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RESUMO

O aquecimento global é um dos mais sérios problemas ambientais da atualidade, gerando uma
crescente preocupagdo com o meio ambiente. Dentre as possiveis formas de reducdo da concentragao
de diéxido de carbono, um dos causadores desse fendomeno, estd a fixacdo bioldgica de CO, podendo
ocorrer em fotobiorreatores alimentados com culturas de cianobactérias. Nesse sentido, através de uma
colaborag@o com a refinaria de Paulinia, o estudo teve por objetivos avaliar o potencial dos efluentes
liquidos da industria petroquimica como meio de cultivo da cianobactéria Aphanothece microscopica
Ndgeli e determinar modelos de crescimento celular e consumo de didéxido de carbono. Os testes
envolveram diferentes diluicdes do efluente liquido em &4gua destilada (0, 25, 50, 75 e 100%) e
diferentes suplementacdes de sais de BGN no efluente liquido (0, 25, 50, 75 e 100%), visando avaliar o
crescimento celular do microorganismo. Os resultados demonstraram que a limitacdo de nutrientes no
efluente afetava significativamente os resultados de aumento celular necessitando da adicao de 25%
sais. Esses dados também foram analisados em fun¢do de modelos de crescimento (Gompertz,
Gompertz Modificado, Logistico, Morgan, Baranyi) sendo o melhor ajuste encontrado com o modelo
Gompertz Modificado. Também foram simulados valores de produtividade em funcdo de cultivo em
regime continuo revelando méxima produtividade aproximada de 1,41Kgpiomassa/Lreator €m 1000h de
operacdo com uma fixacdo de 2,61kgco/Licator- O consumo de diéxido de carbono foi avaliado em
experimentos realizados apenas com meio BGN e tiveram como finalidade avaliar parametros como
taxa maxima de consumo de CO;, constante de satura¢do da biomassa e constante de inibicdo, sendo
aplicados modelos de consumo de substrato (Webb, Aiva, Yano & Koga, Andrews, Chen e
Ierusalinsky) para analisar os resultados e definir a condi¢do de melhor concentracdo de biomassa para
promover uma elevada fixag¢do bioldgica de CO,. O modelo de Andrews foi escolhido para representar
esse processo de consumo de CO, pela facilidade no uso e significado fisico de seus pardmetros
indicando a possibilidade de se obter 3,00gbiomassa.L'l.h'1 e maxima taxa de retencdo de CO, na forma de
biomassa de 2,67gc02.L'].h"mostrando a potencialidade de uso desse sistema em processos de fixagcdo

bioldgica de didxido de carbono.

Palavras Chave: microbiologia preditiva, CO,, cianobactérias, biomassa, aguas residuais.
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ABSTRACT

Actually, global warming is one of the most serious environmental problems in the planet, because of
it, the concerns with the environment have increased. Among the possible ways to reduce atmospheric
carbon dioxide concentrations, one of the responsible for this phenomenon, is the biological fixation of
CO,, which can occur in photobioreactor feed with cyanobacteria cultures. Accordingly, through
collaboration with Paulinia’s refinery, this study had the objective to evaluate the petroleum industry
wastewater as a culture medium to cyanobacteria Aphanothece microscopica Ndgeli and to determine
growth and CO, consumption models. The tests involved different dilutions of wastewater in ditilled
water (0, 25, 50, 75 e 100%) e different supplementation of salts of BGN (0, 25, 50, 75 ¢ 100%), to
evaluate the development of the microorganism. The results showed that the nutrients limitation in the
wastewater significantly affected cell growth requiring addition of 25% salts. These data were also
analyzed in terms of growth models (Gompertz, modified Gompertz, Logistic, Morgan, Baranyi) and
de better fit was found with the modified Gompertz model. Continuous cultivations was simulated and
revealed a maximum productivity about of 1.41 Kghiomass / Lreactor at 1000h of operation with a setting
of 2.61 kgcoo/Lieactor- The consumption of carbon dioxide was evaluated in experiments realized with
BGN and have the objective of measure parameters such as maximum rate of CO, consumption,
biomass saturation constant and inhibition constant, been applied substrate consumption models
(Webb, Aiva , Yano & Koga, Andrews, Chen and lerusalinsky) to analyze the results and define the
position of better concentration of biomass to promote a high biological fixation of CO,. The model of
Andrews was chosen to represent this process of consumption of CO, by the ease of use and physical
meaning of its parameters indicating the possibility of obtaining 3.00 gbiomass.L'l.h'1 and the retention
rate of 2.67 gcoz.L'l.h'1 showing the potential use of this system in processes of biological fixation of

carbon dioxide.

Keywords: Predictive microbiology, Carbon dioxide, Cyanobacteria, Biomass, Wastewater.
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CAPITULO 1

Introducao geral



1 Introducao

O aquecimento global é um dos mais sérios problemas ambientais da atualidade, podendo
gerar alteracdes em diversas 4reas, incluindo distirbios climaticos de precipitacio de chuvas,
derretimento das calotas polares ou mesmo a extingdo de diversas espécies. Nos tltimos anos, houve
um crescente debate sobre a influencia do homem no aumento dos gases do efeito estufa (didéxido de
carbono, vapor d’dgua, metano, 6xido nitroso, hidrofluorcarbonos, perfluorcarbonos e hexafluoreto de
enxofre). De acordo com diversos autores o di6xido de carbono é o principal géds causador desse
fendmeno e contribui com aproximadamente 60% dos efeitos do aquecimento global, tendo sua

concentragdo atmosférica aumentada de 285 ppmv no ano 1000 para 377 ppmv em 2004, com a

estimativa de atingir 570 ppmv em 2100.

Nesse sentido, a crescente preocupacdo com o meio ambiente vem mobilizando vérios
segmentos do mercado, 6rgdos governamentais e industrias para aplicar uma politica ambiental que
diminua os impactos negativos a natureza. Assim, o protocolo de Kyoto foi baseado no principio da
reducdo da emissdo dos gases causadores do efeito estufa, especialmente na reducdo da quantidade de
CO; liberado para a atmosfera. As formas de viabilizar essa reducdo podem ser divididas em trés
categorias: i) reduzir o gasto de energia, melhorando a efici€ncia de uso; ii) reduzir as emissdes de CO,
utilizando fontes de energia que ndo liberem esse gés e iii) desenvolver tecnologias limpas de captura e
sequestro de CO,. No caso das tecnologias limpas existem tentativas de tratamentos fisicos, quimicos e
bioldgicos, onde a fixacdo bioldgica de CO,, por culturas de cianobactérias em fotobiorreatores, atrai
grande significado e importancia devido a eficiéncia fotossintética desses microorganismos capazes de
tolerar uma ampla gama de condi¢des de luminosidade, salinidade, temperatura e pH.

Os fotobiorreatores utilizados nesse tipo de processo podem ser abertos ou fechados. A
preferéncia por fotobiorreatores fechados comecou a ser avaliada nos anos 90 em funcdo da
produtividade celular, menor perda de &4gua por evaporacdo, diminui¢do da possibilidade de
contaminagao, dentre outras. Dentre as configuracdes mais usadas para fotobiorreatores fechados estao
os do tipo coluna de bolhas e airlift. Para tornar esse processo mais vidvel economicamente tem sido
estudada a possibilidade de tratamento bioldgico de efluentes liquidos associado ao tratamento de
efluentes gasosos. Assim, a utilizacdo de efluentes liquidos como meio de cultivo para as

cianobactérias pode ser associada ao tratamento de gases (CO,) sendo necessdrio destacar que o



levantamento cinético de fotobiorreatores em escala de bancada é funcdo de cada espécie de
cianobactéria e € a etapa inicial para o desenvolvimento desses processos em larga escala.

Apesar das indmeras aplica¢des possiveis, apenas algumas espécies de algas e cianobactérias
sdo cultivadas comercialmente devido ao pouco desenvolvimento das técnicas nos fotobiorreatores bem
como pelo fato de que a escala comercial desta tecnologia ser fundamentada na viabilidade técnica e
econdmica da produgdo de compostos celulares de alto valor agregado. Assim € necessario controlar as
varidveis operacionais, diminuir o risco de contaminacdo e minimizacdo das perdas de 4gua por
evaporacdo. Atualmente sdo estudadas aplicagdes para essa biomassa que compreendem desde
aplicacdes alimenticias e medicinais até geracao de energia.

Neste sentido, a avaliac@o do potencial de uso de efluentes liquidos na produgdo de biomassa e
a construcdo de modelos matemdticos e cinéticos s@o atividades essenciais para o desenvolvimento
desses processos para maximizar a producdo de biomassa e mitigacdo do diéxido de carbono e obter

um processo isento de residuos e tecnicamente vidvel.



2 Objetivo

2.1. Objetivo geral

Avaliar o desempenho de modelos de crescimento celular e de consumo de diéxido e carbono aplicados

ao cultivo fotossintético da Aphanothece microscopica Ndigeli.

2.2. Objetivos especificos
Avaliar a adaptacdo e crescimento da Aphanothece microscopica Ndgeli quando cultivada

utilizando o efluente liquido da refinaria de Paulinia;

Avaliar as taxas de crescimento celular, taxa de consumo de diéxido de carbono e

produtividade;

Avaliar o desempenho de modelos de crescimento celular e consumo de di6xido de carbono

no cultivo fotossintético da cianobactéria Aphanothece microscopica Ndigeli,

Validar matematicamente e fenomenologicamente esses modelos;

Definir as condicdes operacionais apropriadas para o crescimento celular e fixacdo bioldgica

de carbono;



3 Revisao Bibliografica

3.1.  Alteracoes Climaticas

O clima é um sistema complexo, constituido em fung¢do da interacdo entre atmosfera,
superficie terrestre, neve, gelo, oceanos, massas de dgua e elementos vivos. E comumente definido em
termos de média e variabilidade de temperatura, de precipitacdo e dos ventos, ao longo de um periodo
de tempo (Australian Government — Bureau Of Meteorology, 2009). O clima varia em todas as escalas
de tempo e espago, ou seja, de um ano para o outro, bem como de uma década, século e milénio para o
préximo, desde o local até o global (MacCracken & Perry, 2002) e evolui no tempo sob a influencia de
sua propria dindmica interna e, devido a mudancas nos fatores externos (Australian Government —
Bureau of Meteorology, 2009). Essas mudancas sdo expressas em termos de forgcantes radiativas, as
quais compreendem a medida da influencia de um fator em alterar o balango de energia de entrada ou
saida do sistema atmosfera-terra e usadas para comparar como a contribuicdo humana e os fatores
naturais influenciam no aquecimento ou no resfriamento do sistema climatico (Avila, 2007). Os
Forcantes incluem erupcdes vulcanicas e variagdes solares, alteragdes na composi¢do atmosférica
influenciando o ciclo da dgua, ciclo de carbono, equilibrio energético e diferentes caracteristicas fisico-
quimicas e bioldgicas dos processos que ocorrem dentro da atmosfera (Australian Government —
Bureau of Meteorology, 2009). Sendo assim, a natureza complexa desta variabilidade ¢ um grande
obstaculo para a determinac¢do das mudancas globais que sdo decorrentes das atividades humanas e

daqueles que sao funcdo de fendmenos naturais.

A radiacdo solar € um dos fatores que mais afeta as alteragdes climdticas, sendo que de toda
radiacdo solar que atinge a Terra, aproximadamente 340 W.m>, 30% ¢ refletida e 70% ¢é absorvida
(pelas nuvens, gases estufa e superficie terrestre) e convertida em calor (Le Treut et al., 2007). Essa
radiacdo € necessdria para o aquecimento da superficie terrestre, contudo ndo é suficiente para a
manutencdo da vida, necessitando de um fendomeno natural chamado efeito estufa (Marion Koshland
Science Museum of the National Academy of Sciences, citado por PEW Center on Global Climate
Changes, 2009). Esse fendmeno faz com que a temperatura da Terra seja maior do que a que seria na
auséncia de atmosfera, sem ele a temperatura média da Terra seria -18°C ao invés dos 15°C que temos
hoje, ou seja, 33°C menor. Dessa forma, o sistema Terra-Atmosfera estd em equilibrio, pois toda a

energia que entra € igual a que sai, mas seu saldo pode ser alterado por trés formas fundamentais: 1)



alterando a radiag@o solar recebida (mudancas na 6rbita da Terra ao Sol); ii) alteracdo da fracdo da
radiacdo solar que é refletida (alteragdes na nebulosidade, particulas atmosféricas ou vegetacdo) e iii)
alteracdo na radiagdo solar devolvida ao espago (mudanca de gases de efeito estufa aumentando a
quantidade de radiacdo infravermelha que € absorvida antes de escapar para o espaco) (Le Treut et al.,

2007; Australian Government — Bureau of Meteorology, 2009; INPE, 2009).

A concentrago atmosférica de diéxido de carbono (CO,), metano (CHy) e 6xido nitroso (N,O)
tem aumentado significativamente desde 1750 alterando o balancgo de energia do planeta. Esse aumento
da concentracido atmosférica de diéxido de carbono se deve principalmente & queima de combustivel
f6ssil e mudangas de uso da terra, enquanto o metano e o 6xido nitroso sdo principalmente gerados pela
agricultura (Avila, 2007), Nesse sentido, nos ultimos anos, houve um crescente debate sobre a
influencia do homem no aumento da concentracdo atmosférica dos gases do efeito estufa (di6xido de
carbono, metano, 6xido nitroso, hidrofluorcarbonos, perfluorcarbonos e hexafluoreto de enxofre)
(Shively et al., 2001), sendo geralmente aceito que, no século 20, o meio ambiente esteve sujeito a
maior interferéncia humana de todos os tempos, podendo ser a causa do que atualmente é considerado
um dos mais sérios problemas ambientais: Aquecimento Global (Wijanarko e Ohtaguchi, 2004; Yang

et al., 2008).

O aquecimento global pode gerar alteracdes em diversas dreas, incluindo distirbios climéticos,
sendo que tanto a quantidade quanto a distribuicdo das chuvas e tempestades irdo mudar radicalmente
além de alteragdes nos padrdes de ventos e eventos extremos do clima (secas, inundagdes, ciclones,
tornados, tsunamis). Também ocorrerdo mudancgas na producdo de alimentos, derretimento acelerado
das calotas polares, aumento do nivel dos oceanos, aceleracdo da extincao de algumas espécies da flora
e fauna e muitos outros problemas ambientais de proporcoes distintas (IPCC, 2001; IPCC, 2007;
Bilanovic et al., 2009). A magnitude e a velocidade com que essas mudancas climdticas irdo ocorrer
serdo significativas, mas ndo completamente definidas (Reed & Assenz, 2009). Essas alteracdes teem
sido continuamente monitoradas. Dados publicados pela NASA revelaram uma variacao de 20% entre
a extensdo de gelo no oceano Artico entre 1979 e o verdo de 2005 (NASA citada por Pew Center on

Global Climate Change, 2009).



O setor de energia seguido pelo setor industrial sdo os principais causadores das emissdes dos
gases do efeito estufa, participando com aproximadamente 26% e 19%, respectivamente, de toda
emissdo de diéxido de carbono ocorrida no ano de 2004 (IPCC, 2007). O principal gis do efeito estufa
€ o dioxido de carbono produzido tanto por fontes mdveis (automdveis, dentre outros) quanto por
fontes estacionarias (industrias, dentre outras) e desbalanceando a distribui¢cdo de carbono na terra
(litosfera, atmosfera e biosfera), sendo importante salientar que a quantidade total de carbono na terra é
constante e esteve relativamente balanceada até antes da revolucdo industrial, onde as emissdes de
diéxido de carbono para a atmosfera aumentaram aproximadamente 31% de 1750 até 2001, com um
ritmo de aproximadamente 0,4% por ano nas dltimas duas décadas (Shively et al., 2001). Estudos da
variacdo da concentracdo de CO, foram realizados através da anélise de amostras de gelo coletadas na
Antértica (determinacdo da concentracdo até 1900) e com coletores localizados no Hawaii
(determinacao de 1958 até 2004). Esses dados evidenciaram que entre 1000 e 1900 houve um aumento
de 280 para 295 ppmv e de 315 para 377 ppmv de 1958 a 2004 (Yang et al., 2008). A concentragdo de
metano na atmosfera também foi aumentada de aproximadamente 700 ppbv no periodo pré-industrial

para 1721 ppbv em 1994 (Tomkiewicz, 2006).

De acordo com dados do IPCC (International Panel on Climate Change), a estimativa da
concentracdo atmosférica de CO, em 2100 serd superior a 570 ppmv, aumentando a temperatura
terrestre entre 1,8 € 4,0°C e elevando o nivel do mar em 38m (IPCC, 2007) Nesse sentido, a crescente
preocupacdo com aquecimento terrestre vem mobilizando 6rgdos governamentais e inddstrias visando
estabelecer politicas ambientais que reduzam os impactos negativos a natureza (Pelizer et al., 2007). O
protocolo de Kyoto foi assinado em 15 de mar¢o de 1998 baseado no principio da reducio de 5,2% da
emissdo dos gases causadores do efeito estufa (em relagdo aos niveis de 1990), entre os anos de 2008 e
2012 (Protocolo de Kyoto, 1998). O foco é a diminui¢cdo da quantidade de CO, liberado para a
atmosfera (Hsueh et al., 2009), existindo 3 possibilidades de se alcangar essa reducdo: i) reduzir o gasto
de energia melhorando a eficiéncia do uso de energia; ii) reduzir as emissdes de CO, usando fontes de
energia que ndo necessitem da queima de combustiveis fésseis e iii) desenvolver tecnologias limpas de

captura e sequestro de CO; (Yang et al., 2008).

Dentre as tecnologias de captura e sequestro de CO; existem tentativas de tratamentos fisicos,

quimicos e bioldgicos. Dos vdrios desafios, a fixacdo bioldgica de CO,, por culturas de cianobactérias



em fotobiorreatores, vem despertando elevado interesse por conta da promessa de ser uma tecnologia
sustentdavel (Ono e Cuello, 2006; Yang et al., 2008; Aratjo et al., 2008), pois se trata de uma estratégia

onde o didxido de carbono é incorporado a estrutura molecular das células na forma de proteinas,

carboidratos e lipidios (Jacob-Lopes, 2007; Jacob-Lopes et al., 2008a).

N

As vantagens desse processo estdo relacionadas a elevada eficiéncia fotossintética das
cianobactérias quando comparadas as plantas superiores (Aradjo et al., 2008). Isso ocorre devido ao
fato delas possuirem numerosas caracteristicas morfoldgicas (mecanismo de concentracdo de carbono,
diferentes tipos de pigmentos para absor¢do luminosa em amplo espectro luminoso, tolerancia a
elevadas concentracodes salinas e de dioxido de carbono) que sdo resultantes dos fatores ambientais e
que servem para maximizar o potencial fotossintético, conferindo grande flexibilidade e adaptabilidade
a sobrevivéncia em condi¢Oes extremas (Falkowski, 1997). Nesse sentido, é importante o estudo dessa
tecnologia para a criacdo de processos sustentdveis de captura de diéxido de carbono bem como a
geracdo de biomassa que pode ser transformada em fonte de energia ou mesmo utilizada em diversos

ramos da indadstria alimenticia e farmacéutica.

3.2. Cianobacterias e a Aphanothece microscopica Nigeli

Aproximadamente 2000 espécies de cianobactérias sdo conhecidas e podem ser dividas em
150 géneros. Sao capazes de colonizar quase todos os habitats, desde oceanos até montanhas, de climas
quentes a superficies congeladas (Mundt et al., 2001; Sant’anna, 2006). Por causa dos distintos tipos de
morfologia das cianobactérias e pelas caracteristicas que sdo pouco conhecidas, a taxonomia desses
microorganismos € constantemente redefinida (Pulz & Gross, 2004). Historicamente, as espécies de
cianobactérias foram classificadas de acordo com o Cédigo Internacional de Nomenclatura Boténica e
com base em suas caracteristicas morfoldgicas, anatomia, estrutura celular, fisiologia e metabolismo.
Mais recentemente, elas tem sido classificadas por alguns bacteriologistas como cianobactérias ou
ciandfitas, sendo utilizado o Cddigo Internacional de Nomenclatura de Bactérias (Anand, 1998;
Meeting, 1996). Sua estrutura celular lembra bactérias gran negativas, mas normalmente elas vivem
fotoautotroficamente (Mundt et al.m 2001), apresentam formas muito diversas, podendo ser
arredondadas, cilindricas, ovoéides, estreladas e em forma de meia lua, e também apresentando varios
niveis de organizacio, sendo unicelulares, coloniais ou filamentosas (Padua, 2006; Radmer, 1996). Sio

consideradas as precursoras dos cloroplastos das plantas superiores (Radmer, 1996).



Evidéncias fosseis sugerem que membros das familias de cianobactérias Oscillatoriaceae e
Chroococcaceae existiam ha aproximadamente 3,5 Ga (bilhdes de anos), sendo sua tolerincia
ecologica (sobrevivéncia em ampla gama de condi¢des de luminosidade, salinidade, temperatura e pH
bem como dessecamento prolongado e irradiac@o intensa) conseqiiéncia dessa evolucdo precoce, ou
seja, produto de seu grande sucesso em competir com outros micrébios precoces pelo espaco
fotossintético disponivel dessa época. Ao contrario da fotossintese das cianobactérias (baseada em
clorofila a que libera O,), todas as outras formas de fotossintese procaridtica sdao andxicas e baseadas
em bacterioclorofila (inibida por O,). Assim, as cianobactérias, com sua capacidade de produzir e
tolerar O, teriam suplantado os fotoautétrofos andxicos, sensiveis ao oxigénio, em grande parte da zona
fotica do globo. Como resultado de seu éxito nesta competicio por espaco fotossintético, as
cianobactérias expandiram transformando-se, neste processo, em generalistas ecoldgicas excepcionais
(Schopf, 1995) desenvolvendo papel central na evolu¢do da biosfera atual, através da elevacao do nivel

de oxigénio da atmosfera terrestre (Schmetterer, 1994; Jeon et al., 2005).

