UNIVERSIDADE TIRADENTES — UNIT
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA DE PROCESSOS - PEP

AVALIACAO DO POTENCIAL DA SiLICA MICRO OU
MESOPOROSA E DO ADITIVO LIQUIDO IONICO NA
IMOBILIZACAO DE LIPASE APLICADA EM REACOES DE
BIOTRANSFORMAGCAO DE OLEOS VEGETAIS

ARACAJU, SE - BRASIL
FEVEREIRO DE 2016



UNIVERSIDADE TIRADENTES — UNIT
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA DE PROCESSOS - PEP

AVALIACAO DO POTENCIAL DA SiLICA MICRO OU
MESOPOROSA E DO ADITIVO LIQUIDO IONICO NA
IMOBILIZACAO DE LIPASE APLICADA EM REACOES DE
BIOTRANSFORMAGCAO DE OLEOS VEGETAIS

Doutoranda: Nayara Bezerra Carvalho
Orientadores: Prof2. Dr2. Cleide Mara Faria Soares.

Profe. Dr. Alvaro Silva Lima.

ARACAJU, SE - BRASIL
FEVEREIRO DE 2016



AVALIAGAO DO POTENCIAL DA SILICA MICRO OU MESOPOROSA E DO ADITIVO
LIQUIDO IONICO NA IMOBILIZACAO DE LIPASE APLICADA EM REAGCOES DE
BIOTRANSFORMAGAO DE OLEOS VEGETAIS

Nayéara Bezerra Carvalho

TESE SUBMETIDA AO PROGRAMA DE POS-GRADUACAO EM ENGENHARIA DE
PROCESSOS DA UNIVERSIDADE TIRADENTES COMO PARTE DOS REQUISITOS
NECESSARIOS PARA A OBTENCAO DO GRAU DE DOUTOR EM ENGENHARIA DE
PROCESSOS.

Aprovada por:

ta Soares (Orientadora)

Dra. Cl '.i,d..'

'I />7l.‘

AViraves (] / ’

.——%)’/\LLX,L' LIRSy .

/ Dr.}»\[\';n‘u Silva Lima (Orientador)

[ oLanyc e IINR_ Ay SO H
Dr. Ranyere Lucena de Souza (Examinador interno)

Dra. Rebeca Yndira Cabrera Padilla (Examinadora interna)

( BrsdrA —5—

DraNGiselld Maria Zan ‘xgawnadora externa/UEM)
’ ‘ " \//’v
2 7‘;:“ AT ‘&' "‘.. ;' -"j

R : : = = . R
Dra. Luciana Cristina Lins de \Ju  Santana (Examinadora externa/UFS)

ARACAJU, SE - BRASIL
FEVEREIRO DE 2016



FICHA CATALOGRAFICA

Cida

Carvalho, Mayara Bezerra

Avaliacdo do potencial da silica micro ou MeSOpOrosa
e do aditivo |iguide idnico na imobilizac&o de |ipase
aplicada em reacdes de biotransformmacio de Oleos vegetais
[ Mayara Bezerra Carvalho ; orientacdo [de] Cleide
Mara Faria Scares Alvaro Silva Lima. -- Aracaju, SE:
MIT, 2016.

144 p.: il.; 30 cm

Tese (Doutorado em Engenharia de Processos) - Universidade
Tiradentes, 2016.
Inclui bibliografia

1. Engenharia de processos. 2. Imobilizada. 3. Lipase.
4. Biotransformacio. |.Soares, Cleide Mara Faria.
Il.Lima, Alvaro Silva. 111 .Universidade Tiradentes.
V. Titulo.




“Ninguém ignora tudo. Ninguém sabe tudo. Todos nds sabemos alguma coisa.
Todos nos ignoramos alguma coisa. Por isso aprendemos sempre. ”

(Paulo Freire)



AGRADECIMENTOS

Agradeco primeiramente a Deus, pela vida, amor e presenga em todos 0s momentos
dessa conquista, protegendo-me e renovando a minha fé a cada dia. Aos meus amados pais
pelos valores morais, amor incondicional e por todo apoio & minha formacio e educacdo. A
minha querida mée que sempre acreditou no meu sonho e de mao dada comigo percorreu esse
caminho me fazendo acreditar, com seu amor, compreensdo e paciéncia, que se tornaria
realidade. Ao meu pai que apesar da distancia sempre foi tdo atencioso e dedicado, me
impulsionou, pelo seu amor e exemplo de responsabilidade, a busca pelo meu crescimento
profissional e pessoal. A minha Gnica irm4, Taynara, pelo amor, apoio e amizade. Obrigada por

tudo e me desculpem pela auséncia muitas vezes necessaria para a concretizacao desse sonho.

A Flavio pelo amor, incentivo, companhia nos eventos académicos e principalmente
pela paciéncia e equilibrio nas horas mais dificeis. A todos os meus familiares, bisavd, avd,
tios, tias, primos e primas, por sempre torcerem por mim e pelos momentos de alegria e

fraternidade.

Aos meus orientadores Cleide Mara Faria Soares e Alvaro Silva Lima pelos
ensinamentos, enriquecimento profissional, dedicacdo, paciéncia, amizade, carinho,
disponibilidade, orientacdo em cada etapa deste trabalho, compreenséo, incentivo e confianca
em me permitir fazer parte do grupo de pesquisa LPA/LEB. Origada também ao Prof® Dr°
Edilson Benvenutti pela recepcdo e orientagdo durante o doutoramento sanduiche na
Universidade Federal do Rio Grande do Sul. Obrigada especial as gatchas Andressa, Elisangela

e Monique pela recepcdo, aprendizados e companhia.

A Universidade Tiradentes, Instituto de Tecnologia e Pesquisa e em especial a
Coordenacdo do Curso de Pds-Graduacdo em Engenharia de Processo. Aos 6rgaos de fomento
(CNPg, Capes e Fapitec) pelo auxilio financeiro para o desenvolvimento deste trabalho. A
Universidade de Aveiro, onde por meio do amigo Matheus foram realizadas algumas analises
fundamentais para o meu trabalho. Aos professores pelos ensinamentos e disponibilidade.
Estendo os meus agradecimentos aos funcionarios, professores, doutorandos, mestrandos e
estagiarios de laboratérios onde também foram realizadas parcerias para 0 sucesso dessa

pesquisa. Aos coordenadores dos cursos de engenharia da Unit do qual fago parte como docente.

O resultado desse estudo so foi possivel pela dedicacéo e pelo esforgo de todo o grupo.

Cada um de vocés sabe da real importancia e reciprocidade. Bruna, Aroni, Jussimara e Gabriela



essa conquista também é de vocés, que foram pecgas fundamentais desse trabalho dia a dia no
laboratério. A Ranyere e Murillo, que juntos iniciamos essa jornada. Aos amigos que estdo
longe fisicamente Flavia e Emanuelle, mas sempre me apoiaram com palavras de alegria e
conforto. Aos amigos do laboratorio que irei levar para toda vida: Adriana, Anderson, Isabela,
Acenini, Ingrid, Islania, Jaci, Juliana, Marilia, Micael, Poliane, Vanessa. Aos amigos que ndo
fazem parte diretamente desse mundo académico, mas foram também essenciais para que eu

estivesse aqui hoje feliz e realizada.

A todos que contribuiram para que este trabalho fosse realizado, meus sinceros

agradecimentos e forte abrago.

Nayara Bezerra Carvalho



Resumo da Tese apresentada ao Programa de Pds-graduacdo em Engenharia de Processos
da Universidade Tiradentes como parte dos requisitos necessarios para obtencéo do grau de
Doutor em Engenharia de Processos.

AVALIACAOADO POTENCIAL DA SleCA MICRO OU MESOPOROSA E DO ADITIVO
LIQUIDO IONICO NA IMOBILIZACAO DE LIPASE APLICADA EM REACOES DE
BIOTRANSFORMACAO DE OLEOS VEGETAIS

Nayara Bezerra Carvalho

As estratégias que aprimoram a superficie do suporte para imobilizacdo de enzimas surgem
como alternativa para o desenvolvimento e obtencéo de um biocatalisador imobilizado com alta
eficiéncia catalitica e sua aplicacdo em reacdes de biotransformacéo. Neste contexto, o objetivo
deste trabalho foi a aplicacdo, em reacBes de hidrolise e transesterificacdo, da lipase de
Burkholderia cepacia (LBC) imobilizada em silica mesoporosa modificada com liquido iénico
prético (pentanoato de N-metilmonoetanolamina) (LI) ou silica microporosa (Aerosil®),
imobilizada sobre a lipase na presenca do LI. Os biocatalisadores imobilizados foram avaliados
quanto a caracterizacdo bioquimica na reagdo de hidrdlise do 6leo de azeite de oliva. Os
suportes e biocatalisadores foram caracterizados quanto a distribuicdo de tamanho de particula,
area especifica e volume dos poros (método de Brunauer, Emmett e Teller - BET), analise
térmica (termogravimetria - TG), composicao quimica (infravermelho com transformada de
Fourier — FTIR) e morfologia (microscopia eletronica de varredura — MEV). Avaliou-se
diferentes 0leos vegetais (S0ja, canola e girassol) para a conversao em ésteres etilicos utilizando
os biocatalisadores imobilizados por adsorcéo fisica. Por meio do planejamento experimental
fatorial (2°) cuja as variaveis da reacdo de transesterificacio do 6leo de girassol (temperatura,
concentracdo da enzima e raz&o molar 6leo:élcool) foram determinadas: 40°C, 20% m/m, razao
molar 1:7 em 96 h. Foi observada uma maior eficiéncia catalitica do biocatalisador imobilizado
por adsorcao fisica (ADS) e ligacdo covalente (LC) em suporte de silica modificado com o LI
prético e aplicados na reacdo de hidrdlise e transesterificacdo. O biocatalisador imobilizado por
ADS em silica modificada com LI apresentou 64% de rendimento de imobilizacdo na reacédo
de hidrdlise e a conversdo do 6leo de girassol em ésteres etilicos foi de 86% em 72 h. Na
imobilizacdo da LBC por LC utilizando o agente bifuncional epicloridrina o rendimento de
imobilizacdo foi de 250% e 96% na conversdo em esteres etilicos. Na reacdo de hidrolise
verificou-se as seguintes condicdes: pH 3,0, 45 °C e a estabilidade operacional para a LBC
imobilizada por LC em suporte modificado manteve 40% da sua atividade inicial até o 18°
reciclo. Na reacdo de transesterificacdo quando utilizada a silica modificada, para imobilizacdo
da lipase pela técnica de adsorcao fisica e ligacdo covalente o tempo de meia-vida foi 2,8 vezes
(571 h) e 2,2 vezes (622 h), respectivamente, maior quando comparada a lipase imobilizada em
silica controle. Ainda avaliou-se uma nova estratégia para a imobilizacao de silica microporosa
Aerosil® sobre a lipase de Burkholderia cepacia e observou-se o aumento da estabilidade
operacional quando utilizada a técnica de imobilizagéo por ligacdo covalente na razdo massica
(enzima: suporte) de 1:0,2. Porém, o liquido idnico na imobilizagio do Aerosil® sobre a lipase
néo apresentou efeito positivo significativo. Conclui-se que a modificacdo da silica mesoporosa
modificada com o aditivo liquido idnico torna-se atrativo para obtencdo de suporte e
imobilizacéo de biocatalisador com maior rendimento, aplicabilidade e estabilidade operacional
e 0 Aerosil é portanto uma estratégia para imobilizacéo sobre a lipase pela técnica de ligacéo
covalente e melhoria da estabilidade operacional.

Palavras-chave: suporte; silica; modificagéo superficial; liquido ibnico; imobilizacao; lipase.
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AN EVALUATION ON THE POTENTIAL OF MICRO OR MESOPOROUS SILICA AND
IONIC LIQUID FOR THE IMMOBILIZATION OF LIPASE APPLIED IN VEGETABLE
OILS BIOTRANSFORMATION REACTIONS

Nayara Bezerra Carvalho

Strategies that improve the supporting surface for the immobilization of enzymes emerge as an
alternative for the development and obtention of an immobilized biocatalyst with high catalytic
efficiency and its application in biotransformation reactions. In this context, the objective of
this work was the application in hydrolysis and transesterification reactions of lipase from
Burkholderia cepacia (LBC) immobilized in modified mesoporous silica with protic ionic
liquid (N-metilmonoetanolamina pentanoate) (IL) or microporous silica (Aerosil®) onto
immobilized lipase in the presence of the IL. The immobilized biocatalysts were evaluated for
biochemical characterization in the hydrolysis reaction. The supports and biocatalysts were
characterized for particle size distribution, surface area and pore volume (Brunauer method,
Emmett and Teller - BET), thermal analysis (thermogravimetry - TG), chemical composition
(Fourier Transformed Infrared Spectroscopy - FTIR) and morphology (Scanning Electron
Microscope - SEM). Different vegetal oils (soy, canol and sunflower) wre evaluated for
conversion of ethylic esters using immobilized biocatalyst by physical adsorption. Through the
factorial experimental design (23) which variables of the transesterification of sunflower oil
(reaction temperature, enzyme loading and molar ratio of oil: alcohol) were determined: 40 °
C, 20% w.wl, 1:7 in 96 h. A higher catalytic efficiency of the biocatalyst immobilized by
physical adsorption (PA) and covalent binding (CB) onto silica support modified with the LI
protic and applied in the hydrolysis reaction and transesterification, was seen. The biocatalyst
immobilized by PA onto modified silica with LI showed 64% immobilization yield after the
hydrolysis reaction and conversion rates higher for ethyl esters of 86% in 72 h. limmobilization
of LBC by CB using bifunctional agent epichlorohydrin yielded 250% and 96% conversion to
ethyl esters. Hydrolysis reactions presented the following conditions: pH 3.0, 45 °C and the
operational stability for LBC immobilized by CB onto modified silica retained 40% of its initial
activity up to the 18" recycle. In transesterification reactions when modified silica was used for
lipase immobilization by physical adsorption and covalent bonding technique, the half-life was
2.8 times (571 h) and 2.2 times (622 h), respectively, higher compared to lipase immobilized
on silica control. A new strategy for the immobilization of microporous silica Aerosil® onto
Burkholderia cepacia lipase was evaluated and an increase on operational stability when using
immobilization technique by covalent attachment in mass ratio (enzyme: support) of 1:0.2, was
seen. However, the ionic liquid in the immobilization of Aerosil® on the lipase did not present
a representative positive effect. We conclude that modification of the mesoporous silica
modified with the ionic liquid additive becomes attractive for support and immobilization of
biocatalysts with higher yield, applicability and operational stability and Aerosil becomes a
strategy for immobilization of lipase by the technique covalent bond and improved operational
stability.

Keywords: support; silica; surface modification; ionic liquid; immobilization; lipase.
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LISTA DE SIGLAS

ADS: adsorcdo fisica

Ae: sum of the peak areas corresponding to the esters in the sample
Ais: peak area corresponding to the internal standard
ANVISA: National Health Surveillance Agency

APTMS: 3-aminopropiltrimetoxissilano

AT: &rea total dos picos

B.E.T: método de Brunauer-Emmett-Teller

BF4: tetrafluoroborato
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Capitulo I

1. INTRODUCAO

As lipases sdo destaque em processos biotecnoldgicos e a aplicacdo deste biocatalisador
evoluiu expressivamente nos ultimos anos com o intuito de atender as exigéncias ambientais e
industriais devido as suas excelentes propriedades funcionais (atividade, seletividade e
especificidade) e versatilidade de catalisar processos quimicos simples ou complexos sob
condicBGes ambientais e experimentais variadas. Estas caracteristicas despertam o interesse em
varias areas da industria, quimica fina, quimica de alimentos e de analises, destacando-se a
producdo de ésteres (biodiesel). Contudo, a lipase na sua forma livre possui limitacdes como
solubilidade, instabilidade, inibicdo por substrato, produtos, solventes e condi¢fes extremas
(LIESE e HILTERHAUS, 2013; SHELDON e PELT, 2013).

Uma das alternativas para a aplicacdo de lipase é a utilizacdo da técnica de imobilizacdo
de enzima em suportes por adsorcéo fisica, ligacdo covalente ou encapsulacéo, com o principal
objetivo de aumento da eficiéncia catalitica, minimizacao dos efeitos difusionais de substratos
e produtos, melhoria da estabilidade e capacidade de reciclo (ZHOU e HARTMANN, 2013;
ANSARI e HUSAIN, 2012; BRADY e JORDAAN, 2009). Dentre os suportes utilizados para
imobilizagdo de enzimas, a silica (SiO2) é um dos materiais multifuncionais descritos na
literatura com elevado potencial de aplicacdo devido a sua estabilidade térmica, mecénica e
quimica, propriedades apolares com sitios de adsorcao eficientes, facil preparacdo e seguranca
toxicologica (GERARDIN et al., 2013; HARTMANN e KOSTROV, 2013).

A silica pode ser adquirida comercialmente, como por exemplo, Aerosil® ou produzida
por meio da técnica sol-gel, podendo ser de origem natural ou sintética. A estrutura da silica é
cristalina ou amorfa, e a porosidade de forma geral pode ser micro, meso ou macroporosa. Na
silica mesoporosa a imobilizacao da lipase pode ocorrer na sua superficie e/ou poros do suporte,
quando microporosa a enzima pode ser imobilizada por meio de aglomeracdo de enzimas na
rede tridimensional e ambos 0s processos visam & minimizacdo das restri¢ces difusionais e
melhoria da acessibilidade do substrato ao sitio ativo da enzima (LIESE e HILTTERHAUS,
2013; ORREGO et al., 2010; BENVENUTTI et al., 2009; ZHURAVLEV, 2000; DEGUSA,
1993).



