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Resumo

Suportes ceramicos a partir de cinzas de carvao mineral foram desenvolvidos como matriz para
imobilizacao de invertase. A obtencdo de um suporte insoltivel com propriedades fisico-quimicas
adequadas para imobilizacdo de invertase em cinzas de carvdo mineral ¢ uma alternativa para
diminuicao da poluicdo ambiental proporcionada pelo seu armazenamento e disseminagdo através
de usinas termoelétricas. Um importante fator relacionado a este processo ¢ o desenvolvimento do
setor agucareiro da regido, devido a caréncia do mercado em produzir agucar invertido através de
biocatalizador imobilizado. Foram realizados experimentos para verificar a porosidade, absorcao
aquosa, densidade aparente e resisténcia mecanica do suporte. O suporte foi analisado
morfologicamente e quimicamente em microscopia eletronica de varredura e espectrofotometria
de raios-X, respectivamente. O processo de imobilizagdo da invertase foi iniciada com a
silanizagdo, modificagdo quimica com uma solugdo 2% 3-aminopropiltrietilhexano em tolueno,
através da imobilizacdo ligagdo covalente do grupo amina com carbonila do glutaraldeido e
subseqiiente ligacdo covalente da molécula enzimatica ao mesmo via base de Schiff. Os dados
obtidos demonstraram uma reten¢ao de proteina de 1,37 mg/0,25 g por particulas ¢ 0,67 U /mg de
proteina (19,89 %) em relagdo a atividade da enzima livre. O K, aparente da invertase imobilizada
foi aproximadamente 10 vezes menor que a livre. A inversdo da sacarose foi de 100% em 16h de

reacdo com inje¢ao alternada do fluxo.

Palavras-chave: imobilizacdo; invertase; cinzas de carvao mineral; biorreatores.



Abstract

Ceramic sinterized proceeding from coal fly ashes was used as a support for immobilization of
invertase. The attainment of an insoluble support with chemical physical properties to bind
invertase into sinterized coal fly ashes is an alternative to decrease environmental pollution with
the storage and dissemination through thermal power plants. Of point view, it will be development
of sugar market of region due absent invert sugar production from immobilized biocatalyst. The
immobilization of enzyme was started with chemical modification of silane groups present with
2% 3-aminopropyltriethoxysilane solution in toluene, through covalent binding immobilization of
the alkyl amine to glutaraldehyde and subsequent attachment of the enzyme molecule to
glutaraldehyde via Schiff’s base linkage. The protein amount and specific activity of the
immobilized enzyme on 0.438 M sucrose (pH 5.0 at 45°C) were 1.37 mg/ 0.25g of particles and
0.67 U/mg protein (19.89 %) of that estimated for the free enzyme, respectively. The apparent Ky,
for immobilized invertase was approximately 10-fold lower than free enzyme. Moreover, the
results in bioreactor the effect of continuous flow injection (inffluent, effluent and alternated)

showed obtained 100% of sucrose inversion at 16h of reaction with alternated flow injection.

Key words: immobilization; invertase; ashes; bioreactors.



1. Introducao

Uma das atividades agricolas mais importantes do Brasil ¢ o cultivo da cana-de-agucar,
explorada desde 1532, atualmente, ocupa uma area de 5.415.090 ha do territério brasileiro, com
producdo estimada em 436,8 milhdes de toneladas de cana-de-actcar na safra 2005/2006,
utilizando-se como matéria-prima na producdo do alcool, agucar, papel e energia elétrica
(Companhia Nacional de Abastecimento — CONAB/2006). A sacarose (O-a- D-glicopiranosil —
(1>2) B-D-fructofuranosideo) ¢ o dissacarideo mais abundante da natureza sendo encontrado
principalmente na cana-de-acgUcar (Saccharum officinarum), planta pertencente a familia das

gramineas (Nogueira et al., 2005).

A sacarose possui relevancia socio-econdmica e cultural pelo seu alto valor calodrico, baixo
preco e pela acentuada presenga na alimentacdo regional. Em virtude da produ¢do mundial de
cana-de-agucar esta diretamente relacionada com a producdo de agucar, na qual encontra no
acucar da beterraba seu grande competidor mundial. Atualmente, os paises da Comunidade
Econdmica Européia subsidiam fortemente a producdo do actcar da beterraba para atenuar os
custos com as importagdes do agucar da cana-de-agticar produzido nos tropicos. O Brasil possui o
primeiro lugar quanto a producao mundial de agucar proveniente da cana de agucar. Entretanto, ha
uma crescente demanda na obtengdo de glicose e frutose a partir da hidrdlise da sacarose para
atender a industria alimenticia e farmacéutica, devido a algumas vantagens proporcionadas pelo

seu uso (Sanjay & Sugunan, 2005).

O agtcar invertido em solucdo liquida ¢ largamente empregado na producdo de alimentos
devido a coloragdo desta solugdo ndo interferir no padrio de qualidade dos mesmos. E o caso das
industrias de panificacdo laticinio, bebido carbonatadas, sucos, recheios, licores, biscoitos, balas,
chocolates (Cirpan et al., 2003). Um de seus principais beneficios ¢ a capacidade de reducao da
atividade da 4gua, fator determinante no prazo de validade dos produtos. Outras vantagens podem
ser citadas com relacdo a seu emprego, por evitar processos dispendiosos de diluigdo,
armazenagem e transporte de agucares solidos, o que reduz custos de energia e minimiza a
producdo de dejetos industriais. O agucar invertido possui 20% a mais de poder edulcorante em
comparagdo a sacarose pura; apresenta alta afinidade com a 4gua diminuindo o ponto de
congelamento, propriedade Util para matéria prima de subprodutos para a conservagdo (Gratdo et
al., 2004). Os produtos misturados (D-glucose e D-frutose) sdo vantajosos devido a possibilidade

de baixa cristalizacdo quando apresentados em maneira concentrada (Erginer et al., 2000).
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Entretanto, o procedimento mais utilizado para inversdo da sacarose ¢ o emprego da
hidrolise acida. Este processo resulta num produto com coloracdo escura, com alta quantidade de
residuos toxicos (remanescente da hidrdlise acida), e de alto custo devido a adigdo de
neutralizantes e clarificantes (Baratti & Ettalibi, 2001). O agucar invertido pode ser obtido também
através da hidrolise enzimatica pelo processo de enzima e de células livres (figura 1). Estes
procedimentos para hidrolise da sacarose tém sido estudados nas ultimas décadas, numa
incansavel busca pelo aprimoramento de técnicas que se referem a aumentar o rendimento e a

rapidez na obtencdo de produtos em escala industrial (Martinez, 2000).
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Figura 1. A sacarose é um dissacarideo formado pelo hidrogénio do carbono 1 da a-glucose e o grupo OH do carbono
2 da p-furanose . Reag@o quimica da molécula de sacarose através de uma condensacdo da a-glucose e fS-furanose
com a perda de uma molécula de agua.

1.1. Hidrolise enzimatica da sacarose

A substituicdo da hidrolise acida da sacarose pela enzimatica pelo emprego enzima ou

células livres ¢ uma alternativa mais aceitavel por nao gerar residuos toxicos ao produto final
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(Danisman et al., 2004). No entanto, residuos protéicos associados a esta alternativa de hidrolise
podem ser restritivos quanto a aplicagao desses agucares obtidos na formulacao e na qualidade dos
alimentos. O emprego de células pode acarretar ainda, um baixo rendimento de agucares, pois

estes podem ser metabolizados pelas células até a formagao de alcool (Voet, 2002).

