0) 1.67 1.67 1.50 0.85 - 1.2 0.1
(18:0) 0.55 0.23 1.79 0.39 2.0 15.7 3.2
(18:1) 16.13 16.10 7.38 12.16 24.9 42.0 415
(18:2) 24.16 28.26 29.60 15.01 53.4 0.8 12.0
(18:3) 4.19 4.49 0.33 5.94 4.6 0.6 0.2
(20:0) 4,51 5.07 5.86 3.83 - - -
Other 25.98 19.28 24.07 23.84 4.6 14.5 1.4
Satured 21.48 22.96 19.04 43.05 12.5 40.9 44.8
Unsatured  52.54 57.76 56.86 33.11 82.9 43.4 53.7
Poly-

unsaturated 36.95 41.66 49.48 20.95 58.00 1.40 12.2

(16:0) Palmitic acid, (16:2) Hexadecadienoic acid, (17:0) Heptadecanoic acid, (18:0) Stearic acid, (18:1)
Oleic acid, (18:2) Linoleic acid, (18:3) a-linolenic acid, (20:0) Arachidic acid.
Source: Oliveiraet al., (2013).

Oxidative stability is a biodiesel properties dependents from feedstock. Under
storage conditions, unsaturated chains tend to be oxidized. Contact with ambient air and
metals, exposure to sunlight, high temperature and moisture are some factors that
accelerate oxidation reactions [2,51]. The greater the degree of unsaturation, the greater
its susceptibility to oxidation. Tri-unsaturated chains oxidize 80 times faster than
monounsaturated ones and 2 times faster than di-unsaturated.

Biodiesels obtained from Scenedesmus sp. lipids show linoleic acid (C18:2)
contents by far lower than soy biodiesel. Even if hexadecadienoic acid (C16:2), absent
in the last one, is considered, the total poli-unsaturated content is still lower. On the
other hand, saturated chains tends to forms wax crystals at low temperatures, which can
clog fuel lines and filters in a vehicle fuel system. Biodiesels made from tallow and
palm oil, unlike soy biodiesel, are highly saturated, and show poor cold filter plugging
point (CFPP). Microalgae lipids cultivated in tannery effluent presented lower levels of

palmitic acid (C16:0) and stearic acid (C18:0) than tallow or palm oil.

4.4 CONCLUSION

This study showed the potential of Scenedesmus sp. for biomass production and
simultaneous nutrient removal from tannery wastewater, without pretreatment and

without added nutrients. The cultivation condition TW100% (without wastewater
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dilution) showed the highest biomass concentration (1.75 g.L™) and the highest nutrient
removal rates (mg.L™.d?) TN (13.16 + 0.71), NHs-N (8.14 + 0.31), PO,-P (0.17), IC
(1.66 + 0.11), COD (43.94 £ 3.43), and BOD (23.33 £ 2.14). Higher productivity of
protein (22.85 + 0.34 mg.L ™ .d™), carbohydrates (19.67 + 1.15 mg.L™.d™) and lipids
(16.75 + 0.76 mg.L™.d™), were also observed for this condition. Tannery effluent can be
used as an alternative source of nutrients for the production of microalgae biomass,

linking the wastewater treatment process with the production of biofuels.
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Capitulo 5

Simultaneous nutrient removal and lipid
production from raw tannery wastewater by
Chlorella sp.

Artigo enviado para publicacdo no periédico: Clean Technologies and Environmental
Policy (CTEP) em 21/07/2017.

Status: under rewier

Neste estudo foi investigada a capacidade da Chlorella sp. em absorver nutrientes tais
como nitrogénio, fosforo e carbono inorgénico para a producdo de biomassa. Os
cultivos da microalga foram realizados em fotobiorreatores airlift de 3 L nas dilui¢des
de 25%, 50% e 100% de efluente de curtume bruto sem tratamento prévio, com
luminosidade e aeracdo constante. Este estudo inclui a caracterizacdo da biomassa em
carboidratos, proteinas e lipidios, bem como a composi¢do dos teores de &cidos graxos

do biodiesel produzido a partir dos lipidios da microalga.
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Abstract

Using wastewater as resource for microalgal cultivation is considered as a low-cost
and eco-friend approach for sustainable biofuel production. Thus, this study aimed the
coupling of the treatment of tannery wastewater with the viability of biodiesel
production from the biomass of the microalga Chlorella sp. The microalgae Chlorella
sp. was cultured in different dilutions tannery wastewater without pretreatment and
without addition of nutrients for 20 days. Nutrients removal, biomass growth, lipid
production and composition of fatty acid were evaluated. Ammoniacal nitrogen
removal efficiency was observed to be 90.68 + 2.78%, total nitrogen 88.10 + 3.53%,
phosphorus 98.10 + 0.51%, inorganic carbon 89.46 + 2.45%, BOD 37.87 = 1.69% and
COD 71.21 + 2.24%. Since microalgae assimilate nutrients from wastewater for
growth, maximum increment in the biomass of 1.31 + 0.04 g.L™* was observed. The
higher lipid productivity (16.99 + 1.01mg.L t.d™') and the higher content of
saturated fatty acids (69.35%) were verified for the culture without dilution. The FAEE
obtained in this condition exhibited the greatest oxidative stability, as the degree of
saturation was high. This study demonstrated that the coupling of nutrient removal and
microalgal biomass generation enables greener and low-cost routes for synthesis
biofuels.

Keywords: Tannery Wastewater treatment, Chlorella sp., biomass production, biofuel.
5.1 INTRODUCTION

Nowadays biodiesel, like other biofuels, is a reality and its production and
consumption is growing worldwide. Demand of energy and related environmental
issues like generation of pollutants and global warming have given a strong impetus to
the development of sustainable and eco-friend (clean) energy sources to fossil fuel for
supporting modern societies. Biodiesel as a renewable energy source, has advantages
over petroleum diesel, because it is biodegradable, non-toxic and presents better quality
of the emissions during the combustion process, as it is free of sulfur and aromatic
compounds (Choi et al. 2015; Mostafa and EI-Gendy, 2017). Biofuels can be produced
from different renewable sources such as soybean, canola, palm, cotton, microalgae,

bovine tallow, pork fat and others.
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Under this concept, the use of raw tannery wastewater for microalgae cultivation
can reduce environmental degradation while generating biomass of interest to the
biofuels industry.

Microalgae can be serving as a potential biomass resource for the production of
biodiesel due to their high growth rate, environmental adaptability, and high biomass
production yield per area (Ellis et al. 2012). Nutrients for microalgae can be supplied
when they are cultured in wastewater which eliminates fertilizer and herbicide
requirements and the pollution effects associated with them (Mata et al. 2010),
microalgae sequester enormous amount CO,, converting the CO; into biomass, and
contributing to mitigating greenhouse gases (Van et al. 2012; Lam and Lee, 2012;).
Algae cultivation does not compete with food crops because algae can use arid lands
that are not suitable for crops (Chisti, 2007; Uduman et al. 2010). In addition the
residual algae biomass after oil extraction can be used a fertilizer or fermented to
produce alcohol (Mata et al. 2010).

Nevertheless, microalgal biodiesel production at a commercial scale is yet
unattainable mainly due to its high costs. Nutrients and fresh water contribute up to 50%
of the total biomass production cost that eventually impact the economical feasibility of
algal fuels (Sing and Das, 2014, Slade and Bauen, 2013). Growing algae in wastewater
offers numerous economic and environmental merits, providing one of the most
sustainable ways to produce biodiesel derived from microalgae. Wastewater usage
eliminates competition for fresh water, reduce the cost of nutrient addition since
nutrients are in abundance in wastewater, provides the treatment of the wastewater by
assimilating organic and inorganic pollutants into their cells forming a biomass of
commercial (Chinnasamy et al. 2010; Samori et al. 2013; Wang et al. 2010).

Some studies have demonstrated the feasibility of utilization of wastewater as the
nutrient source for the cultivation of microalgae (Li et al. 2011a, b; Wang et al. 2010;
Jia et al. 2016; Zhu et al. 2013).

A wastewater of particular interest is the effluent obtained through beamhouse
stage from the leather processing. The beamhouse incorporates several different
processes which include the addition of chemical products aimed at removing
undesirable materials from the hide, cleaning and preparing the hide for the tanning
step. The effluents from this stage are characterized by high residual organic loads as
well as the presence of nitrogenous compounds. Thus, the aim of this work was to

explore the potential production of biodiesel from microalgae grown in tannery
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wastewater by investigating the nutrients removal, biomass growth, the simultaneous

lipid accumulation as well as composition of fatty acid.

5.2 MATERIALS AND METHODS
5.2.1 Microalgae and Effluent

Microaglae Chlorella sp. was grown with TAP medium with 12:12 h cyclic
illumination at 80 pmol photons.m %.s' of light intensity at 27 °C in 250 mL
Erlenmeyer flasksr. The TAP medium consists of: H,NC(CH,OH); (2420 mg.L™),
NH4CI (375 mg.L™), MgS0,4.7H,0 (100 mg.L™), CaCl, .2H,0 (50 mg.L™Y) K,HPO,
(28.8 mg.L™%), KH,PO, (14.4 mg.L™Y), Na,EDTA.2H,0 (50.0 mg.L™), ZnSO,.7H,0
(22.0 mg.L™?), H3BO3 (11.4 mg.L™) MnCl,.4H,0 (5.0 mg.L™), FeS0O,.7H,0 (5.0 mg.L’
1), CoCl,.6H;0 (1.6 mg.L™), CuS045H,0 (1.6 mg.L™), (NH4)sMoO; (1.1 mg.L™),
CH3COOH (1 mL.L™). Atmospheric air was continuously supplied at 1 L min™ flow

rate. The growth until the exponential phase culture served as the inoculum.

5.2.2 Source of wastewater

The experiments were conducted using raw tannery wastewater, collected directly.
The tannery wastewater was obtained from a tannery located in Montenegro, in the
State of Rio Grande do Sul, Brazil. The samples were collected directly from the
beamhouse process. The wastewater consists of 7683 + 13.71 mg.L™ chlorides (CI),
349.60 + 13.71 mg.L™ total nitrogen (TN), 200.26 + 1.98 mg.L™* ammoniacal nitrogen
(NH3-N), 2.95 + 0.29 mg.L™ phosphorus (PO4-P), 66.43 + 2.11 mg.L™ inorganic carbon
(IC), 1200 + 31.88 mg.L™ biochemical oxygen demand (BOD) and 3946.32 + 52.09
mg.L™ chemical oxygen demand (COD). The pH of the wastewater was 7.65 + 0.5. The
wastewater was homogenized by mechanical agitation and subsequently stored at 4 °C
for further use.

5.2.3 Culivation in photobioreactors

The cultures were grown in 3 L photobioreactor airlift under continuous
illumination at 140 umol photons.m s of light intensity at room temperature (25 °C),
for 20 days. The air bubbled into the cultivation was supplied at 1 L.min™ flow rate.

The microalgae inoculum as described in 5.2.1 accounted for 10% of the total

volume of all batch cultivations, which led to an initial biomass concentration of 0.3
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g.L™ as dry weight. The microalgae Chlorella sp. was cultivated in tannery wastewater
without pretreatment under the final dilution of 1:3 (25% tannery wastewater and 75%
water), 1:1 (50% tannery wastewater and 50% water) and 1:0 (100% tannery
wastewater and 0% water). The microalgae were also cultured in the TAP medium, this

condition was used as control. All cultures were performed in duplicate.

5.2.4 Analytical methods

Microalgae biomass was measured daily by optical density at 570 nm (OD570)
using a in a T80+UV/Vis spectrophotometer (PG Instruments). Samples with high
biomass were diluted by appropriate ratios to ensure that absorbance values were in the
range of 0.1-1.0. To convert the OD<,,values to biomass as dry weight X (g.L™1), a
calibration curve was plotted (Eqg. 1). Biomass dry weight as suspended solids was
determined gravimetrically according to Standard Methods (APHA 2005). Microalgae
biomass was measured by filtering the samples through 0.7 um pre-weighed

membranes, which were dried at 100 °C for 24 h.

X (gL™1) = 0.3649 x ODs,,- 0.019 (R2 = 0.997) 1)

Liquid samples for nutrient consumption analysis of total nitrogen (TN),
ammoniacal nitrogen (NHs3-N), phosphorus (PO4-P), inorganic carbon (IC) were
collected during cultivation. Biochemical oxygen demand (BOD) and chemical oxygen
demand (COD) were measured on the first day and the last day of the experiment. The
parameters inorganic carbon and total nitrogen were measured using a total organic
carbon analyzer (model TOC-L TNM, Shimadzu). Analyses of ammoniacal nitrogen,
phosphorus, chemical oxygen demand, and biochemical oxygen demand were
performed according to the methodology described by APHA (2005).

Nutrient removal rates (RR) and nutrient removal efficiency (RE) were calculated

using Egs. (2-3), respectively.

-1 -1\ _ (SO - Sl)
RR(mg.L™*.d™ ") = —(ti ~t) 2
RE (%) = (SOS;SL) x 100 (3)
0
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where RR represents the removal rate of substrate, S, represents the initial
concentration of substrate, S;is the nutrient concentration at time t;, t;is the final
culture time, t, is the initial time of cultivation.

At the end of the experiments, biomass was harvested by centrifugation at 4000
rpm for 10 min (Centrifuge Solab, model SL-705). The same procedure was repeated
three times with the addition of distilled water. The pellet obtained was dried in a
vacuum freeze-dryer until constant weight (THERMOSAVANT MICROMODULYO).

The total protein content in dry biomass was determined by modified Kjeldahl
method (AOAC, 2005). In a Kjeldahl tube 100 mg of dried microalgae, 5 mL of
distilled water 25 mL of concentrated sulfuric acid and 10 g of catalytic mixture (100 g
K, SO, + 3g CuSO,;) were added. It digested in a digestive device
(Block Digester System DK20 Velp Scientifica) for 4 h. After the sample was distilled
and titrated with a stock solution of H,SO, (0.3 N). Crude protein was calculated by
multiplying total nitrogen by the conventional conversion factor of 6.25. Lipid content
of the biomass was determined according to methodology described by Bligh and Dyer
(1959). In the pre-treatment of biomass, to 500 mg of lyophilized pellets, 5 ml of
chloride acid 2 M was added. The solution was mixture in vortex and digested in a
water bath at 80 °C for 60 min. The lipids were extracted using the solvents
chloroform:methanol:water (2:2:1.8 v/v). The solution was mixture in vortex and
centrifuged. Organic phase containing lipid was collected and evaporated under reduced
pressure in a rotary evaporator. The remainder was dried at 80 °C to constant weight.
The lipid weight was calculated gravimetrically and expressed as % of dry weight.
Carbohydrate extraction was performed by treating the dried microalgae biomass (20
mg) with 1 mL H,SO, 80% for 20 h. The total carbohydrate content was determined by
the phenol-sulphuric reagent method (Dubois et al. 1956). To 1 mL of sample
previously diluted (1:20) was added 1 mL of phenol solution (3% w/v) and 5 mL of
96% sulphuric acid. It rested for 30min at room temperature. The analytical curve was
prepared using glucose standards and the microalgae total carbohydrate content was
determined in a spectrophotometer at 490 nm. All extractions were done in trplilicate.