Com o objetivo de aprimorar os suportes de silica e suas propriedades para a imobiliza¢éo
de enzimas os mesmos podem sofrer modificacBes quimicas superficiais por meio do emprego
de aditivos a partir da introducdo de varios grupos funcionais tais como: alquila, amino,
carboxila, tiosila, dentre outros (SCHERER et al., 2012; KHARRAT et al., 2011; KAROUT e
PIERRE, 2007). Os aditivos além de modificar quimicamente o suporte, melhoram as
propriedades fisicas e morfoldgicas dos mesmos, tais como, diametro e distribuicéo dos poros,
adiciona grupos funcionais presentes na superficie, e desta forma influenciam diretamente na
imobilizacéo e catalise enziméatica. Em meio aos aditivos destacam-se o polietilenoglicol, alcool
polivinilico, caseina, gelatina, albumina de ovo ou bovina, liquidos hidrofébicos e liquidos
ibnicos. Pode-se utilizar também como modificadores os agentes silanizadores ou bifuncionais
tais como: 3-aminopropiltrimetoxissilano, 3-cloropropiltrimetoxissilano, epicloridrina,
glutaraldeido, glioxal, formaldeido, glicidol, carbonildiimidazol, dentre outros.
(JESIONOWSKI et al., 2014; MENDES et al., 2013; HARTMANN e KOSTROV, 2013;
PAULA et al., 2011; SANTOS et al., 2008; SOARES et al, 2004).

Dentre os aditivos utilizados na modificacao superficial de silica surge os liquidos ibnicos
(LIs), que sdo compostos formados na sua maioria por um cation organico e um anion
inorganico ou organico e classificados em aproticos e préticos. Recentemente os liquidos
ibnicos vem sendo utilizados como aditivos no protocolo de imobilizagdo por encapsulagéo ou
no tratamento do suporte comercial para imobilizagdo de enzima, influenciando na estrutura da
silica, aumentando o tamanho do poro e protegendo a camada de hidratacdo ao redor da enzima,
e desta forma evitando a desnaturacdo da enzima pela presenca de alcool (ZOU et al., 2014;
NAUSHAD et al., 2012; HU et al., 2012).

Os liquidos idnicos praticos (LIP) possuem um préton de alta mobilidade, séo resultantes
da combinacdo de um acido e uma base de Bronsted e possuem vantagens sobre os liquidos
ibnicos aproticos como baixo custo e simplicidade de sintese (SOUZA et al., 2013; ALVAREZ
et al., 2010). A partir de estudos realizados utilizando LIP na imobilizagéo de lipase em silica
pela técnica de encapsulagao observou-se a influéncia positiva na eficiéncia catalitica das
lipases testadas (BARBOSA et al., 2014; OLIVEIRA et al., 2014; SOUZA et al., 2013). Na
literatura s&o relatados estudos com a modificacdo da superficie dos suportes comerciais com
LI apréticos. Contudo, ainda ndo se verificou a influéncia de LIP na superficie do suporte de
silica produzida pela técnica sol-gel para posterior imobilizagdo da lipase de Burkholderia
cepacia sobre o suporte modificado por adsorcéo fisica ou ligacdo covalente (ZOU et al., 2014;
YANG et al., 2013; HU et al., 2012).



Desta forma, verificou-se a necessidade de estudos da imobilizacdo da lipase de
Burkholderia cepacia no suporte modificado com liquido i6nico prético utilizando técnicas
tradicionais de imobilizacdo de enzima, por exemplo, adsorcdo fisica e ligacdo covalente. Além
da silica mesoporosa, foi avaliado o uso de silica microporosa, como por exemplo, o Aerosil®,
considerando as técnicas tradicionais adsorcao fisica e ligacdo covalente, porém uma nova
estratégia de imobilizacdo do Aerosil® sobre a lipase foi desenvolvida. As caracterizacoes
(bioguimica, morfologica e fisico-quimica) avaliadas neste estudo permitiram a interpretacao
dos resultados obtidos para lipase imobilizada, em suportes modificados ou a silica sobre a

lipase, e aplicadas em reacdes de interesse industrial, hidrolise e transesterificacéo.
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Capitulo 11

2. OBJETIVOS

2.1. OBJETIVO GERAL

O presente trabalho teve como principal objetivo preparar, caracterizar e aplicar, em
reacOes de biotransformacao (hidrolise e transesterificacdo), biocatalisadores imobilizados em

silica utilizando o liquido idnico prético como aditivo.

2.2. OBJETIVOS ESPECIFICOS

Os objetivos especificos deste trabalho foram:

- Modificar a superficie da silica obtida pela técnica sol-gel utilizando liquido i6nico
protico (LIP) e silica controle (auséncia de liquido idnico);

- Averiguar o efeito da modificacdo superficial do suporte modificado com liquido iénico
prético na imobilizacdo da lipase de Burkholderia cepacia pelo método de adsorcéo fisica e
ligacdo covalente;

- Imobilizar, por adsorcéo fisica ou ligagio covalente, a silica microporosa (Aerosil®) na
presenca de liquido i6nico proético, sobre a superficie da lipase de Burkholderia cepacia;

- Caracterizar os suportes e o0s biocatalisadores imobilizados fisico-quimica e
morfologicamente: quanto ao volume de poros, area especifica, distribuicdo do tamanho de
poros (Método B.E.T), perda de massa em funcdo da temperatura (TG), composicao quimica
(FTIR) e morfologia (MEV);

- Avaliar a eficiéncia catalitica e caracterizar bioquimicamente os biocatalisadores
imobilizados aplicados em reac6es de hidrolise;

- Avaliar a estabilidade operacional e pardmetros cinéticos dos biocatalisadores
imobilizados aplicados em reacGes de hidrolise;

- Avaliar a eficiéncia catalitica dos biocatalisadores imobilizados e pard@metros da reacéo
de transesterificagdo (temperatura, raz80 molar e carregamento enzimatico) utilizando

planejamento experimental.



INTRODUCAO AOS CAPITULOS I E IV

Os capitulos 111 e 1V, sdo apresentados em forma de artigos cientificos, e estdo
organizados conforme as normas propostas pelo periédico de cada publicacdo. No capitulo 111
a revisdo bibliogréfica sera apresentada na forma de artigo (Artigo I). O manuscrito intitulado
“Uso de silicas modificadas para imobilizacdo de lipases”, descreve o estado da arte referente
aos suportes de silica modificados superficialmente com aditivos, imobilizacdo de lipases por
diferentes técnicas, bem como a aplicacdo dos biocatalisadores imobilizados em biocatalise,

procurando assim evidenciar a relevancia do tema em questdo para a literatura.

O Artigo | foi publicado pela revista Quimica Nova (volume 38, nimero 3, pagina 399
a 409, 2015, http://dx.doi.org/10.5935/0100-4042.20140304), no qual os revisores da revista
ressaltaram a atualidade do tema inserido na area de biocatalise, e em especial, no que se refere
a aplicacao de biocatalisadores imobilizados em diversos setores. Vale ressaltar que o trabalho
foi avaliado dentro das normas do periddico, no qual artigos de revisdo sdo destinados a
apresentacdo do progresso em uma area especifica, contendo uma visdo critica com o objetivo
principal de beneficiar a comunidade formada por pés-graduandos e especialistas da area.
Portanto, o artigo é considerado uma importante fonte de informacéo dos avancgos na area de
biotransformacéo usando lipases imobilizadas em suportes modificados superficialmente.

No Capitulo 1V, Resultados e Discussdo, serdo apresentados e discutidos os resultados
utilizando-se trés artigos cientificos (Artigo Il, 11 e IV) com base nos objetivos propostos deste
estudo e normas de cada periddico selecionado para a publicacdo. O artigo constitui-se do
resumo, da introducdo, dos materiais e métodos especificos de cada trabalho, dos resultados

obtidos e discussdo, além das conclusoes.

No Artigo Il, intitulado “Protic ionic liquid: an alternative additive for obtaining
modified silica and after applied in lipase immobilization by covalent binding”, a lipase de
Burkholderia cepacia foi imobilizada por ligacdo covalente em silica mesoporosa modificada
superficialmente com um liquido idnico prético, pentanoato de N-metilmonoetanolamina
utilizando dois agentes bifuncionais: glutaraldeido ou epicloridrina. O biocatalisador que
apresentou maior rendimento de imobilizacdo foi caracterizado bioquimicamente quanto ao pH
e temperatura Otima, parametros cinéticos, e estabilidade operacional na reacdo de hidrdlise.
Além disso, foi avaliado o potencial catalitico na reacéo de transesterificacao de trés diferentes

Oleos vegetais: Oleos de girassol, de soja e de canola. O suporte de silica modificado e os



biocatalisadores imobilizados foram caracterizados pelo método de MEV, BET, TG e FTIR. O
artigo foi submetido ao periddico Energy & Fuels.

O terceiro artigo (Artigo Il1) desta tese (“Studies on reaction parameters influence on
synthesis of ethyl esters using lipase from Burkholderia cepacia immobilized onto silica
modified with ionic liquid protic”) verificou a influéncia do liquido idnico no suporte de silica
e sua aplicacdo para imobilizagdo da lipase Burkholderia cepacia (LBC) pela técnica de
adsorcédo fisica e ligacdo covalente. Os biocatalisadores imobilizados foram aplicados em
reacOes de transesterificacdo do Oleo de girassol para producdo de ésteres etilicos. Os
parametros reacionais analisados foram temperatura (40, 50 e 60°C), carregamento enzimatico
(10, 15 and 20% m.m™) e razdo molar dleo:etanol (1: 7, 1:10 e 1:13) utilizando o planejamento
fatorial 2 com trés pontos centrais. A caracterizagdo fisico-quimica dos suportes e
biocatalisadores imobilizados foi realizada pelos métodos de MEV, TGA, BET e FTIR. O artigo

sera submetido ao periédico International Journal of Molecular Science.

A partir dos resultados obtidos durante o doutoramento sanduiche na Universidade
Federal do Rio Grande do Sul apresenta-se o quarto artigo (Artigo 1V) desta tese, no qual o
objetivo foi imobilizar o suporte de silica microporoso (Aerosil®) sobre a lipase de
Burkholderia cepacia pela técnica de adsorcao fisica ou ligagcdo covalente (glutaraldeido) na
auséncia ou presenca do liquido idnico prético, avaliar a estabilidade operacional na reagdo de
hidrélise do azeite de oliva, determinar a area especifica da particula, didmetro e volume dos
poros pelo método BET. e BJH, analisar os suportes e biocatalisadores por meio das técnicas

de MEV e FTIR para posterior submissdo ao periodico Adsorption.



Capitulo 111
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Enzyme-support strategies are increasingly replacing conventional chemical methods in both
laboratories and industries with attributes including efficiency, higher performance and
multifarious use, where silica surfaces show potential due to the chemical bonds based on the
presence of hydroxyl groups which can be modified with different additives. Surface-modified
silica is a novel class of materials capable of improving enzyme stability and reusability that
can be applied to support several immobilization techniques. This review describes the use of
innovative modified supports to improve the state of enzyme immobilization and provide the

industrial sector with new perspectives.

Keywords: silica; surface modification; lipase immobilization.
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INTRODUCAO

Os suportes aplicados para imobilizagdo de enzimas tém merecido atencdo em varios estudos
de biocatalise, destacando aqueles que tratam dos suportes de silica e de suas modificacGes
superficiais. Os protocolos metodologicos baseiam-se na utilizacdo de aditivos ou agentes
bifuncionais e ttm como intuito aprimorar 0s suportes para a obtencdo de biocatalisadores

imobilizados.1?

As modificacdes fisicas, quimicas e morfoldgicas dos suportes, pela aplicacdo de aditivos,
podem produzir biocatalisadores imobilizados com maior eficiéncia catalitica devido a
minimizacao dos efeitos difusionais de substratos e produtos durante a reacéo, além da melhoria
da estabilidade operacional em processos continuos e descontinuos, e por esta razdo desperta

também o interesse industrial para estes biocatalisadores.*®

Em suportes de silica, as modificacdes superficiais podem ocorrer com introducédo de varios
grupos funcionais tais como: alquila, amino, carboxila, tiosila, dentre outros, e tem como
objetivo tornar o suporte mais eficiente ao processo de imobilizagio de enzimas e catalise.®®
Estes grupos funcionais podem ser adicionados ao suporte antes da imobilizacdo com a
utilizacdo de diferentes aditivos como polietilenoglicol - PEG, alcool polivinilico - PVA,
caseina, gelatina, albumina de ovo ou bovina, liquidos hidrofébicos e liquidos idnicos.>%12
Pode-se utilizar também como modificadores os agentes silanizadores e bifuncionais, tais como
3-aminopropiltrimetoxissilano, 3-aminopropiltrietoxissilano, 3-cloropropiltrimetoxissilano,

epicloridrina, glutaraldeido, glioxal, formaldeido, glicidol, carbonildiimidazol, dentre outros.**
16

Os suportes naturais e sintéticos podem ser classificados como organico, inorganico ou
hibridos, ndo poroso, microporoso, mesoporoso ou macroporoso.*3” Do ponto de vista geral,
0 método de classificagdo do suporte ndo altera o sistema imobilizado obtido, uma vez que as
técnicas de imobilizacdo envolvem uma combinacdo de métodos basicos de ligacdo fisica e

quimica.*181°

A enzima lipolitica, quando imobilizada, € especialmente atraente em processos
biotecnoldgicos com o intuito de atender as exigéncias para aplica¢do industrial, como por
exemplo, reagdes de biotransformacdo. A melhoria da eficiéncia catalitica ocasiona o aumento

do valor agregado frente aos principios da quimica verde e sustentabilidade.?’ Portanto, este
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artigo de revisdo destina-se a apresentacdo de estudos em desenvolvimento quanto a

modificagéo superficial de suportes para imobilizacdo de lipases.
LIPASES E METODOS DE IMOBILIZACAO

Estudos recentes descrevem o amplo espectro catalitico que promove sua versatilidade nas
diversas reagBes. Segundo Kapoor e Gupta,?® a versatilidade das lipases, relatado em seu
manuscrito como promiscuidade, é a capacidade das enzimas catalisarem diferentes reacfes na
sua fisiologica natural, podendo ocorrer em diferentes areas: versatilidade da condicdo
enzimatica (catalise em condicdes ndo naturais, como meio anidro, diferentes temperatura ou
pH); versatilidade da enzima e substrato (catalisam grande intervalo de substratos devido a sua
ampla especificidade) e, por fim, a versatilidade catalitica (capacidade do sitio ativo em

catalisar transformacdes quimicamente distintas).

Do ponto de vista industrial as lipases sdo consideradas muito importantes devido as suas
propriedades cataliticas e facil producdo em escala ampliada.?'?’ As lipases podem ser
produzidas por diversos micro-organismos, como Bacillus sp., Candida rugosa, Candida
antartica, Burkholderia cepacia, Pseudomonas alcaligenes, Aspergillus sp., Rhizopus sp.,

Penicillium sp., Mucor, Geotrichum sp., Tulopis sp. e Candida sp..2%2528-33

As lipases sdo aplicadas em diversas indlstrias devido a sua capacidade de hidrolisar
triglicerideos na interface dleo-agua que, sob condicdes fisioldgicas, catalisam a hidrélise das
ligagbes de éster nas moléculas de triglicerideos liberando gratuitamente acidos graxos,
diglicerideos, monoglicerideos e glicerol. Além da hidrolise, as lipases também catalisam
reacOes como: esterificacdo, transesterificacdo (interesterificacdo, alcodlises e acidolises),
amindlise (sintese de amidas) e lactonizacédo, sendo que a atividade de agua do meio reacional
é um dos fatores determinantes para cada classe de reacgéo.34-3

As lipases produzidas pelo género Pseudomonas (renomeada também como Burkholderia
cepacia) possuem caracteristicas de biocatalise especiais, como termoestabilidade e
enantiosseletividade. Por exemplo, cepas de Burkholderia cepacia possuem em seu sitio ativo
a presenca de triade catalitica formada por residuos de aminoacidos da serina, histidina e
aspartato e destacam-se por serem utilizadas na producdo industrial de lipases empregadas em

sintese de compostos quirais e ésteres.3%4
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De acordo com a crescente aplicagdo de lipases e o interesse na melhoria catalitica os estudos
séo desenvolvidos e, ao longo do tempo, resulta em uma evolugdo expressiva na publicacéo de
artigos e patentes na area de biocatalise, contribundo para a competitividade em termos de

pesquisa cientifica, desenvolvimento tecnoldgico e aplicagdes industriais, 20274647

Apesar de muitas vantagens, as enzimas apresentam desvantagens quanto a estabilidade
operacional e de armazenamento, pois sdo moléculas complexas, altamente sensiveis e com
estruturas tridimensionais Unicas que sdo essenciais para suas atividades. Sua exposicdo a
determinadas condic¢des (especificas para cada tipo de enzima) tais como temperaturas extremas
ou solventes organicos, pode conduzir a desnaturacdo (desdobramentos) e a perda concomitante
de atividade e impossibilidade de recuperacéo e reutilizagdo deste biocatalisador. Portanto,
apesar da nova expressao utilizada para lipase, denominada “enzima versatil”, o uso desta
enzima exerce um potencial de aplicacdo para expandir no que diz respeito aos processos de
quimica verde e sustentavel, promovendo assim 0 aumento da sua estabilidade e possibilidade

de reutilizacio ou utilizagdo em processos continuos.*8-5!