No processo de hidrdlise enzimatica, ha uma perda do material biocatalitico que esta
dissolvida na solugdo final de agucar invertido. Para Erginer et al. (2000), a utilizacao de técnicas
que possibilitem a imobilizacdo do biocatalizador em suporte fixo, permite o reuso em novos
processos, € que proporcionem a obtencdo de solugdes de acucar invertido de melhor qualidade.
Considera-se também como vantagem a automag¢do do processo para escala industrial, a reacdo em

biorreatores de fluxo continuo.

E sabido, que a atividade catalitica das enzimas livres é superior do que as células livres
em contato com a solu¢do de sacarose, por isso, ha anos vém sendo aprimoradas técnicas para a
imobilizagdo da invertase (B-frutofuranosidase frutohidrolase — E.C. 3.2.1.2.6.), que ¢ especifica
para hidrolisar a sacarose (Sanjay & Sugunan, 2005). A invertase ¢ especifica a catalise da
sacarose convertendo-a em D-glucose e D-frutose. E considerada uma glicoproteina que contém
em torno de 50% de carboidratos e possui um peso molecular de 270.000 Da (Tanriseven &

Dogan, 2001).

1.2. Imobilizacio e suas aplica¢oes

A imobilizagdo de enzimas em suportes insoluveis torna-se a maneira mais eficaz, viavel e
econdmica para produg¢dao de agucares redutores em escala industrial, devido a estabilidade
conformacional obtida e uso continuado das enzimas e conseqiientemente a reducdo significativa

de contaminantes nos produtos finais (Sanjay & Sugunan, 2005).

As enzimas sdo imobilizadas de acordo com a estrutura quimica do suporte. Os métodos de
imobilizacdo de enzimas mais usados sdo: adsorcao; ligacdo covalente (Limbut ef al., 2004,
Sanjay & Sugunan, 2005) e covalente cruzada (Mateo ef al., 2000, Emregul ef al., 2005, Gomez
et al., 2005); troca anionica (Godbole et al., 1990) e enclausuramento (Tanriseven & Dogan, 2001,
Bagal et al., 2006). A imobilizacdo de enzimas através de ligacdo covalente tem mostrado ser
freqiientemente resistente a agdo mecanica, a altas temperaturas, a desnaturagao por ions metalicos
e, a agdo de solventes organicos. (Chen et al., 2000; Mateo et al., 2000; Kovalenko et al., 2002). E
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também, estende-se ao melhoramento nas condigdes do sistema, a natureza da enzima, tipo de
suporte e os elementos quimicos a serem escolhidos para a imobiliza¢ao (Hasain & Saleemudidin,

1998).

A vantagem a ser ressaltada na imobilizacdo covalente ¢ a combinagdo de propriedades
biocataliticas unicas das enzimas com a possibilidade de ser reusadas varias vezes em reator com
fluxo continuo ou em batelada. Na produg¢do em escala industrial, o emprego das enzimas
imobilizadas ¢ indiscutivelmente justificado pelo fator de redu¢do dos custos operacionais no

processo (Farag & Hassan, 2004).

Um grande numero de enzimas imobilizadas, em varios suportes, tem sido usado em
aplicagdes praticas como producao de biomateriais, biossensores, biosseparadores, entre outros. A
imobilizacdo covalente das enzimas se torna viavel, quando o suporte contém os grupos funcionais
de ligacdo relevantes. Umas séries de grupos funcionais que podem ser usadas em imobilizagao
covalente das enzimas sdo: 0 amino, hidroxil, carbonil, carboxil e os fendlicos. A estrutura fisica e
quimica dos suportes pode também influenciar o microambiente das espécies imobilizadas e

conseqiientemente nas suas propriedades bioquimicas (Chen et al., 2000).

A principal aplicagdo de enzima imobilizada ¢ na industria alimenticia, especificamente
com a producdo de xarope de frutose pelo uso de glucose oxidase e da glicose isomerase
imobilizada e, na industria farmacéutica com a producdo do acido 6-amino penicilina pelo uso da
penicilina-acilase imobilizada. Enzimas imobilizadas em biossensores tém sido amplamente
usadas para andlises na industria de fermentacdo e no monitoramento/diagnoses clinicas.
Biossensores para glucose e sacarose tém sido usados para andlises de alimento. A vantagem ¢
principalmente a estabilidade conferida a enzima pelo processo de imobilizagdo devido

minimizac¢do da desnaturacao (Bayramoglu ef al., 2003).

1.3. Suportes para imobilizacio

A maioria dos suportes organicos usados para imobilizagao de biocatalizadores ¢ a base de
celulose (Sankpal et al. 2001); algodao (Godbole et al. 1990); quitosana (Gémez et al., 2000;
Farag & Hassan, 2004); lectina (Ahmad et al. 2001); biopolimeros (Bagal et al. 2006). Diante do

nimero de alternativas disponiveis para imobilizagdo, todavia, hd o risco eminente de



contaminagdo dos produtos obtidos nos processos de biotransformagdo pela degradagdo e/ou
erosao mecanica desses suportes (Hasain & Saleemudidin, 1998; Godbole, et al., 1990; Kovalenko

et al.,2002).

Neste sentido, pesquisas estdo sendo direcionadas para o emprego de suportes inorganicos,
que vem mostrando maior eficiéncia em termo custo/beneficio. Alguns exemplos desses suportes
para imobilizagdo sdo também referenciados: copolimeros (Erginer et al., 2000; Chen et al., 2000,
Cirpan et al., 2003); polivinil-adlcool (Akgol et al., 2001); silica-gel (Park et al., 2002, Limbut et
al., 2004); vitreoceramico (Ida et al., 2000, Kovalenko et al., 2002, Magnan et al., 2004); epoxi
(Mateo et al., 2000), vidro poroso e¢ nao poroso (Ikediobi et al., 1997); minerais que apresentem
resisténcia mecanica e grupos apos tratamento ou nao para processo de imobilizagao como residuo
da construgdo civil, termoelétrica (carvao mineral), materiais reciclaveis, como vidro e PET -
tereftalato de etileno (Amaral et al., 2006) Park et al., (2002), podem ser uma alternativa socio-

econdmico viavel.

1.4. O uso do vidro como suporte para imobilizacio

O vidro ¢ um so6lido amorfo com auséncia completa de ordem e periodicidade, exibindo
uma regido de transi¢do vitrea. Entretanto, quaisquer materiais inorganicos ou metais formados,
que possam exibir um fendmeno de transi¢do, ¢ considerado vidro (Gupta et al. 1996). Vale
salientar que este composto apos sinterizado, precisa conter o didoxido de silicio (Si0,) para ser
silanizado. Na industria, reagdes enzimdaticas maximizadas em pH &cido ou alcalino sdo
freqiientemente mais vantajosas que em pH na regido neutra, devido ao controle microbiologico
que estas condi¢des oferecem. Por outro lado, alguns autores afirmam que, a atividade catalitica
das enzimas imobilizadas num composto a base de SiO, ¢ comprometida rapidamente, porque o
vidro (Si0O;) € instavel tanto em solugdes acidas como em alcalinas. Nesse sentido, melhoramentos
relacionados a estabilidade do suporte e, conseqiientemente na atividade enzimatica, t€ém sido
apresentados em estudos com revestimentos ou enriquecimento da formulagdo do vidro com
materiais duraveis. Ainda ¢ digno de nota, mencionar que em aplicacdes industriais 0os materiais
inorganicos para suportes enzimaticos sao atrativos por serem resistentes a esterilizagdo, com altas
temperaturas e pressao e a abrasao mecanica (Suzuki ef al.,1991; Weber et al., 2005; Carmona et

al., 2005).