Sdo organismos envolvidos na captura e utilizacdo da luz solar por diferentes aparatos
fotossintéticos e pigmentos (Collins et al., 2009), utilizando a luz solar como fonte de energia para
crescimento e manutengdo de seu metabolismo, possuindo potencial para elevada produtividade e
sendo passiveis de cultivo em dreas instdveis para a agricultura (Morais et al., 2007). Estes organismos
apresentam alta concentragdo de pigmentos, entre eles cita-se a clorofila a que € considerada essencial
para a fotossintese. Outras duas classes de pigmentos envolvidos na captacdo de energia luminosa sao
os carotendides e as ficolibinas. Os carotendides sdo pigmentos lipossoliveis de cor vermelha
alaranjada ou amarela, encontrados em associacdo com a clorofila a nas cianobactérias. A terceira
classe de pigmentos acessorios € a das ficolibinas, a ficocianina, pigmento azul presente nas microalgas
e a ficoeritrina de cor vermelha, as vezes ausente (Metting, 1996). Além desses pigmentos esses
microrganismos possuem um sistema intracitoplasmatico altamente desenvolvido, indicando a

fotossintese como rota metabolica preferencial (Jacob-Lopes, 2007).

A fonte de carbono inorganico para a fotossintese desses microorganismos € o CO, livre e {fons
bicarbonatos que sao transportados através da fina membrana plasmatica e acumulados na célula como
um reservatorio de carbono inorgéanico para a fotossintese. O mecanismo de concentracao de carbono

(CCM - Carbon Concentration Mechanism) ocorre com diferentes estados de capacidade/afinidade



(maior capacidade do CCM em células que cresceram em baixas concentragdes de CO, e menor nas
que se desenvolvem em elevadas concentragdes de CO;) (Rodriguez-Buey e Orus, 2001). O CCM estd

dividido em 10 componentes bésicos, como detalhado na Tabela 1.1 (Price et al., 2007).

Tabela 1-1: Componentes do CCM.

Componente Atividade

Pela necessidade de acumular ativamente C inorganico para
1. Bombas de captacdo de alcancar um nivel satisfatério de fixacdo de didéxido de
C inorgénico carbono. Foram identificadas 5 diferentes sistemas de
captacdo: trés de transporte de HCO3' e 2 de transporte de CO;

A captacdo de C requer a entrada de energia metabdlica. As
formas de energia podem ser ATP, NADPH ou um gradiente
eletroquimico de Na*.

2. Energia para captacdo
de C inorganico

As células acumulam HCOj5; independentemente da forma do
3. Acumulag¢do de HCO3™  carbono captado. Os valores internos das células podem
chegar a 1000 vezes o valor da concentrac¢do externa

Para que a célula ndo sofra os efeitos da constante variagdo de

4. Manutencio de pH N ) ..
g P concentragdo de C inorgéanico

5. Compartimento para a

elevacio ¢ fixagio de CO, Onde o HCOs3' € usado para fornecer CO,
6. Anidrase carbonica Necessdria para a conversao catalitica de HCO3 em CO,

7. Barreira contra a perda
de CO,

8. Sistema de reciclo Para o CO; que escapa do interior da célula

Quando a concentragdo dentro da célula esté elevada

Em fun¢do das concentracdes externas de C inorgénico, ou

9 Regulagio do CCM seja, em funcdo da disponibilidade de CO; e

10. Mecanismo de
regulagem de captacdo de Para evitar perdas de energia metabdlica ou fuga de CO,.
CO,

Experimentos sugerem que a indugdo da afinidade/capacidade do CCM deve ocorrer em duas
etapas, a primeira promove uma ripida resposta a limitacdo de carbono e a segunda a completa
adaptacdo que depende da sintese de alguns compostos. Alguns estudos também afirmam que perante a
limitacdo de CO;, ocorre um aumento da afinidade pelo bicarbonato. Acredita-se que o CCM nas

cianobactérias envolve muitos processos e compostos (Rodriguez-Buey e Orus, 2001) e que as mesmas
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sdo capazes de utilizar trés diferentes vias de assimilacdo de carbono inorgéinico: (1) assimilacio direta
do di6éxido de carbono que passa pela membrana plasmaética; (2) utilizagdo de bicarbonato convertido
em diéxido de carbono através da indu¢@o da enzima anidrase carbdnica; (3) transporte de bicarbonato

pela membrana plasmadtica (Grobbelaar, 2000).

No ambiente natural, assim como nos cultivos, o crescimento desses microorganismos &
resultado da interacdo entre fatores bioldgicos, fisicos e quimicos (Raven, 1988). Os fatores bioldgicos
estdo relacionados as proprias taxas metabdlicas da espécie cultivada, bem como com a possivel
influéncia de outros organismos sobre o desenvolvimento. Os fatores fisico-quimicos sao estudados em
funcéo da influéncia da iluminagdo, pH, temperatura, salinidade e disponibilidade de nutrientes (Derner
et al., 2006). O cultivo pode ser manipulado no sentido de induzir a produgdo de proteinas, dcidos
graxos, vitamina A, pigmentos € outros bio-compostos bem como biomassa pode ser utilizada como

suplemento alimentar na dieta humana ou de animais, incluindo a aquicultura (Morais et al., 2007).

A Aphanothece microscopica Ndgeli pertence a familia choroococaceae, formando colonias
adaptadas a flutuacdo (Esteves,1988). Essas colonias sdo macroscOpicas e amorfas, com mucilagem
abundante, firme e rigida. Estruturalmente elas sdo elipticas acilindricas (forma celular adulta),
possuem conteido finamente granulado, medindo 9,0 - 9,5 pm x 4,2 um, cerca de 2,1 vezes mais
compridas que largas e a coloragdo € verde azulada escura (Halperin et al., 1974). Ela é encontrada nos
corpos hidricos adjacentes a cidade do Rio Grande, RS, na forma unicelular e cujo aproveitamento

podera representar importante fonte de seqiiestro de carbono.

Foram realizados estudos dessa cianobactéria envolvendo parametros ambientais, como os
nutrientes nitrogenados e fosfatados (Stewart, et al., 1978; De Lorenzo, 1995), em relacdo a sua
morfologia (Montoya e Golubic, 1991), em relagdo ao seu contetido lipidico (Queiroz et al., 2004),
utilizagdo na alimentacdo (Queiroz et al., 1999; Queiroz et al., 2000), remog¢ao de CO, (Jacob-Lopes et
al., 2008), producdo de biomassa (Jacob-Lopez et al, 2008), efeitos dos ciclos de luz/escuro no
crescimento celular (Jacob-Lopes et al., 2009) e diferentes respostas de crescimento, fotossintese em

diferentes condi¢des de radiacdo UVB (Zeeshan e Prasad, 2009).

3.3. Fotobiorreatores
A utilizacdo de fotobiorreatores com cianobactérias na biofixacdo de CO,, requer a presenga

de luz, di6éxido de carbono e nutrientes dissolvidos, ou seja, sistemas de iluminacdo, trocadores de
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gases (adi¢do de CO; e remogdo de O,), sistemas de adi¢do de nutrientes e controle de temperatura
(Rorrer e Cheney, 2004) e oferece vantagens pelo aumento da produtividade em condi¢des controladas

e com a relacdo drea/volume otimizada em lugar do uso de terras (Ono e Cuello, 2007).

A producdo de biomassa, a partir do metabolismo fotossintético, em escala comercial é
normalmente feita em tanques abertos cuja eficiéncia é severamente questionada. Embora seja uma
configuragdo de facil operacionalidade, as produtividades sdo baixas devido a varia¢do na temperatura
e intensidade luminosa devido aos ciclos de luz (dia/noite) e estacdes do ano (verdo, outono, inverno e
primavera), tornando-se vidvel comercialmente apenas para compostos de elevado valor (Sierra et al.,
2007; Traviesco et al., 2001; Ogbonna et al., 1996). Por outro lado, sistemas fechados sao
caracterizados por elevadas eficiéncias fotossintéticas associadas a maior precisdo e controle das
varidveis operacionais, menor risco de contamina¢do e minimizagdo das perdas de dgua por evaporacio
(Jacob-Lopes, 2007; Morais et al., 2007; Munhoz e Guiyesse, 2006). As diferencas entre reatores

fechados e reatores abertos estio listadas na Tabela 1.2.

Tabela 1-2: Vantagens e Desvantagens do cultivo de microorganismos em reatores abertos e fechados.

Parametro Reator Aberto Reator Fechado
Risco de contaminagdo Elevado Baixo
Perda de 4dgua por evaporacio Elevado Baixo
Perda do CO, alimentado Elevado Baixo
Reprodutibilidade Variavel Possivel
Controle do Processo Complicado Menos Complicado
Padronizagdo Dificil Possivel
Dependéncia com as chuvas Dependente Independente
Manuteng¢do Facil Dificil
Concentracdo da Biomassa Baixa Elevada
Custo de Produgao Baixo Elevado
Eficiéncia Fotossintética Baixa Elevada
Area necessaria Elevada Baixa

Fonte: Grobbelaar, 2008; Borowitzka, 1999; Molina Grima et al., 1999.

A partir da década de 90 os fotobiorreatores fechados comecaram a ser considerados uma

alternativa promissora aos tanques abertos, ganhando relevancia em projetos desenvolvidos no Japao
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(Hirata et al., 1996; Murakami et al.,1997; Kajiwara et al., 1997). Posteriormente, inimeros grupos de
pesquisas em diversos paises visaram elucidar a aplicabilidade destes sistemas na biofixacdo de CO,
em biomassa (Ono & Cuello, 2006, Jacob-Lopes et al., 2008), sendo que essa investigacao se concentra
principalmente em duas dreas: os gases de combustdo (normalmente com 10-20% CO;) e do ar em um

espaco fechado (geralmente ndo mais que 1% de CO,) (Cheng et al. 2005).

Dentre as configuracdes mais usadas para fotobiorreatores fechados estdo os do tipoo coluna
de bolhas e airlift. Além dessas principais configuragdes, outras vém sendo propostas, tais como
geometria retangular, piramidal, conica, helicoidal e esférica (Sierra et al., 2007; Stewart & Hessami,
2005; Ogbonna et al., 1996). E necessdrio destacar que o levantamento cinético de fotobiorreatores em
escala de bancada ¢ funcdo de cada espécie de cianobactéria, de maneira que as caracteristicas de
crescimento e fisioldgicas de cada microrganismo irdo determinar o desempenho do sistema (Garcia-
Gonzales et al., 2004) e € a etapa inicial para o desenvolvimento desses processos em larga escala

(Stewart & Hessami, 2005).

As culturas podem ser cultivadas em regime de batelada, batelada alimentada ou continuo,
sendo o tipo batelada mais utilizados na producé@o de cianobactérias/microalgas, devido a simplicidade.
Basicamente, a operacdo em batelada consiste num volume limitado de meio inoculado com um
nimero determinado de células exposto a quantidades adequadas de luminosidade, temperatura,
salinidade e nutrientes. Nao ha entrada nem saida de nutrientes e o proprio crescimento celular produz
alteracdes no meio de cultura (Noronha, 1989) assumindo que as condi¢des de crescimento celular sdo
iguais para todas as cé€lulas. A curva de crescimento desse tipo de cultura apresenta uma forma
sigmoidal (Figura 1.1), caracterizada por diferentes taxas de crescimento relacionado as diferentes fases
de crescimento populacional, que pode ser tradicionalmente definido em seis etapas (lag, aceleracgao,

exponencial, desaceleragdo, estaciondria e morte) (Strigul et al., 2009; Nakashima et al., 2000).

I. Fase lag ou de adaptacdo: fase de adaptacdo do microorganismo onde o crescimento é reduzido ou

nio ocorre. Sintese das enzimas necessarias ao metabolismo.

II. Fase de transicdo: fase que termina com toda a populagdo se dividindo num intervalo regular de

tempo.
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III. Fase exponencial ou de crescimento: Onde a velocidade especifica de crescimento € constante e

maxima.

IV. Fase desaceleragdo: Crescimento celular reduzido em fun¢do de diversos fatores que podem incluir
desde a exaustdo dos nutrientes; auto-sombreamento (aumento da densidade celular provoca a
reducdo da quantidade de luz disponivel); auto-inibi¢do pelos metabdlitos excretados que podem ter

um efeito téxico e, por isso, inibitério do crescimento.
V. Fase estaciondria: Onde a concentrag@o atinge um valor méximo e constate.

VI. Fase de declinio: O valor da concentragdo celular diminui a uma taxa que excede a taxa de

crescimento.

111

In (X)

II

Tempo (h)

Figura 1.1: Curva caracteristica de crescimento celular em culturas do tipo batelada (Schimidell et al., 2005)

3.4. Efluentes industriais

Segundo o inventario ambiental publicado pela PETROBRAS em 2006 referente a todas as
atividades da empresa realizadas no Brasil no ano de 2005, foram geradas 46,3 milhdes de toneladas de
gds carbdnico (COy), 222,9 mil toneladas de metano (CHy) e 980 toneladas de 6xido nitroso (N,O), 152
mil toneladas de 6xidos de enxofre (SOy), 223 mil toneladas 6xidos de nitrogénio (NOy), 119 mil
toneladas monéxido de carbono (CO). Em relacdo aos efluentes liquidos foram produzidos
aproximadamente 950 toneladas de dleos e graxas, 1270 toneladas de amonia e 5800 toneladas de

carbono organico (PETROBRAS, 2006). A figura 1-2 mostra as principais fontes emissoras de gases
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do efeito estufa nas unidades da PETROBRAS e a figura 1-3 mostra a elevacdo das emissdes de

diéxido de carbono de 1990 até 2001. Além destes, outras substancias consideradas prejudiciais ao

meio ambiente s@o encontradas nos efluentes do refino de petréleo, em fungdo do tipo de processo

utilizado, como compostos fendlicos e metais pesados (Benemann et al., 1997).

METODBLOGIA DE CALCULD DAS EN

FONTE DE EMISSAD

QUEIMA DE
COMBUSTIVEIS

TOCHAS (FLARING)

EMISSOES FUGITIVAS

EMISSOES EVAPORATIVAS

PROCESSO03

INDIRETAS

POLUENTES

c0, S0,
CH, N.O, MP
NO,
co,

1ISSOES ATMOSFERICAS | 2002 - 2004

METODOLOGIA DE CALCULO | FATOR DE EMISSAD

Balango!de Massa

Fator de Emissio

Falor de Emissdo ( ~)

Balango de Massa com Eficiéncia

de Destruicio de Hidrocarbonetos

Fator de Emissao [+ )

Balango de Massa

Balanco de Massa

Falores de Emissao

Fator de Emissio

Balango de Massa e Falores de Emissdo
Balanco de Massa e Fatores de Emissdo

Balango|de Massa

Fator de Emissio
Fatores de Emissdo
Fatores de Emissdo (=)

Fatores de emissiio e porcentagem de energia comprada

proveniente de termoeléinicas de acordo com o Balango Nacional

Figura 1.2: Principais fontes emissoras de gases do efeito estufa da Petrobras.

* Fator de emissdo elaborado a partir de caracteristicas especificas dos processos Petrobras.

** Fator utilizado para estimar as emissoes das tochas das unidades de refino localizadas no Brasil

Fonte: Inventdrio de Emissdes de GEE da Petrobras publicado em 2005.
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Figura 1.3: Emissoes de CO, da Petrobras.

Fonte: Inventdrio de Emissdes de GEE da Petrobras publicado em 2005.

Assim, diversos microorganismos veem sendo extensivamente avaliados quanto a
possibilidade de aplicacdo no tratamento biologico de efluentes gasosos associado ao uso dos efluentes
liquidos como base de cultivo. Este fato estd associado ao complexo metabolismo destes organismos,
que podem utilizar distintas rotas metabdlicas para a assimilagdo de compostos poluentes (Lei et al.,
2006) e ainda sdo capazes de assimilar eficientemente variadas formas de compostos nitrogenados,
fosforo e metais tracos através de processos bioldgicos e interacdes fisico-quimicas, conforme
enunciado na Tabela 1.3 (Munoz e Guieysse, 2006). A Tabela 1.4 apresenta alguns dos trabalhos

publicados na drea de tratamento de efluentes por microalgas.

O desenvolvimento desta tecnologia resolveria problemas de ordem ambiental, servindo ainda
para a producdo de insumos (Acien Fernandez et al., 2003). Segundo Maeda e seus colaboradores
(1995) a utilizacdo do CO, proveniente dos efluentes gasosos para promover o crescimento da
biomassa pode ser feita de duas maneiras: (a) usar o CO, separado do efluente gasoso ou (b) usar
diretamente o efluente gasoso do processo industrial. A utilizacdo direta do efluente gasoso € vantajosa
do ponto de vista da economia da energia que seria gasta no processo de separa¢do do CO, (Ono e
Cuello, 2004), por outro lado o uso direto pode trazer problemas como altas temperaturas, concentracao

de CO, pouco controlada e a possivel presenca de SOx e NOx (Benemann et al., 1993).

16



Tabela 1-3: Principais aplicacdes das microalgas durante o tratamento de efluentes.

Aplicac¢oes

Comentarios

Redugdo de BOD

Reducdo de
Nutrientes

Reducdo de
Metais Pesados

Reducao de
Patogenos

Remocdo de
poluentes
heterotraoficos

Producao de
Biogas

Monitoramento
de Toxicidade

Microalgas liberam 1,5-1,92 kgo»/Kgmicroalgas produzidas durante o crescimento e
taxas de oxigenacdo fotoautotréfica de 0,48-1,85 kgozm'3d'1 tém sido relatados em
escala piloto de lagoas ou de laboratério fotobioreactores no tratamento das dguas
residuais municipais.

Microalgas assimilam uma quantidade significante de nutrientes, pois requerem
uma grande quantidade de nitrogénio e fésforo para as proteinas (45-60% da massa
seca da microalga), acidos nucleicos e sintese de fosfolipideos. A remocio de
nutrientes pode ser aumentada pela precipitacdo de fésforo devido ao aumento de
pH durante o processo fotossintético.

Microorganismos fotossintéticos podem acumular metais pesados por adsorcdo
fisica, adsor¢@o quimica, troca idnica, ligacdo covalente, precipitacdo de superficie,
reacdes redox ou cristalizacdo na superficie da célula. A captacdo desses metais
pela célula muitas vezes envolve o transporte de metais pesados para o interior da
célula sendo uma importante ferramenta de defesa para evitar o envenenamento e
serve para acumular metais traco essenciais. O aumento do pH associado com o
crescimento de microalgas pode aumentar a precipitagdo de metais pesados.

Microalgas podem reforcar a desativacdo de patdgenos através do aumento do pH,
da temperatura e da concentracio de oxigénio dissolvido do efluente.

Certas microalgas verdes e cianobactérias sdo capazes de utilizar compostos téxicos
recalcitrantes como fontes de carbono, nitrogénio, enxofre ou fésforo.

Producdo de CH4 a partir da digestdo anaerdbica de biomassa.

As microalgas sdo utilizadas em testes de toxicidade ou em estudos de ecologia
microbiana por serem indicadores sensiveis de mudancgas ecoldgicas.

Fonte: adaptado de Muiioz e Guieysse (2006).

17



Tabela 1-4: Principais aplicacdes das microalgas durante o tratamento de efluentes.

Microorganismo Meio de Cultivo Resultados Referéncia
Nostoc muscorum esgoto municipal, Revelaram que o efeito do cultivo em esgoto El-Sheekh et
Anabaena dgua residudria da municipal foi favordvel para ambos os al., 2004
subcylindrica producdo de sale  microorganismos elevando o crescimento celular e
soda e da produgcdo a quantidade de pigmentos encontrados nas células.
de papel (todos A dgua residudria da produgdo de sal favoreceu
esterilizados). €sses mesmos pontos apenas para a N. muscorum e
nos outros casos os valores foram semelhantes
entre o efluente e o meio sintético de cultivo.
Phormidium ASN III enriquecido O crescimento foi inibido em todos os testes sem  Shashirekha
valderianum com solugdes nitrogénio e nos testes com concentragao superiora ot 41. 1997.
aquosas de 25, 50, 50 mg/L de fenol. Observou-se uma remogao de 38
75 ¢ 100 mg/1 de mg/L de fenol durante o teste com 50 mg/L.
fenol e acrescido ou
ndo de nitrogénio.
Arthrospira Efluente da O crescimento celular foi rapido e sem inibi¢do em [ incoln et
platensis producido de leite.  até 75 mg/l de NH;-N. Apontam produtividade de al., 1995.
70 g/m3¥/dia.
Scenedesmus Efluente municipal ~ Melhor desempenho do microorganismo e maiores  Kaya et al.,
bicellularis proveniente do quantidades de clorofila em condi¢bes de maior 1996
tratamento disponibilidade de CO,.
secundario.
Chlorella vulgaris  Tratamento de Foi observada uma significativa influencia da Lau et al.,
esgoto primdrio. concentracdo inicial do microorganismo na 1995

Snedesmus Bold’s Basal

incrassatulus medium contendo
metais pesados
(Cromo VI, Cadmio
IT e Cobre II).