Os fenbmenos fisico-quimicos, tais como particdo, solvatacdo e difusdo, afetam
significativamente a eficacia do biocatalisador em cada sistema especifico na reacio.*
Conforme Liese e Hilterhaus,>® a maior estabilizagdo € obtida por meio da imobilizagio da
enzima em suportes heterogéneos, 0s quais estdo diretamente relacionados a sua atividade,
fendmenos de transporte de massa e limitagcdes para aplicagdes industriais. Para uma avaliagéo
criteriosa do processo a ser escolhido deve-se levar em consideracdo a escolha do suporte, 0
efeito limitante difusional, rendimento de imobilizacdo e andlise superficial dos

biocatalisadores imobilizados.

Desde da década de 70 existem relatos na literatura sobre a imobilizacdo de enzimas e, em 1971,
essa técnica foi definida pela Primeira Conferéncia sobre Engenharia Enzimatica como
“enzimas ou sistemas enzimaticos fisicamente confinadas ou localizadas em uma regido
definida do espaco com retencédo de suas atividades cataliticas, e que podem ser usadas repetida
e continuamente”. E possivel destacar trés etapas no desenvolvimento de biocatalisadores

imobilizados (Tabela 1).3:52%3
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Tabela 1. Breve historico no desenvolvimento de enzimas imobilizadas®*

Epatas Data Utilizacdo
L 1815 Empirica utilizagdo em processos tais como producédo de
vinagre e o tratamento de aguas residuais.

Imobilizacdo de enzimas pa a producéo de L aminoacidos e

28 1960 ) o _
isomerizacao de glicose.

Imobilizagdo de multiplas enzimas, incluindo o co-fator de

32 1985-1995 regeneracao e imobilizacdo de células; producao

de L-aminoacidos em reatores de membrana.

A enzima pode ser ligada ao suporte solido ou fisicamente confinada no interior de uma matriz
e a classificagdo do método de imobilizacdo pode ser considerada quanto ao tipo de interacéo
responsavel pela ligacdo da enzima no suporte, como meios quimicos ou fisicos, ou a natureza

do suporte: poroso ou n&o-poroso.>>>’

Segundo Sheldon e Pelt,* os métodos para a imobilizagdo sdo divididos em trés categorias:
adsor¢cdo num suporte, ligacdo covalente em um suporte e encapsulamento. Estas sdo
combinacBes de métodos quimicos que envolvem a formacdo de, no minimo, uma ligagéo
covalente entre os residuos terminais de uma enzima e um grupo funcional do suporte, ou entre
duas ou mais moléculas de enzima; métodos fisicos que envolvem as forcas fisicas como
adsorcdo, interacOes eletrostaticas; métodos de encapsulagdo ou microencapsulagdo em

matrizes poliméricas.’-58-60

A adsorcéo fisica (ADS) é um dos métodos mais simples para imobilizar enzimas e ndo altera
facilmente o seu sitio ativo. As forgas fisicas envolvem apenas as interacGes fracas, tais como
ligagbes de hidrogénio, hidrofobicas e ligagdo de van der Waals. Na adsorgédo ibnica a
imobilizacdo baseia-se na atracdo da enzima pelo suporte sélido que contém ions residuais,
resultando no potencial zeta do sistema (medida da carga eletronegativa que circundam as
microparticulas). Segundo a literatura, as cargas presentes nas paredes porosas do suporte e

cargas da enzima podem ser variadas para fornecer condicio ideal de imobilizagio.5!

A interacdo por adsorcdo fisica (Figura 1a) ¢ fraca e pode ocasionar a lixiviacdo da enzima nos
meios reacionais, por isso se faz necessario estudos quanto a influencia da porosidade do

suporte neste método.>* A facilidade de dessor¢do leva a uma facil perda enzimatica, mas isso
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pode ser também visto como uma vantagem, pois permite a recuperacdo do suporte apos
desnaturacdo da enzima e nova imobilizacdo. Este método apresenta-se como 0 mais

empregado no setor industrial, que utiliza lipases imobilizadas em suportes hidrofobicos.%2-%

Kharrat et al.%® imobilizaram a lipase de Rhizopus oryzae por adsorcio fisica em aerogéis de
silica (secagem em meios pressurizados) e observaram que as propriedades funcionais da lipase
imobilizada foram estaveis em temperaturas e valores de pH extremos e solventes apolares,
apresentando também a manutencao da atividade apds 4 meses de armazenamento a 4 °C. Este
biocatalisador imobilizado foi aplicado na esterificacdo de acido oleico com n-butanol, usando
hexano como solvente orgénico. O melhor rendimento de conversao do éster de oleato de butila
foi obtido com a lipase imobilizada (80% versus 35% com a lipase livre) e 12 ciclos de

reutilizacdo sem perda significativa da sua atividade catalitica.

Devido a facilidade de imobilizacdo pelo método de adsorcéo fisica e grande utilizacao destes
biocatalisadores imobilizados, é possivel adquiri-los comercialmente imobilizados em suportes,
como, por exemplo, a lipase de Candida antarctica tipo B imobilizada em resina poliacrilica,
(Novozym® 435) manufaturada pela Novozymes.®”® OQutra lipase imobilizada também
bastante utilizada em biotransformacao é a lipase de Rhizomucor miehei (Lipozyme RM IM),

comercializada pela Novozymes.?®°

(@) (b)

Figura 1. llustracdo da técnica de adsorcao fisica
(a) e ligacédo covalente (b) para a imobilizagéo de

enzimas
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A ligacdo covalente (LC), ilustrada na Figura 1b, é uma técnica de imobilizacdo de enzimas
que envolve a modificacdo na superficie do suporte com agentes bifuncionais para imobilizacdo
eficiente e irreversivel da enzima. Portanto, é considerada uma alternativa a fraca ligacao
proporcionada pelos métodos de adsorc¢éo fisica, no entanto, por envolver tratamento quimico

do suporte, pode ocorrer modificagdo no sitio ativo da enzima.1870.71

No caso especifico das lipases uma interface agua-solvente € exigida para sua total atividade
catalitica, o uso de agentes macromoleculares mostram efeitos estabilizantes significativos na
atividade da enzima por meio do revestimento da interface, impedindo a alteracdo da estrutura
proteica.®® Partindo do pressuposto de que uma das principais vantagens da imobilizacio de
enzimas é a reutilizacdo do biocatalisador, a lixiviacdo deve ser evitada e, atualmente, estudos
sdo realizados para evitar perda das enzimas imobilizadas principalmente em materiais

mesoporosos (MSP).

A reticulagdo de moléculas de enzima dentro dos nanocanais com agentes bifuncionais também
é realizada com o objetivo de fechamento parcial das aberturas dos poros com enzimas pré-
carregadas e deposicao de camadas de polieletrélitos para cobrir as aberturas dos poros. Nestes
processos descritos por Lee et al.,%* observou-se a reticulagdo de moléculas de enzima dentro
dos nanocanais com glutaraldeido, a reducdo parcial das aberturas dos poros sobre a superficie
externa por sinalizacdo das enzimas pré-carregadas e a deposicao de polieletrélitos na superficie
do lado de fora do poro para cobrir os canais de abertura.

Um tipo especial de imobilizacdo por ligacdo covalente é a imobilizacéo por ligacdes cruzadas.
Nesse método as enzimas sdo fortemente ligadas entre si, com a utilizacdo de um agente
multifuncional. E primordial nesta técnica de imobilizacdo a selecdo de um reagente que
promova a ligacdo entre grupos nao envolvidos na catalise e que esteja em concentracdo
suficiente para a completa imobilizagio e manutencéo da atividade enzimatica.>°2° De acordo
com Sheldon® os biocatalisadores imobilizados por esta técnica apresentam geralmente uma
melhor estabilidade de armazenamento e operacional, protegendo da desnaturacao pelo calor,
por solventes organicos, e lixiviagdo durante a reacdo. Além disso, eles tém elevada
produtividade (produto kg por quilograma biocatalisador), facilidade de recuperacéo e reciclo.
Ainda pode-se salientar a possibilidade de co-imobilizar dois ou mais tipos de enzimas
formando o agregado enzimatico por ligacGes cruzadas, definido na literatura por CLEA (cross-
linked enzyme agregates, em inglés), que sdo capazes de catalisar multiplas biotransformagdes,

em passo Unico ou em sequéncia de uma série de processos cataliticos.
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Na encapsulacdo o método baseia-se em envolver a enzima em meio semipermedvel reticulado
ou microcapsula. Os meios poliméricos reticulados devem ter poros pequenos o suficiente para
ndo permitir a passagem das enzimas, mas oferecendo passagem livre aos substratos e produtos.
Isso permite que as enzimas permanecam na solucdo, mas que fiquem protegidas de efeitos
externos. Apesar da vantagem de ndo ocorréncia de alteragdo estrutural da enzima, esse método
pode ndo ser aplicavel em alguns casos, por exemplo, se o substrato da enzima for grande e ndo

passar pelos poros do suporte.*12°2

A encapsulacdo de enzimas pela técnica sol-gel é resultante de dois processos simultaneos:
condensacdo dos precursores de silica para formacao da rede porosa de silica e a encapsulacao

aleatoria da enzima (Figura 2).11:33.7273

Figura 2. Silica com a presenca da lipase no interior
da rede porosa

O processo sol-gel envolve diversas varidveis, como tempo e temperatura da reacdo, natureza
do catalisador, concentracdo de reagentes, entre outros. Estas varidveis determinam as
caracteristicas finais do sistema, incluindo a porcentagem de hidrdlise e condensacao de grupos
reativos, densidade de reticulacdo e homogeneidade do produto. Além disso, aditivos podem
ser usados para melhorar o processo e obter materiais com melhores propriedades, o que
possibilita modificagbes nas propriedades mecénicas, controle de porosidade e ajuste no
balango hidrofilico/hidrofobico Recentemente matrizes hibridas foram testadas com sucesso
para imobilizacdo de diferentes lipases: lipase de Candida rugosa, lipase de Burkholderia

cepacia, lipase de pancreas suino e lipase de Bacillus sp.%10:11:33.74

Pinheiro et al.*® estudaram diferentes tempos de gelificacdo (4, 18, 24 e 48 horas) da matriz

produzida pela técnica sol-gel utilizando tetraetoxissilano como precursor para encapsulacéo
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da lipase de Candida rugosa. Este estudo mostra que o tempo de gelificacdo esta ligado
diretamente com a formac&o quimica do biocatalisador imobilizado e, consequentemente, afeta
0 volume total de poros. O tempo de 24 h na etapa de gelificacao e evaporagdo da estrutura
monolitica da matriz foi selecionado devido a melhor combinagdo da estabilidade térmica e

percentegam de hidroélise (99,5%).

O metodo sol-gel também foi utilizado para encapsulacdo da lipase de Rhizomucor miehei por
Macario et al.” Para a formag&o da matriz mesoporosa foi utilizado um processo que envolve
a hidrolise/policondensacdo de um precursor de silica a um pH neutro e temperatura ambiente.
O biocatalisador encapsulado foi utilizado na reacdo de transesterificacdo de trioleina com
metanol na auséncia de solvente, alcancando maior rendimento de 77% de ésteres ap6s 96 h a
40 °C. Constatou-se que a produtividade total da enzima imobilizada foi quase seis vezes maior
do que a obtida usando lipase livre. Os resultados indicaram claramente que o processo de

imobilizacéo da lipase preserva a mobilidade da enzima e permite aumentar a sua estabilidade.

No estudo realizado por Carvalho et al.,'? a lipase de Bacillus sp. ITP-001 encapsulada pela
técnica sol-gel, utilizando o tetraetilortosilicato como precursor, foi caracterizada
bioquimicamente na reacdo de hidrélise do azeite de oliva e foi possivel verificar a melhoria
dos parametros cinéticos quando comparada com a enzima na sua forma livre. Souza et al.®
adicionaram diferentes liquidos idnicos durante o encapsulamento pela mesma técnica sol gel,
utilizada por Carvalho et al.,'° para a imobilizacdo da lipase de Burkholderia cepacia. Os
resultados foram comparados ao biocatalisador imobilizado na auséncia do aditivo liquido
ibnico e, quando na presenca do aditivo, houve aumento de area de superficie (143 a 245 m#/q)
e didmetro dos poros (19 a 38 A). Observou-se também maior rendimento de imobilizagéo,
possivelmente devido a protecdo promovida pelo liquido ibnico durante a encapsulacéo,
impedindo a inativacdo da lipase ocasionada pelo alcool e encolhimento de gel durante o

processo sol-gel.

Embora cada método de imobilizacdo apresente vantagens e desvantagens, a escolha da
estratégia e de modificagdo do suporte devera considerar as relacfes entre suporte, enzima e
substrato, parametros fisicos (por exemplo, temperatura e pressao), solvente (solvente organico,
o liquido idnico, fluido supercritico, etc), &gua para a manutencao das propriedades cataliticas
e da estrutura tridimensional das lipases e o tipo de reator (reator de tanque agitado, reator de

membrana, reator de leito fixo, reator de coluna de bolhas).1">"78
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SUPORTES PARA IMOBILIZACAO

O recente interesse em nanotecnologia tem proporcionado uma diversidade de materiais que
podem suportar enzimas imobilizadas devido as suas potenciais aplicacfes em biotecnologia.
Contudo, além do desenvolvimento de novas técnicas, faz-se necessario desenvolvimento
adequado de técnicas de aprimoramento de materiais que combinem desempenho tecnoldgico
com renovagao e sustentabilidade econdmica.!” A maior contribuigdo para o bom desempenho
da enzima imobilizada em um suporte ira depender da ndo solubilidade do suporte, superficie
de contato, porosidade e fixacdo irreversivel, sem afetar a atividade enzimatica e sem interferir
na reacdo na qual esteja sendo aplicada. Portanto, a interacdo entre o suporte e a enzima ira
fornecer ao biocatalisador imobilizado as suas propriedades bioquimicas, mecanicas e cinéticas
(Figura 3).17"78

= = P

LPropne dades ':Snoc;\.ivnca:) L Propriedades Quinicas J
[ Reacio e Cinédica ] l Propocdades Mecdricas J
1 \l, T
Rendimento de _‘ Efeito da Transferéncia Lstalxlidade Operacional &
Imobilizacio (%) deMassa e Eficiéncia (n) || N¥ de Reciclos

Consumo de Enzima (U/kg prod)
Produtividade (kg prod / U)

‘ Perfomace

Figura 3. Fatores que afetam o desempenho de

enzimas imobilizadas em suportes so6lidos

Neste intuito, é necessario o aprimoramento de suportes, por exemplo, por meio de
modificagdes de sua morfologia com aditivos e/ou estabilizantes para aplicacdo destes na
imobilizacdo de enzimas, assegurando a estabilidade e reutilizacdo da enzima e,
consequentemente, melhorando a relagdo custo-beneficio do processo. Portanto, se o suporte
for criteriosamente selecionado pode-se também aumentar o tempo de meia-vida, isto €, a
estabilidade operacional. Contudo, caso essa estratégia seja feita de forma inadequada podera

afetar adversamente a estabilidade e o desempenho global do sistema imobilizado.%6:7°8°

De acordo com Cantone et al.,>* a selecdo de um suporte para imobilizagio de enzimas deve

analisar as caracteristicas fisicas, quimicas e morfoldgicas, bem como a possibilidade de

20



regeneracdo do material e sua influéncia quanto a enzima imobilizada. Estas caracteristicas irdo
determinar o a aplicabilidade do biocatalisador. Bon et al.®! relataram que as principais
caracteristicas a serem observadas na selecdo de um suporte que, possivelmente, afetam o

desempenho do biocatalisador imobilizado sdo:

- Caracteristicas quimicas: as quais sdo baseadas na composi¢do quimica, grupos funcionais,
estabilidade quimica, composicdo da superficie do suporte e micros efeitos (pH, carga da

superficie, natureza hidrofébica e hidrofilica, efeito redutor e a presenca de ions metalicos);

- Caracteristicas mecanicas: referem-se ao comportamento de compressdo, tamanho da
particula, didmetro do poro, &rea superficial, volume acessivel da matriz, resisténcia a
compactacdo em operacOes com altas vazdes para reatores de leito fixo, abraséo para reatores

agitados e velocidade de sedimentacao para leitos fluidizados;

- Caracteristicas morfoldgicas: associadas a porosidade do suporte, podendo ser ndo porosos

(baixa area superficial), porosos (grande area superficial) ou estrutura em gel.

Dentre as caracteristicas citadas acima, a estabilidade mecénica do suporte também é um
parametro crucial para muitas aplicacdes de enzimas imobilizadas. A estabilidade mecanica
pode limitar o biocatalisador imobilizado ao longo da aplicacdo, causando o efeito de stress
mecanico e desintegracdo do catalisador durante o processo, influenciando a atividade

catalitica, estabilidade de armazenamento, operacional e térmica.>

De acordo com Talbert e Goddard et al.,*® o material utilizado como suporte para a imobilizagio
de enzimas pode modificar a quantidade de agua total nas proximidades da enzima e a particdo
dos reagentes e/ou produtos na mistura reacional. Portanto, o balanco hidrofilico/hidrofobico
da superficie do suporte é fundamental, pois na etapa de preparacao de suportes hidrofébicos a
agua pode ficar retida nos intersticios porosos e, consequentemente, ao redor da enzima
imobilizada. A presenca da quantidade minima de moléculas de agua no microambiente €
necessaria para preservacao da estrutura conformacional da enzima. Todavia, o uso de suportes
hidrofilicos no processo de imobilizacdo promove a competicdo da agua entre o suporte e a

enzima durante a reago, influenciando no equilibrio termodinamico do sistema.>?