O desenvolvimento de suportes ceramico a partir da sinterizagdo do SiO, com outros
materiais durdveis, como cinzas resultantes da queima do carvao mineral, ¢ uma tecnologia que
possibilita a geragdo de materiais com maior valor agregado quanto a aplicagdo industrial. Esta
tecnologia por sua vez, pode contribuir com a diminui¢do dos problemas ambientais associados a
deposicdo de matérias residuais de certas industrias (termoelétricas), e aos mesmos, reduzirem os
custos em termos de matérias primas necessarias ao processo de formulagdo de suportes

convencionais (Kniess et al., 2002).

1.5. Suportes ceramicos

A ceramica apresenta vantagens tais como: resisténcia ao ataque de produtos quimicos,
resisténcias a tracdo, compressao e dureza. Outra vantagem de utilizar suporte cerdmico para
imobilizagdo de enzimas ¢ a disponibilidade de matéria prima na natureza, que ainda podem ser
recicladas a partir dos residuos, como construcdo civil e geragdo de energia (carvao mineral).
Esses ultimos sao residuos que podem se acumular e poluir drasticamente o meio ambiente. Desta
forma, o estudo e confec¢do de um suporte insoltivel ceramico oriundo de residuos, totalmente
reciclavel e resistente a contaminagdes por microrganismos, podem contribuir para a diminui¢ao
da polui¢do com o auxilio na aquisi¢ao de suporte de alto valor agregado (Suzuki et al., 1991; Ida

et al., 2000; Cimdins et al., 2000).

1.6. Carvao mineral

O carvao ¢ uma complexa e variada mistura de componentes organicos solidos,
fossilizados ao longo de milhdes de anos, como ocorre com todos os combustiveis fosseis. Sua
qualidade, determinada pelo contetido de carbono, varia de acordo com o tipo e o estdgio dos
componentes organicos. A turfa, de baixo contetido carbonifero, constitui um dos primeiros
estagios do carvao, com teor de carbono na ordem de 45%; o linhito apresenta um indice que varia
de 60% a 75%; o carvao betuminoso (hulha), mais utilizado como combustivel, contém cerca de
75% a 85% de carbono, e o mais puro dos carvdes; o antracito apresenta um conteudo carbonifero

superior a 90%. Da mesma forma, os depositos variam de camadas relativamente simples e
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proximas da superficie do solo e, portanto, de facil extragdo e baixo custo, a complexas e
profundas camadas, de dificil extragdo e custos elevados. Supde-se a qualidade do teor de minerais
variam de acordo com a vegetagdo que havia na regido das minas. Em termos de participa¢do na
matriz energética mundial, segundo a Agéncia Nacional de Energia Elétrica (2003), o carvao ¢
atualmente responsavel por cerca de 7,9% de todo o consumo mundial de energia e de 39,1% de
toda a energia elétrica gerada. No ambito mundial, apesar dos graves impactos sobre o meio
ambiente, o carvao ainda ¢ uma importante fonte de energia. As principais razdes para isso sdo as
seguintes: 1) abundancia das reservas; ii) distribuicdo geografica das reservas; iii) baixos custos e

estabilidade nos pregos, relativamente a outros combustiveis.

No Brasil, as principais reservas de carvao mineral estdo localizadas no Sul do Pais,
notadamente no Estado do Rio Grande do Sul detém mais de 90% das reservas nacionais. No final
de 2002, as reservas nacionais de carvdo giravam em torno de 12 bilhdes de toneladas, o que
corresponde a mais de 50% das reservas sul-americanas e a 1,2% das reservas mundiais. No
entanto, segundo o Balango Energético Nacional (2003), o uso energético do carvao mineral ainda
¢ bastante restrito, representando apenas 6,6% da matriz energética brasileira. Entre outras
restrigdes, os altos teores de cinza e enxofre (da ordem de 50% e 2,5%, respectivamente) sao 0s
principais responsaveis pelo baixo indice de aproveitamento do carvdo no Brasil. Espera-se,
porém, que o desenvolvimento de tecnologias de remocao de impurezas e de combustdo eficiente,

como descrito no proximo item, proporcione maiores indices de aproveitamento desse recurso.

Ano a ano usinas termoelétricas sdo construidas no mundo para satisfazer o aumento da
demanda das necessidades de energia. A combustdo do carvdo mineral apresenta rejeitos
denominados cinzas volantes, produzido pelas usinas termoelétricas em enormes quantidades,
casando problemas ambientais significativos. A China consome atualmente em torno de 305
milhdes de toneladas de carvao, perfazendo 86 milhdes de toneladas de residuos devido a

combustdo (Peng et al., 2004).

A reciclagem dos subprodutos e residuos provenientes da construgdo representa um
problema urgente para o futuro da humanidade. Dois maiores subprodutos sao as cinzas volantes
de carvao mineral e residuo de boro silicato que sdo produzidos em amostras significantes. Entre
os dois, atualmente, apenas pequena porcentagem de cinzas ¢ utilizada, permanecendo disposta

diretamente no ambiente, o que constitui uma ma solugdo para ambos os pontos de vista ecologico



e econdmico. Conseqiientemente, ha a necessidade de estabelecer processos apropriados e

eficientes ao reuso desses residuos (Olgun ef al., 2005).

1.7. Glutaraldeido como agente fixador de enzimas no suporte

O glutaraldeido ¢ empregado como agente fixador na preservacdo dos tecidos e das
estruturas subcelulares nos estudos de microscopia. Também ¢é empregado como agente
esterilizante em material cirargico, entre outros. Atualmente, o glutaraldeido vem sendo usado
como ativador da superficie de eletrodos para a imobilizacdo de enzimas na aquisi¢cdo de
biossensores, tanto em ligacdo covalente (Sugunan & Sanjay, 2005) como covalente-cruzada
(Ikediobi et al., 1997; Magnan et al., 2004). Na industria de processamento de alimentos o
glutaraldeido ¢ recomendado, na imobilizagdo de enzimas, em virtude da sua elevada
polimerizacdo e baixas concentracdes usadas para possibilitar a obtengdo de alimentos

transformados com baixas concentracdes residuais do glutaraldeido (Suzuki et al., 1991).

O glutaraldeido (1,5 pentanedial — PM 100,12), em altas concentragdes (superior a 25%) e
sob condigdes acidas, pode se apresentar em polimeros de multiplas estruturas ciclicas hidratadas.
Apos as dilui¢des em solugdes aquosas, estes polimeros podem reverte-se a forma monomérica,
devido a sua facilidade de hidratagdo. O glutaraldeido ja vem sendo utilizado na imobilizacdo de
lactase, o que propicia sua utilizagdo para outras enzimas. Além deste, podem ser usados para
produtos alimentares: triacetato de celulose; dietilaminoetil celulose; polietileimina e 1,2

dicloroetano (Cimdins et al., 2000).