Chlorella vulgaris  Efluente liquido e
gasoso de uma
inddstria de ago.

eficiéncia de remocdo de NH* e PO,™.

O microorganismo foi capaz de remover entre 25 e
78% dos metais adicionados.

Estudaram o tratamento simultaneo do efluente
liquido (fonte de nutrientes) e gasoso (fonte de
CO,). Os resultados demonstraram que uma vazao
de efluente liquido de 11233m’/dia poderia
promover a fixacao de 23100 kg CO,/dia e que
aproximadamente 12430 kg de biomassa de
microalgas poderiam ser produzidos diariamente.

Pefia-Castro

Yun et al.,
1997
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3.5. Raziao C/N e N/P e adaptacao de meios de cultivo

A fixacdo fotossintética de carbono (C) é acompanhada pela fixacdo de outros elementos
quimicos como nitrogénio (N) e fosforo (P). A razdo de consumo entre esses elementos segue a
estequiometria desses elementos na formacdo da biomassa do microorganismo. Se o consumo de
carbono for elevado com relacdo ao nitrogénio pode estar ocorrendo a formagdo de material organico
rico em carbono, fixacdo de N; ou gerar limitagdo por falta de nitrogénio (Mei et al., 2005), Nesse
dltimo caso, o microorganismo ndo estard apto a produzir as enzimas para utilizar o carbono.
Entretanto se existir excesso de nitrogénio, particularmente na forma de amonia, ele podera inibir o

crescimento do microorganismo (Fontenot et al., 2006).

Normalmente, a razdo C/N madssica requerida para o desenvolvimento desses
microorganismos € 20/1 ou 30/1 (Fontenot et al., 2006). Para a otimizacdo do meio de cultivo que
utilize um efluente industrial, além das razdes C/N e N/P podem ser testadas diferentes condicdes de
dilui¢do, como realizado por Kang e seus co-autores (2006) no tratamento de efluente primdrio de
esgoto. Eles realizaram testes em diferentes dilui¢des, em 4dgua do mar estéril, nas condi¢des de 50%,
25%, 12,5% e 0%, obtendo um maior crescimento para a condicio de 25% em funcdo da

disponibilidade dos nutrientes existentes nessa condi¢ao.

Um processo apropriado de adaptacdo a um novo meio envolve o esgotamento das reservas
intracelulares originais do inoculo e o ajuste de sua maquinaria fisiolégica as novas fontes de
nutrientes. Nas experiéncias realizadas em laboratério, para estudar o efeito de um novo meio, o
inoculo pode ser crescido em cinco ou seis geracdes do meio a ser testado, tendo como controle o meio
padrdo. Esse tempo é necessdrio para que as reservas intracelulares ndo influenciem as taxas de
crescimento da cultura e para que ocorra um ajuste completo ao novo ambiente quimico. A importancia
que deve ser dada aos procedimentos de adaptacdo € evidente, pois alguns meios alternativos podem
gerar um bom crescimento em curto prazo, mas sao incapazes de manter o crescimento por um nimero
razoavel de geracdes tornando insustentivel a aplicacdo comercial desses meios. (Voltolina et

al.,1998).
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3.6. Aplicacoes da biomassa

Sob a denominag@o microalgas estdo incluidos organismos com dois tipos de estrutura celular:
estrutura procaridtica, com representantes nas divisdes Cyanthyta ( cianobactérias) e Prochlorophyta,
estrutura celular eucaridtica, com presentantes nas Divisdes Chlorophyta, Euglenophyta, Rhodophyta,
Haptophyta, Cryptophyta e Dinophyita (Derner, et al., 2006). As microalgas, sob o ponto de vista
biotecnolégico, ndo constituem grupo de microorganismos muito estudado. Dentre as dez mil espécies
de microalgas que se acredita existirem, pouco mais de mil linhagens sdo mantidas em cole¢des ao
redor do mundo e apenas algumas centenas foram investigadas por seu conteido quimico e somente
uma pequena quantidade tem sido cultivada em escala industrial. Por serem pouco exploradas, elas

representam rica oportunidade para novas descobertas no ramo da biotecnologia (Bertoldi et al., 2008).

Na edi¢do de outubro de 2008 do Current Opinion in Biotechnology, uma série de avaliagGes
foram dedicadas a fornecer dados de como a Biotecnologia podem contribuir para o fornecimento de
energia sustentavel, diminuir o aquecimento global e poluicdo, e desempenhar um papel importante na
alimentacdo e problemas de saide (Angermayr et al., 2009). A Tabela 1.5 mostra os principais
produtos e aplicacdes que podem ser obtidos a partir de microalgas. A Tabela 1.6 mostra o
desenvolvimento das tecnologias de producdo de microalgas e os principais produtos e precos de

varejo.

Tabela 1.5: Principais aplicacdes das microalgas durante o tratamento de efluentes.

Microorganismo Grupo Produto Aplicacao
Spirulina platensis Cyanobacteria Ficocianina, biomassa Alimentos e cosméticos
Chlorella vulgaris Chlorophyta Biomassa Alimentos, suplementos
alimentares, substitutos
alimentares
Dunaliella salina Chlorophyta Carotenoides, f-caroteno Alimentos, suplementos
alimentares
Haematococcus Chlorophyta Carotenoides, astaxantina  Alimentos, fAirmacos e substitutos
pluvialis alimentares
Odontella aurita Bacillariophyta Acidos graxos Farmacos, cosméticos, alimentos
para bebes
Porphyridium Rhodophyta Polissacarideos Farmacos e cosméticos
cruentum
Isochrysis galbana Chlorophyta Acidos graxos Racdo para animais
Phaedactylum Bacillariohyta Lipideos, acidos graxos Produgdo de combustiveis
tricornutum

Fonte: adaptado de Pulz e Grooz, 2004.
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Tabela 1.6: Principais produtos, aplicacdes, valor de varejo e desenvolvimento dos processos produtivos de
microalgas.

Produto Valor de Varejo Desenvolvimento
(U.S. $x106)
Biomassa Alimentos 1250-2500 Crescendo
Alimentos funcionais 800 Crescendo
Aditivos Alimentares 300 Crescimento
Acelerado
Agqiiicultura 700 Crescimento
Acelerado
Condicionador de solo Promissor
Pigmentos Astaxantina <150 Comecando
Ficocianina >10 Estagnado
Ficoeritrina >2 Estagnado
Antioxidantes B-Caroteno >280 Promissor
Tocoferol Estagnado
Produtos Especiais Toxinas 1-3
Is6topos >5

A literatura indica que a principal vantagem no uso de cianobactérias/microalgas no
tratamento de efluentes estd na biomassa produzida que pode ser utilizada em diversas finalidades,
como em ragdo animal, compostagem, producdo de adubo e também na obtencdo de uma forma mais
nobre de aproveitamento de suplemento alimentar para humanos, seria um ganho adicional ao controle
de poluicdo (Queiroz et al., 1997), ajudando assim a diminuir os custos totais da planta de tratamento
(Voltolina, 1998). Nas ultimas décadas, programas de selecio de microorganimos tem revelado que
cianobacterias formam uma potencial fonte de novos principios ativos para medicina e farmacos tendo

inimeros compostos jd isolados (Mundt et al., 2001).

Bioenergia também ¢ uma possibilidade de uso dessa biomassa (Kang et al., 2006). Para um
pais tropical como o Brasil, o substituto natural para o petréleo pode ser a biomassa. Além de ser
renovdvel ela reduz a poluicdo, pois é formada a partir de CO, e H,O, aproveitando a energia solar.
Consideremos que 1 ton de biomassa corresponde a aproximadamente 2,9 barris de petréleo (valor
calorifico médio do petréleo = 10000 kcal/kg; biomassa base seca = 4000 kcal/kg) e que o Brasil
precisa atualmente de 1.800.000 barris de petréleo por dia (90 x 106 ton de petréleo por ano). Isso

poderia ser suprido por 225 x 10° ton de biomassa por ano. (Schuchardt et al., 2001).
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A conversdo da energia luminosa na energia elétrica usando microalgas/cianobactérias e seus
componentes fotossintéticos foi estudada ja que o processo fotossintético é uma reacdo sofisticada com
elevada eficiéncia. Na primeira etapa da fotossintese, a passagem da carga na corrente de transporte do
elétron ocorre produzindo equivalentes reduzidos. Em uma pilha fotossintética de bio-combustivel,
usando cianobactéria, tais reduzidos se comunicam com os eletrodos produzindo uma corrente elétrica
por acdo catalitica da cianobactéria e de mediadores redutivos. Uma corrente elétrica substancial é
produzida também no escuro. Neste caso, reduzindo o poder das reservas internas (principalmente
glicogénio) que sdo convertidas similarmente na energia elétrica. O desempenho das pilhas do bio-
combustivel depende da quantidade de glicogénio acumulada dentro da cianobactéria para fotossintese.

O glicogénio € uma fonte do elétron nas pilhas do bio-combustivel que funcionam no escuro.

(Yagishita et al, 1996).

Barbosa (2003) cita a possibilidade de aplicacdo dessa biomassa em alimentos naturais,
alimentos funcionais, aditivos alimentares, aqiiicultura e condicionador de solo. Ele ainda indica a
utilizacdo dos compostos que podem ser obtidos a partir da biomassa: i) corantes e antioxidantes
(aditivos alimentares e cosméticos); ii) dcidos graxos (aditivos alimentares); iii) enzimas (alimentos

naturais, pesquisa e medicina) e iv) polimeros (aditivos alimentares, cosméticos e medicina).
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3.7. Modelagem Preditiva

Apesar das indmeras aplicacdes possiveis, apenas algumas poucas espécies de algas e
cianobactérias sao cultivadas comercialmente devido ao reduzido desenvolvimento dos fotobiorreatores
(Degen et al. 2000). O sucesso em escala comercial desta tecnologia é fundamentado na viabilidade
técnica e econdmica da producdo de compostos celulares de alto valor agregado, existindo a
necessidade de controlar as varidveis operacionais, diminuir o risco de contaminagcdo e minimizacao
das perdas de dgua por evaporacdo (Jacob-Lopes, 2007; Morais et al., 2007; Munhoz e Guiyesse,
2006). Neste sentido, a constru¢do de modelos matematicos e cinéticos é atividade essencial para o
desenvolvimento desses processos, entretanto, existem poucos profissionais especialistas na andlise e
modelagem da cinética de processos, sendo que a maior parte dos que atuam na drea encontra
dificuldade na manipulagdo das informagSes matemadticas, razdo pela qual o processo de geracdo de

modelos € lento e sujeito a erros (Martins e Barral, 2004).

Um modelo de predicdo é formado por dois componentes, a parte deterministica que
representa a relacdo entre a varidvel de resposta e a(s) varidvel(is) explanatdria(s) e a parte estocéstica
que representa o quanto a resposta esperada se desvia da resposta observada ou real. A escolha de uma
funcdo para descrever uma determinada resposta é um exercicio estatistico, haja vista que se esta
lidando com estimativas da resposta real. Em contraste, o ajuste da fun¢do escolhida aos dados € mais
um exercicio de dlgebra, e consiste na determinacdo dos valores dos parimetros que melhor ajustam o
modelo escolhido ao conjunto de dados coletados (Nakashima et al., 2000). Os modelos matematicos
podem ser classificados em lineares ou ndo-lineares nos pardmetros. Uma importante conseqiiéncia da
ndo-linearidade de um modelo de regressdo é que os estimadores de minimos quadrados dos seus
parametros ndo possuem as propriedades estatisticas desejaveis dos correlatos nos modelos de

regressao linear (Neter et al., 1996).

Pode-se considerar que os modelos matematicos estabelecidos para a microbiologia preditiva
possuem trés niveis: nivel primdrio ou primeiro nivel, nivel secundéario ou segundo nivel e nivel
tercidrio ou terceiro nivel. O nivel primdrio corresponde a modelos matemdticos que descrevem a
mudanca do nimero de microorganismos em funcdo do tempo. O nivel secundério envolve equagdes
que descrevem como as respostas dos modelos primarios (duracdo da fase lag, velocidade de

crescimento, densidade maxima de populagdo, consumo de substrato) mudam com alteragdes nos
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fatores ambientais. O nivel tercidrio é constituido por programas (softwares) utilizados para resolver os
modelos de nivel primario e secundario (Juneja et al., 2009; McDonald & Sun, 1999; Whiting e
Buchanan, 1993). A Tabela 1.7 apresenta os principais artigos pesquisados sobre modelagem de

crescimento celular.

Tabela 1-7: Principais artigos sobre modelagem de predicao de crescimento celular.

Descricao Referencia

Revisdo de aspectos basicos de modelagem preditiva: Modelos de nivel primédrio, Nakashima et
secunddrio, tercidrio, validacdo da metodologia, comparacdo entre métodos e al., 2000.
aplicacoes.

Revisdo de aspectos basicos de modelagem preditiva: Modelos de nivel priméario, McDonald e
secunddrio, terciario, validacdo da metodologia, comparacdo entre métodos e Sun, 1999.
aplicacoes.

Desenvolvimento de novos modelos de predicio de crescimento celular Van Impe et al.,
comparados com o modelo Baranyi. 2004

Comparacgio entre o desempenho dos modelos Gompertz Modificado, Logistico Perni et al.,
e Baranyi. Observou-se que os Modelos Gompertz Modificado e Logistico 2005.
apresentaram valores semelhantes e significativamente diferentes aos encontrados
utilizando o modelo Baranyi. Comparando esses valores com os obtidos através da
curva In (X) x t foi observada maior correlacio com os modelos Gompertz
Modificado e Logistico.

Avaliacao de Modelos de predi¢do e construcao de superficies de resposta paraa Dong et al.,
predicdo dos parametros de crescimento celular da Clostridium sporogenes. 2007
Apresentacdo de modelos de validagdo estatistica e matemética dos modelos de
crescimento testados.

Apresentacdo de modelos de estimativa de produtividade celular em processos Muller-Feuga et
continuos em funcdo de diferentes periodos iniciais de batelada. al., 2003.

Validagdo dos modelos Gompertz Modificado e Logistico para predicdo de = Chowdhury, et
parametros de crescimento celular da Pediococcus acidilactici. al., 2006.

3.7.1  Crescimento de biomassa — nivel primario

Os modelos de crescimento celular podem ser obtidos por técnicas de regressdo nao linear. O
modelo logistico descreve o crescimento celular de populacdes de microorganismos em fungdo da
concentracdo inicial e final, tempo e taxa de crescimento. A funcdo original foi desenvolvida por Pearl

e Reed (1920), sendo baseada nos ensaios de Verhulst (1838). A modelo Logistico estd expresso:
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y= A+C )
1+ exp( ~B=M))

7

A equagdo original de Gompertz ndo considera a fase lag, como é o caso de sua forma
modificada, mas apenas o aumento da densidade de células, uma vez iniciado o crescimento
exponencial (McMeekin et al., 1993). Um grande niimero de fungdes tem sido derivadas do modelo

classico de Gompertz que estd apresentado na equacio abaixo:

y= A+ Cexp(—exp[B(t—M ) 2)

Zwietering e seus co-autores re-parametrizaram a equacdo de Gompertz para incluir trés

parametros bioldgicos relevantes: tempo da fase lag (1), taxa de maximo crescimento especifico ( L )

e maxima concentracdo celular (X,s) (Zwietering et al., 1990). Trata-se de uma fun¢do exponencial
dupla, que descreve uma curva sigmodide assimétrica (Whitinig e Buchanan, 1997). O modelo esta
representado abaixo:

.exp(1
_eXp[Wu—’)"'l:‘

y=C.exp 3)

O modelo de Gompertz modificado e o logistico sdo os que mais habilitados para descrever
uma curva de crescimento contendo as trés fases mais importantes (lag, exponencial e estacionaria). No
caso de curvas incompletas (sem a fase estaciondria) os modelos podem ndo ser capazes de descrever a
curva (Juneja et al., 2009). Apesar da vasta utilizacdo do modelo de Gompertz modificado, a equacao
possui falhas de acordo com Whitining e Buchanan (1997). A fase lag ndo é paralela ao eixo das
abcissas e a assintota matemaética estd fora da escala em tempo negativo. A equacdo ndo é uma reta e,
portanto, ndo apresenta um periodo de aumento linear durante a fase de crescimento exponencial, como

€ observado com a maioria das curvas de crescimento.

Para solucionar esses problemas e fornecer uma base mais mecanistica ou biolégica, o modelo
proposto por Baranyi e Roberts (1994) incluiram uma fase de crescimento exponencial linear, p(x) e
uma fase lag determinada por uma funcio de ajuste A(t) (Baranyi et al., 1993; Baranyi and Roberts,

1994; Baranyi, 1997):
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Y= M, Alt)—In| 1+ PeT o
onde
A(t) =r+ ln(exp_:“max-t n exp—,umax.i _ exp—,umax.(H/I)) (5)

l’l max

O modelo de Morgan € outra expressdo que pode ser utilizada para descrever o crescimento

celular (Morgan et al., 1975):

AT ©)
Y K" +t"

3.7.2 Consumo de substrato

A relacdo entre o crescimento celular e o consumo de substrato é muito complexa para ser
descrita em termos das leis fisicas fundamentais, por isso faz-se simplificacdes fundamentais para
representar os modelos de consumo de substrato. As aproximagdes mais usadas sdo a de um tnico
substrato limitante e 0 os outros em excesso (assim apenas a concentragdo de um substrato € levada em
consideracdo nos célculos), presenga de um inibidor, células representadas como um corpo homogéneo
(as diferencas dos miultiplos componentes e comportamentos celulares sdo desconsideradas quando nio
interferem no processo cinético), apenas um componente ¢ importante na cinética do processo
(desconsidera-se a heterogeneidade das células) e, portanto, considera-se a populacdo como um ser
homogéneo e com uma unica propriedade. Essa perspectiva, apresentada por Bailey e Ollis, 1986,
classifica as abordagens para os sistemas microbianos de acordo com o nimero de componentes usados
na representacdo celular, e se as células sdo ou nao vistas como uma cole¢@o heterogénea de entidades
discretas, como realmente o sdo ou, ao contrario, como algum tipo de média celular, a qual conduz ao
mesmo conceito de um componente em solucdo. Representagdes celulares multicomponentes sdo
chamadas estruturadas, e representacdes simples sdo designadas nao-estruturadas. Considerar as células
de uma forma discreta e heterogénea € um enfoque segregado, enquanto a perspectiva ndo-segregada
considera propriedades celulares médias (Blanch e Clark, 1997; Shuller e Kargi, 1992; Bailey e Ollis,
1986).
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Um dos mais simples modelos de crescimento que incluem o efeito da concentracdo de
nutrientes € o modelo desenvolvido por Jacques Monod baseado em observagdes do crescimento da E.
coli em diferentes concentracdes de glicose. Neste modelo assume-se que apenas um substrato limita o
crescimento, de forma que somente a mudangca na concentragdo desse substrato é relevante
(normalmente uma fonte de C). A forma da equacdo de Monod é similar a de Michaelis_Menten para

cinética enzimdtica (Monod, 1949) e estd expressa na equacio 7.

S
max ks + S

py = u (7)

Uma modificacdo simples pode ser feita na equacdo de Monod quando se trata de culturas de
elevada densidade celular.

E observado experimentalmente que a taxa de crescimento diminui com altos valores da
concentragcdo inicial substrato (Sp), devido a influéncia da forca idnica, pressdo osmdtica, ou pela
sobrecarga dos sistemas de transporte da membrana. Além disso, os metabdlicos que podem nao ser
téxicos em niveis normais, podem acumular. Estes efeitos podem ser vistos na equacdo modificada de
Monod, onde o termo kg, € adicionado para reduzir a taxa de crescimento (BLANCH & CLARK,
1997). Esta modificacdo ¢ normalmente utilizada quando o consumo de substrato ou a liberacdo de
residuos toxicos sdo rdpidos, a concentracdo celular é elevada ou quando a acumulag@o torna-se

significativa.

®)

Outras equacdes t€m sido propostas e, dependendo da forma da curva p-S, uma dessas equagdes
pode ser mais plausivel que as outras. A equacdo Teissier, Equacd@o 9, possui duas constantes (pmax, Ks)-
A equacdo Moser, Equacgdo 10, apresenta tr€s constantes (Lmax, N, Ks) € quando n=1 ela é equivalente a
equacdo de Monod. J4 a equacdo de Contois, Equagdo 11, possui uma constante de saturacdo
proporcional a concentragdo celular, descrevendo a limitacdo do substrato em altas densidades
celulares. Em acordo com essa equac@o, a taxa especifica de crescimento celular diminui com a queda
da concentragdo de substrato no meio e eventualmente pode se tornar inversamente proporcional a

concentragdo celular presente no meio.

He = 1= ©)
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Viérios modelos estdo disponiveis na literatura para representar o crescimento celular
influenciado por um substrato que também atua como inibidor. Webb apresentou seu modelo, Equacio
12, em 1964, introduzindo em seu modelo uma constante de inibicdo auxiliar além das constantes de
inibicdo e de saturacdo. Aiba e seus co-autores, 1968, apresentaram o modelo mais simples em termos
de quantidade de parametros, mas ele apresenta uma exponencial, Equacdo 13. O modelo Andrews,
Equacdo 14, foi apresentado em (1968), sendo bem mais simples em termos matemadticos quando
comparado aos outros (Andrews, 1968). Em 1969, Yano e Koga apresentarem um modelo, Equacéo 15,
que conta com uma constante de inibi¢do auxiliar quadrada. Neste modelo a concentragdo do substrato
¢é elevada ao cubo fazendo com que o erro em uma medida influencie ainda mais no resultado. As

equacdes 16 e 17 representam os modelos Ierusalimsky e Chen, respectivamente.