A natureza fisica do suporte, por exemplo, morfologia, tamanho e distribuicdo dos poros,
influencia também diretamente no rendimento de imobilizacdo e em efeitos difusionais

causados pela transferéncia de massa entre 0 meio liquido e os biocatalisadores imobilizados.
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Essas limitagbes podem ser resumidas em duas fases: transferéncia de massa externa, que
envolve a transferéncia de reagentes/substratos do meio reacional até a superficie do suporte de
imobilizacdo, e a transferéncia de massa interna, que descreve a transferéncia de
reagentes/substratos no suporte de imobilizacdo até o sitio ativo da enzima. Qualquer etapa da

difusdo pode limitar a atividade global da enzima imobilizada.>>3708!

Ainda se deve considerar o custo-beneficio da escolha do suporte de imobiliza¢éo, pois de
acordo com Scherer et al.,” o prego do suporte utilizado na imobiliza¢o de enzimas é um fator
a ser analisado, devendo ser comparadas as vantagens e desvantagens da aplicacdo dos

biocatalisadores nos diferentes processos.

Conforme a classificacdo dos suportes quanto a composicao, 0s materiais mais utilizados séo
0s organicos, notadamente os polimeros, 0s quais podem ser naturais ou sintéticos. Os suportes
sintéticos exibem variedades de formas fisicas e estruturas quimicas, podendo ser combinadas
para formar um suporte ideal. Os naturais apresentam algumas vantagens quando comparados
aos sintéticos, como baixo custo e facilidade de degradacdo, sem causar danos ao meio

ambiente, 3162

Contudo, os suportes inorganicos, naturais ou sintéticos, sdo mais apropriados para uso
industrial por apresentarem elevada resisténcia mecanica, estabilidade em ampla faixa de
pressdes, temperaturas e valores de pH, rigidez, resisténcia a solventes organicos e ao ataque
microbiano.>3! Na Tabela 2 sdo apresentados diferentes suportes para imobilizacéo de lipases

e sua classificacéo.
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Tabela 2. Tipos e classificacdo de suportes utilizados para imobilizacdo de enzimas

Classificacao

Natureza Suporte Lipase Referéncia
do suporte
Bagaco da Thermomyces
gaso & oy Mendes et al.*3
cana-de-agUcar lanuginosus
ani . Talaromyces
Organico Quitosana v Romdhane et al.®
N I thermophilus
atura Fibrade coco  Candida antarica B Brigida et al.®
Nanofibra Candida rugosa Zhu e Sun*®
Inorganico Argila Pancreas suino Scherer et al.”™
Silica Rhizopus oryzae Kharrat et al.®®
Poliuretano Rhizopus oryzae Grosso et al.®
Poliestireno Pancreas suino Hou et al.®®
. Cabrera-Padilla et
- PHBV Bacillus sp. ITP-001 a6
Organico al.
i . Pseudomonas .
Polipropileno Salis et al.%
fluorescens
i H 88
Sintético | . Eupergit C Rhizopus oryzae Nunes et al.
norganicos e .
gant POS-PVA Rhizopus oryzae Paula et al.®®
Organicos
Silica Bacillus sp. ITP-001 Carvalho et al.1°
A Nanoparticula Pseudomonas
Inorganico P ) Andrade et al.%®
de Fez04 cepacia
Alumina Bacillus sp. Kumar et al.%
PHBV = Poli(hidroxibutirato-co-hidroxivalerato); POS-PVA = Tetra-etilortossilicato-alcool
polivinilico.

Independente da natureza do suporte, a classificacdo pode ser realizada levando em
consideracdo também a sua morfologia e porosidade, apresentando-se como fator importante
devido a possibilidade de imobilizacdo da enzima na sua superficie e/ou no seu interior, sem

afetar a estabilidade estrutural da enzima.1878:92

Segundo a IUPAC (Internacional Union of Pure and Applied Chemistry), os materiais porosos
sdo classificados em fungdo do diametro como microporoso, Mesoporoso Ou Macroporoso.
Suportes microporosos (didmetro menor que 2 nm) apresentam como vantagem a eliminacao
da resisténcia a transferéncia de massa interna, e podem ser Uteis no processo de imobilizacdo
de enzimas devido & formacdo de uma rede ou agregados. Na Figura 4 é possivel verificar

particulas microporosas isoladas e combinadas.
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Figura 4. Esquema representativo de formagéo
de ponte de hidrogénio entre o Aerosil® (a) e
aglomeracdo para formacdo da rede

trimensional (b)

As particulas isoladas, quando ligadas por ligacdes de hidrogénio, originam aglomerados
estaveis que podem ter centenas de nandmetros de tamanho e, deste modo, formar uma rede
tridimensional.®%* A eficiéncia da imobilizacdo da lipase de Thermomyces lanuginosus em
suporte microporoso hidrofébico, poli(estireno-divinilbenzeno), relatada por Dizge et al.,®
mostrou que o biocatalisador imobilizado aplicado na reacdo de transesterificacdo possui 85%

de rendimento de imobilizacéo e estabilidade operacional durante 15 reciclos.

Grandes areas superficiais sdo caracteristicas de suportes mesoporosos (diametros que variam
de 2 a 50 nm), tornando-se uma estratégia geralmente positiva devido a minimizacdo das
restricdes difusionais e melhoria da acessibilidade do substrato ao sitio ativo da enzima.3! Nos
ultimos anos varios artigos indicam o progresso no uso de materiais mesoporosos e suas
contribui¢des correspondentes ao processo de imobilizacdo de enzima, bem como as aplicacdes
na biocatalise: silica amorfa, organosilica, carbono mesoporoso, zedlitas, dentre outros.
Aditivos tém sido introduzidos com o objetivo de melhorar a formacao dos mesoporos durante
a obtencéo do suporte e diversos estudos apontam as tendéncias em potencial desenvolvimento

deste campo.-910.77

As particulas que apresentam diametros maiores que 50 nm sdo denominadas suportes
macroporosos e sao formadas por densas camadas de grupos altamente hidrofébicos. Alguns

exemplos destes suportes sdo: copolimero de estireno-divinilbenzeno, polipropileno poroso
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Accurel, resina acrilica macroporosa e alumina, os quais também sdo empregados como
suportes para imobilizacdo de lipases.®®*” O uso de suportes macroporosos para imobilizagéo
de enzimas é pouco relatado na literatura e relacionado com a possibilidade de lixiviacdo da
enzima do poro do suporte durante a utilizacdo do biocatalisador imobilizado. Portanto, sugere-

se 0 uso de suportes micro ou mesoporosos.>’’
SiLICA

Asilica (SiO2) € um dos materiais multifuncionais descritos na literatura com elevado potencial
de aplicacdo para imobilizacdo, principalmente devido a possibilidade de modificacdo da
superficie deste suporte, atendendo assim a classificacdo da IUPAC, estabilidade térmica,
estabilidade mecénica e seguranca toxicoldgica.lt?%9% As caracteristicas fisico-quimicas e
morfologicas da silica podem ser descritas como natural ou sintética, micro, meso ou
macroporosa, cristalina ou amorfa e com propriedades polares, as quais sdo consideradas sitios
de adsorcdo eficientes para imobilizacdo da enzima, promovendo estabilidade quimica e

térmica ao biocatalisador imobilizado.?%100.101

A silica pode ser adquirida comercialmente ou também ser produzida por diferentes técnicas,
sendo que dentre elas a mais utilizada para imobilizacdo de enzimas € a silica produzida pela

técnica sol-gel >1128

O Aerosil® é uma silica comercial pirogénica com elevada pureza, amorfa e de finissima
granulometria vendida pela Degusa.®? E produzida por um processo continuo de hidrolise de
clorosilanos. Durante esse processo, o SiCls é convertido a gas e depois reagido
espontaneamente com o vapor d’adgua formado em uma atmosfera contendo oxigénio e
hidrogénio com perda consideravel de calor. O Gnico subproduto dessa reacdo é o &cido
cloridrico (gasoso), que é separado da silica. Varios grupos podem ser ligados quimicamente a
superficie da silica como, por exemplo, compostos organosilicios para alteracdo das

caracteristicas superficiais (hidrofilicidade e hidrofobicidade).

Existem diversos tipos de Aerosil®, com areas superficiais que variam de 50 m?/g a 380 m?/g,
tamanho médio de particula entre 7 nm e 40 nm e podem ser aplicados na producdo de tintas e
revestimentos, resinas de poliéster insaturado, resinas de laminacéo e gel, borracha de silicone,
adesivos e selantes, tintas de impressao, cosméticos, dentre outros.® Vale ressaltar que s&o raros

0s estudos que utilizam este tipo de silica para a imobilizacéo de lipase, porém, quando aplicada,
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tem como principal objetivo evitar as limitagbes de transferéncia de massa e,

consequentemente, a melhoria do processo de difusdo de substratos e produtos,103104

Novas rotas de obtencdo de silica ainda sdo descritas na literatura, como, por exemplo, o estudo
realizado por Bernal et al..!® Neste caso, a silica foi produzida por meio da mistura de reagentes
SiO2: Na,O: CTAB (brometo de cetiltrimetilamonio): EtAc (acetato de etila): H20 na seguinte
propor¢do molar 1:0,3:0,24:7,2:193. A mistura foi mantida a 80 °C durante 48 h e o s6lido
obtido foi calcinado a 540 °C, durante 3 h. Apés a derivatizacdo hidrofilica e/ou hidrofébica
obteve-se a silica octil (OS), glioxil (GS) e silica octil-glioxil (OGS). Os suportes foram
aplicados na imobilizagdo de lipases de Pseudomonas stutzeri e Alcaligenes sp. para sintese de
ésteres de agucar.

Dentre os métodos de preparacéo de silica, método sol-gel € sem duvidas o mais utilizado. Este
método envolve a hidrolise, policondensacdo e a gelacdo de solventes apropriados, em
condic@es de sintese, permitindo a coexisténcia de espécies organicas e inorganicas no mesmo
sistema, seguido pela secagem convencional ou por meio pressurizado.’81%532077 Uma rede
porosa de silica ¢ formada e denominada xerogel, caso a secagem seja a temperatura
ambiente.!®’* E a silica seca por meio pressurizado é denominada aerogel 5689108107 Ng
superficie da silica-gel observa-se a presenca de grupos OH (hidroxilas) ligados quimicamente,
0S quais atuam como ponto de reagdo com 0s grupos funcionais de ativagdo do suporte ou
diretamente com os grupamentos de ligacdo da enzima.3261108.10% Ag hidroxilas agem como
centros de adsor¢do molecular ou centros de reacdo, formando ligacdes Si-O-X, durante a
interacdo com 0s adsorventes capazes de formar uma ligacdo de hidrogénio com os grupos OH
ou sofrer interacbes doador-recepto. (Figura 5). Os grupos OH da superficie sdo divididos
conforme a Figura 5, na forma livre — OH formando os poros na particula de silica (a), grupo
siloxano = Si — O — Si = (b), grupo silanol livre = SiOH (c), silanois associados = Si(OH) (d)
e silanois vicinais ou germinal por meio de ligagdo de hidrogénio (e). Contudo, deve-se levar
em conta que dentro do reticulado da silica existe agua no intersticio da estrutura.®%1° O outro
tipo de silica utilizada para a imobilizacdo de lipase € a mesoporosa comercial produzida
também pela técnica sol-gel, denominada SBA-15, um dos novos suportes derivados de silica

amplamente estudados.?511%118
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Figura 5. Estrutura da silica e os

grupamentos presentes

Porém, apesar da facilidade de obtencédo da silica (produzida ou comercial) e grande aplicacéo
na imobilizacdo de enzima, conforme Tabela 3, o aperfeicoamento morfoldgico de suportes de
silica comercial ou produzida para a imobilizacdo de biocatalisadores requer intenso estudo
para que novas técnicas possam contribuir para a melhoria da estabilidade enzima aplicada aos
processos biotecnolégicos, como a aplicacdo de aditivos para modificacdo superficial do

suporte.
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Tabela 3. Silica aplicadas na imobilizacdo de lipases

Fonte de Lipase Suporte Técnica de Imobilizacdo Referencia
_ Silica mesoporosa g .
Mucor miehei P Adsorcéo fisica Canilho et al.}!
comercial
. Nanoparticulas de N
Burkholderia sp. psilica Ligacéo covalente Tran et al.1*?
. . Nanoparticulas de N .
Rhizomucor miehei psilica Encapsulagio Macario et al.**®

Pancreas suino

Silica mesoporosa

Ligacédo covalente

Wang et al .}

Burkholderia

. Silica gel Encapsulagio Souza et al.*2
cepacia
Pseudomonas X e .
SBA-15 Adsorcao fisica Salis et al.11°
fluorescens
. - Adsorcdo fisica e ligagdo
Candida rugosa Silica mesoporosa ¢ gag Yu et al.1®

covalente

Pancreas suino

Silica Mesoporosa

Adsorcéo Fisica

Wang et al.}*’

Amorfa
. . SBA-15 com liquido .
Pancreas suino A a Adsorgéo Fisica Zou et al. 18
ibnico
Burkholderia Silica com liquido
. com g Encapsulagao Barbosa et al.&°
cepacia ibnico
Candida rugosa e - N
) g Silica gel Ligacdo Covalente Lee et al.bt
Rhizopus oryzae
Ml.,ICOI’mIeheI € - X e Gustafsson
Rhizopusoryzae Silica Mesoporosa Adsorcao Fisica ot a] 19

P. fluorescens

Silica com liquido
ibnico

Encapsulacao

Zarcula et al.”?

Burkholderia
cepacia

SiO>-PVA

Ligacdo Covalente

Da R6s et al. 1%

MODIFICACAO SUPERFICIAL DE SILICA

Inimeros suportes sdo relatados na literatura e muitos estdo em fase de desenvolvimento,
porém, antes da obtencdo de um novo suporte, € também necessario promover a melhoria da
superficie daqueles ja existentes. Esta modificacdo na superficie pode ser ocasionada por meio
da utilizacdo de um aditivo durante ou apds a preparacdo do suporte, e desta forma influenciar
na area superficial, disponibilidade de funcionais e,

porosidade, grupamentos

consequentemente, na estabilidade de enzimas quando imobilizadas. O sucesso do
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procedimento de imobilizagdo depende da enzima a ser imobilizada e as propriedades da
superficie da proteina devem ser consideradas a partir dos grupos funcionais, carga ionica e
grupos hidrofébicos.>® Alguns aditivos atuam como agentes modificadores de silica e sdo
relatados na literatura como polietilenoglicol - PEG, éalcool polivinilico - PVA, caseina,

gelatina, albumina de ovo ou bovina, liquidos hidrofébicos e liquidos idnicos — Lis.®1138109.121

O polietilenoglicol (PEG) é um polimero formado a partir do etileno glicol, que além de muito
utilizado na industria farmacéutica, pode ser utilizado também com aditivo macromolecular
durante a producédo da silica pela técnica sol gel. Outro exemplo de polimero utilizado como
aditivo é polivinilico, De acorodo com a literatura estes aditivos poliméricos sédo utilizados para
imobilizacdo de diferentes fontes de lipases e podem atuar na modificacao das caracteristicas
fisico-quimicas dos materiais inorganicos e organicos, na hidrofilicidade e hidrofobicidade, na
condutividade elétrica, na carga idnica, na porosidade e nas propriedades mecanicas,1:3289.121-
123 No estudo realizado por Soares et al.,”* estes dois aditivos foram utilizados para a
encapsulacdo da lipase de Candida rugosa no interior de um suporte de silica sol-gel
guimicamente inerte preparado pela policondensacao do precursor tetraetoxisilano (TEOS). As
propriedades da silica e de seus derivados imobilizados foram analisadas. Nos estudos
realizados por Soares et al.”* e Souza et al.'? foi observado que o uso do aditivo PEG
proporcionou uma menor area superficial e maior volume e didmetro dos poros da silica obtida
pela técnica sol-gel. A modificagdo superficial da silica utilizando PVA apresentou efeito
antagbnico comparado ao PEG, isto é, ocorreu a diminuicdo no tamanho médio do poro da
silica na presenca PVA. Tal modificacdo deve-se possivelmente a contracdo do gel na etapa de

policondensacdo completa.

Portanto, o tipo de aditivo empregado estd associado as mudancas nas caracteristicas
morfoldgicas do suporte e possivelmente do sistema imobilizado, como, por exemplo, aumento
dos poros e, consequentemente, 0 aumento da difusdo do substrato ao sitio ativo da enzima
imobilizada ao suporte modificado por aditivos com efeitos positivos no processo de reticulacéo

de obtenc&o da silica.

Dentre os aditivos, a albumina foi testada em comparagdo com o PEG na imobilizagéo da lipase
de Candida rugosa por ligagdo covalente em silica silanizada e ativada com y-
aminopropiltrietdxi silano (y-APTS) e ativada com glutaraldeido, respectivamente. Os sistemas
imobilizados foram aplicados na reacdo de esterificacdo para a sintese de butirato de butila e

foi avaliado o rendimento da imobilizacdo e o tempo de meia-vida dos biocatalisadores
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imobilizados. O maior rendimento de imobilizagdo (59,6%) foi obtido quando na presenga de
PEG e o tempo de meia-vida quando na presenca do aditivo passou de 64,5 h para 176 h, em

comparagio com o controle.'?*

Souza et al.*? utilizaram o liquido hidrofébico Aliquat®, em diferentes concentracdes (0,5 a 3,0
% m/v), na formacdo da silica pela técnica sol-gel para encapsulamento da lipase de Bacillus
sp. ITP—001. Ao comparar a silica pura com a silica produzida com o aditivo, observou-se que
o Aliquat® diminuiu a area superficial da silica, contudo, ocorreu o aumento do volume e
diametro dos poros. Este comportamento foi relacionado a adsorcéo parcial da enzima na
superficie externa da silica. Os maiores rendimentos de imobilizacéo (71%) foram obtidos com
a maior concentracdo de aditivo durante a formacéo da silica (1,5 % m/v). Este comportamento
foi atribuido ao microambiente hidrofobico benéfico a enzima e ao maior tamanho dos poros
proporcionado pelo aditivo. Portanto, a enzima foi imobilizada na superficie e no interior dos
poros, sem comprometimento da acessibilidade do substrato ao sitio ativo da enzima e,
consequentemente, resultou em maior rendimento de imobilizac&o e maior eficiéncia da reagéo

enzimatica.