Carbohydrate P, protein Py and lipids P, productivity, were calculated
according to the Equation (4):
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p =X xCern @)
P 7100 x ¢t

where X is the final biomass concentration, C(c p ;) the carbohydrate, protein and lipids

concentration and tr the final culture time.

5.2.5 Fatty acid analysis

Fatty acid content and composition analysis were performed by following two
consecutive steps including preparation of fatty acid ethyl esters (FAEE) and GC-MS
analysis. FAEE was prepared by a one-step transesterification method as described by
Guzatto et al. (2012). The composition and content of FAEE was analyzed with GC
(Shimadzu GC-2010) equipped with a flame ionization detector, AOC 20i auto-sampler
and OV CARBOWAX 20 M (30 m x 320 pum x 0,25um). The oven temperature was set
at 40 °C, held for 2 min, raised to 230 °C at 10 °C.min™, and held at 230 °C for 7 min.
The carrier gas (helium) was controlled at 2.5 mL.min™. Chromatographic data were
recorded and integrated using the built-in Agilent data analysis software. The
compounds were identified in the NIST Mass Spectral Database and quantified by
comparing the peak area with that of the external standard (C17:0) (Sigma-Aldrich,
MO).

5.3 RESULTS AND DISCUSSION

The daily monitoring of the different cultures allowed the characterization of their
growth biomass and analysis of the influence of dilution of the tannery wastewater
(corresponding to different wastewater:water ratio).The achieved results showed that the
microalgae Chlorella sp. was able to use the nutrients present in the tannery wastewater,
resulting in the increase of microalgal biomass. The 1:3, 1:1 and 1:0 dilution treatments
showed increment in the biomass of 1.04 + 0.06 g.L™, 1.20 £ 0.1 g.L™, 1.31 + 0.04 g.L"
! respectively (Fig. 5.1). The control condition (microalga cultivated in TAP medium)
presented a growth of 1.21 + 0.07 g.L™. In general, microalgae cultures presented the
following growth behavior: (I) adaptation phase; (11) exponential or growth phase and
(111) stabilization or stationary phase. For the diluted wastewater cultures (1:3 and 1:1
conditions) the lack of an adaptation phase were observed. In these conditions hang out
stationary phases about 14 days and 16 days of cultivation, respectively. It could have
been caused by the limitation of nutrients in the culture medium. Already in the culture

without dilution of effluent (condition 1:0) an adaptation phase of 3 days was observed.
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This can be explained by the large amount of chloride (7,683 mg.L™) present in this
effluent. Furthermore, the high concentrations of ammoniacal nitrogen may also have
slowed the growth of microalgae in this condition. At the end of the cultivation, for the

1:0 culture condition, the stationary phase was not verified.
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Fig. 5.1 Growth curves of Chlorella sp. in raw tannery wastewater under the dilutions
of 1:3 (25% tannery wastewater and 75% water), 1:1 (50% tannery wastewater and 50%
water), 1:0 (100% tannery wastewater and 0% water) and control (cultivated in the TAP

medium).

Previous studies have confirmed highly effective use of microalgae Chlorella sp.
in removal of organics, nitrogen and phosphorus of municipal wastewater (Wang et al.
2013); dairy wastewater (Wang et al. 2010; Abreu et al. 2012); wastewater from the
production of soybean products (Zhang et al. 2012), brewery wastewater (Farooq et al.
2013); piggery wastewater (Ji et al. 2013).

In this study the NT, NH3-N, PO4-P and CI content decreased significantly in
cultures at different tannery effluent dilutions (1:3, 1:1, 1:0) (Fig. 5.2 and Table 5.1).
Microalgae assimilate nutrients such as nitrogen, phosphates and carbon into the cells
for its growth contributing to treatment of wastewater (Perez-Garcia et al. 2011).
Ammonical, nitrate and nitrite are the main forms of inorganic nitrogen that are directly
assimilable by for microalgae (Abdelaziz et al. 2013). Most of the nitrogen in the
tannery wastewater was in the form of ammonium nitrogen, and therefore was readily
available to algae.

The results evidenced around 90% removal for the ammoniacal nitrogen within

the period of 20 days growth for all in tannery wastewater assays (Figure 5.2b)
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independent of the initial concentration (200.20 + 1.98 mg.L™ to 21.00 + 1.38 mg.L™).
Therefore the possible toxicity or inhibition of high levels of NH, to the microalgae was
not verified , proving the strain to be ammoniacal-N tolerant. Total nitrogen was highly
reduced by 82.98 + 1.67 % — 88.10 = 3.53 % but not completely removed (Fig.
5.2a), indicating there were still some inorganic compounds that had not yet been
assimilated by microalgae or even organic compounds that could not be converted into
inorganic nitrogen. Higher rates of removal of total nitrogen (14.42 + 0.85
mg. L~t.d~1) and ammonia nitrogen (16.03 + 1.56 mg.L™1.d~1) were verified for the
assay without dilution of the effluent. Nitrogen is an essential macronutrient for
microalgae, as it is a constituent of important biological substances, such as proteins,
chlorophylls, energy transfer molecules (ADP and ATP) and genetic materials (RNA
and DNA) (Cai et al. 2013).

Phosphorus is another important macronutrient, preferably uptake in the inorganic
forms H,PO, and HPO,. Some researchers demonstrated that phosphate play a major
role in many cellular metabolic processes such as biosynthesis of nucleic acid,
photosynthesis, energy transfer, protein synthesis, etc (Karemore et al. 2013; Cai et al.
2013). In this study, microalgal cultures presented high removal efficiencies, achieving
percentage removal higher than 97% and maximum removal rate of
0.13mg.L~t.d"* for no diluted cultivation condition (1:0). In addition, inorganic
carbon in the form of soluble carbonates (HCO3") was also assimilated by microalgae.
Higher removal of 80% of the inorganic carbon with the highest removal rate of 3.21 +

0.10 mg. L™1.d~* was observed.
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Fig. 5.2 Initial and final concentrations of (a) total nitrogen (TN), (b) ammoniacal
nitrogen (NHs-N), (c) phosphorus (PO4-P) and (d) inorganic carbon (IC) for the
growing of Chlorella sp. in 100% tannery wastewater (1:0) and diluted 1:3 and 1:1

The abilities of the microalga Chlorella sp. to assimilate organic matter in
wastewater had been revealed (Li et al. 2011a; Lu et al. 2015). Thus, the removal

efficiency of biochemical oxygen demand (BOD) and chemical oxygen demand (COD)

are also parameters used to evaluate the nutrient removal property by microalgae. In this

study the changes of BOD and COD concentration in the cultivations in tannery

wastewater were determined and are shown in Figure 5.3. With the increments of

microalgal biomass, the BOD and COD concentrations in culture solutions decreased,

but not as efficient as nitrogen and phosphorus. Removal efficiencies between 29.4 +
1.36 % and 37.87 + 1.69 % to BOD and 66.67 + 2.09 % and 71.20 + 2.24 % to COD
was verified. High removal rates were observed for the 1:0 dilution conditions, reaching
17.64 + 1.27mg. L 1. d~* for BOD and 134.17 + 2.95mg.L1.d~! for COD (Table

6.1).

1400 +

Biochemical oxygen demand
BOD (mg O, LY
S D ) 8
o o o o
o o o o

N
o
o O

1200 -

1

BOD initial 4500 1@ coD initial
m BOD final 7 g 4000 - m COD final
£ o~ 3500 -
- -
= « 3000 -
§2’ 2500
SE
-_ 2
.S 8 000
£ O 1500 -
1 2
O 1000
] 500
. 0
1:3 1:1 1.0 1:3

(a)

(b)

1:1

1.0

Fig. 5.3 Initial and final concentrations of (a) biochemical oxygen demand (BOD) and
(b) chemical oxygen demand (COD) for the growing of Chlorella sp. in 100% tannery

wastewater (1:0) and diluted 1:3 and 1:1
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Besides the final removal efficiency (RE) of certain pollutant, the removal rate
(RR) is another very important parameter, since it is directly related to the time required
to reach certain removal efficiency and, therefore, would influence the growing time.
However, a high culture time may cause the lysis of the microalgae cells which would
release some dissolved matters that may contribute significantly to the residual COD in
culture medium. In this study, high removal efficiencies of nitrogen, phosphorus and
inorganic carbon was observed. Although the residual COD and BOD concentration
remained high, thus suggesting the coupling of a primary treatment as a previous

treatment.

Table 5.1. Removal efficiency (RE) and removal rate (RR) of nutrients uptake by
microalgae in the different growing conditions.

Growing condition

Nutrient 1.3 11 1.0
TN RE (%) 88.10 + 3.53° 85.59 +1.07° 82.98 +1.67°
RR (mg.L™1.d"%) 120 +0.39° 6.81 + 258" 14.42 +0.85
NH3-N RE (%) 90.68 + 2.78° 88.68 + 2.31° 86.73 +1.67°
RR (mg.L-.d™H  1.01+0.31° 6.95 + 2.72" 16.03 + 1.56
PO,-P RE (%) 98.10 + 0.51° 97.92 +0.43° 97.07 £0.21°
RR (mg.L~t.d™1) 0.03° 0.08" 0.13°
IC RE (%) 89.46 + 2.45% 86.00 + 3.65% 80.36 + 2.10°
RR (mg.Lt.d"1)  0.70 +0.10° 1.57 £0.18° 3.21 £0.10°
BOD RE (%) 37.87 + 1.69% 33.30 £ 2.25° 29.40 + 1.36"
RR (mg.L™'.d™h) 6.44 £ 1.27° 10.98 + 3.16" 17.64 +1.27°
COD RE (%) 7121 £2.24° 66.67 + 2.09° 68.77 + 1.89°
RR (mg.L-'.d™1)  62.80+3.34° 66.68 + 4.56" 134.17 + 2.95°

Standard deviation less than 10™* were not presented

Results are theaverage of 3 replicates

Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p
< 0.05, F test, p < 0.05.

After 20 days of cultivation, the protein, carbohydrate, lipid content per biomass
(%, g/g, dry weight) and productivity of the four culture conditions of the microalgae
(1:3, 1:1, 1:0 and control) were determined and the results were shown in Table 5.2 and
Figure 5.4, respectively.

The microalgae of the same species have different amounts of proteins,
carbohydrates and lipids when grown in media with different amounts of nutrients
(Prochézkova et al. 2014). According to the obtained results it can be observed that the
supplied nutrient concentrations in the medium (due to different culture conditions) had

strong influence on the biochemical composition of the biomass. For the wastewater
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culture conditions (different dilutions) there was a reduction of lipids and carbohydrates
in the biomass with the increase of the N and P supply in the medium, giving higher
protein content in this condition.

The microalgae used in this study expressed lipid contents, varied from 18.36 +
1.49% (control condition) to 25.46 + 1.61% (1:3 diluition condition). The lipid contents
of this microalgal strain in this study are comparable with the result obtained by
Beuckels et al. (2015), which cultivated Chlorella sp. in wastewater varying the initial
concentration of N and P where the lipid content was observed between 12% and 36%.
Gouveia et al. (2016) cultivated Chlorella vulgaris in urban wastewater and found lower
lipid values (10%) in the biomass of which found in this work. Although the cultivation
condition 1:0 had the lowest percentage of lipids in the biomass composition (19.84 +
1.33%) when compared to the other culture conditions in the effluent, lipid productivity
(16.99 + 1.01 mg. L~1.d~1) was higher in the culture condition without dilution of the
wastewater due to the higher production of biomass. The carbohydrate content values in
the microalgae studied were ranged from 12.70 £+ 1.4 to 34.80 + 1.56 %. These values
are within the range reported by Beuckels et al. (2015) (18 to 40%), and Gouveia et al.
2016 (27.7%). High carbohydrate productivities (22.72 + 1.41mg.L™t.d~1) were
observed for the most diluted 1:3 condition. In this condition the highest carbohydrate
content (34.80 +1.55%) was verified. Microalgae with high carbohydrate are promising
raw materials for the production of bioethanol and hydrogen (Ho et al. 2013).

Regarding the protein content, a reduction of 30.09 £+ 0.96% (condition without
dilution, 1:0) to 7.32 £ 0.51% (condition with the highest dilution, 1:3) was observed
for the microalgae cultured in the tannery effluent. Due to the high levels of proteins
present in the microalgae, as well as the higher concentration of biomass under these
conditions of 1:0 and control, under these conditions were observed high protein yields
24.67 + 0.56 mg.L™1.d~1 and 24.80 + 0.27 mg.L~t.d™1, respectively. Restriction of
essential elements such as nitrogen and phosphorus affects the overall energy strategy of
microorganisms, resulting in decreased protein synthesis and accumulation of
carbohydrates and/or lipids (Markou, 2012).

In the microalgal cultivation duration, starch is first synthesized to store energy
and then lipids accumulate to overcome possible environment stress in long-term
cultivation (Siaut et al. 2011). Lipid induction in microalgae occurs under stress
conditions, such as nutrient stress (N and/or P starvation), light intensity, pH and

temperature (Li et al. 2014; Sharma et al. 2012). In this study, although a higher content
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of lipids was observed in the most dilute cultivation (with N and P limitations in
wastewater), there was a greater productivity of lipids in the cultivation without dilution
due to the high concentration of biomass in this condition, indicating as well that the
lipid produced from Chlorella sp. cultured in untreated and undiluted tanning

wastewater is applicable as the precursor for biodiesel.

Table 5.2. Composition of the microalgal biomass

Growing Composition (%)
condition Protein Carbohydrates Lipids
1:3 7.32 +0.51° 34.80 + 1.56° 25.46 + 1.61°
1:1 21.56 + 1.24° 16.74 + 1.69° 21.80 +1.98%°
1:0 30.09 + 0.96° 17.21 +1.80° 19.84 +1.33°
Control 32.00 + 1.16° 12.70 +1.41° 18.36 + 1.49°

Results are the average of 3 replicates

Means followed by the same letter in a column did not differ significantly from each other, Tukey test, p
<0.05, F test, p < 0.05.
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Fig. 5.4 Maximum biomass concentration and lipid, carbohydrate, protein productivity
under different growing conditions 1:3 (25% tannery wastewater and 75% water), 1:1
(50% tannery wastewater and 50% water), 1:0 (100% tannery wastewater and 0%
water) and control (cultivated in the TAP medium).