S(]+S)
ki

u ::umax—SQ (12)
S+k, +—
=y S e—S/k,.
max ks +S (13)
B 1
M= My ks S (14)
I+—+—
ki
p=u >
— M max 2 (15)
k,+S ]+£+S—2
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Ohtaguchi e Wijanarko (2004) apresentam a modificacdo dos modelos de inibi¢cdo (Equacdes
18 a 23) para que seja possivel usa-los quando a alimentacdo do substrato, didéxido de carbono, é

continua (Ohtaguchi e Wijanarko, 2004).

X[kx +XJ
k1,2

qCOZ = qCOZ_max X (18)
k, +X (k v+ J
k,
Xe
9co2 = 9co2_max T/{X (19)
X
9co2 = 9co2 max % (20)
X|ky+— |+ky
k,
9co2 =4 X
co2 CO2_max X x’ 210
ky + X ky +——+—
k, 12
q q X 1
co2 =~ Yco2_max (22)
ky+X X
k,
X| k+ X
k,
dco2 = Y9co2 max (23)

X +ky+ (kXZX)Z
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3.7.3 Resolucio e validacao dos modelos

A resolugdo dos modelos pode ser feita via método numérico (soma dos erros ou estimativa
dos quadrados) (Rodriquez et al., 2005). Existem vérios procedimentos numéricos interativos para a
obtenc¢do das estimativas de minimos quadrados dos pardmetros de um modelo nio-linear. Entre eles

pode ser citado o Método de Gauss-Newton (Neter et al., 1996).

O ajuste dos dados experimentais aos modelos é um processo interativo, sendo a resolucdo
atrelada a escolha do ponto inicial de cada parimetro. Uma escolha errada desse valor pode
comprometer a solucdo do modelo levando a respostas sem significado fisico ou mesmo a solugdes
divergentes. A escolha desse ponto inicial pode ser problematica quando nao se conhecem os dados e
os pardmetros de maior influéncia do modelo, para isso pode-se alterar valores desses parimetros e
verificar as mudangas nos resultados e na inclina¢do da curvatura do modelo (Motulsky & Ransnas,
1987; Motulsky & Christopoulos, 2003). O ponto inicial deve ser testado em uma ampla faixa de
valores para garantir que nao seja encontrado um ponto de minimo local, situagcdo que ¢ comum quando
se testa muitos pontos ou os dados foram coletados numa faixa inapropriada para aquele modelo

(Neeleman, 2002).

A validacdo estatistica dos modelos pode ser feita através das expressdes listadas abaixo, onde
o erro médio quadritico, RMSE, representa a adequacido dos modelos aos dados experimentais. Quanto
melhor o ajuste do modelo, menor serd o valor do RMSE calculado. O erro padrao de predi¢dao (% SEP)
mostra que o modelo serd melhor quanto mais esse parametro se aproximar do zero. O fator bias (Bf) e
o fator de exatiddo (Af) fornecem uma indicacio objetiva do desempenho do modelo. Se o fator bias é
menor que | significa que os valores preditos sdo menores que os observados, e se ¢ maior que 1
significa que os valores preditos sdo maiores que os observados. De acordo com Ross (1996), modelos
que descrevem a taxa de crescimento com Bf em uma faixa de 0,9-1,05 sdo considerados bons, de 0,7—
0,9 ou 1,06-1,15 sao considerados aceitaveis e <0,7 ou >1,15 ndo podem ser utilizados. Os valores do
fator de exatiddo representam quanto os preditos diferem dos observados em média, conforme aumenta
esse valor, o modelo € menos exato na média, isto €, menor a exatiddo da estimativa (Baranyi et al.,
1993; Hervas et al., 2001; Ross, 1996; Garcia-Gimeno et al., 2005; Zuzera-Cosano et al., 2006).

z (obs — pred )2

n

(24)

RMSE = \/
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%SEP = (25)
média obs n
Ylog( pred/obs)
B, =10 = (26)
Z‘lag (pred/obs )‘
A ;= 10 n 27)

A escolha entre diferentes modelos deve seguir alguns critérios bésicos: (i) ajuste do modelo
aos dados; (ii) nimero e significado fisico dos pardmetros envolvidos em cada modelo (melhor a
minimizacdo da quantidade de paradmetros); (iii) faixa em que o modelo pode ser aplicado; (iv) estudo
do comportamento do erro obtido (a distribui¢do dos pontos da curva devem seguir uma gaussiana, a
distancia média entre os pontos deve ser a mesma e deve existir uma aleatoriedade entre os pontos
acima e abaixo da curva) (v) facilidade de uso do modelo e (iv) significado fisico dos resultados

(Motulsky & Christopoulos, 2003; Nakashima, et al., 2000; Motulsky & Ransnas, 1987).
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CAPITULO 2

Improving refinery wastewater for cyanobacterial biomass production and CO,
biofixation: predictive modeling and simulation
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ABSTRACT

The objective of this research was to evaluate the use of refinery wastewater in cyanobacteria
cultivation for CO, biofixation process and biomass production. Two strategies were considered in
making the use of wastewater viable to support biomass growth: (i) wastewater dilution in synthetic
BGN medium, and (ii) wastewater with supplementation of salts of synthetic medium. For the best
experimental condition the kinetics growth data were adjusted using five mathematical growth models
(Logistic, Gompertz, Gompertz Modified, Baranyi, and Morgan) in order to define an adequate
mathematical expression to describe the biomass growth and to estimate the productivity in a
continuous process. The results demonstrated that the addition of 25% of the salts (w/v) in the BGN
medium to wastewater favors cyanobacteria growth. Using statistical and physiological significance
criteria, the Modified Gompertz model was considered the most adequate to describe biomass growth.
The predictive analysis shows the possibility to obtain 1.41kgpiomass/Lreactor in 1000h of continuous

process with a consequent biofixation of 2.61kgcoa/Lieactor in parallel.

Keywords: cyanobacteria, predictive modeling, refinery wastewater, CO, biofixation.
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1 Introduction

It is generally recognized that cyanobacteria play an important role in the self-purification of
natural waters, since cyanobacteria use solar energy to supply oxygen required for aerobic degradation
and recycle the nutrients responsible for eutrophication into potentially valuable biomass (Mufioz and

Guieysse, 2006; Queiroz et al., 2007).

The use of cyanobacteria for wastewater treatment was suggested years ago (Caldwell, 1946;
Oswald and Gotaas, 1957). Cyanobacteria may offer an inexpensive alternative to conventional forms
of tertiary wastewater treatment. There is considerable information on the advantages of using
photosynthetic organisms for the amelioration of wastewater, since photosynthesis produced oxygen is
effective in BOD removal, even of refractory organics, and because the high pH values typical of dense
cyanobacterial cultures cause phosphate and heavy metal precipitation. Also, cyanobacteria have a
negative surface charge and, therefore, a high affinity for heavy metal ions, which makes them

especially effective in wastewater detoxification (Voltolina et al., 1998).

The adaptation of using cyanobacteria in refinery wastewater is an alternative, economically
speaking, because such wastewater contains considerable quantities of nitrogen, phosphorus, carbon,
and micronutrients which could be reused for microbial growth (Chojnacka et al., 2004; Yun et al.,
1997). The main limitation in using this wastewater is related to the composition and the possible
presence of oils, solvents, high biochemical oxygen demand, suspended solids, aromatics, phenols,
sulphides, halogenated and polycyclic aromatic compounds, and other compounds that can inhibit
microalgal growth. Thus, the first step in promoting an efficient biomass production and CO, fixation
system is the optimization of the culture media conditions. This can be done by testing different points

of the treatment and different dilution conditions and salt supplementation (Joseph and Joseph, 2001).

Mathematical models or kinetic models can be used to improve the culture medium and to
solve different types of problems, such as design, economical optimization, process synthesis, and
control (Baquerisse et al., 1999). These models can be solved using curve-fitting algorithms, however,
special care must be taken in determining the initial values because they can radically impact the fit of

the model. A poor starting point can result in a divergent or incorrect solution (Motulsky and Ransnas,
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1987). It is also important to be able to objectively quantify the goodness-of-fit of the resulting model

in order to determine its utility as compared to other possible models (Yu et al., 2007).

To compare different predictive models, it is necessary to consider 5 basic criteria: (i)
goodness of fit and accuracy against observed data; (ii) relative complexity (parsimony); (iii) ease of
synthesis and use; (iv) potential for physiological significance; and, (v) interpretation of model
parameters. These are important considerations to be made so as to avoid the challenge that a model is

only an exercise in curve fitting (Phua and Davey, 2007).

After the optimization of the culture medium, another important step for the development of
industrial cyanobacteria biotechnology is the maximization of biomass productivity in
photobioreactors, which implies the improvement of cultivation parameters and knowledge of growth
characteristics of the microorganism. Several models have been developed to predict growth and
volumetric productivity in photobioreactors. Such models can provide important insight into the
dependence of mass productivity on certain parameters of a photobioreactor. However, these models
generate only qualitative information and cannot be extrapolated to other photobioreactor
configurations, other strains, or even to different cultivation conditions. Steady-state culture
characteristics are commonly used for productivity optimization and for cell physiology studies in
continuous cultures, and are normally achieved by using the conventional chemostat cultivation
(Barbosa et al., 2003). According to Prat et al. (2006) the theoretical study of the batch transposition to
continuous process is an important step to couple technological improvement with experimental design.
These authors report the possibility of initial development of the continuous process based on transient

regimes analysis.

In this regard, this study aimed to evaluate the use of refinery wastewater in cyanobacteria
cultivation for CO, biofixation process and biomass production. The focus is optimization of the
culture media conditions, mathematical modeling of growth, and prediction of biomass productivity in

a continuous process.
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2 Materials and methods

2.1. Microorganism and culture conditions

Axenic cultures of Aphanothece microscopica Ndgeli (RSMan92) were originally isolated
from the Patos Lagoon estuary, from the state of Rio Grande do Sul, Brazil (32°01°S - 52°05"W).
Stock cultures were propagated and maintained in standard synthetic BGN medium (Ripka et al., 1979)
with the composition presented in Table 2.1 and pH 8.0. The incubation conditions used were 25°C,
photon flux density of 15um01.m'2.s'1, and a photoperiod of 12h. For the experiments, the inoculum
was acclimatized to the refinery wastewater by maintaining it for 30 days under gradual addition of the

wastewater into the synthetic medium.

Table 2.1Composition of synthetic medium BGN (pH 8.0)

Parameter Value (mg/L) Parameter Value (mg/L)
CaCl,.6H,O 0.04 Citric acid 6.00
CuS04.5H;0 0.079 Na,CO3 20.00
ZnS04.7H,0 0.22 K,;PO, 30.00

Na,Mo004.2H,0 0.39 CaClL.2H,0 36.00
Na,EDTA 1.00 NaCl 72.00
MnCl,.4H,0 1.81 MgS0,4.7H,0 75.00
H;BO; 2.86 NaNO; 1500.00
Ammonium Iron(III) Citrate 6.00
2.2.  Development of culture medium

Refinery wastewater was utilized in the experiments. The wastewater was obtained from the
Paulinia Refinery (Replan/Petrobras, Sao Paulo, Brazil). The wastewater was collected from the
discharge point of the activated sludge treatment for 8 months from May to December of 2007, and
analyzed for pH, temperature, biochemical oxygen demand (BOD), nitrite, nitrate, ammonia,
phosphate, phenol, cyanide, oil and grease, and total suspended solids (TSS) following Standard
Methods (APHA, 1998) and the result are presents in Table 2.2. The point of wastewater treatment
used was defined in preliminary tests of three points of refinery wastewater treatment. Table 2.3
presents the composition of the mediums tested to evaluate the viability of using wastewater to promote

cell growth. Two strategies were considered viable for the use of wastewater to support biomass
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growth: wastewater dilution in synthetic BGN medium (volume per volume) and wastewater with salt

supplementation of the same synthetic medium (weight per volume).

Table 2.2: Composition of wastewater from refinery industry

Parameter Value*
PH 8.3+0.24
Temperature (°C) 28.1+2.41
BOD (mg/L) 14.0 £ 1.36
Nitrite (mg/L) 0.1 +£0.00
Nitrate (mg/L) 15.4+0.32
Ammonia (mg/L) 1.2+£0.10
Phosphate (mg/L) 0.5+0.00
Phenol (mg/L) 0.02 +0.00
Cyanide (mg/L) 0.04 £ 0.00
Oil and grease (mg/L) 4.6 +0.38
TSS (mg/L) 0.13+0.00

*Values are means = SD of all months considered.

Table 2.3: Composition of the culture mediums tested

Culture Medium Composition
M1 refinery wastewater
M2 synthetic BGN medium
M3 75% wastewater and 25% BGN
M4 50% wastewater and 50% BGN
M5 25% wastewater and 75% BGN
M6 wastewater with 100% BGN salts supplementation
M7 wastewater with 75% BGN salts supplementation
M8 wastewater with 50% BGN salts supplementation
M9 wastewater with 25% BGN salts supplementation

2.3. Photobioreactor design

Measurements were made in a bubble column photobioreactor (Jacob-Lopes et al., 2008a).
The system was built with 4mm thick glass, had an internal diameter of 7.5cm, a height of 75cm, and a
nominal working volume of 3.0L. The dispersion system for the reactor consisted of a 1.5cm diameter
air diffuser located in the centre of the column. The reactor was continuously illuminated with sixteen
40W fluorescent daylight-type tubes (General Electric, Brazil), connected in parallel and located in a

photoperiod chamber. Airflow into the photobioreactor was provided via a filtered air and pure CO,
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cylinder (Praxair, Inc, Brazil) through Teflon tubing. The COy/air mixture was adjusted to achieve the
desired concentration of carbon dioxide in the air-stream through three rotameters that measured the
flow rates of the carbon dioxide, the air, and the mixture of gases, respectively. The diagram of the

experimental apparatus used is shown in Figure 2.1.

" 490 »

1500

Figure 2.1: Photobioreactor diagram.

1: photoperiod chamber; 2: pH, temperature and CO, analyser; 3: photobioreactor; 4: gas diffuser; 5: gases inlet;
6: system controlling the flow rate and mixture of the gases
(Air flow meter and CO, flow meter). All dimensions in mm.

2.4. Obtaining the Kinetic data

The experiments were carried out in bioreactors operating in a batch mode, fed with 3.0L of
different culture medium. The experimental conditions were as follows: initial cell concentration of
0.1 g.L'l, isothermal reactor operating at a temperature of 30°C, photon flux density of 150umol.m—2.s'
!, and continuous aeration of 1VVM with the injection of air containing 15% carbon dioxide in volume.
The cell concentration, and elemental composition of cells were monitored every 12h during the
microbial growth phases. Residence times of up to 156h were considered for all the experiments. The

tests were carried out in duplicate and the kinetic data referred to the mean of four repetitions.
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2.5. Analytical methods

The cell concentration was evaluated gravimetrically by filtering a known volume of culture
medium through a 0.45um filter and drying at 60°C for 24 hours. The photon flux density was
determined using a digital photometer (Spectronics, model XRP3000), measuring the light incident on
the external reactor surface. The temperature was controlled using thermostats and measured using a
polarographic probe (Mettler Toledo, InPro5000 series). The flow rates of the carbon dioxide, air, and
CO; enriched air were determined using rotameters (AFSG 100 Key Instruments). The composition of
the elements of the Aphanothece microscopica Ndgeli cells was determined using a Perkin Elmer 2400
CHNS/O element analyser. Two-milligram samples of biomass were oxidised at 1000°C and the
resulting gases were determined using a thermal conductivity probe for carbon. The standard used was
acetanilide, with a composition of 71.09% carbon, 11.84% oxygen, 6.71% hydrogen, and 10.36%

nitrogen.

2.6. Mathematical models and statistical validation

The parameters of for microbial growth curves can be obtained by non-linear regression
techniques. The Logistic Function model describes the growth of microbial populations as a function of
initial population density, time, growth rate, and final population density. The original Logistic
Function model was developed by Pearl and Reed (1920) based on earlier insights by Verhulst (1838).

On this basis the Logistic expression became:

. A+C
Y ]+exp_B(

M) (1)

A large number of growth functions have been derived from the classic model developed by
Gompertz (Gompertz, 1825). The original expression is represented by Eq. 2 and the lag phase is not

considered:

—expB(1-M )]

y=A+Cexp @)

The Gompertz expression was re-parameterized by Zwietering and co-workers to include three

biologically relevant parameters: lag time (4 ), specific growth rate ( U ), and the asymptotic value or

max
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maximum cyanobacteria population (C=Xpa/X) (Zwietering et al., 1990). This model can be

represented by:

—exp['um“x'exP(])(/l—tﬁ]}
y=C.exp ¢ 3)

The Baranyi model is geometrically different since it shows a quasi-linear segment during the
exponential phase. In the model proposed by Baranyi and co-workers in 1993, the variation of the cell
population (X) with time is described by a first-order differential equation. In 1994, Baranyi and
Roberts derived solutions to this differential equation, under certain conditions, using 6 parameters, and
in 1997, Baranyi reduced the solutions of this differential equation to four parameters (Baranyi et al.,

1993; Baranyi and Roberts, 1994; Baranyi, 1997):

A
exp,umax (1) _ 1

= A(t)—In| 1+
Y = My AlL) g @

Where:

] - - —_
A(t)=t+ —ln(exp a4 oxp™Hmact _ oy y,m-(tﬂ))

max

&)

The Morgan model is another expression usually used to describe biomass growth (Morgan et

al., 1975):

ye At
K" +t"

The Newton Method was used to solve these nonlinear equations (1-6) in Microsoft Excel®

(6)

XP Software. Initial estimates of the parameters values were required and a good choice of initial
values is critical since a poor starting point can result in divergence or a wrong solution (Motulsky and
Ransnas, 1987). A reasonable initial estimate for the coefficient was obtained through the graph (In X)

vs. (t).
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Least Square was used in Microsoft Excel® XP Software to solve the models through an
iterative procedure which determines the minimization of the least value of the square error sums

between the empirical and predicted values.

Indices of performance of the predictive models were calculated by the following

mathematical and statistical expressions (Ross, 1996):

Z (obs — pred )2
Root mean square error (RMSE): RMSE = (7)
n
bs — pred )’
Standard error of prediction (%SEP): 9%SEP = 100 \/ Z(O ST pre ) (8)
mean obs n
Zlug(pred/obs)
Bias factor (Bf): B, =10 " 9)
> ‘log ( pred/obs )‘
Accuracy factor (Af): A r = 10 ! (10)

2.7.  Optimizing the operation conditions

In a continuous photobioreactor, the operation often starts with a short batch period intended
to increase cell concentration prior to dilution. The best duration for this preliminary batch period has
been considered. So, to provide a theoretical answer to the question of how biomass production can be
optimized, the growth model (previously defined) and mass balance to CSTR operation were
considered. Mass balance for biomass in a continuous culture mode can be represented by (Muller-

Feuga et al., 2003):

(u-D)r

X, =X,exp (11
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3 Results and Discussions

3.1. Optimization of the culture medium

To evaluate the performance of the cyanobacteria cultivated in refinery wastewater, a
comparison between cultivations of refinery wastewater (M1) and synthetic BGN medium (M2) was
initially made. Figure 2.2 shows the growth data obtained from these experiments. The analysis of
kinetic growth data indicates a reduced cellular adaptation in the wastewater when compared with the
cultivation in the synthetic medium. Maximum cellular concentrations of 0.14g/L. were obtained in 48h
of residence time in the M1 culture medium, while 5.10g/L were reached in 156h in the M2 culture
medium. The values obtained for cultivation in wastewater represent less than 3% of the maximum
cellular densities obtained in the BGN medium cultivation, suggesting the presence of inhibitor
compounds of cellular growth, associated with the limitation of essential nutrients to cyanobacteria
growth in wastewater. These results can be corroborated by analyzing Table 2.2, which presents the
chemical composition characterization of the refinery wastewater used. An analysis of the data shows
the presence of inhibitors of growth substances, for example, phenolic compounds and cyanide, low
concentrations of nitrogen and phosphorous, and also the lack of micronutrients essential for microbial
development when compared with the synthetic BGN medium (Hodaifa et al., 2008; Joseph and
Joseph, 2001). Isolated or combined, these characteristics can explain the reduced performance of the
microbial growth in refinery wastewater. Figure 2.3 shows the growth data obtained from the others

experiments.

T T 1
0 24 48 72 96 120 144 168
Time (h)

Figure 2.2: Growth curves in the refinery wastewater (closed symbols) and in thesynthetic BGN
medium (open symbols)
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Figure 2.3: Growth curves of the experiments

To enable the effective use of refinery wastewater to support biomass growth, wastewater
dilution in synthetic medium and the supplementation of salts in the wastewater was considered. Table
2.4 presents the growth data of Aphanothece microscopica Ndgeli on different cultivation mediums
tested. The analysis of kinetic parameters suggests the reduction of maximum cellular densities (Xmax)
with an increase of wastewater concentration in the culture medium, considering the wastewater
dilution in the synthetic medium (Mediums MI1-MS5). On the other hand, the wastewater

supplementation with BGN salts improved the biomass production (Mediums M6-M9).