Os liguidos i6nicos (LIs) sdo utilizados na biocatalise como solventes verdes e agentes de
modificacdo superficial da silica. Os LIs sdo compostos formados na sua maioria por um cétion
organico e um anion inorganico ou organico e sdo baseados nos principios da quimica verde,
visando processos quimicos ambientalmente mais limpos, sendo conhecidos principalmente
como substituintes de solventes organicos volateis em meios reacionais.*?>?” De acordo com o
avanco das pesquisas e patentes sobre liquidos ibnicos observou-se o aumentou em escala
logaritmica desde a década de 80 e, especificamente nos ultimos 10 anos, tem-se utilizado LIs
como agentes na imobilizacio de catalisadores.®!?>12"1%0 Sequndo Naushad et al.,*?® os LIs tém
mostrado o seu potencial como solvente em reacdes enzimaticas, alterando a estrutura, a
atividade, a enatioseletividade e a estabilidade das enzimas. Assim, é de extrema necessidade 0
conhecimento dos efeitos quimicos de liquidos i6nicos sobre a estrutura, estabilidade e

atividade de enzimas, o que sera til para os pesquisadores em varias aplicacdes biocataliticas.

Uma outra alternativa para aplicacdo dos liquidos idnicos é o seu uso como agentes de
modificacdo superficial da silica. Os liquidos iénicos (LIs) sdo classificados em aproticos e
proticos. Os Lls aproticos (LIA) sdo aqueles considerados bons doadores de prétons e formam
ligagéo de hidrogénio, constituidos principalmente dos cations orgénicos a base do imidazdlio,

piridino, tetraalquilamonio e tetraalquilfosfonio, os quais ainda apresentam elevados custos de
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sintese, 0 que dificulta sua aplicacdo industrial.2%"2 Liquidos idnicos préticos (LIP) possuem
um proton de alta mobilidade, s&o resultantes da combinagdo de um &cido e uma base de
Bronsted e possuem vantagens como baixo custo, simplicidade de sintese e baixa toxicidade,

favorecendo a biocompatibilidade com as lipases.t3%13!

Recentemente o liquido idnico é aplicado como aditivo no protocolo de imobilizag&o, durante
0 processo de imobilizacdo da lipase por encapsulacdo ou no tratamento do suporte para
imobilizacéo por ligacdo covalente, exibindo aumento na eficiéncia operacional e estabilidade

135 a

catalitica do biocatalisador imobilizado.%61:66.72132-134 De acordo com Karout e Pierre,
presenca de LIs como aditivos pode influenciar a estrutura da silica gel, aumentando o tamanho
do poro e protegendo a camada de hidratacdo ao redor da enzima, evitando a desnaturacao da

enzima pela presenca de alcool.

Na literatura trabalhos sdo relatados com modificacdo da superficie do suporte de silica
comercial (SBA-15) com LI apréticos, tais como o estudo de Zou et al.,!!8 os quais utilizaram
liquidos i6nicos aproticos baseados em imidazol adicionados na superficie silica mesoporosa,
SBA-15. A caracterizacdo fisico-quimica e morfologica dos suportes e biocatalisadores
mostraram que o tratamento com liquido idnico para modificacdo superficial ndo causa
impedimento na ligagdo da enzima e suporte, demonstrando a indugdo de um nimero
relativamente elevado de liquido i6nico e enzima dentro dos canais mesoporosos do suporte e

0 aumento da eficiéncia catalitica.

O mais recente trabalho realizado por Zou et al.® utilizou a silica comercial mesoporosa de
baixo custo obtida comercialmente da Makall Chemical Technology Co., Ltd. (Qingdao,
China). A silica foi modificada com diferentes agentes baseados em trimetoxipropilsilano ou
liquido i6nico como fonte de grupamento alcoxissilano, que reagem com grupamentos de
hidroxila da SiO>. Os resultados mostraram que o liquido idnico foi mais eficiente do que fontes
convencionais de alcoxissilano, com rendimento de imobilizacdo da lipase de pancreas suino

de 97% e a atividade relativa superior a 62% ap0s cinco reciclos.

Hu et al.? relataram que a imobilizacdo da lipase de Burkholderia cepacia também em SBA-15
modificado com diferentes liquidos idnicos apréticos foi uma estratégia eficiente para melhoria
da estrutura de poros, do fortalecimento das interacGes enzima superficie e das propriedades do
sistema imobilizado (estabilidade térmica e operacional, capacidade de reutilizacéo,
estabilidade de armazenamento e estabilidade em solventes organicos). A eficiéncia da
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imobilizacdo neste estudo, além da melhoria da estrutura do suporte, deve-se também ao
microambiente formado pela amina e o LI, mantendo assim a conformacdo favoravel da

enzima.

No entanto, para o uso de liquido idnico préticos pode-se analisar o estudo realizado por Souza
et al.® para encapsulacdo da lipase de Burkholderia cepacia pela técnica sol-gel. Neste estudo
foram utilizados liquidos idnicos proticos baseados em monoetanolamina com diferentes
comprimentos de cadeia alquilica e em diferentes concentracbes (0,5 - 3,0% m/v). Os
rendimentos de imobilizacdo das lipases resultaram em valores elevados quando comparados
ao sistema imobilizado na auséncia de LI, com aumento da eficiéncia catalitica em 35 vezes. O
efeito positivo observado foi atribuido ao revestimento que o LI proporcionou aos poros e a
superficie do suporte selecionado (silica), além da protecdo da estrutura da lipase durante a
obtencdo do biocatalisador imobilizado, atuando como um agente estabilizador da enzima e

protetor contra a inativacdo pelo alcool durante a encapsulacao.

A modificacdo superficial do suporte ocorre também por meio da adi¢do de grupos funcionais
especificos na superficie do suporte e é aplicada também como pré-requisito para a
imobilizacdo de uma enzima em uma superficie sélida. Quando tais grupos estdo ausentes, 0
suporte é submetido a uma modificacdo quimica por meio de agentes sinalizantes e/ou
bifuncionais.*®136-138 A modificacdo superficial utilizando agentes silanizadores baseia-se na
silanizacdo com organosilanos, a qual ocorre por meio da reacéo entre grupos reativos do tipo
alcoxi (metoxi, etoxi) presentes em alcoxissilanos mono, bi ou trifuncionais e os silandis
superficiais da matriz inorganica. O material resultante contém cadeias organicas pendentes que
podem ser covalentemente ligadas por meio de ligagdes do tipo =Si-O-Si-R, sendo hidroliticas
e termicamente estaveis, em que R representa uma cadeia orgénica contendo um grupo
funcional especifico. Ja os agentes bifuncionais promovem uma forte ligacdo entre o suporte
(silanizados ou ndo) e os grupamentos presentes na enzima, como hidroxil, mercapto, ou amina,
permitindo uma flexibilidade conformacional mais ampla.l187013% As reacdes na superficie do
suporte podem ser por: diazotizacdo, formacdo de ligacdo amida, alquilacdo e arilagéo,
formagéo de base de Schiff, reacdo de Ugi, reacOes de amidinagéo, troca do dissulfeto-tiol,

interagBes enzima-mercurio e ligacdo induzida por radiacio.3%%

Dentre estes agentes, 0s mais utilizados sdo 3-aminopropiltrimetoxissilano, 3-
aminopropiltrietoxissilano e 3-cloropropiltrimetoxissilano, epicloridrina, glutaraldeido,

glioxal, formaldeido, 1-etil-3-[3-dimetilaminopropil] carbodi-imida, etilenodiamina, glicidol,

32



carbonildiimidazol e outros.}41%%2 Na Figura 6 é possivel verificar ampla gama de grupos

funcionais que podem ser adicionados apds modificacdo na superficie da silica para

imobilizagdo de lipases, de acordo com Hartmann e Kostrov.4
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Figura 6. Ativacdo de suporte de silica com

diferentes grupos bifuncionais

Paula et al.*! imobilizaram pela técnica de adsorcdo fisica e ligacdo covalente a lipase de
Candida rugosa em matriz hibrida constituida de polissiloxano-alcool polivinilico (POS-PVA).
Na imobilizacdo da lipase por adsor¢do fisica em POS-PVA previamente neutralizado com
solucdo aquosa de NaOH foi verificado o rendimento de imobilizacdo de 96,5%. Quando
utilizado o suporte ativado com agente bifuncional glutaraldeido foi verificado um pequeno
decréscimo na atividade e no rendimento quando comparado aos mesmos parametros referentes
a imobilizacdo por em POS-PVA puro, 81,5%. Esta diferenca pode ter sido ocasionada pela
modificacdo conformacional da enzima durante a etapa de fixacdo no suporte ativado com
glutaraldeido, no qual altera a estrutura tridimensional do sitio ativo da enzima, tornando partes
da molécula enzimatica inacessiveis ao substrato palmitato de p-nitrofenila. Porém, vale
ressaltar que apesar do pequeno decréscimo no rendimento de imobilizacéo, o sistema obtido
por adsorcdo fisica apresentou uma perda acentuada da atividade de esterificacdo na segunda
batelada, com subsequente perda total na terceira batelada, o que correspondeu a um tempo de
meia-vida de 39 h. Essa perda foi menos significativa quando comparada ao sistema obtido por
ligacdo covalente utilizando o agente glutaraldeido, mantendo-se por seis bateladas e tempo de

meia-vida de 81 h.

No estudo realizado por Yang et al.*? a lipase de Arthrobacter sp. foi imobilizada pelo método
de ligacdo covalente convencional e o de ligacdo cruzada. O glutaraldeido foi utilizado na
modificacéo da silica obtida pela técnica sol-gel e utilizada como suporte. Apds imobilizacao

foi possivel alcangar melhores propriedades cataliticas, permitindo a reutilizacdo do
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biocatalisador imobilizado pelo método de ligacdo cruzada por 9 vezes. A maior eficiéncia no
método de ligacdo cruzada deve-se a duas etapas durante a imobilizacdo: na primeira etapa
ocorre a ligacdo covalente da enzima ao suporte e na segunda etapa ocorre a agregacao das
enzimas por meio da adicdo do glutaraldeido, obtendo-se, assim, o reticulado do sistema
imobilizado. Portanto, o aumento global da atividade catalitica do sistema reticulado em
comparagdo com o biocatalisador imobilizado apenas por ligagdo covalente unipontual, deve-
se possivelmente & maior carga de enzima alcancada nesta técnica de imobilizacio.>61%6143 Nos
espectros de FTIR apresentados no trabalho, é possivel verificar os picos presumivelmente da

imina de base de Schiff produzida pela reacdo da amina com glutaraldeido.

Santos et al.>? produziram um suporte obtido pela técnica sol-gel utilizando os precursores
tetraetoxissilano (TEOS) e alcool polivinilico (PVA) para imobilizacdo da lipase de
Pseudomonas fluorescens por ligacdo covalente utilizando o agente epicloridrina. Os resultados
foram comparados com suporte tratado com o agente glutaraldeido, para os quais foram obtidos
0s maiores rendimentos de imobilizacéo e eficiéncias de imobilizagdo em sistemas utilizando
silica ativada com epicloridrina. A eficiéncia obtida se deve a maior presenca de pontos de
ligacdo covalente entre a enzima e o suporte, fendBmeno confirmado por meio da determinacéo
das propriedades morfoldgicas. O diferente comportamento durante a ativacdo do suporte
indica que diferentes modificacGes quimicas foram produzidas por cada agente de ativacao.
Durante a ativacdo com glutaraldeido ocorreu provavelmente uma reagdo entre o0 grupamento
carbonila do aldeido e os grupos hidroxilo do PVA, por meio do mecanismo acetal, deixando
uma extremidade do gluteraldeido formada por um grupamento carboxila que podera se ligar
ao grupo NH> da enzima. Por outro lado, quando a epicloridrina é utilizada, grupos epoxi sdo
formados na superficie do suporte e apenas um grupamento hidroxila é necessario para a
ligacdo. Consequentemente, um maior nimero de sitios ativos da enzima estara disponivel para
imobilizacdo devido a maior reatividade dos grupos epoxi. As suposi¢des do tipo de reacdo
foram confirmadas pelo espectro de FTIR, no qual apds modificagdes quimicas do suporte o
pico correspondente ao grupo hidroxila foi menor para epicloridrina comprado ao glutaraldeido.
E os picos intensos e estreitos foram encontrados nos difratogramas de raios-X, evidenciando
assim a estrutura cristalina da lipase livre presentes nos derivados imobilizados em suporte

modificado superficialmente com o agente epicloridrina.'**

A silica obtida por Bernal et al.® por meio da mistura de reagentes SiO2: Na;O: CTAB
(brometo de cetiltrimetilaménio): EtAc (acetato de etila): H2O: H20 passou por um processo
de derivatizagcdo para sua modificacdo superficial, obtendo-se trés tipos de suporte: suporte
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hidrofilico com a presenca de grupos glioxila (SG), suporte hidrofébico com grupos octila (SO)
e suporte hidrofilico-hidrofébico com ambos (SGO). As lipases de Pseudomonas stutzeri e
Alcaligenes sp. foram imobilizadas por ligacdo covalente multipontual de acordo com cada
suporte, com a finalidade de favorecer a formacéo de Bases de Schiff entre grupos aldeido do
suporte e grupos de residuos de lisina na superficie da proteina amino-c. O suporte SGC foi o
suporte mais eficiente para imobilizagdo das lipases e aplicacdo na sintese de ésteres de agucar,
permitindo maior ativacao interfacial e estabilizacdo da enzima imobilizada covalente na sua
superficie modificada. A nanoparticula de silica coloidal, assim denominada por Cruz et al.*%®
2010, na presenca de modificadores da estrutura: 2,2,2-trifluoroetanol (TFE) e ditiotreitol
(DTT), foi aplicada para imobilizacdo da lipase de Candida antarctica lipase B (CALB) e
Thermomyces lanuginosus (TLL) por adsorcao fisica. Os biocatalisadores imobilizados foram
aplicados em reacdes na presenca de solventes organicos. Observou-se que foi possivel o
revestimento da superficie solida do suporte modificado com a lipase com impedimento da
limitacdo de transferéncia de massa. Baseando-se no perfil apresentado nesta reviséo
bibliogréafica, pode-se afirmar que o uso de aditivos em estudos propostos por pesquisadores
desde 2000 apresentaram resultados promissores na modificacdo de silica. Nos primeiros
estudos foram verificados efeitos positivos e negativos na modificacdo da superficie da silica
com uso de PEG, compostos de poli-hidroxil, albumina, gelatina, sorbitol, glicerol ou
triacilglicerdis.!*® A partir destes resultados recentes descritos na literatura e discutidos nesta
revisao podemos afirmar a necessidade da continuidade de estudos relacionados ao uso de

diferentes aditivos na modificacdo da silica e a aplica¢do na imobilizacdo de enzimas.
CONCLUSAO

O desafio do estudo da modificacdo das superficies da silica nos Gltimos anos tem apresentado
0 desenvolvimento de suportes para imobilizacdo de enzimas que permitam a conversao
catalitica por meio de processos ambientalmente corretos. A silica utilizada na imobilizacdo de
enzimas é um suporte atrativo ao setor industrial devido a sua seguranca toxicoldgica e
promogcé&o da estabilidade da enzima e a sua reutilizacdo. Portanto, a modificacdo superficial da
silica supre a necessidade de desenvolimento de novos suportes, pois a silica pode ser
modificada a fim de proporcionar maiores interagdes com a enzima quando utilizados para
catalisar uma série de reacdes de grande valor agregado e os exemplos descritos nesta revisao
mostram que a imobilizacdo de enzimas em silica é bastante promissora na preparacdo de
biocatalisadores ativos e que ha a necessidade de novas metodologias para melhoria da
imobilizacdo de enzimas que ainda poderao ser exploradas.
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4. RESULTADOS E DISCUSSAO

Neste topico serdo apresentados os resultados e discussdo por meio de trés artigos:

Artigo 11, [l e IV.
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Abstract: The novel enzyme support strategy is the modified silica with protic ionic liquid
(PIL) and bifunctional agents (glutaraldehyde and epichlorohydrin) was used in the effective
immobilization of lipase from Burkholderia cepacia (LBC) by covalent binding. The
biocatalysts with the highest yields of immobilization, LBC immobilized by covalent binding
with epichlorohydrin without (203%) and with PIL (250%), were assessed by the following the
hydrolysis reaction of olive oil and characterized biochemically (Michaelis—Menten constant,
optimum pH and temperature and operational stability). Further, the potential transesterification
activity for three substrates: sunflower, soybean and colza oils, was also determined, achieving
a conversion of ethyl esters between 70 and 98%. The supports and the immobilized lipase
systems were characterized using Fourier transform infrared spectra (FTIR), scanning electron

microscopy (SEM), elemental analysis and thermogravimetric (TG) analysis.