The dominant fatty acid compositions of lipid in the microalgae Chlorella sp.
cultivated in tannery wastewater (1:3, 1:1, 1:0 dilution) and Tap medium (control) was
determined at the end of the experiment and was listed in the Table 5.3. These results
highlight hat the fatty acid compositions of microalgae differ according to the culture
condition, in this case, the availability of nutrients due to the different dilutions of the
tannery wastewater.
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In the lipid composition of microalgae grown in tannery wastewater, an increase
in the content of the saturated fatty arachidic acid (C20:0) and a reduction of the
saturated fatty lauric acid (C12:0) and myristic acid (C14:0) was observed by increasing
dilution of the effluent. The microalgal fatty acids cultivated in this condition was
mainly composed of saturated fatty acid (51.24-69.35%) and the saturated fatty acid
C20:0 presented a higher percentage (9.77, 18.22%) of total lipid, for conditions 1:3,
1:1, respectively. For the 1:0 condition a higher percentage (16.62%) was observed for
saturated fatty acid C14:0. Unlike the culture in tannery effluent, the biomass of the
control condition showed a major composition of unsaturated fatty acids (49.41%)
mainly composed of oleic acid (24.64%) and linolenic acid (24.77%). Regarding the
composition of saturated fatty acids were verified higher contents of arachidic acid
(12.38%). The European Standard EN 14214 sets limits on the amount of some
polyunsaturated fatty acids. According to the quality standards of biodiesel there is a
limit of 12% of the linolenic acid (C18:3) and 1% for polyunsaturated fatty acids (>4
double bonds). As shown in Table 6.3, the linolenic acid content of fatty acids from
microalgae grown in tannery wastewater was lower than 12% ranging between 5.27%
(1:3) and 7.38% (1:2). However, for microalgae grown in the control condition, this
value was exceeded reaching a concentration of linolenic acid of 24.77%. Among the
fatty acids identified, no polyunsaturated fatty acids with four or more double bonds
were observed for all cultures. Some biodiesel properties are highly dependents from
feedstock. Generally, a high-quality biodiesel should have similar percentage of
saturated and unsaturated fatty acids to maintain high oxidative stability and low-
temperature property (Knothe, 2005; Feng et al. 2011). Saturated chains tends to
crystalize at low temperatures, on the other hand unsaturated chains tend to be oxidized
by air oxygen. Di and tri-unsaturated chains oxidize 40 and 80 times faster than
monounsaturated ones. The composition of fatty acids had a considerable percentage of
oleic acid (7.12 - 24.64%) which is considered an ideal fatty acid to exhibit a
combination of oxidative stability and low-temperature property (Wu et al. 2012). Also,
the biodiesel can be further improved if mix with other sources of algal oil (Chinnasamy
et al. 2010).
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Table 5.3. Profile of the fatty acid ethyl esters (%) obtained from the microalgae
Chlorella sp. cultivated at 1:3, 1:1, 1:0 effluent dilutions and in the control condition
(TAP medium).

. FAEE (%)
Fatty acid type 1:3 1:1 1:0 Control
C12:0 Lauric 4.72 6.58 14.09 7.33
C14:0 Myristic 3.74 8.62 16.62 5.36
C16:0 Palmitic 4.81 3.23 6.72 -
C16:1 Palmitoleic - 1.28 - -
C17:0 Margaric 5.28 3.79 3.58 -
C18:0 Stearic 12.07 8.00 8.83 6.43
C18:1 Oleic 7.12 15.95 9.14 24.64
C18:3 Linolenic 5.27 7.38 5.98 24.77
C19:0 Nonadecylic 5.82 3.76 6.51 -
C20:0 Arachidic 18.22 9.77 8.54 12.38
C22:0 Behenic 13.18 7.49 4.46 3.65
C22:1 Erucic 5.87 4.03 - -
Others 13.90 20.11 15.53 19.09
Satured 67.84 51.24 69.35 31.50
Unsatured 18.26 28.64 15.12 49,41
Poly-unsaturated 5.27 7.38 5.98 24.77

5.4 CONCLUSION

Tannery wastewater has been considered as an important resource for economical
sustainable microalgal biomass/lipid production once nutrient supplement costs were
eliminated because none additional nutrients were added to the cultivation of
microalgae. The microalgae Chlorella sp. investigated was able to absorb nutrients,
from the wastewater, for growth. High removals of TN (88.10%), NH3-N (90.68%),
PO4-P (98.10%), IC (89.46%) and COD (71.21%) were observed. The composition of
the microalgal biomass and the composition of the fatty acids were significantly related
to the culture condition. High lipid contents (25.46 = 1.61%) were verified. The
combined process of treatment of effluent in conversion of microalgae biomass offer

many environmental merits with production of value added products such as biodiesel.
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Capitulo 6

Biodiesel production chain evaluation based
on treatment of tannery wastewater using
microalgae — from nutrients removal to
biodiesel quality

Artigo enviado para publicacdo no periddico: International Journal of Environmental
Science and Technology (JEST) em 25/09/2017.

Status: under rewier

Neste artigo investigou-se a cadeia da producdo de biodiesel a partir do tratamento de
aguas residuais de curtumes, utilizando as microalgas Scendesmus sp. € Chlorella sp.
cultivadas em efluente de curtume bruto sem diluicdo. Ap6s o cultivo, foram realizados
ensaios de recuperagcdo da biomassa utilizando agentes coagulantes/floculantes
inorganicos (cloreto férrico e sulfato de aluminio) e organicos taninos vegetais (Tanfloc
SL, Tanfloc SG e Tanfloc SH). Nestes ensaios foram verificados os efeitos da dosagem
do floculante, pH, velocidade de agitacdo, tempo de mistura e tempo de sedimentagéo
na recuperacao de biomassa, determinando-se assim as melhores condigdes operacionais
da coagulagdo-floculacdo seguida de sedimentacdo. Neste estudo também foram
analisados os efeitos das condi¢des operacionais sobre o teor de lipidios nas microalgas

e na composicdo de acidos graxos do biodiesel produzido a partir dos lipidios.
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Abstract

This study aims at linking the treatment of raw tannery wastewater with the viability of
biodiesel production from the biomass of the microalgae Scenedesmus sp. and
Chlorella sp. grown in this wastewater. Biomass concentration, nutrients removal, lipid
production, and composition of fatty acid were accomplished. Besides, efficiency of
microalgal biomass recovery using of inorganic coagulants/flocculants (ferric chloride
and aluminum sulphate) and organic (vegetable tannins) was evaluated. The maximum
biomass concentration of 0.58 + 0.04 and 0.61 + 0.03 g.L™ and the high removals of
total nitrogen (69.19 + 1.17 and 73.27 + 2.31%), ammoniacal nitrogen (71.03 = 2.09
and 74.85 + 3.81%), phosphorus (77.71 £ 1.95 and 78.34 £ 1.29%) and COD (49.17 *
2.09 and 52.00 £ 2.42%) were observed by microalgae Scenedesmus sp. and Chlorella
sp. respectively. In the recovery of biomass the Tanfloc SH vegetable tannin presented
the best biomass recovery efficiency of approximately 98% for the microalgae
Scenedesmus sp. and Chlorella sp. in the conditions of coagulant/flocculant dosage 450
mg of flocculant/g of biomass (Sc) and 200 mg of flocculant/g of biomass (Chl), without
pH adjustment, agitation speed of 20 rpm, mixing time of 2 min and sedimentation time
of 5 min. Lipid contents of 19.54 + 1.01 and 14.24 + 1.40% for the Scenedesmus sp. and
21.57 £ 1.11 - 17.46 + 1.82% for the Chlorella sp. were verified for biomass in nature
and flocculated respectively. The use of flocculating tannin in the recovery of
microalgae did not alter fatty acid contents on FAEE.

Keywords: Removal of nutrients, Scenedesmus sp., Chlorella sp., recovery of
microalgae, flocculent vegetable tannin, lipid contents.

6.1 Introduction

Microalgae have potential as an alternative in the treatment of effluents for the
reduction of organic matter, COD, BOD, elimination of nutrients such as nitrogen and
phosphorus, as well as disinfection (removal of coliforms) and removal of heavy metals
(Abdel-Raouf et al. 2012; Suresh et al. 2015). Microalgae have an important role in
nutrient recycling, corroborated by many studies available in the literature. Authors
such as Jia et al. (2016) and Gouveia et al. (2016) refer to the use of microalgae with

advantages for the removal of phosphorus and nitrogen that are incorporated into the
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biomass, generating a useful by-product of interest. In recent years there has been an
increase in the processes and applications involving microalgae due mainly to the
various substances synthesized by these microorganisms which have high value in the
world market, such as fatty acids, carotenoids, vitamins, polysaccharides, sterols and
various bioactive compounds (Shalaby, 2011). Due to its lipid content, microalgae
emerge as a promising source for biodiesel. Currently, there is a high and growing
world demand for energy, and the use of fossil fuels has serious impacts on the
environment and human life, as well as emitting greenhouse gases into the biosphere,
thus contributing to global warming (Agustini et al. 2017). The inclusion of biofuels
into energy fuel mix stands out as an alternative to petroleum, and also to the reduction
of pollutants. Because they have high lipid reserves, up to 50% of the weight of dry
biomass, microalgae have been considered as an alternative source to diversify the raw
materials used for renewable energy production (Baumgartner et al. 2013, Chen et al.
2011).

The advantages of microalgae for this purpose include high production rates and
high oil yields per hectare compared to traditional agricultural crops, the potential to
grow microalgae on non-arable land, low seasonal limitation, and the use of freshwater
urban, agricultural and industrial residues as a source of nutrients for its growth (Chisti,
2007).

However, despite the above mentioned advantages, the practice of this technology
is not yet economically feasible, among other reasons, due to the high cost of with the
cultivation (nutrients and fresh water contribute up to 50% of the total biomass
production cost) and the costs of biomass recovery (Sing and Das, 2014; Uduman et al.
2010).

The dilute nature of microalgal cultures makes the harvesting of the algal biomass
may represent 20 to 30% of total production costs (Uduman et al. 2010). Currently,
coagulation/flocculation is considered the most economical and convenient process,
since it allows the rapid treatment of high volumes of microalgae cultures (Vandamme
et al. 2013). A class of chemicals widely used for the flocculation of microalgae are
organic flocculants that allows efficient recovery of microalgae in smaller dosages and a
reduced impact on the environment compared to the metallic salts (Banerjee et al.
2012). Cationic organic polymers, of essentially vegetal origin, extracted from black
acacia (Acacia mearnsii) bark act as flocculating agents. The use of vegetable tannins is

widely developed in the leather industry as a tanning agent (Gutterres, 2007), as well as
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the removal of chemical contaminants (Beltran-Heredia et al. 2009) and turbidity in
wastewater treatment (Gutterres and Matos, 2006; Sanchez-Martin et al. 2010). In
recent years the potential application of tannins in the recovery of microalgae (Roselet
et al. 2016) was accomplished.

In view of these questions, this work had the objective Study the chain of
biodiesel production from treatment of tannery wastewater, using the microalgae. The
growth of microalgae Scendesmus sp. and Chlorella sp. and the removal of nutrients
from raw tannery wastewater were verified. In the recovery of the microalgal biomass,
the performance of organic flocculating agents of vegetal tannins against the inorganic
flocculants ferric chloride and aluminum sulfate were evaluated. The effects of
coagulant/flocculant dosing, pH, mixing time, stirrer velocity and sedimentation time
were verified. Finally, the effects of operational conditions on lipid content in

microalgae and fatty acid composition were investigated.

6.2 Materials and Methods
6.2.1 Microalgae and tannery wastewater

The culture of microalgae Scenedesmus sp. and Chlorella sp. was maintained in
Guillard Modified and TAP medium, respectively, in 250 mL Erlenmeyer flasks and
adapted at 25 °C, under constant aeration and continuous lighting of 80 umol
photons.m2.s ™' with photoperiod of 12 hours light and 12 hours dark. The growth until
the exponential phase culture served as the inoculum. The effluent was collected
directly from the beamhouse process from a tannery located in the south of Brazil. The
characterization of the effluent consists of 4841 mg.L™ chlorides (CI'), 124.45 mg.L™
total nitrogen (TN), 81.20 mg.L ammoniacal nitrogen (NHs-N), 1.75 mg.L*
phosphorus (PO,-P), and 2142 mg.L™ chemical oxygen demand (COD). The pH of the
wastewater was 7.64.

The microalgae Scenedesmus sp. and Chlorella sp. were cultivated in the tannery
wastewater without pre-treatment and without addition of nutrients. Cultures were
carried out in 5 liters plastic bottles, with photoperiod of 12/12 h (light intensity 80
umol photons.m™.s"), for 12 days at room temperature (25 °C). The aeration was
performed with 1 L min-1 of air. The inoculum volume (from the exponential phase)
was standardized for all assays at a 10.0% (v/v) ratio, to a final volume of 4 L. Biomass

concentration was monitored daily by optical density (OD) measured at wavelength of
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570 nm using a spectrophotometer (model T80 + UV/Vis, PG Instruments) after
appropriate dilution. The optical density was related to the dry weight of the microalgae
biomass measured by gravimetry in previously weighed fiberglass filters (R? = 0.997

and R2 = 0.990 for Scenedesmus sp. and Chlorella sp., respectively).

6.2.2 Microalgal biomass recovery experiments

In order to quantify recovery efficiency of microalgae, the tests were carried out

on Jar Test equipment (PoliControl, model FlocControl I11), where 6 Beckers of 600 mL
are used, which were filled in with 200 mL of microalgae suspension.
In a first test, the efficiencies of the coagulation/flocculation of the microalgae
Scenedesmus sp. and Chlorella sp. using the coagulants/flocculants ferric chloride,
aluminum sulfate, and commercial flocculants of vegetable tannins A, B, C,
respectively Tanfloc SL, Tanfloc SG and Tanfloc SH, yielded by the company TANAC
S.A. in the proportion of 250 mg of flocculant/g of microalgae was verified. The
coagulants/flocculants were supplied powder and stock solutions of 25 g.L™* were
prepared by the addition of distilled water. During the addition of the flocculating
agents, in a first stage (step of rapid mixing and destabilization of the particles)
microalgae suspensions were intensively mixed (150 rpm) for 2 min thereby permitting
a dispersion of the coagulant/flocculant. In the second stage (flocculation step), the
microalgae suspensions were subjected to a smoother mixing (20 rpm) for 5 min to
formation the flakes. After flocculation, the samples were allowed to stand for 15 min.
Thereafter, 3 mL of each sample was collected at 2/3 of the solution height. For the
flocculant that presented better performance under these conditions, dosage tests were
carried out where the ratio between 150 and 450 mg of flocculant/g of microalga was
varied.