The presence of inhibitor or toxic compounds was evaluated through the comparison between
the experiments M2 (5.1g/L) and M6 (4.34g/L), which show that the maximum cell concentration was

14.2% less in wastewater with 100% BGN salts supplementation (M6). Similarly, the lack of nutrients
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was verified in the wastewater cultivation with different salts supplementation, where the increase of
cell concentration with the increase of the compounds added (increase of up to 96.8% in the X,
considering the culture mediums M1 and M6) can be observed. These results suggest a higher
magnitude of lack of essential nutrients compared to the presence of inhibitory compounds in cell

growth.

Table 2.4: Growth data of Aphanothece microscopica Ndgeli in different tests

Culture Medium X max * (/L) pmax (d7)

M1 0.14°+0.00 0.32*+0.00
M2 5.10°+0.10 0.69°+0.03
M3 0.71°+0.03 0.62°+0.05
M4 227°+0.11 0.96°+0.06
M5 491°+0.24 1.07°+0.05
M6 434"+ 0.21 0.81°+0.02
M7 3.812+0.19 1.24°+0.09
M8 3.42°+0.15 1.13°+0.06
M9 2.05"+0.09 1.12¢+0.04

* end of experiment (156h).

**Within the same column, means having different superscripts are significantly different (p<0.05) by Tukey test

The cells changed from a blue-green color to yellow on the second day of the cultivations in
refinery wastewater (M1). This phenomenon is known as chlorosis, or bleaching, and results from the
changes of environmental conditions, such as the deprivation of essential nutrients. Chlorosis is
normally caused by a lack of the nitrogen and phosphorous necessary for photosynthesis (Pavlostathis

& Jackson, 2002).

Differences between M2 and M6 (Xax and L) can be explained as a function of stress on
the cell growth. The functioning of some proteins is inhibited or lost and that of others are enhanced or
induced in stress conditions. The genome and proteome of several cyanobacteria, during normal growth
or acclimation to different stresses, need be analyzed in deep (Genter, 1996). The compounds inhibitor
to microalgae include different chemical species of metals and also nonmetallic compounds like ozone

and cyanide (Castielli et al., 2009). All elements and compounds are potentially inhibitor or toxic, but
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an interesting characteristic of some metals is that they are nutrients at low concentrations (e.g., Cu,

Mo, Fe, and Zn) (Genter, 1996).

The specific growth rate, |, is a measure of how quickly a microbial population is growing.
High values of p are indicative of high microbial growth rates. This kinetic parameter determines the
maintenance of the steady state in biological reactors operated at the constant volume. The values of
maximum specific growth rates (Umax), obtained from the graph of (In X) vs. t, show that the use of
mediums M5 (1.07d™") or M4 (0.96d™) improved the cell growth rate, since the maximum specific
growth rates obtained were superior to those reached in the synthetic BGN medium (M2) (0.69d™"),
considering the experiments with dilution of the wastewater. Additionally, in the culture mediums
supplemented with salts, an optimal composition of 75% salts supplementation M7 (1 24d™"), followed
by 50% of salts addition (MS) (1.13d"), and 25% (M9) (1.12d'1) can be observed. A comparison
between M7, M8, and M9 culture mediums showed that these cultivations are statistically equal to the
Tukey test (p<0.05), promoting the utilization of M9 because in such conditions there is a minor
requirement of salts and water added. The maximum growth rates obtained were higher than those
observed by Joseph and Joseph (2001) and Chojnacka et al., (2004) when cultivating the cyanobacteria
Spirulina sp. and Oscillatoria quadripunctulata in refinery wastewater, respectively, which suggests
the adaptation of the microorganism and appropriateness of the methodology used. The highest
maximum specific growth rate obtained with M6-M9 tests compared with M2 medium maybe can be
explained with a result of modifications in metabolic pathway by stress conditions (lack of nutrients or

chemicals presents in wastewater).

The pH range observed in the all culture medium varied from 8.0 to 9.3, indicating that the
specie HCOj3;™ was the predominant form of carbon in the cultures. The gradual increase in pH of the
culture media, independent of the conditions, indicated that cultivation occurred in an alkaline pH
range. According to Arnon (1984) and Zuber (1986), the increase in pH in photosynthetic cultures is an
indication of the consumption of inorganic carbon due to cell growth. These authors reported that the
increment in pH in the culture medium could be attributed to two main mechanisms: first, the transport
of hydroxide ions to outside the cell occurs by way of a reaction catalysed by the enzyme carbon
anhydrase during the conversion of bicarbonate ions inside the cell to provide CO, for the

photosynthetic reaction, raising the pH of the culture medium. A second potential mechanism would be
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the increase in pH due to activity of the enzyme ribulose 1,5-bisphosphate carboxylase, whose activity
is considerably dependent on pH, increasing with an increase in pH. This enzyme is present in the
photosynthetic apparatus of the cyanobacteria, where the H" ions are sequestered to the inside of the
tylacoid membrane with a simultaneous transfer of Mg®* to the environment. These light energy
induced fluxes result in an increase in pH and in the Mg2+ concentration, activating the rubisco enzyme
and resulting in efficient carbon dioxide fixation. In addition, the presence of ammonia in wastewater
leads to a sharp rise of pH values in the initial periods of cultivation. This fact is more accentuated in
conditions with high refinery wastewater concentrations. The precipitation of carbon dioxide by
washing with alkaline solutions is one of the gas absorption processes most widely used in the chemical
industry. These processes consist of capturing the CO, in alkaline solutions by chemical reactions of
the system CO,-H,O-OH-. Thus, sequestering CO, by way of the formation of carbonates and
bicarbonates in photobioreactors which use this type of wastewater could present an advantage in the
improving of the global CO, sequestration rates, with which biological and chemical mechanisms are

involved in the rise of pH values (Lee et al., 2006).

On the other hand, the presence of organic carbon in the wastewater, which could be
assimilated by the cells through heterotrophic metabolism during the night periods, in the case of
cultivations in photoperiod conditions (day/night cycles) should be considered. Although this condition
improves the biomass production performance, the global carbon dioxide sequestration rates are
strongly affected by the mixotrophic metabolism, since at night periods CO; is released and O, is
consumed through heterotrophic metabolism and the contrary occurs during day periods. This
consideration has a practical importance since there is large interest in operating such systems using
solar energy, especially in locations near the equator where the day and night periods are very similar

(Jacob-Lopes et al., 2008b).

3.2. Predictive modeling and simulation

Mathematical modeling has been widely used to predict cellular growth through the estimate
of maximum specific growth rate, maximum cell concentrations, and duration of lag phase, which are
all needed in the study of microbial growth and to use in industrial microbiology. Figure 2.4 presents

the fit of the mathematical models to the optimized condition (M9). The visual analysis of data show an
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unsatisfactory fit of the Logistic and Baranyi models to experimental data. The Logistic model does not
consider the lag phase and the Baranyi model presents this criteria, but does not describe with accuracy
the data obtained for the Aphanothece microscopica Ndgeli. Gompertz, Modified Gompertz, and
Morgan models present a good relation with the experimental data, so, the goodness-of-fit or reliability
of growth models need mathematical evaluation before being put into practice (Dong et al., 2007).

Table 2.5 presents the indices of performance of the models tested.

The RMSE provides a measure of the concordance between experimental data and the model.
The best model adjust will present a reduced value of RMSE. The minor values were observed on the
Modified Gompertz and Morgan models (0.11 and 0.09 respectively). The Bias factor (Bf) gives an
objective indication of better performance of the model. Ross (1996) suggested that perfect agreement
between predictions and observations are represented by Bf of 1. Higher or lower values indicate a
systematic over or under estimation of the observed values, respectively. Models describing growth
rate with Bf in the range of 0.9-1.05 could be considered good, in the range of 0.7-0.9 or 1.06-1.15
considered acceptable, and <0.7 or >1.15 considered unacceptable. Again, the calculated values show
that Morgan and Modified Gompertz models (0.95 and 1.01, respectively) were the better fit. The
accuracy factor represents the difference between the mean observed values and the predict values.
The increase of this factor results in a low capacity for prediction of correctness between the estimated
and true values. The values presented by the Morgan and Modified Gompertz were closer to 1 (1.07
and 1.06, respectively). The standard error of prediction (%SEP) confirms the reduced residuals of the

Morgan and Modified Gompertz model.

Statistical analysis of the models shows that the Modified Gompertz and Morgan models were
the best expressions to describe growth data of Aphanothece. Thus, it was necessary to evaluate the
characteristics of each model to select the most appropriate to the prediction. The selection criterion
was the model parameters meaning. Modified Gompertz presents parameters with physical meaning
(Mmax» A and Xpyax) and the Morgan model is related to the fit of curve and can’t be physically
interpreted. The Modified Gompertz model describes the growth data, both in terms of statistical
accuracy and ease of use, when compared to other sigmoid functions (McDonald and Sun, 1999). In

this sense, the Modified Gompertz was selected to predict the growth of Aphanothece microscopica
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Ndgeli and was considered statistically sufficient and robust to describe the growth data of the tested

organism.
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Figure 2.4: Fit of the models to experimental data

Table 2.5: Data of statistic validation models

Error Model Gompertz Modified Gompertz Logistic Baranyi Morgan

RMSE 0.12 0.11 0.30 0.16 0.09
By 1.06 1.01 1.24 1.15 0.95
Ag 1.08 1.06 1.25 1.18 1.07

%SEP 6.76 5.15 16.86 8.99 4.94
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The Modified Gompertz model gives the following values of the growth parameters for the
M9 culture medium: pmax=1.22d'], A=15h, and X;,x=2.05g/L. To confirm that the M9 condition is the
best culture medium, the Modified Gompertz model was applied to all tested conditions (M1 — M9) to
calculate pmax, A and X A difference of 7.1% between the values of pma.x calculated with the
mathematical growth model and the obtained from the graph of (In X) vs. (t) was observed. Tukey test
was used to analyse the statistical difference between M1 — M9 (umax obtained with Modified
Gompertz). A comparison between showed that the M7, M8 and M9 cultivations are statistically equal
to the Tukey test (p<0.05), promoting the utilization of M9 because in such conditions there is a minor

requirement of salts and water added, reaffirm the utilization of M9.

After the determination of the best model to predict biomass production and growth
parameters, prediction tests to evaluate the process in continuous operation were carried out. The
chemostat is a rare example of a class of biological systems that has real experimental and industrial
applications. In the chemostat, the most important thing to know is the batch period effects on the
productivity process, because the initial time presents a batch operation period. To consider the best
duration of this preliminary batch period, intending to increase the cellular concentration in the
photobioreactor, the Modified Gompertz model was used to predict the biomass growth and Eq.11 to
describe the cellular growth in a continuous operation. Cellular concentration was predicted in a
photobioreactor as function of the dilution rate, total operation period (TOP), and batch operation
period (BOP). The purpose of this study was to evaluate the magnitude of productivity gain in function

of these parameters.

The predictions were carried out in the culture medium conditions previously optimized:
dilution rate of D=1.20pmax, D=1.10umax, D=1.00umax » D=0.95umax, D=0.90umax, D=0.85umax and
different BOP (18, 24, 30, 36, 42, 48, 54, 60h). These different BOP were chosen because the
exponential phase began at 15h and finished at 60h for this experiment. This period was determined
corroborating the data obtained between the Modified Gompertz model and the graphic determination

of umax. The influence of BOP in the biomass production is expressed in Figure 2.5.
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Figure 2.5: Theoretical influence of batch operation period in the biomass production.

Analysis of the curves shows the increase of biomass in function of the increase in BOP. Thus,
estimating the TOP of chemostat in 1000h, it is possible to predict the magnitude of the biomass yield

(Table 2.6). A simple theoretical estimate shows that it is possible to obtain an increase of 347% in the
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biomass production using D=0.85pum.x and, consequently, CO, biofixation, starting the continuous
process at the end of the logarithmic growth phase. In this case, the batch operation period represents
6% of the total operation period. Because of cell stability, batch operation periods of 5.4% can be
considered (increase of 283%). This estimate does not consider reductions in cell growth during the
process still caused by the reduction of light intensity inside the reactor, the concentration of

metabolites in the culture medium, among other factors that may reduce or hinder the growth cell.

Table 2.6: Results of prediction in 1000h of continuous operation
BOP (h) BOP/TOP (%) Biomass (kg/L) Increase biomass (%)

18 1.8 0.32 0

24 2.4 0.38 19
30 3.0 0.48 50
36 3.6 0.63 94
42 4.2 0.81 151
48 4.8 1.02 215
54 54 1.24 283
60 6.0 1.41 347

The elemental analysis of the microalgal cells at the end of cultivation showed that 1g of
biomass contains 0.512+0.01g of carbon. Thus, for each 0.51gpiomass, 1-878co2 are biofixed into biomass,
ie, 1.41kgBiomass/Lreactor, whit 2.61kgco, biofixed into biomass. The carbon fixed in the cells only
represents a small fraction of the total CO, transformed by the system. Results of previous studies
(Jacob-Lopes et al., 2008c) clearly indicate the existence of other routes of CO, conversion in the
photobioreactor as precipitation of carbonates and bicarbonates, secretion of biopolymers into the
culture media, and the release of volatile organic compounds (VOCs) that substantially increase the

global CO, sequestration rates in such systems.

Therefore, the results obtained in this study indicate the potentiality of applying refinery
wastewater as a partial source of nutrients and water to support cell growth and promote CO,
biofixation. The integration of the process with suitable refinery waste gas streams as a source of COs,
would represent an important strategy aiming to develop an economical and sustainable system to
reduce greenhouse gases in oil refineries. In addition, the biomass formed has a great potentiality for

biodiesel production (Zepka et al., 2008). According to Gressel (2008), cyanobacterial biomass can be
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used in the manufacturing of third generation biofuels, and if the production of this biomass could be
scaled up industrially, less than 6 million hectares would be necessary worldwide to meet current fuel

demands, amounting to less than 0.4% of arable land, an achievable goal for global agriculture.

4 Conclusions

The presence of inhibitor compounds of cellular growth associated with the limitation of
essentials nutrients to cyanobacteria growth was evident in the wastewater used. Supplementation of
wastewater with 25% (w/v) BGN salts was an adequate strategy for use as a partial source of nutrients
and water to support cell growth and promote CO; biofixation. Under these operational conditions, the
microorganism performed better and maximum specific growth rates of 1.12d"" were obtained. The
Modified Gompertz model was found to be sufficient to describe the growth of Aphanothece
microscopica Nigeli, as evidenced by the statistical criteria. Despite the simplifications made, this
validates the fast development method proposed to help batch to continuous transposition. The
predictions indicate the possibility to obtain 1.41kgpiomass/Lreactor in 1000h of continuous process with a

biofixation of 2.61kg coa/Lieactor in parallel.
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5 Notation
Acronyms
BOP

FBB

TOP

Obs

Mean obs

Pred

Notations

>

max

RN

Greek Symbols
A

Mmax

Batch operation period

Full batch

Total operation period

Observed values of growth

Mean of observed values

Predicted values of growth parameters by kinetic models

Asymptotic In count as t decreases indefinitely
Precise integral of the adjustment factor
Relative growth rate at time M

Asymptotic In of growth that occurs as t increases indefinitely
Time when half maximal growth is achieved
Time at which absolute growth rate at maximum
Residence time

Initial cell concentration

Maximum cell concentration

Cell concentration in time t

In (X¢/Xo)

Lag phase duration
Maximum-specific growth rate

Shape or curvature parameter
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CAPITULO 3

Carbon Dioxide consumption mechanism modeling in a continuous
photobioreactor using cyanobacteria
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ABSTRACT

Reduce carbon dioxide in the atmosphere is a vital task in view of the climatic changes resulting
from global warming caused mainly by CO, greenhouse gas. There are systems available for capturing
CO,, however the choice is limited, therefore this study included the evaluation of methods which are
still under development. The objective of the study was to evaluate the use of models to predict CO,
biofixation and biomass production in photobioreactors operating with cyanobacteria. For optimal
experimental conditions, the kinetics substrate consumption data were adjusted using six mathematical
models (Webb, Aiba, Yano & Koga, lerusalinsky, Chen and Andrews) in order to define an adequate
mathematical expression to describe the carbon dioxide consumption and to estimate the best
conditions for a continuous process. Using statistical and physiological significance criteria, the results
demonstrated that the Andrews model was considered the most adequate to describe carbon dioxide
consumption and the predictive analysis shows that it is possible to obtain 3.00gbi0massa.L'1.h'l and the
maximum TRC of 2.67 gcozL'l.h'1 and the potential use of this system in processes of biological

dioxide carbon fixation was demonstrated.

Keywords: cyanobacteria, predictive modeling, CO, biofixation, global warming.
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1 Introduction
Currently one of the most pressing and globally recognized challenges we face is how to

mitigate the effects of global environment change brought about by increasing emissions of greenhouse
gases, especially CO,. Several environmental policies have been proposed to deal with this problem
(Woodward et al., 2009). The Kyoto protocol was based on the aim of reducing greenhouse gas
emissions, especially at lowering the amount of carbon dioxide released (Hsueh et al., 2009). The most
obvious way in which CO, emissions can be reduced is by switching from burning fossil fuels to using
non-fossil-fuel sources of energy such as nuclear energy, wave and wind power, and geothermal
sources (Woodward et al., 2009). Various CO, mitigation strategies have been investigated and there
are three options to reduce total CO, emission into the atmosphere, i.e., to reduce energy intensity, to
reduce carbon intensity, and to enhance the sequestration of CO,. The first option requires efficient use
of energy. The second option requires switching to using non-fossil fuels such as hydrogen and
renewable energy. The third option involves the development of technologies to capture and sequester
more CO; (Yang et al., 2008). This last option can be divided in three strategies: Physical, chemical
and biological treatments. Biological CO, mitigation was carried out by plants and photosynthetic
microorganisms. However, because the slow growth rates of conventional terrestrial plants, the
potential for increased CO; capture in agriculture by plants has been estimated to contribute only 3—6%
of fossil fuel emissions. On the other hand, microalgae, a group of fast-growing unicellular or simple
multicellular microorganisms, have the ability to fix CO, while capturing solar energy with an
efficiency 10 to 50 times greater than that of terrestrial plants (Wang et al., 008).

Microalgae can be divided into two types of cell structure: prokaryotic structure (Cyanophyta-
cyanobacteria and Prochlorophytes) and eukaryotic structure (Chlorophyta, Euglenophyta,
Rhodophyta, haptophytes-Prymnesiophyta, Heterokontophyta and Cryptophyta Dinophyta) (Derner et
al., 2006). Cyanobacteria are one of the most ancient extant forms of life on Earth (Schopf et al., 1965)
and the most widely distributed micro-organisms in the biosphere and they play a dominant role in the
global nitrogen and carbon cycles (Schwarz and Forchhammer, 2005).

Culture of cyanobacteria in open ponds and raceways is well developed but only a few species
can be maintained in traditional open systems that control contamination by using highly alkaline or
saline selective environments. Fully closed photobioreactors provide opportunities for monoseptic

culture of a greater variety of algae than is possible in open systems. Tubular photobioreactors that
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circulate the culture by using an airlift device are especially attractive for several reasons: circulation is
achieved without moving parts and this provides a robust culture system with a reduced potential for
contamination; the cell damage associated with mechanical pumping is avoided; and the airlift device
combines the function of a pump and a gas exchanger that removes the oxygen produced by
photosynthesis (Molina et al., 1999).

Carbon dioxide mass transfer is a key factor in cultivating photosynthetic microorganisms in
photobioreactors due to the low mass transfer coefficient between carbon dioxide and water (Hsueh et
al., 2009). The specific growth rate, saturation constant and inhibition constant are very important
parameters in biotechnological cultivation processes, and the relationships between the rate of growth,
substrate consumption, substrate inhibition, product formation and product inhibition are crucial for

optimizing and controlling photosynthetic or fermentation process (Bailey and Ollis, 1977).

Models to describe the carbon dioxide can be developed to improve the utilization of CO; in
photobioreactors. These models are generally experimentally derived mathematical formulas that fit the
cultivation data reasonably well. The kinetics can be linear or non-linear, single-phase or multiphase.
Linear kinetic models include constant rate and first order kinetics. Non-linear kinetic models comprise
exponential, logistic, second order and other defined function, e.g. Monod type kinetics. Curve-fitting
algorithms can be used to solve these models, but a special care is necessary to determine the start
point. A poor starting point can result in a divergent or a solution that no made physical sense

(Motulsky and Ransnas, 1987).

Model validation is usually defined to mean “substantiation that a computerized model within
its domain of applicability possesses a satisfactory range of accuracy consistent with the in-tended
application of the model” (Schlesinger et al. 1979). A model should be developed for a specific purpose
(or application) and its validity determined with respect to that purpose. Numerous sets of experimental
conditions are usually required to define the domain of a model’s intended applicability. A model may
be valid for one set of experimental conditions and invalid in another. A model is considered valid for a
set of experimental conditions if the model’s accuracy is within its acceptable range, which is the
amount of accuracy required for the model’s intended purpose. The amount of accuracy required

should be specified prior to starting the development of the model or very early in the model
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development process. Several versions of a model are usually developed prior to obtaining a

satisfactory valid model (Henderson et al., 2007).