Keywords: modified silica support; protic ionic liquid; lipase from Burkholderia cepacia;

immobilization; hydrolysis; transesterification.
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Introduction

Free or immobilized lipases are the most studied class of enzymes in biotechnology,
receiving attention both in academia and in industry because of the recent improvement in
biocatalytic enzyme performance in different reactions.* Efficient immobilization is the result
of the perfect matching of several factors depending on the enzyme, the process, the
immobilization support and the additives used for modification supports.>® Therefore, the use
of an appropriate support can influence the biocatalyst physical-chemical properties, such as

diffusion and catalytic efficiency on each specific reaction system,0-12

Thus, tailored solutions must be developed for each specific process of interest. Indeed,
direct investigation of what occurs concerning the catalytic efficiency, morphology and
physical chemistry, is quite a formidable task and the differences observed in the performance
of the immobilized enzyme system must be interpreted very carefully. In any study dealing with
enzyme immobilization, the prerequisite is the rigorous planning and reporting of

experiments. ©

An alternative method for support enhancement in enzymatic immobilization is the
modification of a silica surface support using an ionic liquid as an additive. The application of
an additive has as its main goals a positive influence in the gel structure modification, the
addition of silanol groups on the surface, an increase in surface area and pore size and the
enhancement of the protective hydration layer on the enzyme, which prevents enzyme

denaturation in the presence of alcohol.37:10.11.13-15

Protic ionic liquids (PIL) are the result of the combination of an acid and a Bronsted base
presenting high proton mobility, low cost, easy synthesis and low toxicity, and favoring
biocompatibility with lipases.”® From the studies conducted by the present research group, of
which this article forms part, it was found that the surface modification of silica with PIL for
lipase immobilization by encapsulation positively influences the catalytic efficiency of the
different lipases tested.”"*® The literature suggests that surface modification of the support
with aprotic IL positively influences the silica surface support due to the structure of the IL.
However, up to now the surface modification of silica with protic ionic liquid for lipase from
Burkholderia cepacia immobilized by physical adsorption or covalent binding has not been

reported.
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Surface modification of the silica support also occurs via the addition of specific
functional groups and is a prerequisite for the immobilization of an enzyme by covalent binding
to a solid surface.>®°, Other surface modifications using e.g. silanized agents based on
silanizing with organosilanes, occur by reaction between the reactive groups of alkoxy
(methoxy, ethoxy) alkoxysilanes present in mono, bi or tri-functional groups and the silanol on
the carrier surface.?®?!, In addition, bifunctional agents or spacer arms (epichlorohydrin,
glutaraldehyde, glyoxal, formaldehyde, carbodiimide, ethylenediamine, glycidol,
carbonyldiimidazole and others) are also used for the surface modification of silica, their
function being to promote a strong attachment between the support (silanized or otherwise) and
the immobilized enzyme. Bifunctional agents may interact with the groups present on the
enzyme, such as hydroxyl, mercapto or amine groups, allowing a larger conformation and

flexibility for the immobilized system.?-?7

In this context, the aim of the present work was the immobilization of lipase from
Burkholderia cepacia by covalent binding onto supports obtained by a sol-gel technique
modified with protic ionic liquid (PIL), N-methylmonoethanolamine pentanoate, and
bifunctional agents (epichlorohydrin and glutaraldehyde). Moreover, evaluation of this
potentially useful biocatalyst in hydrolysis and transesterification reactions was performed. In
addition, biochemical characterization of the immobilized system under standard reaction
conditions was performed (Michaelis—Menten constant, pH and temperature optimum and
operational stability in the hydrolysis of olive oil). The supports and the immobilized system
were characterized regarding particle size distribution, specific surface area, pore size
distribution by Brunauer—-Emmett-Teller (B.E.T. method), thermogravimetric analysis (TG),
scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR)
seeking to confirm the positive effect of silica surface modification by PIL on lipase

immobilization.
Materials ans methods
Materials

Lipase from Burkholderia cepacia (Amano Lipase, > 2200 U.g, pH 7.0, 50°C) was
purchased from Sigma Aldrich (Japan). The silane precursor tetraethoxysilane (TEOS) was
supplied by Across Organic (NJ, USA) and used without further purification. Ethanol (99%

pure), ammonia (28% pure), hydrochloric acid (36% pure) and Arabic gum were obtained from
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Synth (S&o Paulo, Brazil). Water was purified by reverse osmosis and deionized through a
Milli-Q four-cartridge organic-free water purification system. Olive (low acidity), sunflower,
soybean and colza oils were purchased at a local market. For covalent binding the bifunctional
agents glutaraldehyde or epichlorohydrin from Sigma Aldrich were used. The protic ionic liquid
N-methylmonoethanolamine pentanoate was supplied by the Federal University of Bahia

(UFBA). Other chemicals were of analytical grade and used as purchased.
Silica support preparation by the sol-gel technique

The methodology used was as previously established by Souza et al.” with some
modifications. For the mesoporous silica with protic ionic liquid 1% (w.v?') of N-
methylmonoethanolamine pentanoate was added, for the silica without ionic liquid this step

was excluded (control).

Two supports, the silica control support produced without ionic liquid (SC) and a silica

support modified using ionic liquid (SIL), were obtained.
Lipase immobilization by covalent binding

Lipase from Burkholderia cepacia was immobilized by covalent binding on the silica

support (SC or SIL) using two bifunctional agents: glutaraldehyde or epichlorohydrin.

For covalent binding with glutaraldehyde the silica support (SIL or SC) was silanized
with y-APTS (com y-aminopropiltrietoxi silano) followed by a reaction with glutaraldehyde
solution, and then lipase was immobilized according to the procedure described by Soares et

al.?” with reported modifications (Scheme 1).

The mesoporous silica (SC or SIL) (1 g dry wt) was soaked previously in hexane under
agitation (100 rpm) for 15 min. A 0.25 g lipase aliquot was dissolved in 10 mL of distilled
water and then added to the solution. The fixation of lipase onto the support was performed
under agitation for 3 h at room temperature and followed by an additional period of 18 h under
static conditions at 4 °C. The derivative was filtered and thoroughly rinsed with hexane. All
two preparations of immobilized biocatalysts onto support control (SC) or support modified
with ionic liquid (SIL) of were denominated CBG-SC and CBG-SIL, respectively.
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Scheme 1. Possible reaction mechanisms of the silica support with functional activating

agents glutaraldehyde and lipase.

Using epichlorohydrin as bifunctional agent, lipase was immobilized following the
methodology of Soares et al. 2’, with slight modifications (Scheme 2). Activation of modified
silica was carried out with epichlorohydrin at 2.5% (w.vt) pH 7.0 for 1 h at room temperature,
followed by washings with distilled water. Support activated was soaked into hexane under
stirring (100 rpm) for 1 h at 25 °C. Then, excess of hexane was removed and lipase was added
at a ratio of 1:4 gram of enzyme per gram of support. PEG-1500 (5mg.g™) was added together
with the enzyme solution at a fixed amount (100 pl.g™ of support). Lipase-support system was
maintained in contact for 16 h at 4 °C under static conditions. The immobilized systems were
denominated CBE-SC and CBE-SIL, respectively.
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Scheme 2. Possible mechanism reactions for silica support with functional activating agents

epichlorohydrin and lipase.
Enzymatic hydrolysis and transesterification activity

Enzymatic hydrolysis activities of free or immobilized lipase were assayed using the olive
oil emulsion method according to literature.?® The liberated fatty acids in enzymatic hydrolysis
were titrated with potassium hydroxide solution (0.04 M) in the presence of phenolphthalein as

an indicator. All enzymatic activity determinations were replicated at least three times. One unit
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(V) of enzyme activity was defined as the amount of enzyme liberating 1umol of free fatty acid
per min (umol.min-1). Analyses of hydrolytic activities were carried out on the lipase loading
solution and the immobilized preparations to determine the yield immobilization, Ya (%),

according to Equation 1%°:

Y, (%) = 85 x100 (1)

0

where Us corresponds to the total enzymatic activity immobilized on the support, and Up

represents the enzyme units offered for immobilization.

The immobilized lipase systems with higher yields of immobilization were used for
biochemical characterization in an olive oil hydrolysis reaction and vegetable oil (soybean,

colza and sunflower) transesterification.

Transesterifications reactions catalyzed by lipase from Burkholderia cepacia were
performed under the conditions proposed by Oliveira et al.® with the stated modifications. The
transesterification reactions (5g of total mass) were carried out in batch reactors, submerged in
a thermostatic bath to keep each mixture at constant temperature and under agitation. The
reaction was started by mixing oil (colza, soybean or sunflower oil) and ethyl alcohol (molar
ratio 1:7), with lipase from Burkholderia cepacia (20% w.w™) immobilized by covalent binding
with epichlorohydrin, proportional to the total weight of reactants in the reaction media, and

maintained for 96 h at 40 °C and 80 rpm, with analysis erevy 24h.

Sample containing purified esters (0.1 g) were added in a 10 mL volumetric flask and
completed with hexane, collected after stirring was 100 pL of the sample and put ina 1 mL
flask together with 100 uL of internal standard solution (methyl heptadecanoate at a
concentration of 250 mg.mL™) and supplemented again with hexane (10 mL). Aliquots were
taken at different time intervals and analyzed by a GC gas chromatograph (Shimadzu 2010)
equipped with a CARBOWAX (30 m x 0.25 mm x 0.25 mm) column. Column temperature
was initially kept at 140 °C for 1 min, increasing to 180 °C at a rate of 4 °C per minute,
maintained for 2 min, then increased to 230 °C at a rate of 10 °C per minute, where it was
maintained for additional 10 min. The temperatures of the injector and detector were set to
250 °C.
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Ethyl ester conversion (%) was defined as the observed amount of product divided by the
theoretical yield if all the oil was converted.

The analyzed sample was prepared by mixing of esters previously purified with standard
solution. Aliquot of the sample was then injected in to the chromatograph with a 10 mL glass
needle. The yield calculation in esters was carried out based on the mass and areas under the
peaks corresponding to the ethyl and methyl esters, and on the internal standard, using Equation

(2). Conversion analyses were performed in duplicate.

Conversion(%) = (Ae=Ai) , (Cs) 100 @)
Ass Ce

where: Ae = sum of the peak areas corresponding to the esters in the sample; Ais = peak area
corresponding to the internal standard; Cis = internal standard concentration; Ce = esters

concentration.
Temperature and pH effect on lipase activity in the hydrolysis reaction

The effect of pH on the activity of free and immobilized lipase was analyzed between
pH 2.0 — 10 at 37 °C. The buffers used were 0.1 M citric acid-sodium citrate (pH 2.0 - 5.0), 0.1
M potassium phosphate (pH 5.0 — 8.0), and 0.1 M bicarbonate-carbonate (pH 8.0 — 10). The
optimal temperature for activity of the immobilized lipase system was determined in the range

of 25— 80 °C, at the previously determined optimum pH.
Operational stability in the hydrolysis reaction

The operational stability of the immobilized lipase system was determined by
conducting hydrolysis reactions (olive oil) in consecutive batches using the same immobilized
lipase. Each batch consisted of 10 min of hydrolysis reaction at the optimum reaction pH and
temperature. At the end of each batch, the immobilized system was removed from the reaction
medium, and washed with hexane in order to remove any substrate or product retained in the
support. The immobilized system was then reused for another reaction cycle using new
substrates. The relative activity of each run was calculated by setting the original activity as
100%.
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Kinetic parameters in the hydrolysis reaction

To calculate the Michaelis—Menten constant (Km and Vmax), reaction systems were
prepared containing fatty acids at concentrations ranging from 37 to 2232 mM obtained from
emulsions containing different proportions of olive oil (1-60%) and aqueous solution of Arabic
gum (7% wi/v), in accordance with the proposed method by Cabrera-Padilla et al.*® The
Michaelis—Menten constant (Km) and the concentration of substrate at which half of the
maximum reaction rate (Vmax) Was reached were calculated by nonlinear fitting using the

program Origin 8.0.

Morphological and physicochemical characterization of silica supports and immobilized

systems

After determining the highest yields for both preparations (CBE-SC and CBE-SIL),
three control preparations (LBC, SC and SIL) were used for morphological and
physicochemical characterization. The surface area of the silica support and the immobilized
system were measured by adsorption, using nitrogen as the adsorbate according to Souza.” The
surface area (m2.g™%) was calculated using the Brunauer, Emmett, and Teller (B.E.T.) method.
Pore volume (cm®.g™), diameter (A) and area distributions based on BJH calculation were
evaluated by the B.E.T. apparatus software (Model NOVA — Surface Area & Pore Size
Analyser, Quantschrome Instruments). Thermogravimetric (TG) curves were obtained using a
TG, Perkin Elmer Pyrisl apparatus, under a nitrogen atmosphere that started at room

temperature and went up to 1000 °C, increasing at a heating rate of 10 °C.min"".

The thermogram was divided into three regions as a function of temperature and the percentage

of the mass loss was calculated using Equation 3.

Wi — W,
Mass Loss (%)= | — | x100

Wi

3)

in which wi and wys are the initial and final weight of samples, respectively.

Scanning electron microscopy (model Hitachi S4100i, accelerating potential of 30 kV to 500 V
and 15 A resolution) was also used to characterize the surfaces of the samples. The samples of
LBC, SC, SIL, CBE-SC, and CBE-SIL were submitted to FTIR analysis (Perkin Elmer).

Spectra were obtained in the wavelength range 500 to 4000 cm ™.
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Results and discussion
Immobilization yield

The immobilization yield of the two preparations of immobilized lipase onto silica
supports obtained by a sol-gel technique with and without IL (control) was investigated using
an olive oil hydrolysis reaction as a model.”18283031 The yields of enzymatic hydrolysis
experiments carried out using CBG-SC, CBG-SIL, CBE-SC and CBE-SIL were 21, 23, 203
and 250%, respectively (Table 1). Between the two types of immobilization procedure for
covalent binding, using glutaraldehyde or epichlorohydrin. Epichlorohydrin as the bifunctional
agent showed higher immobilization yield values. Therefore, the modification of the silica for
immobilization showed improve of the 250%.

Table 1. Immobilization yield of the two preparations of immobilized lipase onto silica.

Bifunctional e .
Support Immobilization yield (%)
agent
SC 21
CBG
SIL 23
SC 203
CBE
SIL 250

According to Forde et al.®? glutaraldehyde is frequently used for immobilization of
soluble enzymes in order to increase on the hydrophobicity of support, and authors report that
lipases undergo hyperactivation in the presence of highly hydrophobic supports.®*3** However,
the positive influence of this bifunctional agent depends on the type of enzyme and support and
according to the report by Minovska et al. * and although hyperactivation of lipase on

glutaraldehyde-support is expected, a strong decrease on the activity was observed.

The authors associate the low yield with conformational change in the enzyme during
the stage of attachment to the support activated with glutaraldehyde. This could be due to
possible functional agent toxicity to some enzymes.®®3” This behavior was also observed by
Mendes et al.%, in the immobilization of Thermomyces lanuginosa lipase by covalent binding
on different supports (poly-hydroxybutyrate, bagasse and hybrid hydrogels). Immobilized

lipases prepared with bifunctional agents such as glycidol and epichlorohydrin were more active
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in organic and aqueous media than those biocatalysts immobilized onto supports activated with
glutaraldehyde agent.

On the other hand, hyperactivation of the enzyme was reached by activation with
epichlorohydrin. These results could be attributed to different orientations of the enzyme on the
support surface.®®4% This behavior was also observed by Mendes et al.?5, in the immobilization
of Thermomyces lanuginosa lipase by covalent binding on different supports (poly-
hydroxybutyrate, bagasse and hybrid hydrogels). Immobilized lipases prepared with
bifunctional agents such as glycidol and epichlorohydrin were more active in organic and
aqueous media than those biocatalysts immobilized onto supports activated with glutaraldehyde

agent.

The behavior observed by Mendes et al.?® and Paula et al.3” was further explained by
Barbosa et al.*!, who reported that the optimal activation (in terms of reactivity) for silica
supports is activation with two glutaraldehyde molecules per amino group on the support,
generating a quite reactive (although not fully determined) structure with the amino residues of
the enzyme. Moreover, glutaraldehyde dimers confer some hydrophobicity to the support
surface, and they may affect the immobilization of some enzymes. For example, lipases exhibit
so-called “interfacial activation” and this involves the movement of a polypeptide chain “lid”
that may isolate the active site from the medium. This flexibility of the active centre of lipases
allows their functional properties (activity, selectivity, specificity) to be easily modulated,

positively or negatively, through several techniques.*>#

Based on these results, enzyme molecules immobilized on the support activated with
epichlorohydrin could be oriented toward reaction medium whereas that the immobilization on
glutaraldehyde support some enzyme molecules could be oriented toward support surface, thus
reducing the access of substrate molecules. Due to its high reactivity (see references above
described), different orientations of the enzyme on the support activated with dialdehyde is

expected which also could distort the three-dimensional structure of the enzyme,33-3438-40

Besides, when epichlorohydrin is used as a bifunctional agent, epoxy groups are formed
on the support surface and only one hydroxyl group is needed for the reaction, compared to the
two groups required by glutaraldehyde. This means that a higher number of active sites for

enzyme binding are available on the silica activated with epichlorohydrin. This fact, as well as
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the known higher reactivity of epoxy groups, could explain the higher immobilization yield
achieved with epichlorohydrin as activating agent.?":#4:46

Biochemical, morphological and physicochemical characterization was performed only
for the biocatalysts showing higher yields of immobilization. Thus, the characterization of
lipase from Burkholderia cepacia immobilized by covalent binding with epichlorohydrin onto
silica support without (SC) and with (SIL) ionic liquid is presented.