In order to determine the best pH value for the action of the flocculant, the
microalgae suspensions were adjusted to values between 5 and 9 using hydrochloric
acid (1 M) or sodium hydroxide (1 M). In addition, the effects of the variables mixing
time (from 2 min to 60 min), stirring speed (from 10 rpm to 150 rpm), and
sedimentation time (1 min at 60 min) were verified. All tests were performed in
duplicate. The absorbance at 570 nm of the microalgae suspension was measured before
addition of the flocculant (OD;) and after sedimentation (OD¢). The recovery efficiency

(Re (%)) was calculated according to Equation 1 (Granados et al. 2012):
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Statistical analysis was performed by analysis of variance (ANOVA) and Tukey's
test, with a significance level of 95% (o = 0.05), using SISVAR software.

6.2.3 Determination of total lipids

Total lipids were extracted with the chloroform: methanol (1:1, v/v) solvents and
quantified in triplicate by gravimetric method according to methodology described by
Bligh and Dyer (1959).

Fatty acid ethyl esters (FAEE) were obtained by transesterification of lipids
following the methodology proposed by Guzatto et al. (2012). The fatty acid mixture
composition was determined in a Shimadzu 2010 gas chromatography equipped with a
flame ionization detector, AOC 20i auto-sampler and OV CARBOWAX 20 M (30 m x
320 um x 0,25um).

6.3 Results and Discussion
6.3.1 Microalgae growth and tannery wastewater treatment

The growth curves of Scenedesmus sp. (Sc) and Chlorella sp. (Chl) grown in raw
tannery wastewater are shown in Figure 6.1. Biomass concentrations were determined
on daily basis and the maximum biomass concentration was observed at the end of the
experiment being 0.58 + 0.04 g.L™* for Sc and 0.61 + 0.03 g.L™ for Chl.

In the cultures, a latency phase (lag phase of the growth curve) of the microalgae
was not observed. Both Scenedesmus sp. and Chlorella sp. demonstrated good
adaptation capacity for tannery wastewater.

At this predetermined 12-day culture time, the stationary phase was also not
observed, indicating that if the grown were for a longer time the biomass production
would be higher.
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Figure 6.1: Growth curves of microalgae Chlorella sp. and Scenedesmus sp. in tannery
wastewater without previous treatment.

The removal of total nitrogen (TN), ammoniacal nitrogen (NHs-N), phosphorus
(PO4-P), and chemical oxygen demand (COD) from tannery wastewater by microalgae
cultivation are shown in Figure 6.2. After 12 days of microalgal cultivation, the total
nitrogen content was highly reduced by 69.19 + 1.17% (Sc) and 73.27 = 2.31% (Chl)
but not completely removed, indicating there were still some organic compounds that
could not be converted inorganic nitrogen and assimilated by microalgae. Significant
reductions the ammoniacal nitrogen of 71.03 + 2.09% and 74.85 + 3.81% and the
phosphorus of 77.71 £ 1.95% and 78.34 + 1.29% were observed by the Scenedesmus sp.
and Chlorella sp., respectively. COD in the raw tannery wastewater were utilized by
microalgae as one of carbon sources to some extent (49.17 + 2.09% - Sc and 52.00
2.42% - Chl). High removals of ammoniacal nitrogen (85.63%), phosphorus (96.78) and
COD (80.33%) were observed by Fontoura et al. (2017), when they cultivated the
microalga Scenedesmus sp. raw tannery wastewater. In this study, maximum biomass

concentrations of 0.90 g.L™* were also verified.
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Figure 6.2: Initial and final (after treatment) concentrations of (a) total nitrogen (TN),
(b) ammoniacal nitrogen (NH3-N), (c) phosphorus (PO4-P) and (d) chemical oxygen
demand (COD).

6.3.2 Assays for recovery of microalgae biomass

Table 6.1 shows the recovery percentage of the microalgae Scenedesmus sp. and
Chlorella sp. in the proportion of 250 mg of flocculant/g of biomass using the different
coagulants/flocculants. Inorganic coagulants/flocculants (ferric chloride and aluminum
sulphate) presented low recovery efficiencies of microalgae, obtaining maximum
recovery of 74.53 + 1.32% for Scenedesmus sp. and 86.19 + 0.31% Chlorella sp. using
ferric chloride. Among organic coagulants/flocculants based on vegetable tannins high
recovery of the microalgae Scenedesmus sp. (85.66 £ 1.02%) and Chlorella sp. (98.82 =
0.19%) was obtained using the flocculating tannin C (Tanfloc SH). There was positive
influence in the use of vegetable tannins for the sedimentation of microalgae throughout
the neutralization of the impingent charges. Thus, for the continuity of this work, the
flocculant tannin C was chosen due to its better efficiency in the recovery of both
microlgae.
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Table 6.1: Recovery of sedimented biomass (%) of microalgae Scenedesmus sp. and
Chlorella sp. using different flocculants in the proportion of 250 mg/g microalgae.

Recovery of sedimented biomass (%)
Coagulants/flocculants

Scenedesmus sp. Chlorella sp.

Ferric chloride 7453 £1.32 86.19 + 0.31
Aluminum sulfate 66.48 + 0.24 84.85+1.05
Vegetable tannin A 83.62 + 0.85 97.73+0.43
Vegetable tannin B 83.72 £0.51 97.76 £ 0.17
Vegetable tannin C 85.66 + 1.02° 98.82 +0.19°

& Significant factors (p <0.05).

Table 6.2 shows the effect of the dosages of flocculent vegetable tannin C on
biomass recovery of the microalgae Scenedesmus sp. and Chlorella sp., where the pH,
mixing time, stirring speed, and sedimentation time variables similar to the previous
assay were maintained.

Firstly, the dosage of the flocculant was varied from 150 to 275 mg of
flocculant/g of biomass (assay 1 to 6) for both microalgae. In these assays highest
recovery was observed for the dosage of 275 mg of flocculant/g of biomass, being 87.49
+ 1.37% for microalgae Scenedsmus sp. and 98.82 + 0.37% for microalgae Chlorella sp.

The recoveries obtained for the microalgae Chlorella sp. did not present
significant variation (p> 0.05) in the proportions of 200, 225, 250 and 275 mg of
flocculant/g of biomass. So that, it was decided to carry out the next tests fixing the
proportion of flocculent vegetable tannin C in 200 mg flocculant/g of biomass for this
microalga. For the microalgae Scenedesmus sp. low recovery rates were found in the
proportions between 150-275 mg of flocculant/g of biomass (assay 1 to 6), so new
coagulation/flocculation assays were carried out by raising the dosages of the
flocculating agent varying between 300-550 mg of flocculant/g of biomass (assay 7 to
12). There was no significant variation (p> 0.05) between the dosages 450, 500 and 550
mg of flocculant/g of biomass, thus it was fixed the dosage of the flocculating agent in
450 mg of flocculant/g of biomass for the next assays.

The probable mechanisms involved in this coagulation/flocculation are adsorption
and charge neutralization (Sanchez-Martin et al. 2009; Beltran-Heredia et al. 2010).

The high coagulant/flocculant dosages required for flocculation of Scenedesmus

sp. and Chlorella sp. microalgae can be explained due to the presence of high
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concentrations of salts in the tannery wastewater, which causes a high ionic strength,
damaging the formation of the agglomerates.

Konig et al. (2014) used a cationic polyelectrolyte in the recovery of the marine
microalga Conticribra weissflogii and reported that salinity negatively impacted the
flocculation process. An inefficient performance in water with high levels of chlorides
was reported by Vandamme et al. (2010) in the recovery of the microalgae
Phaeodactylum, Nannochloropsis using cationic starch.

Table 6.2: Recovery of sedimented biomass (%) of microalgae Scenedesmus sp. and
Chlorella sp. using different dosages of the flocculating tannin C

Assay Dosing of flocculating vegetable tannin C Recovery of sedimented biomass (%)

(mg of flocculant/g of biomass) Scenedesmus sp. Chlorella sp.
1 150 81.46 +1.37 90.49 +0.22
2 175 81.82+£1.60 94.39 £ 0.62
3 200 84.54 +1.22 98.28 £0.22°
4 225 84.77 £1.09 98.68 £ 0.23*
5 250 86.26 £ 1.10 98.78 £ 0.41%
6 275 87.49 £1.37 98.82 £ 0.37%
7 300 89.40 + 0.68
8 350 93.16 £ 0.23
9 400 94.26 +0.23
10 450 97.08 +0.18°
11 500 97.21 +0.09°
12 550 97.37 £ 0.23°

®Significant factors (p <0.05).

Table 6.3 shows the recovery percentage of the microalgae biomass Scenedesmus
sp. and Chlorella sp. at the doses of 450 and 200 mg of flocculant/g of biomass,
respectively with the variation of pH and stirring speed.

In the pH range from 5.0 to 8.0 the recovery remained around 97% for
Scenedesmus sp. and 99% for Chlorella sp., with no significant difference between the
tests (p> 0.05). Previous studies have also shown that pH does not interfere in the
coagulation/flocculation with tannins (Beltran-Heredia et al. 2009). From the statistical
analysis it was verified that pH does not affect the recovery, so for the next tests it was
not necessary to adjust the pH, remaining at 7.9 and 8.12 (final pH values of the cultures
of Scenedesmus sp. and Chlorella sp., respectively).

In the evaluation of the speed of agitation in the flocculation step (second stage),
stirring of the rapid mixture (first stage) was maintained at 150 rpm for 2 minutes for all
the tests, then the agitation was changed to 10, 20, 50, 100, 120 and 150 rpm for 5
minutes. According to Table 6, it is observed that higher agitation rates for flocculation
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(120 and 150 rpm) decrease the efficiency of microalgae recovery, reaching 69.76 +
0.42% for Scenedesmus sp. and 90.19 £ 0.82% for Chlorella sp. Beltran-Heredia et al.
(2009) report that the speed of the agitator is an important parameter in the formation of
agglomerates. Because it is related to the collision between the particles, high speeds
can destabilize the flakes already formed or in formation. Thus, for the next tests it was
chosen to use a stirring speed of 20 rpm in order to avoid damages to the algal

agglomerates.

Table 6.3: Recovery of sedimented biomass (%) of microalgae Scenedesmus sp. and
Chlorella sp. under dosages of 450 and 200 mg flocculant/g biomass of the flocculating
tannin C respectively, varying the pH and Stirring speed in the flocculation step

Recovery of sedimented biomass (%) Stirring speed in  Recovery of sedimented biomass (%)
Assay  pH Assay the  flocculation

Scenedesmus sp. Chlorella sp. Scenedesmus sp. Chlorella sp.

step (rpm)

1 5.0 97.72 £ 0.47% 99.10 + 0.24% 1 10 96.98 £ 0.32 96.71 £0.39
2 6.0 97.63 + 0.26* 99.23+0.12* 2 20 97.89 + 0.58° 98.34 +0.27%
3 6.5 97.50 + 0.26* 99.17 +0.14% 3 50 97.67 +0.31% 97.43+0.34%
4 7.0 97.41 +0.30° 99.01 +0.13* 4 100 95.49 + 0.65 95.27 +1.35
5 75 97.26 +0.17% 98.78 + 0.27% 5 120 85.18 £0.17 92.15+0.78
6 8.0 96.87 £ 0.34° 98.47 £ 0.30° 6 150 69.76 £ 0.42 90.19 £0.82

& Significant factors (p <0.05).

Table 6.4 shows the effect on the recovery of the microalgae biomass in relation
to the mixing time of the flocculation step and the sedimentation time.

In assays of mixing time, the rapid mixing step (first stage) the stirring was
maintained at 150 rpm for 2 minutes. In the flocculation step (second stage) the stirring
speed was set at 20 rpm and the flocculation times tested were 2, 5, 10, 20, 30 and 60
minutes. It is observed that as the flocculation time increases, there is a small reduction
in the recovery of microalgae. The smaller recovery efficiencies were 94.77 + 0.16%
and 97.62 + 0.70% for the microalgae Scenedesmus sp. and Chlorella sp., respectively
at 120 min of flocculation time. There was no significant difference comparing the tests
carried out at the flocculation times of 2 and 5 min for the microalgae Scenedesmus sp.
and 2, 5, 10 min for the microalgae Chlorella sp., which recovered approximately 98%.
Thus, for the sedimentation test the lowest flocculation time (2 min) was used.

In the sedimentation test, the flocculant dosage, pH, stirring speed in the
flocculation, and Flocculation times were kept constant (450 mg of flocculant/g
biomass, 7.9, 20 rpm and 2 min for Scenedesmus sp. and 200 mg of flocculant/g

biomass, 8.12, 20 rpm and 2 min for Chlorella sp.). Table 6.4 shows the effect of
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sedimentation time on microalgae recovery using these optimal conditions. It is
observed that sedimentation times above 5 min did not affect biomass recovery (p>
0.05) under the conditions tested. Recoveries close to 98% were verified for both
microalgae. Rapid recovery was obtained due to the formation of large agglomerates,

thus facilitating the action of gravity.

Table 6.4: Recovery of sedimented biomass (%) of microalgae Scenedesmus sp. and
Chlorella sp. under dosages of 450 and 200 mg flocculant/g biomass of the flocculating
tannin C respectively, varying the flocculation time and the sedimentation time.

Assay Flocculation Recovery of sedimented biomass (%) Assay Sedimentation Recovery of sedimented biomass (%)
time (min) Scenedesmus sp. Chlorella sp. time (min)) Scenedesmus sp. Chlorella sp.
1 2 97.73+£0.13% 98.28 £ 0.58% 1 1 96.43 + 0.63 97.95+0.10
2 5 97.86 + 0.14° 98.34 +0.31° 2 5 97.98 + 0.08° 98.45 +0.28%
3 10 95.50 + 0.22 98.15+0.12* 3 10 98.06 + 0.11° 98.17 £0.32%
4 20 9491 +0.13 97.13+£0.22 4 15 98.20 + 0.22° 98.37 £0.13%
5 30 94.84 +0.14 96.98 + 0.42 5 30 98.23 £ 0.36° 98.32£0.17%
6 60 94.77 £0.16 96.62 +0.30 6 60 97.73 £ 0.47° 98.12 £ 0.20*

#Significant factors (p <0.05).
6.3.3 Analysis of lipid content

Table 6.5 shows the lipid content accumulated by Scenedesmus sp. and Chlorella
sp. in nature and flocculated with flocculating tannin C and the predominant
composition of the content of the fatty acids produced from the transesterification of
crude lipid of microalgae.

In the determination of the total lipids present in the biomass of the microalgae in
natura and flocculated (Table 6.5), contents of 19.54 + 1.01% - 14.24 + 1.40% and
21.57 + 1.11% - 17.46 = 1.82% were verified for microalgae Scenedesmus sp. and
Chlorella sp. respectively. An average reduction of 27.08% was observed for Sc
microalgae and 19.73% for Chl microalgae when compared the lipid content of the
microalgal biomass in natura with flocculated. These reductions can be explained by the
contribution of the flocculant incorporated in the dry biomass.