The ability to describe an object, material, process or action in mathematical terms is central to
our paradigms for analysis and control. Detailed mathematical models are used by engineers in
academia and industry to gain competitive advantage through applications of model-based process
design, monitoring, control and optimization and represents an essential activity to photosynthetic or
fermentative process development. Thus, building high quality and validated mechanistic models is a
key activity in process engineering. When developing models that use a priori knowledge of physical,
chemical or biological laws to propose (one or more) possible models, these laws dictate the model

structure and invariably contain adjustable parameters (Neeleman, 2002).

In this regard, this study aimed to evaluate the use carbon dioxide consumption models in
cyanobacteria cultivation for CO, biofixation process and biomass production. The focus is

mathematical modeling of substrate consumption.

2 Materials and methods

2.1. Microorganism and culture conditions
Axenic cultures of Aphanothece microscopica Ndgeli (RSMan92) were originally isolated
from the Patos Lagoon estuary, from the state of Rio Grande do Sul, Brazil (32°01°S - 52°05"W).
Stock cultures were propagated and maintained in synthetic BGN medium (Ripka et al., 1979) with the
composition presented in Table 3.1 and pH 8.0. The incubation conditions used were 25°C, photon flux
density of 15 umol.m'z.s'l, and a photoperiod of 12h.
Table 3.1: Composition of synthetic medium BGN (pH 8.0)

Parameter Value (mg/L) Parameter Value (mg/L)
CaCl,.6H;O 0.04 Citric Acid 6.00
CUSO4.5H20 0.079 N212C03 20.00
ZnS04.7H,0 0.22 K,PO, 30.00

Na,Mo004.2H,0 0.39 CaCl,.2H,0 36.00

Na,EDTA 1.00 NaCl 72.00

MnCL.4H,0 1.81 MgS04.7H,0 75.00
H3BO; 2.86 NaNO; 1500.00
Ammonium iron (III) citrate 6.00
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2.2.  Photobioreactor design

The diagram of the experimental apparatus used is shown in Figure 3.1. The photobioreactor
were constructed in 4mm thick glass with similar geometry, dimensions and working-volume (WV).
The systems had an internal diameter of 7cm, height of 70cm and nominal volume of 2.4L. In the
bubble column reactors (BCR) air was supplied through a 7cm diameter sinterized glass plate. The
dispersion system for the reactor consisted of a 1.5cm diameter air diffuser located in the centre of the
column. The reactor was continuously illuminated with sixteen 40W fluorescent daylight-type tubes
(General Electric, Brazil), connected in parallel and located in a photoperiod chamber. Airflow into the
photobioreactor was provided via a filtered air and pure CO; cylinder through Teflon tubing. The
COy/air mixture was adjusted to achieve the desired concentration of carbon dioxide in the air-stream
through three rotameters that measured the flow rates of the carbon dioxide, the air, and the mixture of

gases, respectively.

390

1500 700

340

3#\5/ 1
70

Figure 3.1: Photobioreactor diagram.

1: photoperiod chamber; 2: pH, temperature and CO, analyser; 3: gas exit sampler; 4: pH, temperature and CO, sensor; 5:
photobioreactor; 6: gas diffuser;7: system controlling the flow rate and mixture of the gases; 8: Gas entrance sampler; 9: Air flow meter;
10: CO, flow meter. All dimensions in mm.
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2.3.  Obtaining the kinetic data

The experiments were carried out in bioreactors operating in a batch mode, fed with 2.4L of
culture medium. The experimental conditions were as follows: initial cell concentration of 0.1g.L",
isothermal reactor operating at a temperature of 30°C, photon flux density of 150um01.m'2.s", and
continuous aeration of 1VVM with the injection of air containing 15% carbon dioxide. The cell
concentration and elemental composition of cells were monitored every 12h during the microbial
growth phases. Residence times of up to 156h were considered for all the experiments. The tests were

carried out in duplicate and the kinetic data referred to the mean of four repetitions.

24. Analytical methods

The cell concentration was evaluated gravimetrically by filtering a known volume of culture
medium through a 0.45pum filter and drying at 60°C for 24 hours. The photon flux density was
determined using a digital photometer (Spectronics, model XRP3000), measuring the light incident on
the external reactor surface. The temperature was controlled using thermostats and measured using a
polarographic probe (Mettler Toledo, InPro5000 series). The flow rates of the carbon dioxide, air, and
CO; enriched air were determined using rotameters (AFSG 100 Key Instruments). The composition of
the elements of the Aphanothece microscopica Ndégeli cells was determined using a Perkin Elmer 2400
CHNS/O element analyser. Two-milligram samples of biomass were oxidised at 1000°C and the
resulting gases were determined using a thermal conductivity probe for carbon. The standard used was
acetanilide, with a composition of 71.09% carbon, 11.84% oxygen, 6.71% hydrogen, and 10.36%

nitrogen.

Gas chromatography (GC) was used to determine CO, concentrations in airstreams. The
equipment used was an Simple Chrom (Cromacon, Brasil) equipped with a column Porapack Q80/100,
6”x1/8* S.S and a thermal conductivity detector. The operational conditions were as follows: injector
and detector temperatures of 100 and 120°C and column temperature of 70°C. The carrier gas was
hidrogenio with a flow rate of 30 mL/min. The sample volume injected was 100pL. The CO, removed
was determined from samples taken from the gaseous phase of the system. The areas obtained using the

integrator was compared with reference curves to determine the CO, concentrations.
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3 Mathematical models and statistical validation

3.1. Cell Growth

The specific growth rates for different residence times are determined numerically by
adjusting the cell concentration to a polynomial function, according to Equation 1 and represents a
measure of how quickly a microbial population is growing (Ahamad & Holland, 1995):
_1dx

'u_X dt (1)

The exponential growth phase is determined from the graph of (In X) vs (t) for different initial
and final time limits, determining the start and duration of the exponential growth phase from the best
correlation coefficients. The angular coefficient of the best correlation provides the value for p.y, that

is, the maximum specific growth rate.

The Modified Gompertz model (Zwietering et al., 1990) was used to determinate three
biologically relevant parameters: lag time, specific growth rate, and the asymptotic value or maximum

microalgae population. This model can be represented by:

_explinumax'exp (l—t)+]:|

y=C.exp o

3.2.  Substrate Consumption
The carbon dioxide consumption rate, qcop, is @ measure of how quickly carbon dioxide was
consumed. The carbon dioxide consumption rate for different residence times are determined

numerically by this equation (Ohtaguchi & Wijanarko, 2002).

Yecoze = Ycozs Mcor-Br
V.RT X (3)

Acor = Qg

Such models are available in literature to represent the growth rate as a function of limit
substrate or inhibit substrate. In this regard, six models have been tested to predict the maximum
substrate consumption rate (qcoz max), Saturation constant (Ky) and Inhibition constant (Kj). Webb

presented his model in 1964, Eq. 4, with an introduction of an auxiliary inhibition constant. Aiba et al,
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(1968), Eq. 5, demonstrated a far simpler model in terms of number of parameters, but presenting an
exponential. Andrews, 1968, Eq. 6, presented his model as simple in mathematical terms. In 1969,
Yano e Koga , Eq. 7, formulated their model with a quadratic auxiliary inhibition constant and in 2004.
Ierusalimsky and Chen models, Eq. 8 and 9, were expressed in Ohtaguchi & Wijanarko, 2004. The
follow equations show these models with modifications (by Ohtaguchi & Wijanarko, 2004) to predict

the parameters as a function of continuous feed.

X[kx +XJ
k1,2

qCOZ = qCOZ_max X (4)
k, +X (k v+ J
k,
Xe
9co2 = 9co2_max T/{X (5)
X
9co2 = 4coz max % (6)
X|ky+—|+ky
k,
9cor =4 X
CcOo2 CO2_max X X 2 (7)
ky + X ky +——+—
k, ki,
q q X 1
Cco2 = CO2_max (8)
ky+X . X
k,
X| k+ {
k,
dco2 = Y9co2 max )

X +ky+ (kx2X)2
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3.3. Mathematical Resolution and Statistical Validation

Least Square was used in Microsoft Excel® XP Software to solve the models through an
iterative procedure (solver - Newton Method) which determines the minimization of the least value of
the square error sums between the empirical and predicted values. Because a poor starting point can
result in a divergence or wrong solution, a reasonable initial estimate for the coefficient was obtained

by the graph (In X) vs. (t). Indices of performance of the predictive models were calculated by the
expressions in Table 3.2 (Ross, 1996):

Table 3.2: Parameters for statistical validation.

Expected
Parameter Significance Equation
Value
Measure of the
concordance 2
RMSE between the RMSE = \/ 2 (obs — pred) 0
experimental data n
and the model

objective indication 1 _1

Bias Factor of better Zlog(pred/obs) tir_not\'/eri
ek performance of the B, =10 " estmatio
model <1= under
estimation
difference between o1 —lover
Accuracy  the observed mean Z|iog (pred/obs ) estir_nation
Factor average values and A F = 10 " <1= under
the predicted values L.
estimation
. 2
%SEP Quality gx‘ss?ssment GSEP < 100 \/ Z (obs — pred ) 0
prediction mean obs n

*** Models describing growth rates with a Bf in the range of 0.9-1.05 could be considered good, in the range of
0.7-0.9 or 1.06-1.15 considered acceptable, and <0.7 or >1.15 considered unacceptable.

The transfer carbon dioxide rate to biomass was calculated by the following equation

(Ohtaguchi & Wijanarko, 2004)

TRC=qcp, X (14)
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4 Results and Discussions

A typical time course for batch cultivation is determined with respect to cell mass. The process
can be divided into four principal phases: the initial lag phase occurs due to regulatory phenomena of
the microorganisms as the inoculum adapts to the conditions in the bioreactor and there is excessive
substrate concentration in this period; the next phase is called exponential growth, where the specific
growth rate is constant and maximum; then there is the stationary phase with an specific growth rate
constant and null, brought about by substrate limitation, product inhibition, or other phenomena;
followed by a declining phase in which the cell mass decreases due to lysis or endogenous metabolism
(Schimidell et al., 2005). The models must predict these phases reasonably well in order to achieve
good fitting of data. Mathematical modeling has been widely used to predict cellular growth by
estimating the maximum specific growth rate, maximum cell concentrations, and duration of the lag
phase, which are all necessary in the study of microbial growth and for use in industrial microbiology.
The values obtained by the Gompertz modified model were pmax=0.72d", A=9h, Xa=5.1 g.L"
(RMSE=0.067, %SEP=2.642, B=1.008 e A+=1.056) and Figure 3.2 provides the fit of the model to the

experimental data.

N W A~ 00O
| | | | )
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Time (h)

Figure 3.2: Fit of the experimental data to Modified Gompertz model.

It must be taken into account that the biological fixation of CO, is an extremely complex
process and is not only in the form of biomass. Other products of photosynthetic metabolism are
involved in these processes, such the formation of exocellular proteins and carbohydrates associated
with the catalysis of chemical species in the precipitated carbonate and bicarbonate formation and

volatile organic compound (VOCs) formation. Many compounds can be formed in photosynthetic
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reactions, associated with high CO, conversion rates (Jacob-Lopes, 2007a). In this regard, the

biological fixation of CO, is very interesting in relation to reducing climate changes.

The results shown in Figure 3.3 reveal a loss of 83.3% CO, in the reactor feed (average).
Therefore it is necessary to study in detail the amount of gas in the inlet and the efficiency obtained
using one or more reactors. The profile of CO; loss can be correlated with cell growth because this
value decreases with time until 110h of experiment (end of exponential growth phase). After this
period, the loss of CO; begins increase due to the decrease in cell growth and number of viable cells

inside of the reactor.

In this regard, the use of mathematical models to predict the best conditions for CO,
biofixaton becomes necessary. It can be said that the number of reactors to be arranged in series should
be determined by the cost-benefit achievable through this combination. It should be necessary to know
that this loss is a function of the microorganism, the CO, concentration at the inlet and the
configuration and operation of the photobioreactor (Eriksen et al., 2007; Fan et al., 2008). Cheng et al.,
(2006) obtained O.O&g.m'3.h'1 in 1% CO; in a membrane photobioreactor with Chlorella vulgaris,
reporting a removal efficiency peak of 55.3%, for up to 0.15% CO,. Chiu et al., (2008) using a bubble
column reactor, obtained a maximum disposal capacity of (.72 gm'3.h'1 in 15% CO,. However, in this
study, the maximum removal capacity was verified as almost 78.0 gCOz.m'3 ' as an overall average.

This value is higher than those reported in other studies.
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Figure 3.3: Loss of CO; feed in the reactor.
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Richardson e Jackson (2007) reported that cells of cyanobacteria growing exponentially in
turbulent systems tend to form clusters in the collision cell. The rate of formation of these clusters
depends primarily of the abundance and size of cells. According to these authors, these characteristics
determine the pattern of absorption and desorption of inorganic carbon in aqueous systems. The
formation of cell clusters provides a low capacity to carbon dioxide removal, due to problems of
agitation and mixing in the reactor reduced the combined area per unit volume of cell which is capable

of capturing light energy for the subsequent reaction of carbon atom fixation.

Based on the results of CO, loss by the system, an evaluation of growth models based on
substrate consumption is required to define optimum conditions process for industrial use, aiming to
maximize CO, removal. The models tested here are the result of some considerations that should be
mentioned, such as the assumption that only one substrate is limiting, or the others were fed in excess,
these are also models of unstructured and unsegregated model. Figure 3.5 provides the fit of the models

to experimental data. Table 3.3 presents the performance indicators of the models tested.

Statistical analysis of the models shows that the Webb and Tan models cannot describe
substrate consumption data. Thus, it was necessary to evaluate the characteristics of each model and the
significance of the physics results in order to select the most appropriate prediction model. The
selection criteria can be complexity, use and accuracy of the model and potential for physiological
significance, interpretation and number of model parameters (Phua and Davey, 2007) and, in this case,
the criteria used was ease of synthesis and use. The Andrews model describes carbon dioxide
consumption data both in terms of statistical accuracy and ease of use when compared to other
functions (McDonald and Sun, 1999). Therefore, the Andrews model was selected to predict the carbon
dioxide substrate consumption and was considered statistically sufficient and robust enough to describe

the data of the tested organism.

As described in the literature (Bailey & Ollis, 1977; Blanch and Clarck, 1997), there are many
models to describe cell growth or substrate consumption and each culture has a better adherence to a
particular model. It is not expected that all the models will achieve a high level of proximity between
the actual and predicted values, thus the existence of better performance between the models tested and
the fact that some of them can not be used for prediction represents confirmation of the need to have

tested many models in order to describe the behavior of the microorganism.
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Figure 3.4: Fit of the experimental data to substrate consumption models.
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Table 3.3: Statistic Validation for the models.

Parameters Webb Aiba Andrews Yano Ierusalimsky Chen
RMSE 1.56 0.16 0.21 0.11 0.15 0.78

% SEP 53.06 5.45 10.03 3.60 5.00 26.59
Bf 1.32 0.97 1.01 1.01 1.04 0.73

Af 1.44 1.07 1.04 1.02 1.04 1.37

The value of the saturation constant, Kx, and the inhibition constant, Ki, have a similar
meaning to the Ks and Ki of the Michaelis-Menten model, thus the value in mg.L'1 of biomass in the
rate of consumption of CO, reaches half of its maximum value and value in mg.L" of biomass which
starts the process of inhibition, respectively. The results obtained with the Andrews model were:
reactor qcoz_max = 6.86 h'l, Kx = 149mg.L’1, Ki= 498mg.L’1. Therefore, the Modified Gompertz model
was used to determine the length of residence in which Ki and Kx are met. Kx to the concentration of
298mg.L" was obtained in 30h. For Ki, the concentration of 498mg.L'l was obtained in 42h. The
formation of cell clusters in the cultivation of microorganisms was observed, as from 500 mg.L'1 in
several experiments conducted under similar conditions of CO, supply, temperature and light intensity
(Jacob-Lopes, 2007), and above, the formation of these clusters promotes a reduced ability to remove
carbon dioxide, due to problems of agitation and mixing in the reactor diminishing the combined area
per unit volume of cell capable of capturing light energy for the subsequent reaction of carbon atom
fixation. It is should be mentioned that the formation rate of these clusters depends primarily on the
abundance and size of cells, thus maintaining the culture at an early stage of development and low
cellular concentration facilitates the flow of absorption and desorption of inorganic carbon in aqueous

systems.

The data presented above define the range of best performance of the microorganism in the
process of sequestration and biological fixation of CO,, but it is necessary to clarify that although the
region of better performance of cyanobacteria is between 300 and 500 mg.L’l, the range of best
performance of the system is between 1000 and 3000mg.L". This is due to the compensatory effect
between the increase of biomass and decrease in performance of the microorganism. These values were
calculated according to equation 14. A better visualization of the compensatory effect of biomass is
obtained when comparing the value obtained by the results of the model (qcoz max and 2.Kx) with the

maximum value obtained in terms of biomass in this reactor.
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Figure 3.6 shows these comparisons and maps TRC in terms of biomass. The relevance of
these data is the need to keep this process in a state for industrial application, thus requiring knowledge
of the best period to start the change from batch to continuous as regards the power of synthetic
medium and the removal of biomass. One factor that should be taken into account is the fact that the
biomass produced in its composition bears characteristics of commercial interest, i.e., a significant size
of proteins, lipids, carbohydrates, nucleic acids and pigments, and can therefore be used as an
ingredient in food for the feeding and extraction of biomolecules in the production of biofuels (Jacob-
Lopes et al., 2007b, Zepka et al., 2008, Gressel, 2008). Thus, linking the performance of the process
and the formation of biomass, the best period to start the dilution of the medium (0.0512 h'l) is 96
hours of time of residence in both reactors. It can be commented that in this case the production of
biomass by the system will be approximately 3.00g.L’1.h'1 against 0.35 g.L'].h" in the case of dilution

beginning at a residence time of 30h
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Figure 3.5: Transfer of Carbon dioxide rate.

5 Conclusion

The results reveal a loss of 12.5% of CO; in the reactor feed (average). Therefore, it is
necessary to study in detail the amount of gas at the inlet and the efficiency obtained with the dispersor

system or using one or more reactors. Hence, the need to use mathematical models to predict the best
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conditions for CO; biofixaton. As a result of statistical analysis, the Andrews model was selected to be
considered statistically sufficient and robust. The results obtained with this model were qcoz max = 6.86
h', Kx = 149mg.L", Ki = 498mg.L’1. Therefore, an advantage was observed in defining the beginning
of the dilution system in 96 hours of time of residence for higher system performance combined with
the increased formation of biomass, although this is not the best performance condition of the
microorganism. Given that the biomass produced is of the order 3.OOgbiomm.L'l.h'1 and the maximum
TRC of 2.67 gcozL'l.h'1 and the potential use of this system in processes of biological dioxide carbon

fixation was demonstrated.
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6 Notation

Acronyms

Mean obs
Obs
Pred

Notations

A

Cc

Ci’ CO

Ky, Kp
Kx

n

Mco2, Mc
P

Qg

qco2, 4co2_max
R

T

t

A%

XO’ Xmax, X
y

Yco2,e, YC02.s

Greek Symbols

A
M, Mmax

Mean of observed values
Observed values
Predicted values by models

In (XmaX/XO) -
Fraction of carbon in biomass -

Inlet and outlet substrate concentration mg.L"
Inhibition Constant and Auxiliary Inhibition Constant mg.L"
Saturation Constant (relation of biomass) mg.L"
Number of tests -
Molecular weight of CO,, Molecular weight of Carbon g
Ambient Pressure atm
Volumetric gas flow rate measured at gas inlet Lh!
Incident CO,-fixation rate; Maximum CO,-fixation h!
Universal gas Constant (0,082) atm.L.(mol.K)"
Culture medium temperature K
Residence time h
Volume of culture medium L

Initial Cell concentration, max concentration and in the timet mg.L"
In (X¢/Xo) -

CO; concentration of input gas and of output gas fraction
Lag phase duration h'!
Specific and Maximum specifi growth rate h'!
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Conclusao

A presenca de compostos inibidores de crescimento celular associado com a limitacdo de
nutrientes essenciais para o aumento celular de cianobactérias foi evidente no efluente liquido testado.
A suplementacdo do efluente liquido com 25% (w/v) dos sais de BGN € uma boa estratégia para a
viabiliza¢do do uso desse efluente como base de cultivo celular e fixacdo biolégica de CO,. Nessa
condigdo operacional, a melhor taxa de crescimento especifico foi de 1,12d". O modelo Gompertz
Modificado foi indicado para descrever o comportamento do microorganismo testado, como
evidenciado pelos critérios estatisticos. As predi¢des de mdxima produtividade indicam a possibilidade

de se obter 1,41kgpiomassa/Lrearor ©m 1000h de operagdo com uma fixagdo de 2,6 1kgcoo/Lieator-

O consumo de diéxido de carbono foi avaliado em experimentos realizados apenas com meio
BGN e tiveram como finalidade avaliar pardmetros como taxa maxima de consumo de CO,, constante
de saturacdo da biomassa e constante de inibicdo, sendo aplicados modelos de consumo de substrato
(Webb, Aiva, Yano & Koga, Andrews, Chen e lerusalinsky) para analisar os resultados e definir a
condi¢do de melhor concentracdo de biomassa para promover uma elevada fixacdo bioldgica de CO,.
Foi observado uma perda de aproximadamente 12,5% dos 15% de CO, alimentado no reator (média),
confirmando a necessidade de se estudar modelos matemaéticos para prever as melhores condicoes de
alimentacdo dos gases no reator para que seja obtida a maior eficiéncia do sistema. Em funcdo da
andlise estatistica dos resultados obtidos com os modelos pode-se dizer que o modelo Andrews foi
selecionado por ser considerado estatisticamente suficiente e robusto para predizer o consumo de
diéxido de carbono pela Aphanothece microscopica Ndgeli cultivada em fotobiorreatores. Os
resultados obtidos com este modelo foram qcoz max = 6.86 h'l, Kx = 149mg.L'1 (30h de cultivo), Ki =
498mg.L'l (42h de cultivo). Avaliando-se esses dados e a taxa de remocdo de carbono que é
diretamente influenciada pela biomassa, observou-se a vantagem em se definir o inicio da diluicdo do
sistema em 96h de tempo de residéncia para obter maior desempenho do sistema aliado a maior
formagdo de biomassa, embora essa ndo seja a melhor condi¢cdo de desempenho do microorganismo.
Em face disso a biomassa produzida serd da ordem de 3,OOg];,iomassa.L'].h'1 e maxima TRC na forma de
biomassa de 2,67gc02.L'].h"mostrando a potencialidade de uso desse sistema em processos de fixacdo

bioldgica de diéxido de carbono.
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Sugestoes para Trabalhos Futuros

e Melhorar a transferéncia de massa.
o Estudar diferentes configuracdes de fotobiorreatores;
o Estudar diferentes sistemas de dispersdo de gases;
o Estudar diferentes vazdes de entrada dos gases.
e Avaliar o cultivo em dgua do mar.
o Verificar a adaptacdo em diferentes concentracdes salinas e temperaturas.
e Determinar o balanco de massa do carbono no sistema.
e Determinar formas de separacdo da biomassa.
e Determinar diferentes usos para a biomassa.
e Efetuar o aumento de escala
o Estudar as condi¢cdes que minimizem os processos de foto-inibicdo, foto-oxidacdo e
foto-limitag¢do em cultivos outdoor;
o Verificar o melhor regime de operacdo (batelada, batelada alimentada e continuo);
o Detalhar as operac¢des unitdrias para um processo de producido de biomassa;

o Avaliar a viabilidade econdmica do processo.
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Abstract

The objective of the present study was to evaluate the growth kinetics of Aphanothece microscopica Nigeli under different conditions of
temperature, light intensity and CO, concentration. The growth kinetics of the microorganism and carbon biofixation were evaluated using a
central composite design, considering five different temperature levels (21.5, 25, 30, 35 and 38.5 °C), light intensities (0.96, 3,6, 9 and 11 klux) and
carbon dioxide concentrations (3, 15, 25, 50 and 62%). The results obtained showed the effects of temperature, light intensity and CO; concentration
{p < 0.05) on the photosynthetic metabolism of the microorganism. Response surface methodology was adequate for process optimisation, providing
a carbon fixation rate to the order of 100.2mg L='h~! under conditions of 11 klux, 35°C and 15% carbon dioxide, representing an increase of

58.1% as compared to the conditions tested initially.
© 2007 Elsevier B.V. All rights reserved.