O processo de imobilizacao de proteinas mais comumente usado em suporte contendo SiO,
envolve trés etapas. O processo da-se pela rea¢do de silanizagdo da superficie do vidro com o
APTES em sistema nao aquoso (tolueno ou acetona), seguida, pela ligagdo de um grupo carbonil
do glutaraldeido com o grupo aminico da superficie silanizada (ligagdo alquilamina, base de
Schiff) e pela ancoragem das proteinas através das ligagdes covalentes entre os grupos aminicos
dos residuos de aminoacidos e o grupo carbonila disponivel do glutaraldeido (Suzuki et al.,1991,

Walt & Agayn, 1994).
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1.8. Caracteristicas dos suportes ceraimicos

A estratégia para um bom desempenho de inversdo da sacarose vem sendo fundamentada
principalmente em aspectos fisico-quimicos do suporte para emprego em biorreatores. A
porosidade do suporte ¢ um aspecto fisico de maior importancia por determinar a area de
superficie disponivel para ser explorada. A ativacao dessa superficie, do ponto de vista quimico,
deve proporcionar maior eficiéncia de ligagdo do componente desejado por aumentar a
estabilidade por proteger através de processo intermolecular (proteolises, agregacdo) e a interagdo
da enzima com a interface externa (ar; oxigénio; solventes organicos imisciveis; etc) (Mateo et al.,
2000). Ambas as areas de superficie e capacidade de ligagdes maximizadas sdo motivos de

pesquisa na obtengdo de métodos de imobilizagdo mais apropriados.

Todavia, o efeito do fluxo em contato com o biocatalisador imobilizado pode influenciar

significativamente a rea¢do no biorreator, ou seja, tempo de residéncia (Kovalenko et al., 2002).

Suportes inorganicos para imobilizacdo que tenham caracteristicas mais competitivas e
vidveis como a durabilidade e resisténcia mecanica (Villora et al., 2004), podem ser usados em
biorreatores em sistema de fluxo continuo para favorecer um melhor desempenho da atividade
enzimdtica (Azevedo et al., 2004). Com isso, em suporte poroso € com alta retengdo (absorgao)
sdo obviamente minimizadas as deficiéncias a difusdo das limitagcdes de substrato em contato
internamente no suporte o que propicia uma maior area de superficie com o biocatalizador

imobilizado.

O efeito da temperatura e da concentracdo do substrato em relacdo a estabilidade da
atividade catalitica sdo variaveis bastantes significativas em relacdo ao custo de energia gasto
(Akgol et al., 2001). Segundo Combes (1981), a atividade catalitica fica comprometida devido as
concentragdes de sacarose elevadas. O efeito na concentragao de sacarose na reacao de inversao ¢
limitante a estrutura a associacdo molecular apresentadas em solugdes aquosas em pequenas
concentragdes. A reagdo de inversdo de sacarose ¢ um consumidor de molécula de H,O.
Entretanto, deve-se observar uma estratégia nas condigdes operacionais em biorreator como

temperatura e concentracdo de sacarose de acordo com o interesse de uso industrial.

Testes de resistividade e dureza do suporte também devem ser realizados para verificar
sua resisténcia mecanica diante de seu uso continuo com relagdo a temperatura e velocidades de

fluxos (Kovalenko et al., 2002).
11



1.9. Fatores que interferem na escolha do sistema de reacdo enzimatico

A escolha do sistema a ser usado implicard varios fatores, tais como: proteina a ser
imobilizada; tipo de liga¢do (covalente; adsor¢ao; torca ionica; etc.); forma/densidade/porosidade
do suporte; fluxo continuo (Bayramoglu, 2003) ou descontinuo (Martinez - US Patent
6,013,491/2000); em batelada (Sanjay & Sugunan, 2005); tamanho do reator; volume do substrato

em relagdo ao biocatalizador imobilizado.

Estudos sdo propostos em relagdo ao “design” dos reatores e a porosidade do suporte pode
influenciar significativamente no desempenho para a obtencdo de produtos proveniente de
catalises enzimaticas. Em suporte inorganico, a imobilizacdo de enzimas ¢ de grande interesse
devido sua durabilidade e alta resisténcia mecanica para usar em diversos “packed bed” ou

“fluidized bed ” e relativamente custo baixo (Stefuca et al., 1988; Azevedo et al., 2004).

A imobilizacdo de enzimas em torno de membrana cerdmicas ou superficie filme oferece
varias vantagens nos exemplares do suportes quando operado em sistema continuo, tais como
baixa pressdo da vazdo, pequeno tempo de residéncia e estabilidade operacional com baixas

resisténcias difucionais externa e interna (Bayramoglu et al., 2003).

O tipo de imobilizagdo (ligagdo por encapsulagdo), a interagdo com difusdo pode levar a
ruptura da membrana, se houver rapido acumulo do produto e o biocatalizador imobilizado pode
apresentar uma densidade razoavelmente similar aquela da solugdo, levando consequentemente a
problemas na configuracdo do biorreator, dindmica de fluido (Bicherstaff, 1997). Na ligacao
covalente cruzada, os agregados formados geralmente possuem uma natureza do tipo gelatina, o
que impede seu uso em reatores tudo tipo “packed bed”, com isso, a atividade alcangada ¢ limitada
a problemas difusionais, uma vez que os biocatalizadores estdo situados dentro do agregado,
dificultando o acesso do substrato (Faber et al., 1997). O tamanho do suporte e porosidade em
relacdo a limitagdes difusionais sdo caracteristicas muito importantes na reacdo enzimatica em

biorreatores (Chen et al., 2000; Azevedo et al., 2004).
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2. Objetivos

2.1. Objetivo geral

Desenvolver um suporte ceramico para imobilizacdo de invertase para hidrélise da

sacarose em D-glucose e D-frutose e uso em biorreatores.

2.2. Objetivos especificos

Preparar um suporte ceramico resistente € poroso;

Analisar as propriedades fisico-quimicas e morfologicas da cerdmica;

Avaliar as propriedades fisico-quimicas e cinéticas da invertase livre e imobilizada;

Analisar os resultados visando determinar a melhor condi¢do do processo visando a utilizacao

do biocatalizador em escala industrial.

3. Justificativa

Técnicas de imobilizagdo de enzimas ha muitos anos vém sendo aprimoradas, sobretudo
em invertase. Entretanto, os altos custos dos insumos para reagdo em escala industrial ainda nao
foram verificados. Desta forma, a obtencao de um suporte insoluvel através sinterizagdo a partir de
cinzas de carvao mineral ¢ uma alternativa para diminui¢do da polui¢do ambiental proporcionada
pelo seu armazenamento e disseminacdo através de usinas termoelétricas. Com isso, teremos um
suporte com propriedades fisico-quimicas resistentes € viaveis para imobiliza¢do de invertase e,
sobretudo com a aquisi¢cdo de um acgucar invertido livre de contaminantes quimicos ou organicos ¢
importante a industria alimenticia, farmac€utica e de bebidas. Esta proposta ¢ estrategicamente
importante para nosso pais, considerado maior produtor mundial de sacarose proveniente da cana-
de-acgucar (estimativas em 2004/2005 — Instituto Brasileiro Geografico e Estatistico), uma vez que
devera permitir a producdo tanto do agucar invertido como dos subprodutos puros (D-glucose e D-

frutose).
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Abstract

Ceramic sinterized proceeding from coal fly ashes was used as a support for immobilization of
invertase. The attainment of an insoluble support with chemical physical properties to bind
invertase into sinterized coal fly ashes is an alternative to decrease environmental pollution with
the storage and dissemination through thermal power plants. Of point view, it will be development
of sugar market of region due absent invert sugar production from immobilized biocatalyst. The
immobilization of enzyme was started with chemical modification of silane groups present with
2% 3-aminopropyltriethoxysilane solution in toluene, through covalent binding immobilization of
the alkyl amine to glutaraldehyde and subsequent attachment of the enzyme molecule to
glutaraldehyde via Schiff’s base linkage. The protein amount and specific activity of the
immobilized enzyme on 0.438 M sucrose (pH 5.0 at 45°C) were 1.37 mg/ 0.25g of particles and
0.67 U/mg protein (19.89 %) of that estimated for the free enzyme, respectively. The apparent Ky,
for immobilized invertase was approximately 10-fold lower than free enzyme. Moreover, the
results in bioreactor the effect of continuous flow injection (inffluent, effluent and alternated)

showed obtained 100% of sucrose inversion at 16h of reaction with alternated flow injection.