It was observed the recovery process of the microalgae using the
coagulant/flocculant based on tannin C did not interfere in the dominant composition of
fatty acids (FAEE) of the microalgae species. The microalgal lipid from Scenedesmus
sp. was mainly composed of saturated fatty acid (63.13 — 65.5%) and the saturated fatty
acids behenic acid (22:0) presented a significant percentage (30.71 — 36.90%) of total
lipid. The unsaturated fatty acids of the microalga Scenedesmus sp. are basically

composed of oleic acid (18:1). The microalgae Chlorella sp. also showed higher levels
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of saturated fatty acids (59.97 — 60.24%) with predominance of nonadecylic fatty acids
(14.79 — 15.61%) and Arachidic acid (14.31 — 14.21%). Among the unsaturated fatty
acids stand out the oleic acid (18:1) and erucic acid (22:1).

According to the quality standards of biodiesel from European Standards (EN,
2004), the linolenic acid (C18:3) content has a limit of 12% for a quality biodiesel. As
shown in Table 6.5, in all biomass conditions of the microalgae Scenedesmus sp. and
Chlorella sp. cultivated in raw tannery effluent, no linolenic acid content was identified.

Moreover, the FAEESs reported higher proportions of SFAs over USFAs which is
indicative of the quality and usage of microalgal oil as biodiesel, since higher
concentrations of USFAs may increase the risk of polymerization and thus lower the
stability of the fuel (Devi et al. 2012).

Table 6.5: Dominant fatty acids composition of lipid accumulated by Scenedesmus sp.
and Chlorella sp. in nature and flocculated with flocculating tannin C

Sc Sc Chi Chl
in natura flocculated in natura flocculated
Lipid content (%)  1954+1.01 1424+140 2157+111 17.46+1.82
Fatty acid
(% of total fatty acid)

Lauric(12:0) 17.99 14.82 2.19 2.79
Myristic (14:0) 14.43 13.78 2.00 1.42
Palmitic (16:0) - - 441 4.59

Stearic (18:0) - - 9.57 9.29

Oleic (18:1) 24.64 24.83 10.29 14.02

Nonadecylic (19:0) - - 14.79 15.61
Arachidic acid (20:0) - - 14.31 14.21
Behenic (22:0) 30.71 36.90 12.70 12.33
Erucic (22:1) - - 19.24 16.32
Others 12.23 9.67 10.50 9.41

SFAs 63.13 65.5 59.97 60.24
USFAs 24.64 24.83 29.53 30.34

SFAs - saturated fatty acids
USFAs - unsaturated fatty acids

6.4 Conclusion

This study showed that the microalgae Scenedesmus sp. and Chlorella sp. were
able to use the nutrients present in the tannery wastewater, resulting in the increase of
microalgal and in the removal of TN (69.19 £ 1.17 and 73.27 + 2.31%), NH3-N (71.03 =
2.09 and 74.85 £ 3.81%), PO4-P (77.71 £ 1.95 and 78.34 = 1.29%) and COD (49.17 *
2.09 and 52.00 £ 2.42%). In the recovery phase of biomass the flocculent tannin C
presented satisfactory recovery of the microalgae Scenedesmus sp. and Chlorella sp.
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cultivated in tannery wastewater. The variable pH did not depicted present a significant
effect on the recovery of microalgae. High recoveries of biomasses of approximately
98% were reached for the microalgae Scenedesmus sp. and Chlorella sp. under In the
flocculant dosage conditions 450 mg flocculant/g biomass (Sc) and 200 mg flocculant/g
biomass (Chl), agitation speed of 20 rpm, flocculation time of 2 min and sedimentation
time of 5 min. With the flocculation the lipid content of the microalgae Scenedesmus sp.
and Chlorella sp. was reduced by an average of 27.08% and 19.73%, however, no

alterations were observed in the fatty acid contents.
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Capitulo 7

Defatted microalgal biomass as biosorbent
for the removal of Acid Blue 161 dye from
tannery effluent

Artigo publicado no periddico: Journal of Environmental Chemical Engineering
(JECE) em 23/09/2017.

Neste artigo investigou-se 0 uso de biomassa de microalgas desengordurada - DMB
(residuos de biocombustivel microalgal) - como proposta alternativa de adsorvente de
corantes da industria coureira. A biomassa foi caracterizada por técnicas analiticas de
Potencial Zeta, FTIR, MEV, BET e BJH. Os ensaios de adsor¢do foram realizados
utilizando uma solucdo aquosa do corante Acid Blue 161 (AB-161) e os estudos de
equilibrio foram realizados por variacdo em diferentes parametros, tais como, pH (2-
11), dosagem biossorvente (0,005-0,040 g), tempo de contato (0 - 540 min), temperatura
(25 - 40 °C) e concentracao de corante (200-1500 mg.L™).
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ABSTRACT

The present study investigates the use of defatted microalgal biomass - DAB (waste
from microalgal biofuel) as an alternative proposal adsorbent of leather dyes. The
biomass was characterized by analytical techniques of Zeta Potential, FTIR, SEM, BET
and BJH. The sorption experiments were performed using aqueous dye solutions of Acid
Blue 161 (AB-161) and the equilibrium studies were carried out by variation in different
parameters, i.e., pH (2-11), biosorbent dosage (0.005-0.040 g), contact time (0 — 540
min), temperature (25 - 40 C°) and dye concentration (200-1500 mg.L™). In the
evaluation of the kinetic mechanism that controls the adsorption process examined at
200 and 400 mg.L~/, it was observed that data fitted quite well with general order
kinetic model. Freundlich isotherm model showed the best fit of the equilibrium data at
boths experimental temperatures. The maximum amounts of AB-161 dye adsorbed were
75.78 mg.g™* at 25 °C and 83.2 mg.g’ at 40 °C. For treatment of real tannery
wastewater, the results show that DMB significantly reduced the dye concentration
(76.65%), TOC (50.78%) and TN (19.80%). From the thermodynamic parameters for
the adsorption of AB-161 with DMB indicated a spontaneous endothermic process with
a physical reaction by electrostatic interaction. Therefore, defatted microalgal biomass
showed to be a promising material for adsorption of dye from tannery effluent.

Keywords: biosorption, defatted microalgae, Scenedesmus sp., azo dye, Acid Blue 161,

tannery wastewater.
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7.1 INTRODUCTION

Algae are promising sources of biofuel due to their lipid content, as well as ability
to utilize wastewater for cultivation, besides non requirement of fertile land, do not
compete with food crops and reduce greenhouse gas from the environment [1,2].
However, after lipid extraction about 70% of the microalgae biomass remains intact [3].
It is estimated that approximately 2.4 kg of waste is generated for each liter of biodiesel
produced from microalgae [4].

Recent research has been focusing on practicality and sustainability of algal
biofuels. The use of the residual biomass is a way to maximize the production of energy
obtained through the microalgae and reduce the total costs of the processes and waste
treatment. Numerous studies include the use of residual biomass as a substrate for
bioethanol, biogas in addition to be used as animal/poultry/fish feed and fertilizer [5]. A
suitable economical use of defatted microalgal biomass (DMB) is its application as an
adsorbent for the removal of dyes from industrial wastewater.

Dye pollution has grown rapidly due to increased use of synthetic dyes [6,7]. The
leather industry is one of the great contributors to this, as uses dyes and other chemicals
to give leather the sensory characteristics of surface and deep coloring and uniformity
[8].

The discard of wastewater containing dye into water bodies, affect adversely the
aquatic environment by impeding light penetration and, as a consequence, inhibiting
photosynthetic activity [9,10]. Moreover, most of these dyes can cause serious problems
to human health.

The most commonly used methods for dye removal from industrial effluents are
coagulation and flocculation [11], biological oxidation and chemical precipitation [12]
and activated carbon adsorption [13,14]. The adsorption treatment method has shown
promise for the removal of dyes and organic compounds from aqueous effluents
[15,16,17,18,19] due its simplicity and high efficiency, as well as the availability of a
wide range of adsorbents that can be applied [20,21,22].

Activated carbon is the most commonly used adsorbent for the removal of dyes
because of its high surface area and adsorption capacity. However, there is a growing
interest in using low cost, commercially available materials as these are derived from
non-renewable sources [23] and are relatively expensive.

Different kinds of alternative adsorbents to remove dyes and other contaminants

from the leather industry from aqueous solutions have been reported, such as leather
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waste samples from the shaving operation of chromium tanned leather [16,19], papaya
seed [24], fungal biomass [25], algae [26], cattle hair waste [27], ficus auriculata leaves
[28], Sterculia guttata shell [29] and others.

The biomass of microalgae contains a variety of functional groups present in the
surface such as hydroxyl, carboxyl, phosphate, sulphate, and other charged groups
which can be mediate pollutant binding [21,30]. Biomass algal has been successfully
employed to remove heavy metals [31,32], food dyes [33], textile dye [21,26,34,35]
from aqueous solutions. Despite of this, were not found report of studies on the use of
defatted microalgal biomass for the removal of leather dyes.

In this context, the aim of the present study was to investigate the potential
application of defatted microalgal biomass (DMB), cultived in tannery wastewater, as a
biosorbent for the removal of Acid Blue 161 (AB-161) dye, which is largely used in the
leather industry. Zeta Potential, FTIR, SEM, Optical microscopy micrographs and BET
and BJH, characterized the biosorbent. Influences of pH, kinetics, equilibrium and
mechanism studies were carried out in order to elucidate the adsorption process of dye
onto DMB. The adsorbents were used for treatment dye aqueous solutions and tannery

effluent.

7.2 MATERIALS AND METHODS
7.2.1 Solutions and reagents

The dye used as adsorbate Acid Blue 161 (AB-161; C.I. 15706; CAS number
12392-64-2; chemical formula is CyHi13N2,OsSNaCr; molecular weight = 394.40
gmol™), was obtained from chemical company Lanxess (S0 Leopoldo, RS-Brasil) as a
commercially available leather dye. It belongs to the azo dye group, whose the
molecular structure is shown in Figure 7.1. Azo dyes are extensively used in the tannery
industry [36]. The stock solution (2.00 g.L™*) was prepared by dissolving the dye in
distilled water. The working solutions were obtained by diluting the dye stock solution
to the required concentrations. To adjust the pH of the solutions, 0.50 mol.L™ sodium
hydroxide or chloric acid were used.
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Figure 7.1. Chemical structure of the Acid Blue 161

7.2.2 Adsorbents preparation and characterization

The adsorbent used in this research was the residual biomass of the microalgae
Scenedesmus sp. after lipid extraction (defatted microalgal biomass — DMB). The
microalgae was cultured in 3 L photobioreactors containing tannery effluent without
pretreatment (beamhouse stage effluent) for 20 days. At the end of cultivation, the
biomass was recovered by centrifugation and freeze-dried.

Lipid  extraction was performed using the organic  solvents
chloroform:methanol:water (2:2:1.8 v/v). After extraction, the biomass was washed
with distilled water, centrifuged and dried in an oven for 12 hours at 80 °C. The dry
biomass was macerated for homogenization of the biosorbent and was characterized by
vibrational spectroscopy in the infrared region with Fourier transform (FTIR). The
spectra were obtained with a resolution of 4 cm™* with 100 cumulative scans using a
Varian spectrometer, model 640-IR. The surface physical morphology of the biosorbent
was observed by a scanning electron microscope (JSM 6060 — JEOL) and by
microscopy (Olympus SZX16 stereomicroscope). N, adsorption—desorption isotherm
measurements were carried out at 77 K (-196 °C) using an adsorption analyzer (Gemini
2375 Micrometer), at a relative pressure (P/Po) from 0 to 0.99. The specific surface area
were determined from the Brunauer, Emmett and Teller (BET) multipoint method and
the pore size distribution were obtained using Barret, Joyner, and Halenda (BJH)
method.

Zeta potential measurements were conducted using a Zetasizer NANO-Z
(Malvern Instruments Limited, UK) equipped with a He—Ne laser (633 nm). The
intensity of the scattered light was measured at the scattering angle of 173°. For the
analysis, the particles were suspended in ultrapure water by sonication for 10 minutes at

a concentration of 1 mg mL™. For potentiometric titration, the pH was adjusted with
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0.25 M HCI and NaOH from 0.25 to 0.01 mol.L* The software uses the Smoluchowski

approximation to calculate the zeta potential value [37].

7.2.3 Adsorption studies

To evaluate the effect of pH, 20.0 mg of adsorbent were placed in 15 mL Falcon
flasks containing 10.0 mL of the dye solutions (100 mg.L™) over a range of pH values
from 2 to 11, and were agitated for a period of time of 24 h using an rotary shaker
operating at 250 rpm and temperature of 25 °C.

In order to separate the adsorbent from the aqueous solutions the flasks were
filtered. The dye concentration in the filtered solution was measured using a UV/Visible
spectrophotometer (Model: UWV/1800A, Shimadzu corporation, Kyoto, Japan).
Absorbance values were recorded at the wavelength of maximum absorbance (Amsx) Of
dye, which was 578 nm. The adsorption capacity and the percentage dye removal were
calculated by Egs. (1) and (2), respectively:

C -C.)V
q=(omf) )
C -C
%removal = €. -C) 100 (2)

0

where q is the amount of dye adsorbed by the adsorbent (mg.g™), C, is the initial dye
concentration put in contact with the adsorbent (mg.L™), C, is the dye concentration

after the batch adsorption procedure (mg.L™?), V is the volume of dye solution (L) put in
contact with the adsorbent and m is the mass (g) of adsorbent.

Once the optimum pH value was identified, the effects of dosage adsorbent,
contact time and temperature effect were conducted under these same conditions.

In the sorbent dosage assay different quantities of dried defatted microalgal
biomass, (0.005 to 0.04 g) were used in 10 ml of dye solution at a concentration of 100
mg.L™?, with the best pH condition found previously.

The influence of contact time on adsorptive removal of dye from aqueous phase
was investigated using the best adsorbent dosage found in previously dosage tests in
solutions with concentrations of 200 and 400 g.L™ at different contact time intervals
from 5 to 540 min.
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The kinetic models Pseudo-first order, Pseudo second-order and general order

kinetic model, as shown in Egs. (3) — (5), respectively, were used to explain the kinetic

studies.
q =, l-exp (=K, -t)] .
Qe
e R e v 4
R X CRERE] “
0 =9, — J. (5)
[kN (qe )n_l -t (n _1)+1 (n-1)

where q, is the amount of adsorbate adsorbed at the equilibrium (mg.g™), g, Is amount
of adsorbate adsorbed at time t(mg.g™), Kk, is pseudo-first-order rate constant (min™),
k, is pseudo-first-order rate constant (g.mg ".min ™), k, is General-order rate constant

(h*(g.mg™).n™") and n is the adsorption reaction order with regard to the effective

concentration of the adsorption sites available on the surface of adsorbent.