Kevwords: Carbon dioxide sequestration; Photobioreactor: Cyanobacteria

1. Introduction

Innumerable research projects have suggested that the
biofixation of CO;z by cyanobacteria in photobioreactors is a
sustainable strategy, since carbon dioxide can be incorporated
into the molecular structure of cells in the form of proteins, car-
bohydrates and lipids by way of photosynthetic reactions. The
advantages of these processes are related to the greater photo-
synthetic efficiency of these systems when compared to higher
plants, the resistance of these microorganisms to high carbon
dioxide concentrations and the possibility of controlling the cul-
ture growth conditions. In addition, the biomass produced by the
bioconversion of carbon dioxide allows one to obtain products
of high added value, such as, fatty acids, biediesel, biogas and
organic fertilizers, as a function of the micrealgal species used
and the effluent to be treated [1-3].

According to Lee et al. [4] and Jacob-Lopes et al. [5]. only a
small fraction of the carbon dioxide injected into the photobiore-
actors is incorporated into the microalgal biomass. According
to these authors, other products of photosynthetic metabolism,
such as the formation of extracellular biopolymers, precipitates
of chemical species such as carbonates and bicarbonates and

* Corresponding author.
E-mail address: franco@ fegunicamp.br ( T.T. Franco).

1 369-T03X/% — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/.bej.2007.11.013

volatile organic compounds (VOCs), are more highly repre-
sented in the carbon dioxide transformation processes of these
systems, substantially increasing the fixation rates.

Aphanothece microscopica Négeli is a cyanobacterium char-
acteristic of the estuaries in southern Brazil. belonging to
the family choroococaceae and forming blue-green colonies
adapted for floating. It shows a macroscopic, amorphous struc-
ture with abundant, firm and rigid mucilage, and non-cylindrical
ellipitical adult cells measuring 9.0-9.5 pm x 4.0-4.2 pm,
approximately 2.2 times longer than they are wider [6]. Previous
studies have shown the potential of applying this microorganism
in bioremediation and for the production of single-cell protein
(SCP) [7-9].

Thus the objective of the present study was to evaluate dis-
tinct operational conditions for photobioreactors, expressed in
terms of the temperature, light intensity and carbon dioxide con-
centration, aimed at maximizing carbon fixation in the cells of
the cyanobacterium Aphanothece microscopica Ndgeli.

2. Materials and methods

2.1. Microorganism and culture medium

Unialgal cultures of Aphanothece microscopica Négeli
(RSMan92) were originally isolated from the Patos Lagoon
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Nomenclature

Ce percent carbon in the biomass (%)

(L} linear effect

Mcoz  molecular weight of CO-

Me molecular weight of carbon

Q) quadratic effect

R? coefficient of determination

Re carbon fixation rate (mg L-'h1

t residence time in f=n (h)

fo residence time in f=0(h)

fe generation time (h)

Nog duration of logarithmic growth phase (h)
Xm maximum cell concentration (mg LY
Xo initial cell concentration (mg LY

X1.X2. X5 independent variables of the statistical model
Y variable response

Greek letters
B parameters of the statistical model

fmay  maximum specific growth rate (A1)

estuary, Rio Grande do Sul State, Brazil (32°01'S-52°05'W),
Stock cultures were propagated and maintained on syn-
thetic BGN medium [10] with the following composition:
K:HPO4-3H20 (0.040gL~"), MgSO4-7H20 (0.075gL™"),
EDTA (0.001gL~"), H3;BO: (2.860gL~!), MnCl-4H20
(1.810gL~"Y), ZnSO4-TH,0 (0.2222 L"), NaxMoO4-2H,0
(0.390gL™!), CuS04-5H,0 (0.079gL™"), CaCly-6H20
(0.040gL~"),NaNO; (150 g L) C4HgO7-H-0 (0.006 g L~1),

I " 400y I
i
390,
1500] 70
335 I
] HIEE
325
353

A VA |
--Tl\ﬂ/ L g

ammoniwm and iron citrate [O.'D(}{ﬁgL_J ). pH 8.0. The condi-
tions used were 25 °C, 1 klux of light intensity and a photoperiod
of 12h.

2.2. Photobioreactor

The diagram of the experimental apparatus used in this study
is shown in Fig. 1. Measurements were made in a bubble col-
umn photobioreactor. The system was built in 4 mm thick glass,
an internal diameter of 7.5cm, height of 75cm and nominal
working volume of 3.0L. The dispersion system for the reac-
tor consisted of a 1.5cm diameter air diffuser located in the
centre of the column. The reactor was continuously illumi-
nated with sixteen 20 W fluorescent lamps connected in parallel,
located in a photoperiod chamber. Different numbers of lamps
on each side of the photoperiod chamber were combined to
give the desired light intensity. Airflow into the photobiore-
actor was provided via filtered air and pure CO; cylinder
through Teflon tubing. The CO,/air mixture was adjusted to
achieve the desired concentration of carbon dioxide in the
airstream, through three rotameters that measured the flow
rates of the carbon dioxide, the air and the mixture of gases,
respectively.

2.3. Obtaining and analysis of the kinetic data in an
experimental photobioreactor

The experiments were carried out in bioreactors operat-
ing with an intermittent regime, fed on 3.0L synthetic BGN
medium. The test conditions were: initial cell concentration
of 100 mg L~!, isothermal reactor operating under different
temperatures and light intensities and continuous aeration of

—
iy
T30
|
> e
15

75

Fig. 1. Photobioreactor diagram. |: Photoperiod chamber; 2: pH, temperature and CO; analyser: 3: pH, temperature and COz sensors; 4: photobioreactor; 5: system
controlling the Aow rate and mixture of the gases: 6: gas diffuser. All dimensions in mm.
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Table |
Values of the independent variables for the different levels of the design

Independent variable Symbaol Lewvel

—1.68 -1 0 1 +1.68
Temperature (“C )y X 21.5 25 30 35 385
Light intensity iklux) X2 0.96 3 6 9 11
CO= concentration (%) X3 3 15 25 50 62

3 Lmin~! of air supplemented with CO». The cell concentration
was monitored every 12 h during the microbial growth phases.
Residence times of up to 156 h were considered for all the exper-
iments.

Response surface methodology was used to determine the
optimal conditions for carbon fixation as a function of three
experimental factors (temperature, light intensity and concentra-
tion of carbon dioxide enriched air). This methodology is widely
used for controlling the effects of parameters in many processes.
Its usage decreases the number of experiments, reducing time
and material resources. Furthermore, the analysis performed on
the results is easily carried out and experimental errors are min-
imized. The statistical method measures the effects of changes
in operating variables and their mutual interactions on the pro-
cess by way of an experimental design. The three steps used in
the experimental design included statistical design experiments,
estimation of coefficient using a mathematical model and an
analysis of model applicability [11].

A five level, central composite design was used to evaluate the
relationship between the culture conditions (independent vari-
ables) and the carbon fixation rate (dependent variable). Three
replicates at the central point were used to estimate the experi-
mental error.

The experimental design and the statistical analyses were
carried out using the Statistica 7.0 software (Statsoft. USA).
Table 1 shows the levels of the experimental variables
used:

Table 2
Kinetic parameters for Aphanothece micmscopica Nigeli

For a 3-factor system, the statistical model is defined by Eq.
(1

Y = Bo+Bi X1+ BaX2+ B3Xa + Bu X: + X3
+ BaX3 + 12X 1 X2 + BiaX 1 X3 + X2 X3 (1)

The process was optimised from an analysis of the experi-
mental design initially proposed, carried out in triplicate.

The calculated cell biomass values were used to calculate the
maximum cell concentration (X, mg L~1), maximum specific
growth rate (flmax. h=!)and generation time (f, h). The carbon
fixation rate was calculated from the elemental analysis of the
biomass, as shown in Eq. (2) [12]:

Xm — XD aMCi}w .
Re=C, = 2
c=tex ( — )\ M, -

2.4, Analvtical methods

The cell concentration was evaluated gravimetrically by fil-
tering a known volume of culture medium through a 0.45 pm
filter and drying at 60 °C for 24 h. The measurements of light
intensity incident on the reactor were carried out on the external
column surface using a digital luximeter (Minipa MLM 1010).
The temperature was controlled using thermostats, and mea-
sured using a polarographic sensor (Mettler Toledo InPro5000
series). The flow rates of the carbon dioxide, air and CO,
enriched air were determined using rotameters (AFSG 100 Key
Instruments). The elemental composition of the Aphanothece
microscopica Ndgeli cells was determined using a Perkin Elmer
2400 CHNS/O element analyser. Two-milligram samples of
biomass were oxidised at 1000 °C and the resulting gases were
determined using a thermal conductivity probe for carbon, nitro-
gen and hydrogen. The standard used was acetanilide. with a
composition of 71.09% carbon, 11.84% oxygen, 6.71% hydro-
gen and 10.36% nitrogen.

Condition Kinetic parameter

X (°C) Xa (klux) Xa (%) ftmax (D1 R Iy () flag () Xy imgL™!)
350 3 15 0.027 0.99 25.67 60 1672
35.0 9 15 0.034 0.94 20.38 72 000
350 9 S0 0.025 0.97 2172 72 600
35.0 3 S0 0.022 0.99 31.50 72 500
250 3 15 0.010 0.97 69.31 36 270
250 9 15 0.013 0.90 5331 108 455
250 3 S0 0.023 0.98 30.13 108 GO0
250 9 S0 0.023 0.98 30013 96 Q05
21.5 6 25 0.024 0.99 2888 B4 T30
385 6 25 0.003 0.98 231.1 36 230
300 11 25 0.030 0.98 23.10 72 2300
30.0 0.96 25 0.00% 0.94 B6.64 72 360
300 i 62 0.023 0.98 30013 72 1135
30.0 6 3 0.021 0.97 33.01 48 1600
0.0 fi 25 0.028 0.99 24.75 108 1760
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3. Results and discussion
3.1, Preliminary tests

Fig. 2 shows representative growth curves for the cyanobac-
terium Aphanothece microscopica Nidgeli under the different
photosynthetic culture conditions. A comparison of the growth
curves shows the lack of an adaptation phase for this microor-
ganism, reaching the logarithmic growth phase as from 12 h of
cultivation, followed by a stationary phase, and, under some
conditions, a declining phase. According to Guerrero etal. [13],
the absence of an adaptation phase in microalgal growth curves
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is characteristic of culture media with high carbon and inor-
ganic nutrient availability. For all the cultures, after a maximum
residence time of 5 days. the growth curves already indicated
characteristics of the stationary phase, the maximum cell densi-
ties being obtained in this period. Similar results were obtained
by Yue and Chen [14] and Hsueh et al. [15] in the photosynthetic
cultivation of the microalgae Chlorella ZY-1 and Nannochlopsis
oculta, obtaining positive growth rates in residence times below
120h.

Table 2 shows the growth Kinetics of Aphanothece microscop-
ica Niigeli. An analysis of these results shows that the maximum
specific growth rates were obtained at 35°C, 9 klux and 15%
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C0Os, not differing significantly, according to the Tukey test
(p<0.05), from the cultures grown at 30°C, 11klux and 25%
C0O;. The maximum values obtained for pi,,,, were similar to
those obtained by other authors for the species Euglena gra-
cilis and Anabaena variabilis, cultivated using photosynthetic
metabolism [16,17]. However the maximum concentration of
carbon dioxide enrichment used for these cultures was 13%
(v/v), suggesting that the Aphanothece microscopica Nigeli is
more tolerant to gases enriched with high levels of CO,, since
high growth rates were obtained with up to 62% (v/v) of car-
bon dioxide. With respect to the generation times, a variation
between 23.1 and 231.1 h was observed, as a function of the dif-
ferent cultivation conditions, indicating a dependence of cell
growth on the conditions of temperature, light intensity and
concentration of carbon dioxide enriched air in the operation
of the photobioreactor. The logarithmic growth phases, deter-
mined by linear regression of the data, indicated exponential
growth between 35 and 108 h. The maximum cell density of
3.0g L~!, was obtained by cultivating in air enriched with 15%
carbon diexide at a temperature of 35°C, with a light inten-
sity of 9klux. Of the conditions evaluated, the results suggest
these experimental conditions as the most adequate to pro-
duce biomass by the cyanobacterium Aphanothece microscopica
Nageli.

Cell growth associated with carbon dioxide assimilation from
the medium coincided with an increase in pH values. Fig. 2
shows the representative variation in pH of the culture medium
as a function of residence time. The pH range observed in the
culture medium varied from 6.0 t0 9.9, indicating that the species
HCO:™ was the predominant form of carbon in the cultures.

The gradual increase in pH of the culture media, indepen-
dent of the conditions, indicated that cultivation occurred in an
alkaline pH range. Reductions in the initial pH value of the cul-
ture medium were only observed when cultivated with carbon
dioxide concentrations equal or greater than 50%. On the other
hand, the highest pH values (9.9) were found for the cultures

Table 2

with the highest cell densities (3.0 g L™!), suggesting predom-
inance of the phetosynthetic metaboelism of the microorganism
under the experimental conditions used. According to Arnon
[18] and Zuber [19], the increase in pH in photosynthetic cul-
tures is an indication of the consumption of inorganic carbon
due to cell growth. These authors reported that the increment
in pH in the culture medium could be attributed te two main
mechanisms: firstly the transport of hydroxide ions to outside
the cell occurs by way of a reaction catalysed by the enzyme
carbon anhydrase during the conversion of bicarbonate ions
inside the cell to provide CO: for the photosynthetic reaction,
raising the pH of the culture medium. A second potential mech-
anism would be the increase in pH due to activity of the enzyme
ribulose 1.5-bisphosphate carboxylase, whose activity is con-
siderably dependent on pH. increasing with increase in pH.
This enzyme is present in the photosynthetic apparatus of the
cyanobacteria, where the H* ions are sequestered to the inside
of the tylacoid membrane with a simultaneous transfer of Mg
to the environment. These light energy induced fluxes result
in an increase in pH and in the Mg®* concentration, activating
the RubisCO enzyme and resulting in efficient carbon dioxide
fixation.

Ananalysis of the elements in the Aphanothece microscopica
Ndgeli cells at the end of cultivation showed that 1 g of biomass
could contain between 0.48 and 0.52 g of carbon as a function
of the cultivation conditions used. These values were used to
estimate the carbon fixation rates (Table 3).

Table 4 shows the results for the effects of and the interactions
between the factors of temperature, light intensity and carbon
dioxide concentration, as also the coefficients of the model. An
analysis of this table shows that in the range evaluated, the car-
bon fixation rate was controlled by the factors of light intensity
(L), temperature (Q), interaction between temperature (L) and
carbon dioxide concentration (L), and by the carbon dioxide con-
centration (L), in this order of importance. The other factors and
interactions showed a lower proportion of statistical importance.

Coded maltrix of the effects of temperature, light intensity and CO; concentration on the carbon fixation rate

Run Temperature (X ) Light intensity (X2) COr (Xa) Re(mg L=ln~1y
| +1 -1 -1 24.80
2 +1 +1 -1 4578
3 +1 +1 +1 11.84
4 +1 -1 +1 11.36
5 —1 —1 —1 345
f —1 +1 -1 6.30
F —1 —1 +1 HEE
b —1 +1 +1 16.30
9 —1.68 0 a 12,78

10 +1.68 0 1] 4.61

11 1] +1.68 (4] 39.07

12 0 —1.68 1] 6.15

13 1] (] +1.68 21.01

14 0 0 —1.68 3044

15 0 0 a 26.20

16 0 0 0 25.96

17 0 0 0 26.04
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Table 4
Coefficients of the model estimated by linear regression

Factor Effects Standard error 2y P Coefficients Estimates per interval
—95% +95%
Mean 26.22 0.07 37247 0.00000 26.22 25.92 26.53
XL 6.60 0.06 99.88 0.00010 3.30 ila 344
X Q) —13.29 0.07 —183.95 0.00003 —6.69 —6.85 —6.53
Xz (L) 12.75 0.06 192.85 0.00002 6.37 6.23 6.51
X2 Q) —3.55 0.07 —48.78 0.00042 —1.37 —1.93 —1.61
Ay (L) —7.00 0.06 —105.86 0.00008 —3.50 —3.64 —3.35
X3 i(Q) —1.34 0.07 —18.52 0.00290 —0.67 —0.83 —0.51
X)(L) x Xa(L) 2.79 0.08 32.37 0.00095 1.39 1.21 1.58
XLy x XaL) —15.70 0.08 —181.72 00003 —~7.85 —5.03 =7.66
Xa(L) x XaL) —3.98 0.08 —46.08 0.00047 —1.99 —2.17 —1.80

Eq. (3) represents the statistical model for the variable
response carbon fixation rate:

¥ =262 433X —6.7X3 464X, — 1.77X3 —3.5X;3
—0.67X2 + 14X, X; — 7.85X, X3 — 2.0X, X3 (3)

Contour curves (Fig. 3) show the variation in the carbon fix-
ation rate as a function of the factors studied. Thus an increase
in carbon fixation rate is obtained not only by fixing the light
intensity at the highest level, that is, carrving out the cultivation
under high light intensities, but also by fixing the temperature
in the central region and the carbon dioxide concentration at the
lowest level (reduced proportions of CO, enrichment in the air
entering the photobioreactor).

The carbon fixation rate varied from 345 to
4578mgL~'h~! under the different culture conditions.
These results are higher than those obtained by Kajiwara et al.
[12] when cultivating the cyvanobacterium Synechoccus (PCC
7942) in photobioreactors at 30 °C with 8 klux and air enriched
with carbon dioxide at 3%, obtaining maximum carbon fixation
rates to the order of 25mg L-1h=! and Yun et al. [20], who
obtained rates of 23.4mgL™'h™! for the microalga Chiorella
vulgaris (UTEX 259) under conditions of 27°C, 15% of CO;
and 110pEm=2s~!,

These results reflect the adaptation of the microorganism
under study to the experimental conditions, suggesting the
importance of optimising the photobioreactor operational condi-
tions in order to obtain higher rates of biological carbon fixation.

Different authors have reported the importance of the
environmental conditions on the growth of cyanobacteria.

Parameters such as temperature, light intensity, pH and car-
bon dioxide concentration have been indicated as being of
fundamental importance in the development of these microor-
ganisms [21]. Thus it was shown that cultivation conditions
in the temperature range from 30 to 35°C, with 9—11 klux
and 15-25% CO,. favoured cell growth, associated with car-
bon fixation. These results agreed with those of Munoz and
Guieysse [22], who reported that the efficiency of systems using
microalgae normally decreased at low and higher temperatures,
justifying the low cell performance of the cultures incubated at
21.5 and 38.5°C, when compared to those incubated at 30 °C
under the same conditions of light intensity and CO; con-
centration. According to Grossman et al. [23], the optimum
temperature range for the development of cyanobacteria is from
25to 35°C.