Biochemical Characterization
Temperature and pH effect on lipase activity

In this study, pH and temperature effect were evaluated as well as their influence on the
interaction of free lipase or immobilized lipase system with the surrounding microenvironment.
For each immobilized system it was necessary to define the optimal pH since pH has a variety
of effects on the ionization state, enzyme dissociation, enzyme conformational change and has
a profound effect on hydrolytic activity after the immobilization process.??* Figure 1 depicts

the pH influence on lipase immobilization.

For lipase from Burkholderia cepacia free the optimal pH was 7.0 (Figure 1a), while
the optimum pH for immobilized enzyme was shifted to 3.0 (Figure 1a e 1b). The change might
be caused by the characteristics of the modified support and immobilization method (covalent
binding) and can be attributed to alteration of various intermolecular interactions such as ion-
dipole, dipolar, dispersion, and H-binding between the enzyme and the modified silica support

with L3254
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Figure 1. Effects on relative activity under various pH and temperature values. Ranging from
pH 2 to pH 10 at 37°C for lipase from Burkholderia cepacia free (LBC) (a), lipase immobilized
by covalent binding with epichlorohydrin onto support produced without IL (b), lipase

immobilized by covalent binding with epichlorohydrin onto support produced without ionic
liquid (c).
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According to Hu et al.* immobilized lipase from Burkholderia cepacia in mesoporous
silica SBA-15 modified by imidazole based ionic liquids was more stable to pH change in the
pH 7.0 to range of 6.0 at 8.0, compared with that immobilized lipase in unmodified SBA-15.
As indicated above, pH adaptability is associated with the charge of the supports. The presence
of cations in ILs might reduce their sensitivity at low pH and improve the structure and the
adaptability of the immobilized enzyme system. Thus the shift of optimal pH in this study was

from neutral towards acid.

The temperature dependence of the relative activity of free and immobilized system was
investigated by measuring the hydrolysis of emulsified olive oil at different temperatures (from
25°C up to 80°C) and the results are shown in Figure 2. The optimal temperature for the free
enzyme was approximately 50°C, while for the immobilized enzymes the optimal temperature
was 45°C. This result shows that immobilization resulted in a lower activation energy for the
enzyme. The higher activation energy for the free enzyme implies an increased energy barrier,
meaning that the immobilized enzyme does not need an elevated temperature to attain its
highest activity.?® Similar results have been reported in literature, where the optimum

temperature of the immobilized lipase was in the range of 40—60°C. 11273145
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Figure 2. Effects on relative activity under ranging from 25 to 80 °C for lipase from

Burkholderia cepacia free (LBC), pH 7.0 (a), lipase immobilized by covalent binding with

epichlorohydrin onto support produced with IL, pH 3.0 (b), lipase immobilized by covalent

binding with epichlorohydrin onto support produced without ionic liquid, pH 3.0 (c).
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Determination of Kinetic Parameters

Kinetic constants of free and immobilized LBC were determined by using olive oil
emulsification solution as substrate in the hydrolysis reaction. The Michaelis—Menten constant
Km and the initial maximum reaction velocity Vmax of the immobilized LBC were calculated by
nonlinear fitting using the program Origin® 8.0., where K determines the affinity of the enzyme
for a particular substrate and Vmax determines the maximum rate of reaction. Table 2, shows that
the Km and Vmax of the free enzyme were 249 mM and 1836 U.g™, respectively, and after the
immobilization, the biocatalysts had a higher Vmax when compared to the free enzyme. The
yield of immobilization was confirmed as 203 % for CBE-SC and 250% for CBE-SIL.

Table 2. The Michaelis constant (Km) and the maximum reaction velocity (Vmax) of the free
enzyme determined by measuring initial rates of the reaction. Where free lipase from
Burkholderia cepacia (LBC), immobilized by covalent binding without ionic liquid (CBE -
SC) and immobilized with ionic liquid (CBE — SIL), are compared.

Biocatalysts Vimax (U.g?) Km (MM)
LBC 1.836 249
CBE-SC 2.718 99
CBE-SIL 3.801 149

The apparent Vmax values were consistent with the Ky, values. The results suggested that
the IL modification increased the affinity of the enzyme and substrate. The affinity of an enzyme
for a substrate is high if the Kn value is low. According to Cabrera-Padilla et al.*°, the higher
affinity for substrate obtained in the case of the immobilized enzyme could be explained by the
hydrophobic microenvironment of the immobilized enzyme attracting the substrate which is
also hydrophobic, resulting in the obtained values for Kn. Similar observations were made by
Barbosa et al.** and Carvalho et al.3! while evaluating the K, of lipase extracted from Bacillus
sp., ITP-001 in the hydrolysis reaction of olive oil, where they obtained Kn, values of 105 and

14 mM for free and immobilized enzyme, respectively.

When comparing the lipase system immobilized onto supports control or modified with
IL, it could be observed that the Km was higher for the biocatalysts immobilized onto supports
modified with IL. This feature is possibly due to the greater porosity of the modified support
and immobilization of lipase inside pores, indicating that the affinity towards the substrate was
reduced when compared to enzyme immobilized only on the surface of the control support.*®
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The maximum reaction speed of the immobilized system increased after immobilization of the
enzyme. This suggests that the enzyme may have undergone a positive conformational change
during immobilization, which affected the reaction rate, and could have influenced the

diffusional mass transfer of substrate to the immobilized enzyme.13047

The kinetic studies of lipase-catalyzed conversions have been scarcely studied and
require further investigation because each process involves different parameters such as lipase
type, lipase immobilization, the solvent used, temperature, reactant concentrations, mass
transfer limitations as well as the parameters affecting the ping-pong bi-bi mechanism proposed

for lipase.*84°
Operational stability of hydrolytic activity

The operational stability of the immobilized enzyme system is one of the important
characteristics that can help to reduce industrial process operation costs since to use the free
enzyme, it is necessary to constantly add new enzyme loadings and when the enzymes are

immobilized they may be used in multiple cycles or in a continuous process.?>

Figure 3 shows the variation of CBE-SC and CBE-SIL relative activity after reuse.
Lower activities of CBE-SC were measured after seven cycles of use, reaching 17% at 17
cycles. This suggested that the lipase was stripped off the channels of SC in the separating and
washing steps during the recycling because it was only attached onto the silica surface. CBE-
SIL maintained approximately 50% of its initial activity after the eighteenth cycle, which

confirms that it has a more stable structure than CBE-SC.

Yang et al.?, Hu et al.!* and Zou et al.>*>? showed greater variation of immobilized
lipase activity in functionalized mesoporous silica SBA-15 modified by ionic liquid, decreasing
after each cycle and reducing rapidly in the initial period. This behavior was due possibly to the
weak molecular interactions between the enzymes and supports through simple physical
adsorption or but it may also have been a conformational change in the enzyme structure during
the ballads. Therefore, other immobilization methods such as covalent binding should be
considered to further improve the reusability of immobilized lipases. In addition, these studies
demonstrate that besides the surface modification of silica, it is also necessary to choose an
appropriate method of enzyme immobilization that provides stronger molecular interactions

between enzymes and supports.
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Figure 3. Operational stability of the lipase from Burkholderia cepacia immobilized by

covalent binding. Reactional conditions were: 45 °C, pH 3.0, during 10 min and 80 rpm.
Transesterification activity

Figure 4 shows the conversion to ethyl esters by transesterification of three oil types
using lipase immobilized by covalent binding onto silica without protic ionic liquid (CBE-SC)
and with protic ionic liquid (CBE-SIL).

Three oil types (soybean, colza and sunflower oil) were used to assess transesterification
performance of the immobilized lipases. Lipase immobilized by covalent binding onto silica
without protic ionic liquid (CBE-SC) achieved 89% conversion of ethyl esters in 48 hours for
soybean oil. However, using the biocatalyst immobilized onto modified silica with protic ionic
liquid (CBE-SIL) conversion of soybean oil achieved almost 93% (72 h) ethyl ester conversion.
For colza, the CBE-SC was more efficient reaching 98% conversion in 72 h. For sunflower oil,
a 92% conversion was obtained after 72 h when using the CBE-SIL and 73% using the CBE-
SC after 72h. Therefore, it can be considered that lipase from Burkholderia cepacia

immobilized by covalent binding was effective for the transesterification reaction.

In the literature, there are no studies using lipases immobilized by covalent binding to
modified silica with IL for the synthesis of ethyl esters. Oliveira et al.*® performed the
encapsulation of LBC with a protic ionic liquid (N-methylmonoethanolamine pentanoate) and
applied it in the transesterification of babassu oil and ethanol (molar ratio 1:7). Conversions of

52% were obtained in conventional medium. Only after increasing the enzyme load through
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covalent binding in the already immobilized biocatalyst was it possible to see an increase in the
reaction performance leading to a 98% conversion (96h).

It can be concluded that using ionic liquid for silica surface modification for covalent
binding immobilization promoted higher conversions, without or with ionic liquid using a
conventional process, between 48 and 96 h. Figure 4d shows the highest conversions obtained
at 72 h. It can be concluded that the immobilized system onto support produced using ionic
liquid presented higher immobilization yields for soybean and sunflower, but for colza oil a

higher conversion percentage was obtained for the biocatalyst immobilized on control support.

Therefore, observed that ethyl ester production using immobilized biocatalysts is an
interesting alternative process due to the moderate reaction temperatures. Also, unlike chemical
catalysis which works better with methanol, immobilized enzymes seem to prefer ethanol.>-°
Another major influence on ethyl ester production (for biodiesel) is the triglyceride feedstock,
which depends on regional availability and economic conditions. Many vegetable oils can be
used, such as soybean, sunflower, palm, colza, rapeseed, castor oil, cottonseed, jatropha,

ricebran, coconut, hazelnut, pistachio, karanja, neam, mahu, caster, safallow, and jojoba.>3¢-
58

The main differences among these vegetable oils are the fatty acid compositions, which
strongly affect the production of esters. According to Resolution No. 482 (Technical Rules for
Identity Fixation and Quality of Vegetable Fats and Oils), of September 23, 1999 ANVISA
(National Health Surveillance Agency)®® the vegetable oils used in this study (sunflower
soybean and colza) are compounds mostly containing fatty acids of between 16 and 18 carbons,

as shown in Table 3.
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Figure 4 Time course of ethyl ester conversion using lipase from Burkholderia cepacia
immobilized by covalent binding. Experiments considered under a 40°C, 96 h of reaction and
stirring at 80 rpm. Lipase from Burkholderia cepacia immobilized by covalent binding using
different oils: soybean (a), sunflower (b) or colza (c). In image (d) a comparison between the

three oil types for aliquots taken at 72h of reaction under the already described conditions, is
seen.

According to Salis et al.%° substances such as phospholipids and waxes in oils may
negatively affect enzyme activity. The observed differences in transesterification by the
immobilized lipase are possibly due to the fatty acid composition of the oils studied (Table 3).
The highest conversion was obtained for colza oil (98%). Assessing the fatty acid content of

the oils used, the highest conversion was possibly due to the greater presence of oleic acid chain
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when compared to the higher amounts of linoleic acid chains (18:2) present in soybean oil and

sunflower oil.

Table 3. Composition of soybean, sunflower and colza oil fatty acids, comparing fatty acids,

carbon chain and their nomenclature

Fatty acids ~ Nomenclature Soybean QOil Sunflower Oil Colza Oll
C 14:0 Myristic <05 <05 <0.2
C 16:0 Palmitic 7.0-14.0 3.0-10.0 2.5-6.5
C16:1 Palmitoleic <05 <1.0 <0.6
C18:0 Stearic 1.4-55 1.0-10.0 0.8-3.0
c18:1 Oleic 19.0-30.0 14.0-35.0 53.0-70.0
C18:2 Linoleic 44.0-62.0 55.0-75.0 15.0-30.0
C18:3 Linolenic 4.0-11.0 <03 5.0-13.0
C 20:0 Arachidic <1.0 <15 0.1-1.2
C20:1 Eicosenoic <1.0 <05 0.1-4.3
C 22:0 Behenic <05 <10 <0.6
c221 Erucic <05 <20
C24.0 Lignoceric <05 <0.2
c241 Tetracosenoico <05 <0.2

From ANVISA (National Health Surveillance Agency) *°

Da Ros et al.*® concluded that there was no significant difference in transesterification

of babassu oil and tallow beef when using lipase from Burkholderia cepacia immobilized by

covalent binding on two different non-commercial matrices, an inorganic matrix (niobium

oxide, Nb20s) and a hybrid matrix (polysiloxane—polyvinyl alcohol, SiO>—PVA). Independent

of the feedstock, both immobilized derivatives were able to form the main fatty acids ester from

these raw materials. However, both reaction rates and yields were influenced by the support

and activating agents used for immobilizing the lipase. This same effect can be observed when

used lipase from Burkholderia cepacia immobilized onto supports produced with or without

ionic liquid in this study.
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Morphological and physicochemical characterization

Scanning electron microscopy (SEM)

According to the literature, direct investigation of the catalytic efficiency of supported
or immobilized lipase systems is necessary.® SEM micrographs of the lipase from Burkholderia
cepacia free and immobilized onto silica support prepared with ionic liquid and on the control

support are shown in Figure 5.

Figure 5a shows that the lipase from Burkholderia cepacia has a rounded shape. It can
be observed that the support in the presence of IL showed high surface porosity, with formation
of a layer of porous channels with irregular shapes (Figure 5¢) and the support without IL and

immobilized presented low porosity (Figure 5b and d).

The micrographs in Figure 4e show differences in the structure of the immobilized lipase
system. Support produced using IL shows a predominance of pores for the immobilization of
lipase by a covalent bifunctional agent such as epichlorohydrin. In conclusion, ionic liquid and
the bifunctional agent promoted physical changes in the support and resulted in a more porous
and efficient support for immobilization. According to Da Ros et al.*®, the SEM also allows the
verification of morphological differences between pure and activated SiO>—PVA supports.
After the modification with epichlorohydrin, small fissures were verified, which may help the

fixation of the enzyme on the support.

The higher activity yield obtained indicated that some sort of change occurs in the
mechanism of the enzyme system on modified silica with IL and epichlorohydrin. Speculation
about the mechanism is possible with data from biochemical and physicochemical

characterization.
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CBE-SIL (¢)

Figure 5. Scanning electron micrographs of lipase from Burkholderia cepacia (a) presenting a

spherical form. In (b) it is possible to see control silica support and (c) presenting silica support
produced with protic ionic liquid. The lipase immobilized by covale covalent binding with
epichlorohydrin onto control silica (d) and lipase immobilized by covalent binding with

epichlorohydrin onto silica produced with protic ionic liquid (e).
Specific surface area and porosity

The determination of the specific surface area and pore size is based on the volume of
nitrogen gas adsorbed at various pressures at 77 K (-196 degrees Celsius). The results of surface
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area measurement, diameter and pore volume for the silica support and immobilized system are

shown in Table 4.

The results for the specific surface area indicated a significant increase of specific
surface area when the ionic liquid was added to the support synthesis (from 799.5 m2.g™* (SC)
to 853.5 m2.g* (SIL). This behavior was also reported in studies using supports with IL without
enzyme by sol-gel encapsulation by Souza et al.’, Souza et al.®* and Zarcula et al.®. The surface
area of CBE-SIL was always larger than CBE-SC at the same loading, which would be an
advantage for enzyme dispersion and substrate diffusion. It was also shown that the activity of
CBE-SIL was better than that of CBE-SC, which reinforces the advantages of IL use.

Table 4. Physicochemical properties of silica supports (SC or SIL) and lipase from
Burkholderia cepacia immobilized by covalent binding onto control silica (CBE-SC) or

silica produced with protic ionic liquid (CBE-SIL).

Superficial Area Pore Volume Pore Diameter (A)
Sample
(m2.g™") (cm®.g™")
SC 799.5 0.57 30.25
SIL 853.5 1.02 41.76
CBE-SC 349.4 0.67 42.55
CBE-SIL 371.8 0.35 46.03

In studies carried out by Yang et al. ® mesoporous silica SBA-15 was modified by
carboxyl-functionalized ionic liquid. The prepared support was used to immobilize porcine
pancreatic lipase by physical adsorption and covalent binding. After modification, the pore size,
pore volume and surface area of SBA-15 decreased. The drop in these parameters could be
attributed to changes of the mesopore domains and the occupation of the functional groups in

the mesopore channels,5262-64

After treatment of the control support without ionic liquid (SC) with epichlorohydrin,
the surface area decreased by 50% and the pore volume increased. The increased volume of the
pores is possibly due to the formation of rigid spacer arms and the formation of porous channels.
Similar results were observed for the surface area of silica supported with IL (CBE-SIL), but
the pore volume decreased, since the spacer arms for the immobilization of lipase were retained
not only at the surface but also in the interstices of the support, preventing the adsorption of

nitrogen and consequently decreasing the diameter and pore volume.®+%
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Thermogravimetric analysis

The mass loss observed from TG curves in the range 25-1000 °C allowed the
observation of enzyme degradation, water extraction from the surface and the pores, definitive
carbonization, and others factor associated with condensation of silanol groups. The
thermogravimetric curves for the samples (LBC, SC, SIL, CBE-SC or CBE-SIL) were divided
into three regions as a function of temperature: 1 (25-200 ° C), 11 (220-600 °C) and 111 (600—
1000 °C) (Table 5).

Table 5 shows that in the area between Il and 11 LBC underwent approximately 100%
mass loss, probably due to decomposition of the enzyme organic compounds.?’ In Poppe et al.®
water loss from free lipase in the same temperature range was also seen, and it was concluded
that temperatures higher than 200 °C are required to remove tightly bound water from lipase.
SC mass loss was 21% in area | and 5% in area 11, different to SIL which lost 20% in area | and

10% in area Il. Both lost about 1.5% in region I11.