The equilibrium models tested in this work were: Langmuir and Freundlich
models (see Egs. (6 and 7):

K -C
A ©
1+K, -C,

. =K -C/™ 0
where Q,_ Is maximum adsorption capacity of the adsorbent, Langmuir Isotherm
(mg.g™), K, is Langmuir equilibrium constant (L.mg™), C. is dye concentration at the
equilibrium (mg.L™), K, is Freundlich equilibrium constant (mg.g™.(mg.L™)™") and

nf is dimensionless exponent of the Freundlich equation.

The statistical evaluation of the kinetic and isotherm parameters, kinetic and
equilibrium data were fitted using nonlinear methods using the software Microcal
Origin 9.0. A determination coefficient (R?), an adjusted determination coefficient
(Rzad,-) and the standard deviation (SD) were jointly used to evaluate the suitability of
the models. SD is the differences between the theoretical and experimental amounts of
dye adsorbed. The R?, R%gq; and SD are depicted in Egs. (8) — (10), respectively.
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(8)

RZ _ {Z.n(qiexp - CTi,exp)z - Zin(qi,exp - qi,model )2 J
Zin(qi,exp - cTi,exp)z

R, =1-(1- RZ)-(%] )

SD = \/( i- p] ’ i(qi,exp _qi,model )2 (10)

n i

where q; .4 IS the value of g predicted by the fitted model and q; ,,, is the value of q

measured experimentally, T .,, is the average of q experimentally measured, n is the
number of experiments performed, and p is the number of parameter of the fitted model.

7.2.4 Adsorption in Tannery Effluent

To evaluate the efficacy of adsorption onto DMB in tannery wastewater,
wastewater was collected from wet-end processing of leather in laboratory. The effluent
was performed using wet-blue leather (chromium-tanned leather) from bovine hide and
the wet-end processing was carried out using a laboratory-scale drum (Mathis — LFA
model), Following the wet-end formulation described:

In the Soaking the piece (150 g) of wet-blue leather were treated with 200% water
and 0.2% surfactant for 30 minutes, after the bath was drained off.

New deacidification bath was carried with 100% water, 2% sodium formiate,
0.5% sodium bicarbonate and 1% sulfonated neutralizing agent for 60 minutes and then
was drained off. Washing with 200% water was performed and drained off.

The Fatliquoring—Retanning-Dyeing | was carried with 150% water, 6% synthetic
oils, 9% retanning agents, 1% dye auxiliary, 2% anionic dye, 2% formic acid for 250
minutes. After, this bath was drained off and then another washing was performed.

The Dyeing Il bath containing 100% water, 1.5% anionic dye, 1% dye auxiliary
and 1% formic acid rotating in the drum for 45 minutes. A final washing with 200%
water was performed. The tannery wastewater was characterized by analyzes of pH,
total organic carbon (TOC) and total nitrogen (TN).
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7.3 RESULTS AND DISCUSSION
7.3.1 Characterization of the biosorbent

FTIR analysis was performed to determine the nature of the functional groups
present on the surface of the biomass responsible by leather dye binding. Fig. 7.2 shows
the infrared spectra for the biosorbent in two different forms: defatted microalgal
biomass and dye-defatted microalgal biomass (after the adsorption test with the Acid
Blue 161 dye.). The different transmittance peaks show the complex nature of the
biomass (heterogeneity of the material). The FTIR spectra show a broad band between
3000 and 3600 cm™ corresponding to thehydroxyl vibration (-OH) of glucose, the
amino groups (-NH) and the stretching of carboxylic groups. These groups are
associated with the presence of polysaccharides and proteins in the cell wall of the
biosorbent. The band observed between 3000 and 2800 cm™ could be assigned to the -
CH stretch of -CH3 and -CH, groups [38,39]. Peaks at 1740 cm™, 1650 cm™ and 1420
cm™ correspond to the bands of the carboxylic functional group. The transmittance
peaks around 1160 cm™ correspond to the stretching of the SO5 bonds [31]. For the
biomass spectrum after the adsorption assay with the dye, a shift in the aforementioned
bands is observed, thus indicating the interaction of the dye with these functional

groups.
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Figure 7.2. Spectrum FTIR of the biosorbent DMB before and after the adsorption of
AB-161 dye
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Figure 7.3 shows the morphological (SEM image) details of the defatted
microalgal biomass surface (biosorbent) before (Fig 7.3a) and after (Fig 7.3b) dye
sorption. From the Figure 7.3a it’s possible to see that the texture of the biosorbent
reveals an irregular surface roughness with cavities that plays an important role in the
adsorption of the dye. Lipid extraction of biomass through solvent leads to harsh effects
like breaking of cell wall which may cause such surface topology. After the biosorption
process (Fig 7.3b) a more uniform material was observed with a decrease in the number
of cavities on the biosorbent surface. Thus indicating the covering of the cavities by the
AB-161 dye. In addition to that, comparing the Fig 7.3a and b it’s possible to notice an
increase in the size of the biosorbent after the adsorption, this difference size indicates
the sorption of the AB-161 dye into the adsorbent.

(a) (b)

Figure 7.3. SEM Micrographs of biosorbent DMB (a) before biosorption 3000x and (b)
after biosorption 3000x

Figure 7.4 shows the biosorbent before (Fig. 7.4a and c) and after (Fig. 7.4b and
d) dye sorption observed in stereomicroscope. It is clear from Fig. 7.4 that a change in
coloration occurred, a darkening of the surface of the biosorbent due to sorption of the
AB-161 dye.
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(@) (b)

(©) (d)

Figure 7.4. Optical microscopy micrographs of biosorbent DMB (a) before 2x (b) after
2x (c) before 20x and (d) after 20x dye sorption.

Figure 7.5a shows the N2 adsorption/desorption isotherm of DMB at 77.4 K,
presenting a behavior of type IV, according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, which is characteristic of mesoporous
solids. The H3- type hysteresis loop was observed. This type loop does not exhibit any
limiting adsorption at high pip, and is observed with aggregates of plate-like particles
giving rise to slit-shaped pores [40]. The pore size distribution model for the DMB
confirmed the presence of mesopores with diameter range from 30 to 450 A (Fig. 7.5b).
The surface area, total pore volume and average pore diameter of biosorbent DMB were
determined by BET and BJH methods and the values are presented in Table 7.1.

The surface area of 3.47 m?.g’ observed for the defatted biomass of the
microalgae Scenedesmus sp is higher than that found by Maurya [41] of 1.46 m%.g™ for
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the defatted biomass of the microalgae Microspora sp. and similar to that found by
Cardoso [21] of 3.51 m?.g ! for the intact microalga Spirulina platensis. The total pore
volume of 8.02 x10° cm®.g™ was higher than that found in the cited studies where both
found a value of 4 x10° cm®.g™*. However, the value of Average pore diameter of 66.3
A was considerably lower than that verified by Maurya [41], of 224.6 A.

—e—Experimental N2 77.4 K

N w S [&,]

[EEN

Quantity Adsorbed (cm3/g STP)

o

0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/Po)
(a)
0.007 —e—Pore Size Distribution - BJH
0.0065
jt‘ 0.006
%, 0.0055
£ 0.005
< 0.0045
3 0,004
0.0035
0.003
0 100 200 300 400 500
Pore diameter (A)
_ | _ (b) o
Figure 7.5. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distribution
for the DMB
Table 7.1. Physical and chemical properties of the adsorbent
Adsorbent Surfacz:e Area Total por3e volume Average pore diameter
-1 -1
(m”.g7) (cm®.g7) (A)
DMB 3.47 8.02 x10™ 66.3

7.3.2 Effects of pH

Figure 7.6 shows the initial pH effects (with intervals between 2 and 11) on the
percentage of removal and amount of adsorbate adsorbed per gram of adsorbent from
AB-161 dye by the defatted biomass Scenedesmus sp. The pH is one of the most
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important factors that influence the adsorption of a dye on a solid adsorbent [42].
Different dyes will have different pH ranges depending on the adsorbent used. In this
assay the AB-161 dye did not show any color changes in the pH fix of 2.0-11.0. The
removal percentage was practically unchanged (approximately 70%) in the pH range
from 2.0 to 3.0. An alkaline pH of 11 showed very low dye removal by dry biomass,
only 8.30%. High removal percentage of 90.96% and 90.09% were observed for pHs 4
and 7, respectively. The maximum adsorption capacity of AB- 161 was 40.58 and 38.43
(mg.g™?) in pH 4 and 7 respectively.

The pHp,c of DMB biosorbent confirm the ranges of optimal pH values for AB-
161 dye removal from aqueous solutions (Fig. 7.7). The pH where the electrokinetic
potential (zeta potential) is equal to zero is called the zero charge point (pHpzc) and can
be used as a qualitative parameter of load balance on the surface of the adsorbent.
Figure 7.7 shows the variation of this potential as a function of pH, indicating the PCZ
at a pH value of 4.20. For pH values lower than pH,,. the adsorbent presents a positive
surface charge [20,42]. The dissolved AB-161 dye is negatively charged in water
solutions [27]. The adsorption of the AB-161 dye takes place when the adsorbent
present a positive surface charge (pH < 4.2), however for pH > pHy,c with zeta potential

near zero was verified good dye removal.
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Figure 7.6. Effects of pH in the AB-161 dye removal and in amount of dye adsorbed by
the DMB
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As the pH of the dyeing bath (step of the processing of the leather in which the
dyes are added) is slightly acidified it was decided to set the pH value to 4 for the next
tests.

7.3.3 Effects of biosorbent dosage

Figure 7.8 shows the comportment of dye removal with the different biosorbent
dosage. According to Figure 8 it is observed that the adsorption of the AB-161 dye
increased with increasing amount of biosorbent, reaching a maximum equilibrium value
in 0.03 g of defatted microalgal biomass (94.45% removal). So the adsorbent dosage
was set at 0.03 g and pH of 4 for the next kinetic and adsorption isotherm tests.
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Figure 7.8. Effects of biosorbent dosage in the AB-161 dye removal and in amount of
dye adsorbed by the DMB

143



7.3.4 Kinetic studies

In order to investigate the biosorption mechanism and to determine the minimum
time to achieve the equilibrium of AB-161 dye on to DMB, pseudo-first order, pseudo-
second order and general order kinetic adsorption models were tested, as shown in
Figure 7.9. The kinetic parameters for the three kinetic models are presented in Table
7.2.

In consideration that the experimental data were fitted to kinetic models,
previously mentioned, the parameter residual standard deviation (SD) was used to
evaluate the fitting of the experimental data. The smaller values of SD indicate a better
fit between the theoretical and experimental data [20,43]. It was found that the
minimum SD values, 1.4726 mg.g™ for concentrations of 200.0 mg.L™ and 1.7465
mg.g™ for concentrations of 400.0 mg.L™, were obtained with the general order kinetic
model. The pseudo-first order kinetic model presented SD values ranging from 1.5268
to 4.4209 mg.g™. Also, for the pseudo-second order model, the SD values ranged from
2.5640 to 2.7698 mg.g™. In addition to the lower residual standard deviation the high
correlation coefficients (R?> = 0.9922 and 0.9884) also demonstrate that the general
order kinetic model provides a good theoretical correlation to the adsorption equilibrium
data of the AB-161 dye by defatted biomass of the microalgae Scenedesmus sp..

Adsorption kinetic studies in the treatment of aqueous effluents provide valuable
information on the mechanism of the adsorption process [44]. In the investigated
influence of contact time, it can be observed that the percentage uptake increase with
time and, at some point in time, reach a constant value where no more dye was removed
from the solution. At this point, the amount of dye being adsorbed onto the adsorbent is
in a state of dynamic equilibrium with the amount of dye desorbed from the adsorbent.
The time required to attain this state of equilibrium is termed the equilibrium time and
the amount of dye adsorbed at the equilibrium time reflected the maximum dye
adsorption capacity of the adsorbent under these particular conditions [45]. In this
study, the results showed that the lowest contact time between the AB-161 dye and the
DMB biosorbent to reach the maximum adsorption capacity was observed in 240 min

and 300 min for the initial concentration of 200 and 400 mg.L™, respectively.
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Figure 7.9. Kinetic models of adsorption of (a) AB-161 dye at 200.0 mg.L™ and (b)

AB-161 dye at 400.0 mg.L™* on DMB. Conditions: initial pH, 4.0; temperature, 25 °C;

adsorbent mass, 0.03 g.

Table 7.2. Kinetic parameters for the adsorption of AB-161 from DMB.
Conditions: temperature, 25°C; pH, 4.0; mass of adsorbent, 0.03 g.

Concentration (mg.L™)

200.0 400.0
Pseudo-first-order

ki (min™) 0.0130 0.0356
e (Mg.g™") 45.0552 55.5985
R% 0.9916 0.9258
SD (mg.g™) 1.5268 4.4209
Pseudo-second-order

ks (g.mg".min™") 2.63x10™ 7.50x10™
ge (Mg.g™h) 53.6652 60.4068
R 0.9763 0.9709
SD (mg.g™) 2.5640 2.7698
General-order

kn (h™(g.mg™)n™) 0.0218 2.22x10%®
e (Mg.g™) 444774 167.0981
N 0.85 12.7849
R 0.9922 0.9884
SD (mg.g™t) 1.4726 1.7465

7.3.5 Equilibrium studies

1
600

In this study, the Langmuir [46] and Freundlich [47] equilibrium isotherm models

were investigated in order to describe the relationship between the amount of adsorbate-

adsorbed by the adsorbent (ge) and the adsorbate concentration remaining in the

solution after equilibrium is reached (Ce), keeping the temperature of the process

constant [48]. Figure 7.10 shows the adsorption isotherms carried out from 25 °C and
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40 °C with AB-161 dye on the adsorbent DMB, using optimum experimental conditions
previously emphasized (see Table 7.3).

The Langmuir model is based on the principle that adsorption occurs on a
homogeneous monolayer surface where each site can only hold one adsorbate species
and all sites are energetically equivalent. In this isotherm model there are no interactions
between the adsorbate species. The Freundlich model assumes a multilayer adsorption,
with nonuniform distribution of energy over the heterogeneous surface, where the
concentration of the adsorbate on the adsorbent surface increases with the adsorbate
concentration. Theoretically, using this expression, an infinite amount of adsorption can
occur [49].

Considering that for a good fitting of an isotherm model, the SD values should be
<3.0% [27], based on this confident limit, a better adjustment of the Freundlich model is
observed for both temperatures studied.