Key words: immobilization; invertase; ashes; biorectors.
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1. Introduction

Invertase (B-fructofuranosidase; E.C. 3.2.1.26) is specific for hydrolysis sucrose into D-
glucose and D-fructose. Invertase is a glycoprotein molecular weight 270.000 Da. The hydrolyzed
sugar mixture obtained by invertase presents the advantages of being colourless in contrast to the
coloured products obtained by acid hydrolysis (Akgol ef al., 2001; Tanriseven & Dogan, 2001;
Bayramoglu et al. ,2003; Danisman et al., 2004; Goémez et al., 2006). Immobilized enzymes are
preferred over soluble enzymes owing to their ability for multiple and repetitive use, as well as
easier purification of final products. Immobilization of enzymes onto insoluble supports has been
reported in many studies due to their wide application in industrial processes. The main
application of immobilized enzymes is in food and the pharmaceutical industries. They can be
successfully immobilized in a large number of supports without loosing their activity (Bayramoglu
et al., 2003; Farag & Hassan, 2004; Sanjay & Sugunan, 2005).

Immobilization of enzymes in inorganic support materials is very attractive owing to the
possibility of sterilization, stability under operational pressure, stability in organic solvents and
high mechanical resistance (Sanjay & Sugunan 2005). The main immobilization methods for
enzymes include entrapment (Bagal et al. 2006), adsorption (Kovalenco et al., 2002), anion
exchanger (Godbole ef al., 1990), cross-liker (Mateo et al., 2000) and covalent binding (Limbut et
al., 2004). The physical structure and chemical composition of the support can influence the
microenvironment of the immobilized enzyme and consequently its biological properties
(Bayramoglu et al., 2003; Danisman ef al., 2004).

The presence of SiO; is important for silanization of glass, posterior covalent binding of
the alkyl amine to glutaraldehyde and subsequent attachment of the enzyme to glutaraldehyde via
Schiff’s base linkage. The glass has environmental features such as relative humidity,
concentration of salts, presence of pollutant gases, degree of acidity or alkalinity, temperature and
presence of microorganisms. Those are some factors can lead to surface alteration of glasses and
their conservation (Weber et al., 2005; Carmona et al., 2005). Some improvements in durability
have been reported, including glass coating with durable materials, like civil building residues
(Cimdins et al., 2000; Kniess et al., 2002) and coal fly ashes (Villora et al., 2004). SiO, is
stabilized an outer protection (Suzuki ef al., 1991). The chemical composition of coal fly ashes
makes it quite suitable for use as the raw material for structural glass-ceramics, which are mainly
Ca0-AlL03-Si0; (CAS) system glass-ceramics (Peng et al., 2004) being favourable to the system

immobilization of enzymes. Due to environmental aspects, inorganic substance residues for
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enzyme immobilization have great interest because of their durability, and high mechanical
strength for usage in packed-bed or fluidized-bed bioreactors, relatively low cost. It is important to
study physical properties as porosity (Kovalenco ef al., 2002), aqueous adsorption and mechanical
resistance of the samples of porous glass ceramic. The improvement of the pore size can be
important for efficient immobilization of the enzyme and its activity, facilitating the bioconversion
in industrial processes in bioreactors. Chen et al. (2002) found out that the support porosity has a
significant influence in kinetic parameters and with optimization of bioreactor size (Goméz et al.,
2004; Azevedo et al., 2004; Limbut et al., 2004). In addition, the process of enzyme
immobilization can affect the stability, optimum pH and temperature, K,, and V,,,, (Akgol et al.,
2001).

In the present work, sinterizing coal fly ashes were studies to obtain a competitive support
in experiments about physical proprieties and resistance mechanic to immobilize invertase. The
derivative immobilized was characterized, its activity retention, catalytic properties, reusability
and a particular attention being paid to the effect of the enzyme activity in bioreactors and flow

system were determined.

2. Experimental

2.1. Materials

Bakers yeast invertase (Novozymes), Glutaraldehyde from Nuclear (BR), 3-
aminopropyltriethoxysilane (APTES) and 3,5-dinitrosalicylic acid (DNS) were purchased from
Sigma—Aldrich Chemicals Pvt. Ltd (USA). Glass bead 50 - 100um was purchased
POLYSSCIENCES, INC (USA). Sucrose, glucose, polyvinylalcohol (PVA) and carboxymethyl-
cellulose from VETEC (BR). All other chemicals were of the highest purity commercially
available. For comparison, the porous glass-ceramic supports were made with two mineral
samples as clay originated from sugarcane plantation and coal ashes from Candiota Power Station,

at RS State — Brazil.
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2.2. Preparation of porous glass-ceramic support

Concerning the additives, glass beads were used in order to generate a high density of linkages to
invertase; PVA was employed as an aggregating agent and carboxymethyl-cellulose was used to
form porous structures. On the other hand, clay was used also as a ceramic inorganic support for
immobilization so that its results could be compared with those obtained with coal fly ash.
Different mixtures of the ceramic supports with the additives green bodies were tested, aiming to
maximize apparent density, apparent porosity, apparent aqueous adsorption and mechanical
resistance. The mixtures tested are indicated in table 1, where Cy and A where used as controls
and C, was further subjected to uniaxial pressure (1 ton). Mixture were homogenized in distilled
water and put into a plaster mould of 6 mm diameter and 5.5 mm length (extrusion). The green
bodies were dried at 70°C overnight and sinterized afterwards at 1100°C for 3h in electric furnace
(QUIMIS, Q318M), being the heating and cooling rate of 6 °C/min. The sintering temperature was
chosen from previous studies (results not shown) since, at that temperature, the highest
mechanical resistance was registered. Bulk apparent specific density, porosity and aqueous
absorption of the sintered specimens were measured by Archimedes’s method in distilled water at
20°C (ABNT 12.766). The apparent porosity is razing between humid weights less dry under
humid weight less submersed weight; the apparent aqueous absorption is razing between humid
weight under dry weight. With the purpose of evaluating the mechanical resistance of the
mixtures, they were subjected to a unixial pressure between 2.13 to 21.28 MPa, using twenty units
of C; (5g) all together at 0.77mm/min (Ronald TOP Ltda unixial — 1 and 10ton). All the
subsequent studies were performed only with the mixture C;, from now on denominated SCFA

(sinterizing coal fly ashes).

Table 1 - Mixtures test to form the green bodies (%).

Sample Composition

Co coal fly ash 100 - - - -

C,(SCFA) coal fly ash 65 glass beads 25 PVA 10
C, coal fly ash 65 glass beads 25 PVA 10
Cs coal fly ash 65 - - carboxymethyl-cellulose 10
Ay clay 100 - - - -
A4 clay 65 glass beads 25 PVA 10
A, clay 65 glass beads 25 carboxymethyl-cellulose 10
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2.3. Chemical composition and structural investigation of SCFA

The ceramic samples were pulverized in mortar porcelain and posterior resulting powder
was weighted and sintered at 1000°C for two hour for determination lost on ignition. Another
portion of the powder was pressed at 25 ton. a disc mould of 30 mm diameter. Then the samples
were analyzed qualitatively and quantitatively by X-ray fluorescence spectroscopy (XRF -Rigaku,
model RIX 3000), to search for the constituent chemical elements in coal fly ashes and in the
support. To study ceramic’s morphology were put on carbon adhesive, to be perfectly fixed in the
metaller (Fine Coat — lon Sputter JFC- 1100), and sprayed with gold. After, they were visualized
in the scannig electronic microscope (SEM - Jeol, JSM 5.600 LV, Scannig Electron).