With respect to light intensity, it was shown that the maximum
intensity used was insufficient to promote the phenomenon of
cell photoinhibition, since even at 11 klux high growth rates were
recorded. On the other hand, at 0.96 klux there was a pronounced
reduction in cell growth, suggesting limitation of the energy
required for the sequence of photosynthetic reactions that would
result in carbon fixation under these conditions.

The effect of different carbon dioxide concentrations in the
gases entering the photobioreactor was analysed by Yue and
Chen [14], who found photosynthetic activity for concentra-
tions of up to 70% (v/v) enrichment of the air with CO,,
which is usually the main source of carbon in photosynthetic
cultures of cyanobacteria. According to Cuaresma et al. [24],
the way in which cyvanobacteria adapt themselves to use CO;
as the carbon source is related to the carbon concentration
mechanisms (CCM). The photosynthetic mechanism developed

Table 5

Analysis of variance ( ANOVA) for the quadratic model

Source of variation Sum of squaras Degrees of freedom Mean squared Fealculated
Regression 1938.8 9 215.42 2.832
Residues 532.66 T T6.09

Lack of fit 532.63 5 106,52

Pure error 0.03 2 0.015

Total 2741.44 16

4 Statistical significance (p=0.1).
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Fig. 3. Contour curves for the variable carbon Axation rate.

by these organisms allowed for the transport of free CO;
and of bicarbonate ions through a fine plasmatic membrane,
being accumulated in the cell as a carbon reservoir, making it
possible to assimilate inorganic carbon in the form of bicar-
bonate or free carbon dioxide. With respect to cell growth
and carbon fixation rate, the best results were obtained with
air enriched with 15% CO2, reduced efficiency of the pho-
tobioreactor being observed with flow rates below or above
0.45 Legs min~ !,

The model was validated from the F distribution (Table 5),
which suggested the existence of a quadratic relationship
between the variables, indicating that the proposed model fitted
the experimental data. The statistical model obtained explained
a maximum of 99.99% of the variation.

Table 6
Kinetic parameters for process oplimization

Kinetic variable Value?
ftmax (071 0.04
fe (h) 17.3
fog (1) 120
Xy imgL™h) 5100
Re (mgL~'h~Yy 109.2

* Mean of three replicates are shown.

3.2, Process optimisation

As from the statistical model and an analysis of the contour
diagrams, which suggested a displacement of the operational
conditions to the region of high light intensities (11 klux), main-
taining the conditions of temperature at 35 °C and injection of
air enriched with 15% CO;, cultures were carried out under
these conditions in order to optimise the fixation of carbon by
the cyanobacterium Aphanothece microscopica Ndgeli. Table 6
shows the kinetic parameters obtained for the process under
these conditions. A significant increase in the kinetic variables
of growth and carbon fixation was observed, obtaining car-
bon fixation rates 58.1% higher than those obtained under the
best conditions initially evaluated (9 klux, 35 °C. 15% of CO2),
showing the importance of the factors studied and the adjustment
of the methodology used.

4. Conclusions

The carbon dioxide concentration, temperature and light
intensity are determinant factors in the carbon fixation
process by the cyanobacterium Aphanothece microscopica
Ngeli.

Under operational conditions of 11 klux, 35°Cand 15% COa,
the microorganism performed better, obtained maximum spe-
cific growth rates and carbon fixation rates of 0.04h~! and
109.2mg L' b1, respectively.

Response surface methodology was adequate to determine
the effects of the factors and optimise the process.

Thus the results obtained in the present study suggest the
potential of applying this type of process to obtain carbon cred-
its. Nevertheless one must remember that the definition of the
ideal process conditions only helps in terms of the magnitude of
the variables involved in the system. with the objective of apply-
ing the process under complex real conditions. In addition, the
carbon fixed in the biomass only represents a fraction of the total
carbon dioxide transformed by the system.
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The objective of this study was to evaluate the effect of the photoperied on the biomass production and
carbon dioxide fixation rates using a phetosynthetic culture of the cyanobacterium Aphanothece micro-
scopica Nigeli in bubble column photobioreactors. The cultures were carried out at temperatures of 35:C,
air enriched with carbon dioxide at concentrations of 15% and photon flux density of 150 pmol m=2 s-1.
The light cycles evaluated were 0:24, 2:22, 4:20, 6:18, 8:16, 10:14, 12:12, 14:10, 16:8, 18:6, 20:4, 22:2 and
24:0 (night:day), respectively. The results obtained indicated that the duration of the light periods was
a determinant factor in the performance of the photobioreactors. A linear reduction in biomass produc-
tion and carbon dioxide fixation with reductions in the duration of the light period was evident, with
the exception of the 12:12 (night:day) cycles. Reductions of up to 99.69% in the carbon-fixation rates as
compared with cultures under continuous illumination were obtained.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Various research projects are underway involving the applica-
tion of cyanebacteria and microalgae in carbon dioxide biofixation,
aiming to project viable photobioreactors for C0O, sequestration
technology [1-3].

Photosynthesis is a process comprising two steps, light reactions
that only occur when the cells are illuminated, and carbon-fixation
reactions, also known as dark reactions, that occur both in the pres-
ence and absence of light. Thus in the first step the cells transform
light energy into chemical energy, which is stored in high-energy
compounds for later use in the carbon-fixation reactions [4].

The use of these photosynthetic pathways in environmental
engineering processes requires the use of solar energy so as to
develop clean technology processes [5]. Thus the cells use the light
energy by way of exergonic reactions, producing energy thatis used
in the synthesis of compounds as from carbon dioxide fixation by
way of endergonic reactions [6]. However, one of the operational
problems of this type of technology refers to the lack of availability
of light energy for whole time periods.

The light regimes to which the cultures are submitted are con-
sidered to be an important factor in the productivity and yield of
photosynthetic reactions [7,8]. Various studies have been carried

# Corresponding author. Tel.: 455 19 3521 2089.
E-mail address: franco@feq.unicamp.br (T.T. Franco )

0255-2701/3 - see front matter © 2008 Elsevier BV, All rights reserved.
doi:10.1016/j.cep.2008.04.007

out focused on the effect caused by different photon flux densi-
ties incident on photobioreactors, but few reports can be found
on the effects of the duration of the day and night cycles [9-11].
Thus a comparison of different photoperiods is necessary in order
to determine the most efficient light regimes for industrial pur-
poses.

Thus the objectives of the present study were to evaluate the
effect of the photoperiod on biomass production and carbon diox-
ide fixation rates by the cyanobacterium Aphanothece microscopica
Négeli in bubble column photobioreactors.

2. Materials and methods
2.1. Microorganism and culture medium

Unialgal cultures of Aphanothece microscopica Nédgeli (RSMan92)
were originally isolated from the Patos Lagoon estuary, Rio
Grande do Sul State, Brazil (32°01°'S-52°05'W). Stock cultures
were propagated and maintained on synthetic BGN medium
[12], with the following composition (g/L): K;HPOy4.3H,0 (0.040),
MgS04.7Hz0 (0.075), EDTA (0.001), H3BO3 (2.860), MnClz-4Hz0
(1.810), ZnS04.7H20 (0.222), NazMo0Oy4-2H320 (0.390), CuS04.-5H20
{0.079), CaCly-6H,0 (0.040), NaNO; (150}, CgHg07.H,0 (0.006),
ammeonium iron citrate (0.006], pH 8.0. The incubation conditions
used were 25 °C, photon flux density of 15 umol m=2 s=! and a pho-
toperiod of 12 h.
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2.2. Photobioreactor design

Measurements were made in a bubble column photobioreactor.
The system was built in 4-mm thick glass, an internal diameter of
7.5 cm, height of 75 cm and nominal working volume of 3.0L. The
dispersion system for the reactor consisted of a 1.5 cm diameter air
diffuser located in the centre of the column. The reactor was con-
tinuously illuminated with sixteen 20W fluorescent daylight-type
tubes (General Electric, Brazil ) connected in parallel, located in a
photoperiod chamber. The duration of light cycles was controlled
by timer. Airflow into the photobioreactor was provided via filtered
air and pure CO5 cylinder through Teflon tubing. The CO;/air mix-
ture was adjusted to achieve the desired concentration of carbon
dioxide in the airstream, through three rotameters that measured
the flow rates of the carbon dioxide, the air and the mixture of gases,
respectively.

2.3. Obtaining of the kinetic data in an experimental
photobioreactor

The experiments were carried out in bioreactors operating in
a batch mode, fed with 3.0L synthetic BGN medium. The experi-
mental conditions were the following: initial cell concentration of
0.1gL-!, isothermal reactor operating at a temperature of 35°C,
photon flux density of 150 p.molm~2s~! and continuous aeration
of 1 VWM with the injection of airenriched with 15% carbon dioxide.
Such conditions were previously defined by Jacob-Lopes etal.[13].
The light cycles evaluated were 0:24, 2:22, 4:20, G:18, 8:16, 10:14,
12:12, 14:10, 16:8, 18:6, 20:4, 22:2 and 24:0 (night:day), respec-
tively. The cell concentration and the carbon-fixation rate were
maenitored every 12 h during the growth phase of the microorgan-
ism. The tests were carried out in duplicate and the kinetic data
referred to the mean of four repetitions.

24. Kinetic parameters

The volumetric growth rate was determined from the variation
in cell concentration in a determined time interval, as shown in Eq.
(1):
ppit % (1)

-ty
where Xp and Xy are the biomass concentration at times g and tq,
respectively. In the present study, tp and t; were zero and 156 h,
respectively. In light cycles of 24:0 (night:day), the t; considered
was 48 h.

The carbon dioxide fixation rate was evaluated from the rela-
tionship between the carbon content of the cells and the volumetric
growth rate of the microorganism, as shown in Eq. (2):

M
Re =CcPy ( ﬂ;?z) (2)

2.5, Analytical methods

The cell concentration was evaluated gravimetrically by filter-
ing a known volume of culture medium through a 0.45 pm filter
and drying at 60°C for 24 h. The photen flux density was deter-
mined using a digital photometer (Spectronics, model XRP3000),
measuring the light incident on the external reactor surface. The
temperature was controlled using thermostats, and measured
using a polarographic probe (Mettler Toledo, InPro5000 series).
The flow rates of the carbon dioxide, air and CO; enriched air
were determined using rotameters (AFSG 100 Key Instruments).
The composition of the elements of the Aphanothece microscopica

Ndgeli cells was determined using a PerkinElmer 2400 CHNS/O ele-
ment analyser. Two milligrams sample of biomass were oxidised at
1000°C and the resulting gases were determined using a thermal
conductivity probe for carbon. The standard used was acetanilide,
with a composition of 71.09% carbon, 11.84% oxygen, 6.7 1% hydro-
gen and 10.36% nitrogen.

3. Results and discussion

In photosynthetic cultures, the amount of light energy received
and stored by the cells has a direct relationship with the carbon-
fixation capacity. consequently determining the productivity in
biomass and cell growth rate. In nature, light energy is available
in a discontinuous way, since the light varies from day te night.
Such considerations are relevant in carbon sequestration processes
in photobioreactors, since the viability of these systems requires the
use of solar energy for photosynthesis. Systems of this type, funda-
mentally based on natural resources, are highly affected by the lack
of availability of light energy during whole periods of time. Fig. 1
shows the variation in growth of the cyanebacterium Aphanoth-
ece microscopica Négeli under conditions of 35 °C, 150 wmeol m=2 5—1
and 15% COy with a continuous source of light energy.

An analysis of the growth curve shows the lack of an adaptation
phase for the microorganism, with exponential growth eccurring as
from 12 h of cell residence time. The stationary phase was observed
as from the sixth day of culture. The maximum cell concentrations
obtained were 5.100 g/L. representing a more than 50-fold increase
in cell density as compared to that initially present in the reactor.

Fig. 2 shows the growth curves for the cyanobacterium Aphan-
othece microscopica Ndgeli, with light cycles reduced at 2 hintervals.

Different cell growth profiles can be seen as a function of the
duration of the light periods. The cultures grown under photope-
riods of 2:22 (night:day) showed characteristics similar to those
grownwith acontinuous supply oflight energy, whilst those grown
in the absence of light showed evidence of limited carbon source
for cell growth, since the cyanobacteria are unable to use inorganic
carbon sources in the absence of light, and the organic carbon con-
centrations in the culture medium were insufficient for the energy
maintenance of respiratory metabolism [14].

These results are more evident in Table 1, which presents the
kinetic characterisation of the growth and carbon fixation in the
biomass by Aphanothece microscopica Négeli, under the different
light cycles evaluated.
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Fig. 2. Growth curves in different light cycles (dark:light).

From the analysis of variance (ANOVA) and Tukey's test
(p=0.05). maximum volumetric productivity was shown to occur
under conditions with a constant supply of light energy (0:24),
the values not differing significantly {p= 0.41) from those obtained
in experiments carried out with photoperiods of (2:22), suggest-
ing that the supply of light for periods greater than 22 h did not
influence the volumetric growth rate. These results demonstrate
that Aphanothece microscopica Ndgeli is capable of storing suffi-

Table 1

Kinetic parameters for Aphanothece microscepica Mégeli in different light cycles
Photoperiod Py (g/Lday) Xmax (g/L) Reo, (g/Lday)
(night/day) (h)

0:24 0770 £ 0.038 5.100% £ 0.255 14407 £ 0.072
2:22 0.7647 £ 0.042 5.080% + 0.305 1.4287 £ 0.085
4:20 0.501b + 0.025 3.400b + 0187 0.936b + 0.065
618 0.235° £ 0.014 2.685° £ 0.174 0.439° £ 0.032
8:16 0.2404 + 0.016 1.6407 + 0,116 0.448° 4+ 0.040
10:14 0.185% £ 0.009 1.300° £ 0.052 0.3539 £ 0.021
12:12 0.301F £ 0.016 20600 £ 0.072 0.562° £ 0.025
1410 0.127% £ 0,006 09442 + 0.018 0.2377 + 0.014
16:8 0.035" L 0,002 0.3430 L 0.3 0.0652 + 0.003
18:6 0.0261 L 0.001 02600 £ 0.013 0.0482% 4+ 0.003
20:4 0.015/ + 0.000 02000 £ 0.017 0.028% + 0.001
22:2 0.008% + 0.000 0150' + 0.009 0.0158 £ 0.001
24:0 0.002' £ 0.000 01100 £ 0.004 0.0042 4 0.000

Values are mean< 5.0. of quadruplicate analysis; Within the same column, means
having different superscripts {a-l) are significantly different (p<0.05) by Tukey's
test.

cient energy to sustain cell growth for periods of up to a maximum
of 2h in the dark, without affecting the rate of photosynthetic
metabolism. For the other photoperiods evaluated, all the values
for volumetric growth rate differed statistically {p < 0.0001). Simi-
lar results were obtained for the maximum cell densities, for which
the photoperiods (0:24) and (2:22) (night:day) were statistically
equal (p<0.05). On the other hand, it was shown there were no
significant differences in the maximum cell concentrations for the
cultures grown with dark periods greater than 18 h.

The influence of the light cycles has been reported as a deter-
minant factor in photosynthetic activity and in the growth rates of
microalgae in photobioreactors[15-17]. According to these authors,
light is a limiting substrate in these systems, which are affected by
light/darkzones that depend primarily on the configuration, agita-
tion and mixture in the reactor, associated with the possibility of
cultures with discontinuous periods of light energy supply. Addi-
tionally, cell concentration is another parameter which determines
the availability of light in photobioreactors. As result of the mutual
shading occurring at high cell densities, the light intensity within
the reactor becomes also a function of the biomass concentration
[18]. As a result, the cells are exposed to different light intensities,
with a considerable effect on system performance.

The pronounced variations in the volumetric growth rates
and maximum cell density as a function of the duration of the
light cycle showed that the cell concentration decreased propor-
tionally with the fraction of time that the microorganism was
exposed to intermittent light conditions as compared to contin-
uous illumination. An exception to this behaviour was shown with
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photoperiods of 12:12 (night:day), in which higher productivity
(0.301 g/Lday) and maximum cell density values (2.060g/L) were
obtained than for photoperiods with 14h (0.189 g/Lday, 1.300g/L)
and 16h (0.240g/Lday, 1.640g/L) of light.

These results are related to the fact that the cultures were main-
tained and propagated under a 12 h light cycle, resulting in an
improvement in the volumetric growth rate and maximum cell con-
centrations under these conditions. Sicko-Goad and Andresen [8]
obtained similar results, reporting that some species of microalgae
could show preferences with respect to the duration of the light
periods, resulting from the environmental conditions in which they
were isolated in nature. Grobbelaar et al. [19] corroborated these
results, reporting that independent of culturing under continu-
ous or intermittent light conditions, acclimatisation of the cultures
is determinant in the photosynthetic rates of the microalgae. On
the other hand, Toro [7], comparing the growth of the microalgae
Chaetoceros gracilis and Isochrysis galbana under culture conditions
with photoperiods of 0:24 and 12:12 (night:day), respectively, sup-
plied the cultures grown with photoperiods of 12:12 with double
the light intensity during the light periods as compared to the cul-
tures receiving continuous light energy, obtaining equal growth
rates, suggesting that cell growth is also affected by the amount
of energy offered per cycle, and not only by the duration of the
photoperiod.

These results suggest the possibility of storing light energy by
way of exergonic reactions, supplying an excess of energy for later
use in subsequent endergonic reactions that can occur in periods
in which there is an absence of light. From the operational point of
view, this situation would be technologically interesting for use in
photobioreactors, in which species capable of storing substantial
amounts of light energy would show better performance in the
application of this type of process. However, the limited capacity
of the majority of microalgae to store light energy. means that in
these cases the majority of the energy is dissipated in the reactors
in the form of heat [15].

The carbon dioxide fixation rates are associated with the energy
received by the cells during the light periods. Maximum carbon
dioxide fixation rates of 1.440 g/L day were found for cultures with
a continuous supply of light energy. A linear reduction in the CO;
fixation rates with the reduction in duration of the light period was
evident, with the exception of the 12:12 (night:day) cycles. It was
also observed that carbon dioxide fixation did not differ signifi-
cantly (p<0.05) in cultures grown with dark periods greater than
16h.

Fig. 3 shows the distribution of the percent carbon dioxide fixed
in the biomass under the different conditions evaluated, the ref-
erence being the experiment carried out with a continuous light
supply. An analysis of the diagram shows that the discontinuous
supply of light resulted in a reduction in the CO; fixation rate
between 2.0 and 99.69%, indicating the importance of the light
phase of photosynthesis in the subsequent carbon-fixation reac-
tions.

Besides the changes in the rates of biomass production and
C(»o fixation, one should also consider that the biomass formed
in each photoperiod condition might have a different biochemi-
cal composition. Microalgae cells cultivated photoautotrophically
under limited light conditions preferentially assimilate carbon in
the direction of the synthesis of amino acids and other essential
cell constituents, but under saturated light conditions, sugars and
starch are formed via the pentose phosphate-reducing pathway
[20,21], suggesting the dependence of the biomass compeosition
with the light availability.

So the results obtained for the different light cycles evaluated
indicated that the development of technology for the biological
fixation of carbon dioxide in photobioreactors depended funda-
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Fig. 3. Percent carbon fixation as related to the duration of the light periods.

mentally on the access to light energy, which should be provided
by solar energy so as to develop clean technology processes. Thus
this type of CO, sequestration process could be very efficient in
tropical countries, especially in locations near the equator where
the light and dark perieds are very similar and are associated with
favourable temperature conditions. Martins et al. [22] reported that
countries like Brazil show an ample potential for the exploration
of solar energy, with mean solar irradiation varying from 4.25 to
6.50 kw/m? day in the different regions included in its territory.
According to these authors, all regions in Brazil receive elevated
light energy indices, with the potential for use as an energy source.

4. Conclusions

The development of photobioreactors for carbon dioxide
sequestration is a potential technology for application in tropical
countries with elevated solar light availability. However, in order to
predict the real carbon dioxide removal rates and biomass produc-
tion in such systems, the lack of availability of light energy for part
of the time during complete 24-h time periods must be considered,
and this was evident from the cultivation of the cyanobacterium
Aphanothece microscopica Négeli under different photoperiod con-
ditions.

Maximum values of 0.770 ghismass/Lday. 5.100 Gpipmass/L and
1.440gcq, /Lday were obtained for volumetric productivity, max-
imum cell cencentration and carbon dioxide fixation rate,
respectively, under continuous light regime.

Linear reduction of the performance of the microorganism was
evidenced in function of the duration of light regime. Exception to
this behaviour was obtained in light cycles of the 12:12 (dark/light),
suggesting the importance of the pre-adaptation of the microalgae
cultures.

Thus the results abtained in the present study suggest the poten-
tial of applying this type of process to remove carbon dioxide.
Nevertheless, the duration of the light cycles (night:day) is one
fundamental criteria which should therefore be considered when
projecting and analysing photobioreactors for the sequestering of
carbon dioxide and biomass production.
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Appendix A. Nomenclature

Cc Percent carbon in the biomass (%)
Mc molecular weight of carbon

Meco, molecular weight of CO;

Py volumetric growth rate (g/L day)
Rco, carbon dioxide fixation rate (g/Lday)
to cell residence time in t=0 (h)

ot cell residence time int=n (h)

Xo cell concentration in t=0{g/L)

X1 cell concentration in t=n{g/L)
Xmax maximum cell density (g/L)
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