The Freundlich model showed (Figure 7.10 and Table 7.3) the lowest SD values
(1.4737 and 2.2664 mg.g™ for the 25 and 40 °C temperature, respectively), which means
that the q fit by the isotherm model was close to the g measured experimentally. The
maximum amount adsorbed from AB-161 dye by DMB were of 83.2 mg.g™ to the
highest temperature from 40 °C and 75.78 mg.g™ to the temperature of 25 °C.
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Figure 7.10. Adsorption isotherms of AB-161 from DMB in aqueous solution at (a) 25
°C and (b) 40 °C temperature. Conditions: initial pH, 4.0; temperature, 25 °C;
adsorbent mass, 0.03 g.
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Table 7.3. Isotherm parameters for the adsorption of AB-161 from DMB.
Conditions: pH, 4.0; mass of adsorbent, 0.03 g.

Isotherm parameters Temperature
25°C 40 °C

Langmuir

Qnex (Mg.g°) 70.6129 777278
K, (L.mg~) 0.0222 0.0454
R 0.8065 0.5973
SD (mg.g™) 7.2741 81109
Freundlich

K (mg.g™(mg.L™)™"™) 14.1989 23.8017
Ne 4.2043 5 6646
R 0.9920 0.9685
SD (mg.g™) 1.4737 2 2664

7.3.6 Thermodynamic studies

To determine the thermodynamic parameters of the adsorption process of AB-161
dye onto the DMB biosorbent, batch adsorption experiments were performed at two
different adsorption temperatures 25 e 40 °C. The Gibb’s free energy change (AG®,
kJ.mol™), enthalpy change (AH°, kJ.mol™) and entropy change (AS®, J.mol™*.K™) were
determined using Equations 11, 12 and 13.

AG® = AH° —TAS (11)

AG° =—RTLn(K) (12)
The combination of Equations 11 and 12 gives Equation 13:

AS° AH°®

Ln(K)z?—F (13)
where R is the universal gas constant (8.314 J.K *.mol™), T is the absolute temperature
(Kelvin) and K represents the equilibrium adsorption constants of the fitted isotherm
(K). The AH® and AS° values were calculated from the linearized plot of Vant Hoff ’s
equations of Ln(K) versus 1/T. The calculated values of AG®, AH®°, and AS°® are listed
in Table 7.4.

The negative value of the change of free energy (AG®) confirms the feasibility of
the adsorption process and also indicates spontaneous adsorption of AB-161 dye by the
DMB in both temperatures studied. The positive values of AH° indicate that the
adsorption is an endothermic process. Moreover, the type of interaction of an adsorbate
on a given adsorbent can be classified by the magnitude of the change in enthalpy. The

AH values of 26.14 kJ.mol™ indicate a physisorption phenomenon with electrostatic
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interaction [50,51]. The positive values of AS° confirmed the preference of AB-161
molecules for the surface of DMB, and suggested an irregular increase of the dye at the
biosorbent-solution interface during the adsorption [52].

Table 7.4. Thermodynamic parameters for the adsorption of AB-161 with DMB

Thermodynamic parameters Temperature
25°C 40°C
AG® (kJ.mol™) -39.04 -42.32
AH° (kJ.mol™) 26.14
AS® (1.Ktmol™) 218.74

7.3.7 Treatment of Tannery Effluent

The UV-vis spectra of the effluent before and after treatment with DMB were
recorded from 400 to 800 nm (Fig. 7.11). The area under the absorption band was used
to monitor the percentage of the dye mixture removed from the tannery effluent. In this
assay a dye removal in the tannery effluent of 69.83% was observed.

In addition to dye removal, the pH, total organic carbon (TOC) and total nitrogen
(TN) were also investigated (Table 7.5). In these assays, there was a significant
increase of the pH, from 4.86 to 5.32. However, a reduction of organic (50.78%) and
nitrogen (19.80%) compounds after the adsorption tests in tannery effluent with the

DMB biosorbent was verified.
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Figure 7.11. UV-vis spectra of tannery effluent before and after adsorption with DMB
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Table 7.5. Characterization of tannery effluent before and after adsorption with DMB

Effluent before adsorption  Effluent after adsorption with DMB

pH 4.86 5.32
TOC (mg.L™) 317151 1561.00
TN (mg.L™) 264.60 212.20

7.4 CONCLUSION

From the results present in this study, the DMB biosorbent to be an efficient
sorbent for removal of AB-161 dye from aqueous solutions and leather wastewater.
Through SEM, FTIR and Optical microscopy micrographs analysis was possible to
characterize the proposed biosorbent. The lowest contact time between the AB-161 dye
and the DMB to achieve the equilibrium were 240 min and 300 min for the initial
concentration of 200 and 400 mg.L™, respectively at pH 4.0. The adsorption kinetic of
AB-161 dye was well described by the general order kinetic model. The Freundlich
model was the best to fitting the isotherm data, showing multilayer coverage of dye
molecules at the outer surface of DMB. The maximum amounts of AB-161 dye
adsorbed at 25 °C was 75.78 mg.g* and 40 °C was 83.2 mg.g’. From the
thermodynamic parameters for the adsorption of AB-161 with DMB indicated a
spontaneous endothermic process with a physical reaction by electrostatic interaction.

For the treatment of tannery effluents,; DMB adsorbents presented good
performance, removing 69.83% of AB-161 dye, 50.78% of TOC and 19.80% of TN.
Therefore, the use of defatted microalgal biomass for treatment of the tannery effluent
could be economically feasible, since this biosorbent is a residue of the biofuels
industry.
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Capitulo 8

ConclusOes e Sugestdoes para Trabalhos

Futuros

Neste capitulo sdo apresentadas as principais conclusdes oriundas deste trabalho e

as sugestoes para trabalhos futuros.

8.1 Conclusdes

A partir dos estudos realizados pode-se concluir que:

As microalgas Scenedesmus sp. e Chlorella sp. sdo capazes de assimilar
nutrientes presentes no efluente de curtume tais como nitrogénio, fosforo e
carbono, para a producdo de biomassa com diversas aplicacdes, entre elas a

producdo de biodiesel.

O estudo do delineamento composto central rotacional (DCC) demonstrou que a
concentracdo de efluente e a intensidade luminosa tem efeito significativo na
guantidade de biomassa produzida, bem como na remocdo de nitrogénio

amoniacal e fésforo.

Verificou-se ainda no estudo do DCC que as condi¢fes que maximizam a
concentragdo de biomassa, remocao de nitrogénio amoniacal e fosforo foram as
condigdes de cultivo com maior concentragdo de efluente de curtume e maxima
intensidade luminosa, indicando assim a ndo necessidade da diluicdo do

efluente.
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Verificou-se maximas concentraces de biomassa de 1,75 + 0,09 g.L™ para a
Scenedesmus sp. e 1,64 + 0,03 g.L™ para a Chlorella sp. para os cultivos em
fotobiorreatores Airlift sem diluicdo de efuente .

O cultivo das microalgas Scenedesmus sp. e Chlorella sp. em efluente de
curtume promoveu elevada reducdo de todos os pardmetros fisico-quimicos
analisados NT (91,68 + 0,70% - 88,10 + 3,53%), NH3-N (94,36 + 0,28% - 90,68
+2,78%), PO4-P (97,33 £ 1,35% - 98,10 + 0,51%), CI (93,56 + 0,56% - 89,46 +
2,45%) e DQO (66,64 + 3,34% - 71,21 + 2,24%) evidenciando a eficiéncias
desta técnica na depuracédo do efluente.

A composicao da biomassa microalgal foi significativamente relacionadas com a
condicéo de cultivo, a cultura com menor concentragdo de nutrientes ocasionou
0 acumulo de maiores teores de lipidios (27,14 + 0,65%, Sc - 25,46 + 1,61%,
Chl) e carboidratos (34,17 + 0,19%, Sc - 34,80 + 1,56%, Chl) que podem ser

utilizados na sintese de biodiesel e etanol, respectivamente.

A composicdo dos &cidos graxos obtidos a partir da transesterificacdo dos
lipidios da microalga Scenedesmus sp., cultivada em diferentes concentracdes de
efluente, apresentaram elevados teores de acidos graxos insaturados (52,24% -
57,76%). Ja os biodieseis produzidos através dos lipidios da microalga Chlorella
sp. apresentaram estabilidade oxidadativa devido a presencga de elevados teores
de acidos graxos saturados (51,24% — 69,35%). Além disso, nestes biodieseis
foram verificados teores de acido linolénico inferiores a 12% (4,49%, Sc -
7,38%, Chl), bem como a auséncia de acidos graxos poliinsaturados com quatro
ou mais ligagdes duplas, estando de acordo com a norma EN 14214.

No processo de coagulacdo/floculacdo das microalgas Scenedesmus sp. e
Chlorella sp. cultivadas em efluente de curtume, o agente floculante a base de
taninovegetal, Tanfloc SH, apresentou uma recuperacao satisfatoria da biomassa
de aproximadamente 98% para ambas microalgas nas condi¢des de dosagem de
coagulante/floculante 450 mg de floculante/g de biomassa (Sc) e 200 mg de
floculante/g de biomassa (Chl), velocidade de agitacdo de 20 rpm, tempo de

mistura de 2 min e tempo de sedimentacdo de 5 min.

O uso do coagulante/floculante Tanfloc SH acarretou na redugdo do teor de
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lipidios nas microalgas Scenedesmus sp. e Chlorella sp., entretanto ndo foram
observadas alteragdes nos teores de acidos graxos do FAEE - Fatty acid ethyl
esters.

A utilizacdo da biomassa residual da microalga Scenedesmus sp. — DMB (ap0ds
extracdo dos lipidios) mostrou ser um material promissor para adsor¢do do
corante Acid Blue 161. Nos ensaios em solugfes aquosas foram verificadas
elevadas quantidades de corante adsorvidas (83,2 mg.g™). Além disso, quando
se utilizou o biossorvente no efluente de curtume real foram verificadas
remocdes significativas do corante AB-161 (76,65%), carbono organico total
(50,78%) e nitrogénio total (19,80%).

A caracterizacdo do biossorvente por Espectroscopia de infravermelho por
transformacdo de Fourier (FTIR - Fourier-transform infrared spectroscopy),
permitiu identificar quais grupos funcionais presentes na superficie da biomassa
interagiram com o corante e promoveram a remoc¢do do mesmo. A partir das
imagens geradas por microscopia eletrénica de varredura (SEM - Scanning
Electron Microscope) foi possivel verificar a presenca de rugosidades e
cavidades irregulares na superficie do biossorvente, as quais desempenharam um
papel importante na biossor¢do do corante. A avaliacdo da area superficial e da
porosidade analisadas pelos métodos BET (Brunauer, Emmett and Teller) e BJH
(Barret, Joyner, and Halenda), respectivamente, evidenciaram uma 4&rea
superficial de 3,47 m? g%, um volume total de poros de 8,02 x 10° cm®*g* e a
presenca de mesoporos com didmetro médio de 66,3 A. Na caracterizacdo por
potencial zeta foi possivel identificar a melhor faixa de pH utilizada para a

remocao do corante, de acordo com a carga superficial do biossorvente.

Na avaliagdo do mecanismo cinético que controla o processo de adsorcao,
observou-se 0 melhor ajuste dos dados para com o modelo cinético de ordem
geral. O modelo da isoterrma de Freundlich mostrou o melhor ajuste dos dados
de equilibrio em ambas temperaturas experimentais (25 e 40 °C). A
determinacdo dos pardmetros termodindmicos indicou que a adsorcéo do corante
AB-161 pelo biossrovente DMB é um processo endotérmico e espontaneo com

uma reacao fisica por interacao eletrostatica.
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8.2 Sugestodes para Trabalhos Futuros

Os resultados obtidos na realizacdo deste trabalho permitem a sugestéo de realizagéo

de trabalhos futuros, conforme segue:

Cultivar as microalgas Scenedesmus sp. e Chlorella sp. em efluentes das
diferentes etapas de processamento do couro, caracterizando os efluentes ao
longo do processo de tratamento a fim de verificar a remocao dos nutrientes
nitrogénio, fosforo, carbono organico total e carbono inorganico;

Avaliar o crescimento das microalgas Tetrasselmis sp., Spirulina sp.,
consorcio de microalgas, e outras cepas em efluente de curtume, e outros
eventuais efluentes;

Cultivar as microalgas em diferentes diluicGes de efluente, utilizando
efluente de outras etapas com menores concentracfes de nutrientes para a
diluicdo;

Imobilizar as microalgas em diferentes substratos, tais como agar, alginato,
colageno e casca de arroz para a aplicacdo no tratamento de efluentes de
curtume;

Projetar o tratamento com microalgas em escala industrial e implementar em
associacdo com as operacOes unitarias de uma estacdo de tratamento de
efluente — ETE;

Utilizar a biomassa de microalgas como substrato para a producdo de biogas
(por digestdo anaerdbia) e etanol (por fermentacao);

Utilizar a biomassa residual (apds extracdo dos lipidios) na biossorcdo de
corantes e outros contaminantes da indUstria coureira;

Cultivar as diferentes espécies de microalgas na presenca de substancias
utilizadas no processamento do couro conhecidas como compostos

disruptores enddcrinos verificando a remocéo destes.
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Anexo B

Procedimentos experimentais

B1. Preparacéo do in6culo

Na preparacao dos inoculos as microalgas Scenedesmus sp. e Chlorella sp. foram
cultivadas em meio Guillard modificado e TAP, respectivamente. O meio Guillard
modificado consiste de duas solu¢des, uma de macronutrientes compreendendo 367,60
mg.L™? CaCl,.2H,0; 369,70 mg.L™ MgS0,.7H,0; 126,00 mg.L™ NaHCO3; 87,10 mg.L"
! K,HPO4; 85,10 mg.L™ NaNOs;; 284,20 mg.L™ Na2SiO3.9H,0 e uma de
micronutrientes compreendendo 43,60 mg.L™? Na,EDTA; 31,50 mg.L™ FeCls.6H,0;
0,10 mg.L™* CuS0..5H,0; 0,22 mg.L* ZnS0,.7H,0; 0,10 mg.L™ CoCl,.6H,0; 1,80
mg.L™* MnCl,.4H,0; 0,06 mg.L™" Na;M00,.2H;0. J4 meio TAP consiste de 2420,00
mg.L™? H,NC(CH,OH)3; 375,00 mg.L™ NH,CI; 100,00 mg.L™* MgSO,.7H,0; 50,00
mg.L* CaCl,.2H,0; 28,80 mg.L™ K HPO4; 14,40 mg.L? KH,PO,; 50,00 mg.L™
Na,EDTA.2H,0; 22,00 mg.L* ZnSO,.7H,0; 11,40 mg.L* H;BOs;; 5,00 mg.L™
MnCl,.4H,0; 5,00 mg.L? FeSO,7H,0; 1,60 mg.L* CoCl,.6H,0; 1,60 mg.L™
CuS04.5H,0; 1,10 mg.L™? (NH4)sMoOs; 1,00 mL.L™* CH3;COOH. Os cultivos foram
realizados em erlenmeyers de 250 mL contendo 200 mL de volume til na proporcéo de
1:10 (20 mL da cultura antecessora para 180 mL de meio de cultura novo). Os indculos
foram mantidos em incubadora com fotoperiodo de 12h/12h luz/escuro, intensidade
luminosa de 80 umol photons.m2.s ', temperatura de 25 °C e aeracdo constante por
borbulhamento de ar comprimido a uma taxa de fluxo de 1 L.min™. A manutencéo das

microlgas foi realizada com intervalos de 10 dias.