2.4. Immobilization of invertase

Clean support (SCFA) was derivative external and internal surface with organosilane.
Adding 1g of clean support material to 19.6 ml toluene and to 0.4 ml of 2% (v/v) 3-
aminopropyltriethoxysilane. The mixture was then incubated, at 85°C, in a water bath shaker for
6h. The support was finally washed with distilled water and dried at 100°C for 1h.

The next step was enzyme binding to alkylamine support material for its activation by
glutaraldehyde to yield aldehyde groups. This was performed by adding 0.25 g of the alkylamine
support material into 1 ml of 2% (v/v) glutaraldehyde in 10 mM sodium phosphate buffer pH 7.4
with stirring for 24h at 4°C. During this time, the colour of the support changed to orange-red. It
was washed ten times with same buffer cited above. To immobilize the enzyme 7.17 mg of protein
(655 U) was dissolved in 1 ml of 10 mM sodium phosphate buffer pH 7.4 per 0.25g of activated
support materials. The immobilization was undergone for 36h at 4°C with stirring. The

immobilized biocatalyst was stored in 0.1M sodium citrate buffer pH 4.5 at 5°C.

2.5. Immobilized invertase quantification

The protein amounts in the enzyme and washing solutions were determined as described
by Bradford (1976). The amount of bound enzyme was calculated by the general formula: q = ((C;
— Cy). V) / W, where q is the amount of glass-bound enzyme contained in ceramic (mg g™), C; and

Cr are respectively, the initial and final concentrations of the enzyme in the reaction medium (mg
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ml™), V is the volume of the reaction medium (ml) and W is the weight of the ceramic (g). All

experiments were done in duplicated.

2.6. Enzymatic activity assays

The activities of both free and immobilized invertase preparations were determined by
measuring the amount of reducing sugars liberated from the invertase-catalyzed hydrolysis of
sucrose per time unit. To determine the activity of free and immobilized enzyme, 0.438 M sucrose
solution in 5ml, 0.1M sodium citrate buffer pH 4.5. After that, biocatalysts were incubated in
triplicate period (20 min. at 50°C) in a water bath under agitation. The activities of the free and
immobilized invertase were expressed in units of enzymatic activity, one unit (1 U) is the amount
of enzyme required to hydrolyze ImM sucrose per minute under the assay conditions. One sample
of derivative immobilized was used to out carry of experiments (triplicate) with 0.73 M sucrose
solution, pH 4.5 at 50°C. To stop the reaction, aliquots withdrawn from the reaction medium were
kept at -20°C. At the end of process, the reaction medium was discarded and the ceramic support
was stored in 0.1 M sodium citrate buffer pH 4.5. Sucrose hydrolysis by the free and immobilized
preparations was determined by the DNS method, thus measuring the reducing sugars content
according to the method described Summers (1924). The activity assays were carried out over the
pH range of 3.0 - 9.0. The buffer used for various pH ranges were sodium citrate (pH 3.0 — 6.0)
and sodium phosphate (pH 7.0 — 9.0) at 25°C and temperature range of 25 - 85°C, in order to
determine the pH and the temperature profiles of the free and the immobilized enzyme. In
complement of information, the experiments were out carrier in bath with SmL of 0.73 M sucrose
solution. The effects of pH, temperature and multiple uses over the activity of reactor-immobilized
invertase were evaluated and are exhibited in the normalized form, being assigned 100% activity

to the highest value of each set.

2.7. Bioreactors” design and continuous flow system

In complement study, it was used to determinate of activity of immobilization enzyme in a
continuous flow packed bed reactor in two glass columns with different sizes were tested: one
with 62 length and 3 cm diameter and 14cm length and 7 cm diameter, respectively bioreactor 1

and 2 with 400 sample of derivative immobilized. The activity of immobilization enzyme it was
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also experimented in bath and the better performance of bioreator. With the goal of achieving the
highest catalytic activity of immobilized invertase, a continuous flow system apparatus was built-
up; was composed by the ceramic-immobilized invertase packed inside glass column with
recirculation (with a peristaltic pump Watson-Marlow, Falmouth, Cornwall, TR11 4RU) from and
to a vessel containing the sucrose solution of with 0.438 M in sodium citrate buffer pH 4.5.
Moreover, influx used by the top bioreactor and by the bottom at four different flow speeds: 0.12,
0.18, 0.24 and 0.3 L h . The effect of recirculation conditions was also studied by employing
three different schemes: inffluent; effluent and alternated recirculation (Figure 1). These
experiments were performed (schemes 1; 2 and 3) in bioreactor 1 with a flow speed of 0.18 L h ™!
and 0.438 M sucrose in 0.1 M sodium citrate buffer pH 5.0. The scheme 3 (both flow — inffluent
and effluent), was modified at each time to analyze sugar reducing (data not shown). In all the
assays, aliquots of the substrate-containing vessel were periodically withdrawn and assayed for

enzymatic activity.

+ Inffuent Effluent

~

Biorreator 1 no2

P o ]c:q|
< O '

¥
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Figure 1. The packed bed and recirculation used. Biorreactor 1 and 2 with 62 length and 3 cm diameter and
l4cm length and 7 cm diameter, respectively.
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2.8. Kinetic parameters K,, and V.

K,, and V,,,, for the free enzyme were determined by measuring the initial rates of sucrose
hydrolysis (29 — 584 mM) in 0.1 M sodium citrate buffer under optima pH and temperature
conditions. The kinetic parameters of immobilized invertase were determined in a batch system by

changing sucrose concentrations.

3. Results and discussion

3.1 Physical properties of the ceramic

Mixtures of both coal fly ashes and sinterized clay with the previous additives were
compared in relation to apparent porosity; aqueous absorption; mechanic resistance and specific
surface area. The results are summarized in Table 2. Ceramics with coal flay ashes showed, in
general, better apparent porosity than ceramics with clay. Concerning the apparent aqueous
adsorption, C; and Cy exhibited the highest values, despite the feasible mechanic resistance of Cy.
This may be due to the absence of PVA, as a linking reagent, in its composition. Nevertheless, A;
also demonstrated indicative results in relation of apparent porosity and aqueous adsorption due its
addition. The physical and chemistry proprieties of clay are lower dimensions after sinterization
(Cindins et al., 2000). Moreover, C, showed great mechanical resistance and porosity, probably
because this sample was pressed uniaxially before sinterization. Both parameters cited may be an
indicator to examine of resistance mechanic after sinterization as it was found in works previously
pressed ceramic samples (Villora et al., 2004). In addition, sets of 20 capsules of SCFA (5g) were
subjected to different uniaxial rupture tensions. After discarding the debris, the total weight of
intact of intact capsules was measured and results were expressed as a fraction of the initial of
each set (Figure 3). In 8.51 MPa the ceramic presented around 60% fraction of the initial weight.
This can be acceptable (a more fractured sample results in higher losses of enzyme after
decantation and possible obstruction of the injection channels with the resulting debris), we way
state that the results thus obtained allow the use of this sample in a typical industrial-scale

bioreactor.
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3.2. Chemical components of coal fly ashes after the sinterization by XRF and SEM

The chemistry properties in coal fly ashes and SCFA are summarized and the results were
calculated to percentage to enclose others elements obtained for lost on ignition in Table 3. The
results found to major component to both form were SiO,, FeO3; and Al,Os in relation to the CAS
(Ca0-Al,03-S10,) as cited in others works (Peng, ef al., 2004; Peng et al., 2005). In addition, all
chemistry component found were, in except to light component (H, He Li, Be, B, C, N and O).
Some particularity to sinterization can be verified minor composition of CaO and MgO to promote
increase the formation of amorphous and semicristallized materials. The considerable percentage
(18.9%) of FeOs presented in coal fly ashes can influence the sinterization of material in presence
of crystallization or nucleation and resistance mechanic of material formatted and the ceramic’s
color to brown (Kniess et al., 2002). The samples of SiO, through of spheres in coal flay ashes
after sinterization was increase around 2.9%. However Usually, coal fly ashes contained the ions
cited, after temperature and time (1100°C — 3h) may format products as bustamit, wollastonite,
albite, anorhite, feldspar, etc (Kim, 2004). In addition, sinterizing coal fly ashes can influence in
the high mechanic resistance.