B2. Cultivos das microalgas em efluente de curtume
B2.1 Cultivo de microalgas em Erlenmeyer de 1 L

Nos cultivos da microalga Senedesmus sp. em Erlenmeyer de 1 L foi realizado um
planejamento experimental delineamento composto central 22 (DCC) onde a
porcentagem de efluente nos cultivos variou entre 20 e 100% e a intensidade luminosa
variou entre 80 umol photons.m 2s™" e 200 pmol photons.m2s"". O volume de inéculo

(na fase exponencial) foi padronizado para todos os ensaios a uma ODs7g de 0,2. As
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culturas foram realizadas em modo batelada durante 24 dias a temperatura ambiente (25
°C). A agitacéo foi obtida por borbulhamento de ar comprimido (1 L.min™) no fundo
dos frascos.

B2.2 Cultivo de microalgas em fotobiorreatores de 3 L

Os cultivos das microalgas Scenedesmus sp. e Chlorella sp. foram realizadas em
fotobiorreatores Airlift de 3 L, sob intensidades luminosa continua de 200 pmol
photons.m™2.s™", durante 20 dias & temperatura ambiente (25 °C). A aeracio foi obtida
por borbulhamento de ar comprimido a uma taxa de fluxo de 1 L.min™. O volume de
indculo (na fase exponencial) foi padronizado para todos os ensaios na propor¢do de
10,0% (v/v), considerando um volume util final de 2,8 L. As microalgas foram
cultivadas em &guas residuais de curtumes sem tratamento prévio nas condicgdes
porcentagem de efluente de 25%, 50% e 100%. As microalgas Scenedesmus sp. e
Chlorella sp. também foram cultivadas no meio Guillard modificado e TAP,
respectivamente, condi¢des esta consideradas controle. Todas as culturas foram
realizadas em duplicata.

B2.3 Cultivo de microalgas em recipiente de 5 L

Nos cultivos em recipientes de 5 L as microalgas Scenedesmus sp. e Chlorella sp.
foram cultivadas em &guas residuais de curtumes sem tratamento prévio e sem adi¢do de
nutrientes. O volume de indculo (na fase exponencial) foi padronizado para todos 0s
ensaios na proporcdo de 10,0% (v/v), considerando um volume util final de 4 L. As
culturas foram realizadas durante 12 dias a temperatura ambiente (25 °C) com ciclo
claro/escuro de 12/12 h (intensidade luminosa 80 pmol photons.m™2.s ') e aeracio

continua por borbulhamento de ar na vazdo de 1 L.min™

B3. Avaliacdo do crescimento da biomassa

B3.1 Densidade o6tica

Para monitorar o crescimento das células foi utilizado o método de
espectrofotometria visivel, com medi¢cdes no comprimento de onda de 570 nm. Neste
procedimento uma aliquota de 4 mL de amostra de cada ensaio foi diariamente coletada

(preferencialmente no mesmo horario) e a densidade 6Gtica foi mensurada em um
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espectrofotobmetro (modelo T80 + UV/Vis, PG Instruments) ap6s a diluicdo apropriada.
Posteriormente, estabeleceu-se uma realacdo das absorbancias obtidas neste ensaio com

peso seco das amostras através de uma curva de calibragdo.

B3.2 Determinacao de peso seco

O peso de células secas de biomassa de microalgas foi mensurado por
gravimetria, onde aliquotas de volumes conhecido foram filtradas em filtros de 0,7 um
de porosidade previamente pesado e secos em estufa a 100 °C durante 24 h. A relagéo

entre peso seco de biomassa e densidade dptica foi estimada utilizando regressao linear.

B4. Caracterizacado do efluente

B4.1 Nitrogénio Amoniacal

A concentracdo de nitrogénio amoniacal foi determinada atraves do metodo de
destilacdo preliminar/titulométrico. Na etapa de destilagdo 50 mL de amostra
devidamente diluida, foi tratada com 10 mL da solucéo de hidroxido de sodio/tiossulfato
de sodio e encaminhada para um dispositivo de destilacdo (destilador automéatico UDK
129 Velp Scientifica) onde foi destilada durante 6 minutos com o hidroxido de sddio
40%. O conteudo destilado foi coletado em um recipiente contendo 75 mL da solucéo
indicadora de acido borico 2%. Nesta operacdo, a extremidade por onde sai o destilado
encontrava-se mergulhada na solucdo indicadora. Paralelamente, realizou-se a
destilacdo do branco onde a amostra foi substituida por dgua destilada. Na etapa de
titulometria a amostra destilada foi titulada com uma solu¢do de H,SO, 0,02 N até o
ponto de viragem do indicador (verde para violaceo). Realizou-se também a titulacdo

para o destilado do ensaio branco.

B4.2 Fé6sforo

Na determinacdo do fosforo na forma de ortofosfato, em um erlenmeyer de 125
mL adicionou-se 50 mL de amostra devidamente diluida e 8 mL do reagente combinado
(50 mL de &cido sulfarico 5 N, 5 mL de antimonil tartarato 0,3%, 15 mL de molibidato
de amonio 4% e 30 mL de &cido ascorbico 1 M). Apos 30 minutos a absorbancia foi
mensurada em um espectrofotdbmetro (modelo T80 + UV/Vis, PG Instruments) no
comprimento de onda de 880 nm. A curva de calibragéo foi realizada utilizando uma

solucgéo padréo de fosfato monobasico de potassio (KH,POy,).
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B4.3 Nitrogénio Total e Carbono Inorganico

A determinagdo dos parametros nitrogénio total (NT) e do carbono inorgéanico
(CI) foi realizada utilizando um analisador de carbono organico total (modelo TOC-L
TNM, Shimadzu).

B4.4 DQO

Nos frascos de digestdo foram adicionados 20 mL de amostra devidamente
diluida, 400 mg de sulfato de mercurio, 10 mL de dicromato de potéssio 0,25 N e 30
mL da solucédo digestdo acido sulfurico + sulfato de prata.

Os frascos foram introduzidos em um dispositivo digestivo (sistema de bloco
digestor DQO ECO 6 Velp Scientifica) e apos o final do periodo de aquecimento de 120
min a 150 °C os frascos foram extraidos e resfriados em temperatura ambiente. O
contetdo do frasco foi vertido em um Erlenmeyer de 250 mL juntamente com 60 mL de
agua destilada. Foram entdo adicionadas 5 a 6 gotas de solucdo de ferroina. Apds o
resfriamento, o contetdo do Erlenmeyer foi titulado com sulfato ferroso amoniacal
0,125 N até a mudanga de cor de azul-verde para laranja.

O mesmo procedimento foi utilizado para a solugdo controle onde no lugar da

amostra foi adicionado 20 mL de agua destilada.

B4.5 DBO

Na determinacdo da demanda bioquimica de oxigénio, foram adicionados nos
frascos de DBOs 250 mL de amostra devidamente diluida (1:10), 1 mL da solucdo de
sulfito de sddio 15,8%, 1 mL de TCMP - 2-cloro-6 (triclorometil) piridina 0,35%, 1 mL
da solucéo de nutrientes e 2 mL de lodo (semente). Nas amostras controle o efluente foi
substituido por a4gua Millig e ndo foram adicionadas as soluc@es de sulfito de sodio e
TCMP. Acoplou-se o sensor digital na parte superior do frasco e 0 mesmo foi
encaminhado para incubacdo a uma temperatura de 20+1 °C. Apds 5 dias determinou-se

a DBO por meio de leitura direta no sensor digital.

B5. Determinacéo do teor Proteinas

A percentagem de proteinas totais na biomassa microalgacea seca foi determinada
pelo método Kjeldahl modificado (AOAC, 2005). Neste procedimento 100 mg de
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biomassa de microalga liofilizada, 5 mL de agua destilada, 25 mL de acido sulfarico
concentrado e 10 g de mistura catalitica (100 g de K,SO4 + 3 g de CuSO,4) foram
adicionadas em um tubo de Kjeldahl e a mistura foi digerida em um dispositivo
digestivo (sistema de bloco digestor DK20 Velp Scientifica) a uma temperatura inicial
de 150 °C por 1,5 horas, seguido de uma temperatura de 400 °C por 2,5 horas.
Posteriormente, foi adicionado a mistura 5 mL de tiossulfato de sodio e esta foi
encaminhada para um dispositivo de destilagdo (destilador automéatico UDK 129 Velp
Scientifica) onde foi destilada durante 6 minutos com o hidroxido de sddio e o destilado
foi coletado em um erlenmeyer contendo 100 mL de solucéo indicador de acido bérico.
Apos a destilacdo a mistura foi titulada com uma solucdo de H,SO,4 0,3 N. A proteina
bruta foi calculada pela multiplicacdo do nitrogénio total, presente na biomassa seca,

pelo fator de conversdo convencional de 6,25.

B6. Determinacé&o do teor de Carboidratos

A extracdo dos carboidratos foi realizada pelo pre-tratamento da biomassa das
microalgas com a adicdo de 2 mL da solucdo de H,SO4a 0,02 g de biomassa liofilizada.
Apbs o contato por 20 h as amostras foram filtradas através de um filtro de 0,2 um. O
teor total de carboidratos foi determinado pelo método do reagente fenol-acido sulfarico
(DUBOIS et al., 1956). Em 1 mL de amostra pré-tratada e previamente diluida (1:20)
adicionou-se 1 mL de solucdo de fenol (3% p/v) e 5 mL de &cido sulfdrico a 96%.
Descansou-se por 30 minutos a temperatura ambiente. A curva analitica foi preparada
usando padrdes de glicose e o teor de carboidratos totais de microalgas foi determinado

em um espectrofotdmetro no comprimento de onda de 490 nm.

B7. Determinacé&o do teor de Lipidios

Para a determinacdo de lipidios foi utilizado o método adaptado de Bligh & Dyer
(1959), um dos mais aplicados na extracdo de lipidios em biomassa microalgécea.
Inicialmente foi realizada a digestdo acida da biomassa liofilizada.

O processo de extracdo de lipidios da biomassa das microalgas foi realizado em
duas etapas:

Na primeira etapa, da digestdo acida da biomassa, as amostras foram submetidas a

um pre-tratamento com acido cloridrico para romper a parede celular; e na segunda
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etapa, os lipidios foram extraidos com uma mistura de solventes. Apos a extracdo, o
excesso de solvente foi removido e a quantificacdo dos lipidios foi realizada
gravimetricamente.

Para o procedimento da digestdo acida da biomassa adicionou-se em um tubo
falcon de 15 mL, 500 mg de biomassa de microalgas liofilizada e 5 mL de HCI 2 M.
Com o auxilio de um vortex homogeneizou-se a mistura. A mistura foi encaminhada
para um banho termostatizado a 80 °C durante 1 h, em seguida foi centrifugada a 3000 g
durante 15 minutos para separar a biomassa do residuo de acido, entdo removeu-se o0
residuo de acido e o descartou em frasco adequado para este residuo.

Posterior ao pré-tratamento, realizou-se o procedimento de extracdo de lipidios
totais, onde adicionou-se 4 mL de metanol a biomassa hidrolisada e homogenizou-se,
em seguida acrescentou-se a suspensdo 2 mL de cloroférmio e agitou-se em vortex por
2 minutos; adicionou-se mais 2 mL de cloroférmio e agitou em vortex por 2 minutos, e
por fim adicionou-se 3,6 mL de agua MilliQ e agitou em vortex por 2 minutos. A
suspencdo foi centrigudgada a 3000 g durante 15 minutos. A fase inferir, contendo
lipidios e cloroférmio, foi transferida para um baldo pesado previamente e reservado.

Para a re-extracdo dos lipidios adicionou-se 4 mL da solucdo 10 % v/v de metanol
em cloroférmio as fases que restavam e agitou-se em vortex durante 2 minutos.
Centrifugou-se novamente e coletou-se a solucdo inferior transferindo-a para o baléo
contendo a solucdo anteriormente extraida. O excesso de cloroférmio foi evaporado em
evaporador rotatorio a 75 °C sob pressdo de vacuo média e o baldo foi seco em estufa a

60 °C até obter peso constante.

B6. Producao do biodiesel

B6.1 Procedimento de esterificacao

Os ésteres etilicos de acidos graxos foram obtidos por transesterificacdo dos
lipidos seguindo a metodologia proposta por Guzatto et al. (2012).

As transesterificagdes foram conduzidas em um sistema reacional constituido por
um baldo de fundo redondo equipado com um condensador de refluxo. A temperatura
foi estabilizada a 80 °C e foram realizadas duas etapas consecutivas, usando KOH
seguido de H,SO,4 como catalisadores. Na primeira etapa o etanol (1 mL, 24 mmol) e 0

triglicerideo (1 g, 1,2 mmol) foram aquecidos na presenca de KOH (12 mg, 0,2 mmol)
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por 30 min. Na sequéncia, uma solu¢do de H,SO4 (4,4 uL, 0,8 mmol) em etanol foi
adicionada sobre a mistura reacional, a qual foi mantida em aquecimento durante 2 h 30
min.

ApoGs este periodo, a mistura reacional foi removida do sistema de refluxo e
concentrada utilizando um evaporador rotativo para remover 0 excesso de alcool. A
solucdo foi solubilizada em hexano (5 mL) e lavada com agua (2 x 2,5 mL) para a
remogéo dos catalisadores formando uma fase inferior composta de glicerol e uma
pequena quantidade de etanol, esta fase foi removida manualmente. Em seguida a
solucdo foi evaporada novamente a temperatura entre 95 °C e 100 °C. A solucdo foi

entdo diluida em heptano para posterior leitura no cromatografo gasoso.

B6.2 Analise da composicédo dos acidos graxos em CG

A composicdo e 0 conteudo dos 4&cidos graxos foram determinados em
cromatografo gasoso (Shimadzu GC-2010) equipado com detector de ionizacdo de
chama, auto-amostrador AOC 20i e coluna OV CARBOWAX 20 M (30 m x 320 um x
0,25 um). A temperatura inicial do forno foi mantida a 40 °C durante 2 min e foi
subsequentemente aumentada para 230 °C com uma taxa de aquecimento de 10 °C min’
! ¢ mantida durante 7 min. Um volume de 1 pL foi injetado automaticamente. O gés

transportador (hélio) foi controlado a um fluxo de 2,5 mL min™.
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