SEM photos (Figure 1) illustrate the different surfaces morphology of coal fly ashes added
glass beads for extrusion (A) and pressed firstly sinterization (B). The ceramic obtained for
extraction clay, too added glass beads. The results show that there is a structural difference due the
press green bodies to influence a good resistance mechanic counterpart decrease the aqueous
absorption. The ruptures in glass due temperature used, is favorable more binding of enzymes in
in Si0; (C). According to ABNT, clay is compost comprises for colloidal particle with diameter
lower than 0.005mm comprehended a plasticity high when amide state and without necessity of

PVA and press in green bodies of clay (D).
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Component Coal fly aches (Wt%) Support (SCFA)Wt%

SiO; 553 58.2
Al O; 15.1 10.2
FeO; 18.9 16.2
K,0 4.2 3.2
CaO 2.8 7.5
TiO, 1.7 1.4
SO; 0.1 0.1
P,0s 1.0 1.1
MgO 0.2 0.4
SrO 0.1 0.1
Others 0.5 0.4
Lost on ignition 0.04 0.2
Total 100.14 100.0

Table 3. Chemical proprieties of sinterizing coal fly ashes and support in by XRF.

3.3. Immobilization of invertase

The elaboration of methods for immobilization of enzyme is conceived as one the most
important experiments. Considering this, initial experiments were tested concentrations of APTES
with same solvents. After, it was tested APTES concentration in relation glutaraldehyde and
enzyme to bind ceramic (data not shown). Efficient immobilization of this enzyme was achieved
under conditions in which the silanization reaction was carried out in a non-aqueous medium
(toluene) and the cross-linking bifuncional reagent, glutaraldehyde, used at the level of 2% (Figure
2). Analysis of the wash solutions showed that the immobilization process was irreversible. The
enzyme loading was 1.37 mg (0.67 U/mg) per 0.25g of support. This amount of small bond can be
partially attributed to an incomplete glutaraldehyde activation of amino groups in support, through
diffusion limitations during the activation step (Azevedo et al., 2004). Other works showed good
results in invetase immobilized as Sanjay & Sugunan (2005) using montmorillonite with 10mg per
lg of support, Amaya-Delgado et al. (2005) using on nylon-6 microbeads was 4.95mg per 1g of
support and Akgol et al., (2001) using the magnetic PVAL microspheres was 7.18 mg g' support.
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Figure 2. They are general pan of the three-step immobilization process, which consists of (A) silanization of glass
surface (contained into ceramic); (B) cross-linking reaction with bifuncional glutaraldehyde e (C) finally covalent

binding of invertase to the carbonyl group of glutaraldehyde via a Shiff’s base linkage. Source: Limbut ef al., 2004.

3.4. Effect of temperature and pH on enzymatic activity

Proteins may be very unstable when exposed to environmental conditions significantly
different from those found in physiological condition. The effect of temperature situation on the
catalytic activity of free and immobilized invertase was studied in 0.1 M sodium citrate buffer pH
4.5 over the temperature range of 20-85°C. As presented in Figure 3.A, the resultant curve shows
maximum activity at 45°C for both free and immobilized invertase. However, the activity of
immobilized invertase showed a strong temperature dependence at temperatures below and
decrease of its activity after the optima temperature. Additionally, the activity of the free invertase
showed a more critical temperature dependence at temperature above the optimal temperature.
Some authors observed a dependence of temperature in the activity of immobilized invertase due
to the changing physical and chemical properties of the enzyme when covalent bound into
inorganic supports (Chen et al., 2000; Akgdl et al., 2001; Danisman et al., 2004). As cited by
Bayramoglu et al., 2003, the immobilization via amino groups could not been prejudicial the
conformational flexibility of enzyme and their proper organization for the binding to substrate and
imminent cause natural of denaturation due temperature employed.

Often enzymes are assayed at their optimal pH for appreciable rate of reaction to take pace.
The effect of pH over the activity of both free and immobilized invertase was evaluated in the
range of 3.0 — 9.0 (Figure 3.B). A resulting curve was obtained, with the optimum value for free
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and immobilized invertase at pH 5.0. This result supports the evidence that system of
immobilization was not so prejudicial to enzyme. The pH dependent activity profile for
immobilized invertase is broadened (pH 4.0 to 6.0). Thus, expansion is possibly due to the
stabilization of invertase molecules as consequence of multpoint linkages of the enzyme

molecules on the surface of the ceramic due to the process of immobilization (Chen et al. 2000).
3.5. Kinetic parameters

Kinetic parameters of the enzymatic reaction can be estimated by the direct linear method
of Lineweaver—Burk plot of the initial sucrose hydrolysis rates from experimental data. The plot
gives two straight lines which conform to the Michaelis-Menten equation for the reaction. The
apparent Michaelis constants K, and V. for free invertase were 11.6 mM and 676.9 U mg'l, The
apparent Michaelis constants K, and Viax for free invertase were 1.1mM and 114.28 U mg'l. The
apparent K, for immobilized invertase was approximately 10-fold lower than free enzyme (Figure
4). For sucrose hydrolysis with the immobilized enzyme-ceramic, K,, and V.x values were
significantly increased and reduced, respectively. However, Ky, and V.« values of the free and
immobilized invertase for sucrose are in the same order magnitude. This indicates that the
catalytic function of invertase was not very much impaired by this immobilized method. Amaya-
Delgado et al., 2005 using nylon-6 microbeads showed K, 1.2-fold higher than V,,,, values of
immobilized invertase were obtained results like to free invertase. The formation of enzyme-
substrate complex is more difficult with the immobilized invertase due to the porous structure of
the support (Selampinar et al., 1997; Park et al., 2002). Alternatively, the ceramic’s irregular
porosity increase great contact enzyme-substrate complex. In present, the complex becomes easier
leading to an increased affinity for substrate and consequently a low K, value in comparison with
other works (Akgol ef al., 2001; Tanriseven & Dogan, 2001; Gémez et al., 2006; Sanjay &
Sugunan 2005).

3.6. Studies of flow sucrose solution in packed bed with invertase immobilized

The results between bath and continuous flow system, showed 84 and 76 % reusability for
20 reuses for the enzymatic reaction in bath and continuous flow system, respectively (Figure 5).
The result of bath was superior than continuous flow packed bed system, which could be due to

efficient penetration of sucrose for the agitation conversion presented bath systems, being superior
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to 80% of activity after 10 cycles using 0.73 M sucrose solution. Sanjay & Sugunan (2005), Akgol
et al. (2001) and Amaya-Delgado et al., (2005) obtained good results in bath. The first at 100%
reusability for 10 cycles, thus the enzymatic activity was tested around ImL of 0.29 M sucrose
solution and assay temperature at 30°C. The second also, retained enzyme activity after
immobilization on the magnetic PVAL microspheres was 74%, thus the enzymatic activity was
tested around 10 mL of 0.3 M sucrose solution, pH 5.5 and assay temperature at 35°C. The last
however, invertase immobilized on nylon-6 microbeads was decrease of activity enzymatic with
0.3 M sucrose solution pH 5.5, and assay temperature at 50°C.

The purpose comparing the effect of flow rate over invertase activity between bioreactor
and formats, it was the quantification of sucrose hydrolysis within the flow rate range of 0.12-0.3
L h-1 performed with both formats. As showed in Figure 6, the best results were obtained at 0.18
L h-1 with both bioreactors. The enzyme into the porous structure does not apparently take part on
the reaction, meaning that the substrate is only converted to small extent on the surface of the
support. However, the value of activity was higher for bioreactor 1 due probably the higher-
pressure entering sucrose in lower diameter. In complement, the fractional inversion of sucrose
was relatively larger at long residence time as a more efficient internal mass transfer in system.
The phenomena observed are compatible with results obtained by Azevedo ef al. (2004).

The stability operational to obtain the better activity in relation of sucrose concentration
and temperature deserves attention special in futures studies. After 20 reuses there was lost
enzymatic activity for the inactivation of invertase due to the natural factors as protein
denaturation, oxidation, temperature, etc. As mentioned before, an incomplete glutaraldehyde
activation of the amino groups in support can be prejudicial to the system of immobilization. The
results were good in relation to same works because the experiments are made in low sucrose
concentration to make easier the reaction of invertase. In this experiment was performed in 0.73 M
of sucrose solution for minor cost in scale-industrial (Figure 6 — 7). However, a decrease in
inversion at higher flow rate occurred probably due to an insufficient residence time.

For economical purposes, for large-scale production of a desired product, it is usually
preferable to implement bio catalytic systems operating with continuous flow. A major recurrent
handicap in these systems, however, is the low operational stability of immobilized enzymes. The
rate of substrate conversion was measured up to a reaction time of 72h by using 0.438 M sucrose
in 0.1 M sodium citrate buffer pH 5.0. The operational temperature of 25°C was roughly chosen

below the optimum temperature for activity because the stability of invertase is presumably higher
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in these conditions (Husain & Saleemuddin, 1998; Bayramoglu et al., 2003). The results are
presented in Figure 7, at 16 hour the immobilized enzyme-ceramic system inverted 100% of
sucrose in alternating flow. This can be explicated for the diffusional resistance and inhibition by
co-products or inefficiency internal distributions sucrose solution and in the bioreactor through

other flow system.
4. Conclusions

This study shows that ceramic’s coal fly ashes can be used successfully for the
immobilization of invertase as concluded by the kinetic parameters. Usually, small particles are
used for enzyme immobilization because of their high immobilization area, but in bioreactors with
good system injection sucrose solution, porosity and non-small particles show is sufficient for

large-scale applications.
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5. Figures and tables

Support Apparent porosity  Apparent aqueous Apparent density Tension Specific surface

(%) absorption (g/m®) (MPa) area (m?/g)
(%)
Co 27.5 19.7 128.7 2.6 0.0112
C, (SCFA) 32.1 23.9 113.1 8.3 0.0111
C, 26.5 14.3 130.1 12.3 0.0194
Cs 32.0 17.0 88.6 34 0.0131
Ao 14.6 6.7 150.6 4.0 0.0140
Ay 25.1 13.2 107.3 53 0.0103
A, 18.4 10.7 127.2 49 0.0140

Table 2 - Physical proprieties of ceramics after sinterization - apparent density, apparent porosity, apparent aqueous
adsorption and mechanical resistance were measured by Archimedes’s method in distilled water at 20°C ABNT-12.766.

Coal fly aches SCFA
Component Wt% Component Wt%
Si0, 553 Si0, 58.2
Al O; 15.1 AlLO; 10.2
CaO 2.8 CaO 7.5
FeO, 18.9 FeO, 16.2
TiO, 1.7 TiO, 1.4
K,0 4.2 K,0 3.2
SO; 0.1 SO; 0.1
P,05 1.0 P,0s 1.1
MgO 0.2 MgO 0.4
SrO 0.1 SrO 0.1
Others 0.5 Others 0.4
Lost on ignition 0.04 Lost on ignition 0.2
Total 100.14 Total 100.0

Table 3. Chemical proprieties of sinterizing coal fly ashes and support in by XRF.

34



Figure 1. SEM images showing the ceramic’s surface morphology of coal flay ashes firstly for extrusion (A-C), coal
fly ashes subjected to uniaxial pressure - 1 ton. (B) and clay (D). All samples sinterized by 1100°C 3h.
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Figure 2. Effect of tension to study the mechanic resistance of ceramic in the
deformation rate at 0.77 mm/min
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Figure 3. pH and temperature profiles of free and immobilized invertase. Free and
immobilized enzymes were incubated in appropriate buffer (0.1 M). The buffer used
for various pH ranges were sodium citrate (pH 3.0 — 6.0) and sodium phosphate (pH
7.0 — 9.0) at 25°C and temperature range of 25 - 85°C . The experiments were
performed at 0.73 M sucrose solution (5mL) in bath.
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Figure 4. Lineweaver-Burk plots of the free and immobilized invertase. The
experiments were performed at pH 5.0 using SmL of sucrose solution in bath.

100

—e— Continuous flow system

—o— Bath

70 T T T T T T T T T

Relative enzymatic activity (%)

Reuses

Figure 5. Comparative effect of invertase immobilized activity in bath and
continuous flow system (0.18 L h") bioreactors in 5mL and 0.5 L of solution
sucrose respectively at pH 4.6 (50°C). The experiments in bath were performed at
triplicate.
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Figure 6. Dependence of the sucrose hydrolysis rate on the flow different rates for both
bioreactors 1 and 2. The experiment was out carrier in 0.73 M solution sucrose at 50°C.
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Figure 7. Operational stability of invertase immobilized into SCFA in circulation
different of sucrose solution in the bioreactor 1 for 0.18L/h 0.438 M sucrose
solution at 25°C (B)
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6. Conclusao da dissertacao

l. A invertase imobilizada, em pardmetros cinéticos, apresentou caracteristicas Michaelianas
semelhantes a livre.

1.1. O sistema de imobilizagdo obtido demonstrou-se maior afinidade com o substrato,

1.2. A ceramica a partir da sinterizagdo de cinzas de carvao mineral (SCFA), demonstrou uma
retencdo e usos repetidos da enzima imobilizada, e possuindo uma expansdo de inversdo da

sacarose em diferentes condigdes.

2. A importancia das andlises fisico-quimica da amostra de carvao mineral sinterizada

2.1. A amostra ceramica (SFCA) apresentou porosidade, resisténcia mecanica e absor¢ao
aquosa satisfatéria a imobiliza¢do considerando a adequagdo de um biorreator compativel no
ambito de aplicacdo industrial;

2.2.  Os residuos da sinterizacdo do carvao mineral podem ser aplicadas com outras amostras
inorganicas para a produ¢do de ceramicas tradicionais e avancadas, e serem experimentadas para a
imobilizacao de outras enzimas;

2.3.  Resultados experimentais em biorreatores demonstraram a viabilidade econdémica da

inversao da sacarose.

3. Aplicacao:
Com resultados obtidos, poder-se-4 realizar em escala industrial a inversdo de 1t/més de
sacarose com 1.540.000 amostras cerdmicas num biorreator com volume de 1m® em sistema de

fluxo continuo ou batelada.

42