The weight loss in area | can be attributed to the presence of unreacted silanol groups
from the TEOS, which are present in the silica due to incomplete sol-gel reactions. The
difference in mass loss of the mass media in area Il can be attributed to the presence of water
in the pores, since the ionic liquid is hydrophobic and can retain water during the process of
support synthesis. Additional mass loss can also be associated with the condensation of silanol
groups and some loss of organic constituents (C, H, O and N) in the form of volatiles either
present or formed at the beginning of organic decomposition, including decomposition of

lipase.’

The immobilized lipase system weight loss was more pronounced in region I, at 23%,
which could be associated with the desorption of water molecules from the support and the
decomposition of organic and amino groups from the enzyme present on the surface.?” For the
immobilized lipase system onto support synthesized with ionic liquid, CBE-SIL, the highest
weight loss was observed in region Il, at 15%, due to the presence of enzyme on the surface
and within the porous support.

70



Table 5. Partial mass loss of lipase from Burkholderia cepacia (LBC), control silica (SC),
silica produced with protic ionic liquid (SIL), lipase immobilized by covalent binding with
epichlorohydrin on control silica (CBE-SC) or lipase immobilized by covalent binding with

epichlorohydrin onto silica produced with protic ionic liquid (CBE-SIL).

Samples Temperature (°C) Partial mass loss (%)

25-200 8.9

LBC 200-600 83.8
600-1000 10.4

25-200 21.2

SC 200-600 4.9
600-1000 14

25-200 20.0

SIL 200-600 9.8
600-1000 15

25-200 23.4

CBE-SC 200-600 17.7
600-1000 2.2

25-200 10.2

CBE-SIL 200-600 151
600-1000 1.7

The results show an increase of pores provided by the ionic liquid, generating greater
lipase load in the interstices, and maintaining the water retaining layer of enzyme hydration.
The best immobilization yield, ester conversion and improved operational stability were also
confirmed. Poppe et al.% also describe the stability of lipases from Rhizomucor miehei and
Candida antarctica type B on modified Immobead 150 supports, showing the positive effect of

immobilization on the thermal stability of lipase enzymes.
Fourier transform infrared spectroscopy

The efficiency of lipase immobilization on the silica support with additives was also
assessed by Fourier transform infrared spectroscopy. Typical FTIR spectra of the silica support
with or without IL, as well as of the lipase from Burkholderia cepacia free and their

immobilized forms are apresented in Figure 6 for comparison purposes.
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Free enzyme displayed a typical protein spectrum with bands associated with their
characteristic amides (IV and V group) in the region around 695 cm, as reported by Portaccio
et al.%” and Andrade et al.®8. The bands representing amides IV and V are also present in the
spectra of CBE-SC and CBE-SIL, revealing the presence of LBC in the immobilized systems.
The vibrational peaks around 1100-1000 cm ™ are associated with the C-C and C—-N composite
vibrations of the protein chain.®®

No additional band in the spectrum was observed in any of the immobilized lipase
systems, indicating that the covalent bond between the enzyme and support is of the same nature
as the typical protein and support bonds. However, the peaks for CBE-SIL seem larger in the
immobilized systems compared to those for the CBE-SC, especially the peak at 695 cm ™.
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Figure 6. FTIR spectra of the lipase from Burkholderia cepacia (LBC), control silica (SC),
silica produced with protic ionic liquid (SIL), lipase immobilized by covalent binding with
epichlorohydrin onto silica control (CBE-SC) or lipase immobilized by covalent binding with

epichlorohydrin onto silica produced with protic ionic liquid (CBE-SIL). biocatalyst.

The FTIR spectra of SC, SIL, CBE-SC and CBE-SIL showed absorption bands at
around 620 cm™!'. These obvious peaks were characteristic vibrations of the mesoporous

framework Si—O-Si.”115168 Sj_O—H peaks at 1100-900cm ™" are also characteristic absorptions
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that indicate the formation of the bonds between silica molecules as a result of polymerisation
of TEOS during the formation of the silica.?"%°

Conclusions

Surface modified silica supports were used to immobilize the lipase from Burkholderia
cepacia by covalent binding. The addition of protic ionic liquid (PIL) during the synthesis of
the silica support by a sol-gel method resulted in an improvement in their morphological and
physicochemical characteristics. Bifunctional agents are an important factor in the yield of
enzyme immobilization, and when epichlorohydrin was used, immobilization yields of up to
250% for lipase immobilized onto modified silica by covalent binding were obtained. The
Kinetic parameters corroborate the results of the immobilization yield. Therefore, careful
selection of the support and the immobilization conditions and techniques is important for the
generation of stable enzyme-support composite; improvement of the operational stability;
achieving favorable temperature and pH optima and kinetic parameters; and the efficient
conversion of esters, 98% for colza oil. Additionally the advantage of ionic liquid modified

SiO> as support can depend on the reaction for which the immobilized enzyme is used,
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Abstract: Synergistic effects were observed in the use of silica modified with ionic liquid to
improve the efficiency of the lipase immobilized by different methods. These immobilized
biocatalysts were used for the transesterification of sunflower oil to ethyl esters. Immobilized
lipase from Burkholderia cepacia (LBC) was applied to silica modified with a protic ionic
liquid, N-methylmonoethanolamine pentanoate (MS) and silica control (SC) by the physical
adsorption or covalente binding method. The reaction parameters of transesterification were
evaluated: temperature (40, 50 and 60°C), loading (10, 15 and 20% w.v'!) and the molar ratio
of oil: ethanol (1: 7, 1:10 and 1:13), for 96 h at 80 rpm using full factorial experimental design
(2° with 3 three central points). Physicochemical characterization of the supports and
immobilized biocatalysts were performed by nitrogen adsorption (BET), Fourier transform
infrared (FTIR), thermal analysis (TG) and scanning electron microscopy (SEM). The total
conversion of ethyl esters produced by LBC immobilized onto SC by physical adsorption was
85% at 72 h, while the same concentration using other method, covalent binding, was 96% at
72 h. For both methods of immobilization the half-life was more than double when the
biocatalyst immobilized on modified silica. It was shown that the introduction of IL during
production of support influenced significantly the changing the structure and surface properties
of silica and the catalytic behavior of LBC, synergistic effects was observed for the
transesterification reactions of sunflower oil to biodiesel. Lipase immobilized onto silica by the
sol-gel technique and modified with ionic liquid protic as additive can play an important role
in esters production and within the experimental range studied the results model give good
agreement with the experimental data. Correspondingly, these data show that a modification of
silica with ionic liquid protic combined with enzyme presented positive synergistic effects for

lipase immobilization.

Keywords: silica modified; ionic liquid; immobilized lipase; transesterification; esters ethyl;

experimental design.
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1. Introduction

Lipases are one of the more commonly used enzymes in biotechnology for the
biotransformation reactions of vegetable oils, such as esters by transesterification. Different
vegetable oils are used in biocatalysis, such as palm oil, cotton, soybean, canola, castor oil, pine
nuts, sunflower. Among these, the sunflower stands out because it is a culture with wide
adaptability, has increased tolerance to drought, lower incidence of pests and diseases, and
nutrient cycling. In Brazil, the sunflower can be grown in almost all the territory. In the
northeast, specifically in the north of Bahia and the southern state of Sergipe, according to
Embrapa Tabuleiros Coastal located one of the highest yields in Brazil, with average yield of
sunflower seed in agricultural year 1078-3105 kg / ha, exceeding in many cases the national
average productivity, which is around 1.500 kg / ha (Carvalho et al. 2014).

Enzyme stabilization is thus a decisive step from on economic perspective and an
alternative way to achieve good performance is the immobilization of lipase onto supports
modified with different substances, such as ionic liquid ILs (Cabrera et al., 2014, Hu et al.,
2012).

According to the literature, selection of the appropriate support and some modifications
can enhance the global performance of the process, due lipase becomes more active if the
interactions between them and their support stabilize their open form which generates a higher
activity (Carvalho et al., 2015; Cui et al., 2015; Jesionowski et al., 2014). Because, the lipase
can exist in two forms: an open, active form in which the lid displaces and allows substrate
access to the catalytic site and a closed, inactive form in which the lid shuts, thereby hiding the
catalytic site (Fernandez-Lorente et al., 2001; Verger, 1997).

The ionic liquid are compounds formed mostly of an organic cation and an inorganic
anion or organic and classified in aprotic and protic. Recently, aprotic ionic liquid has been
applied as an additive in immobilization protocol, during the process of lipase immobilization
treatment of commercial support for enzyme immobilization, such Zou et al. (2014) studied
different imidazole-based ionic liquid precursors grafted onto the surface of mesoporous silica
SBA-15 for immobilization of porcine pancreas lipase by physical adsorption. Hu et al. (2012)
modified mesoporous silica SBA-15 with imidazole-based ionic liquids with various functional
groups for immobilization of lipase from Burkholderia cepacia (LBC) by physical adsorption
and the results revealed that modification of support increased pore structure, strengthened the
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enzyme-support surface interactions and the properties of immobilized enzyme, obtaining
synergistic effects in the complex enzyme and support.

On the other hand protic ionic liquids (PIL) are produced through proton transfer from
a Brgnsted acid to a Bransted base and are interesting because they have a highly mobile proton
and cations with different alkyl chains, they are cheap, and synthesis is simple, with very low
toxicity, suggesting biocompatibility with lipases (Alvarez et al., 2010; Kato et al., 2004). And
so far no studies have used lipase from Burkholderia cepacia immobilized onto silica modified
with PIL by the physical adsorption or covalent binding method for the production of ethyl ester
(Zou et al, 2014; Yang et al., 2013; Hu et al., 2012).

Transesterification reaction can include the presence of an acid, a base or an enzyme as
catalysts. These studies have shown that the main factors affecting the yields produced by these
reactions are: oil:alcohol molar ratio, type of alcohol, temperature, quantity of water, oil or fat
purity, support, immobilization method and enzymes (Sagiroglu et al., 2008). Due synergistic
effect the use response surface methodology (RSM), for analysis the influence of several
variables, has been widely applied to the transesterification reaction (Yu et al., 2013; Da Ros
2012; Zarcula et al., 2010).

Besides, the morphological and physical-chemical characterization of silica and
biocatalyst immobilized by different techniques are tools relevant and can combine of the
characteristic from structure with catalytic efficient in according literature (Souza et al., 2013;
Huetal., 2012; Andrade et al., 2010). The objective of this study was the chemical modification
of silica with protic ionic liquid and use it as for to immobilize from Burkholderia cepacia by
the physical adsorption or covalent binding method and evaluation of the synergistic effects of
the variables temperature, molar ratio and enzyme loadingin in the transesterification reaction

through full factorial experimental design.
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2. Materials and methods
2.1. Enzyme and Chemicals

Lipase from Burkholderia cepacia was purchased from Sigma Aldrich (Japan,
2200 U.g™h). The silane precursor tetraethoxysilane (TEOS) was supplied by Across Organic
(NJ, USA). Tetraethoxysilane (TEOS) was acquired from Aldrich Chemical Co. (Milwaukee,
WI, USA). Epichlorohydrin, hydrochloric acid and polyethylene glycol (PEG molecular weight
1.500) were supplied by Reagen (Brazil). Water was purified by reverse osmosis and deionized
through a Milli-Q four-cartridge organic-free water purification system. Sunflower oil was
acquired in the market place of Aracaju - SE Brazil. Other chemicals were of analytical grade
and used as received.

2.2. Preparation of Silica by Sol-Gel Technique

The methodology used was that previously established by Souza et al. (2013) with some

modifications.
The technique was divided in four main stages, which are described below:

Step 1: Tetraethylorthosilicate (36 mL) was dissolved in absolute ethanol (30 mL) in an
inert atmosphere of nitrogen and slowly added over it hydrochloric acid dissolved in ultra pure
water, 0.22 and 5 mL, respectively (pre-solution hydrolyzing). Then the temperature was
maintained at 35 °C and left under stirring for 90 min, obtaing the silica.

Step 2: For silica modified with ionic liquid (N-methylmonoethanolamine pentanoate)

was added 1% (w.v1).
MS), if not added to the ionic liquid support was named as silica control (SC).

Step 3: for obtation complety hydrolysis of silica was add them immediately ammonium
hydroxide (1 mL) dissolved in ethanol (6 mL), and then the mixture was allowed to stand for

24 h to allow complete polycondensation.

Step 4: Following this period, the silica was washed with hexane and acetone, vacuum

dried, kept in a desiccator for 72 h and sieved to obtain a particle size of 42-60 mesh.
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Two supports were obtained: one without protic ionic liquid, denominated silica control
(SC) modified silica with protic ionic liquid (MS).

2.3. Immobilization by Physical Adsorption (PA)

The physical adsorption procedure (PA) was performed according to Soares et al. 2004
from contact of the aqueous enzyme solution with the support obtained by sol-gel techniques
(SC and MS) in the mass ratio of 0.3:1 (lipase:silica) in organic medium (hexane) over a period
3h, 50 rpm. After this period, the solution was kept 4 °C for 24 h. The immobilized lipase has
gone through a washing process with hexane and was recovered by vacuum filtration and the
immobilized biocatalyst was kept 24 h in a desiccator. The biocatalysts immobilized by physical
adsorption (PA-SC or PA-MS) were used in the standard reaction for evaluation of performance

and subsequently in the transesterification reaction for obtaining ethyl esters.
2.4. Immobilization by Covalent Binding (CB)

The activation of SC or MS particles was carried out with epichlorohydrin at 2.5% (w.v-
1Y pH 7.0 for 1 h at room temperature, followed by washings with distilled water according
Carvalho et al. (2016). Supports activated was soaked into hexane under stirring (100 rpm) for
1 hat 25 °C. Then, excess of hexane was removed and lipase was added at a ratio of 1:4 gram
of enzyme per gram of support. PEG-1500 (5 mg.g™!) was added together with the enzyme
solution at a fixed amount (100 pl.g™ of support). Lipase-support system was maintained in
contact for 16 h at 4 °C under static conditions. The immobilized lipase derivative were filtered
and thoroughly rinsed with hexane. The biocatalysts immobilized by covalent binding (CB-SC
or CB-MS) were used in the standard reaction for evaluation of performance and subsequently

in the transesterification reaction for obtaining ethyl esters.
2.5. Enzymatic Activity
2.5.1. Hydrolysis reaction

Enzymatic activities of free or immobilized lipase were assayed using the olive oil
emulsion method according to Soares et al. (2004). One unit (U) of enzyme activity was
defined as the amount of enzyme liberating 1pumol of free fatty acid per min (umol.min-%).
Analyses of hydrolytic activities were carried out on the lipase loading solution and
immobilized preparations to determine the total activity and yield immobilization, Ya (%),

according to Equation 1:
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V.00 =

x100 (1)

0

in which Us corresponds to the total enzymatic activity recovered on the support and Ug

represents the enzyme units offered for immobilization.
2.5.2. Transesterification reaction

Transesterification reactions catalysed by the lipase from Burkholderia cepacia were
performed in a solvent-free system using the conditions proposed by Freitas et al. (2009). The
transesterification reactions were carried out in batch reactors with a capacity of 25 mL, which
were submerged in a thermostatic bath to keep each mixture at constant temperature and under
agitation. All experiments were composed by 5 g of substrate consisting of sunflower oil and

anhydrous ethanol without the addition of solvents.

The experiments were performed according to full factorial experimental design, 23 with
three replicates at central levels. The experimental variables were temperature, ethanol to
sunflower oil molar ratio and enzyme loading as described in the Table 1, having as response
variable the ethyl esters conversion. The data obtained were analyzed using Statistica software
version 8.0 to verify the independent variables effects on the response assuming levels of

p<0.05 as the statistical significance and response surface methodology (RSM).

Table 1: Factor levels used according to the full factorial experimental design, 2° with three

replicates at central levels

Variable Symbols Levels
Temperature (°C) X1 40 50 60
Molar ratio (sunflower oil to ethanol) X2 1.7 1:10 1:13
Enzyme loading (w.w! %) X3 10 15 20
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2.5.3. Characterization of transesterification products

To determine esters conversion (%), the characterization of ethyl esters was done by GC
gas chromatograph (Shimadzu 2010) equipped with a Carbovax (30 m x 0.25 mm x 0.25 mm)

column. The parameters used for chromatography are shown in Table 2.

Table 2: Parameters used in the chromatography

Chromatograph used Shimadzu 2010 instrument
Detector FID (Flame lonization Detector)
Column Carbovax (30 m x 0.25 mm x 0.25 mm)
Temperature of the detector 250 °C
Oven temperature 100-260 °C
Heating rate 10 °C.mint
Carrier gas Hydrogen

The analyzed sample was prepared by mixing of biodiesel previously purified with
standard solution. An aliquot of the sample was then injected in to the chromatograph with a
10 mL glass needle. The yield calculation in esters was carried out based on the mass and areas
under the peaks corresponding to the ethyl and methyl esters, and on the internal standard, using

Equation (2). Conversion analyses were performed in duplicate.

Conversion%) = (Ac—As) X (Cis) x100 )
AIS CE

where: Ae = sum of the peak areas corresponding to the esters in the sample; Ais = peak area
corresponding to the internal standard; Cis = internal standard concentration; Ce = sample

concentration.
2.6. Reusability of Immobilized Lipase

The reusability or operational stability in the transesterification reaction by lipase from
Burkholderia cepacia immobilized by physical adsorption or covalent binding on SC or MS

was carried out to the run of the experimental design that had a higher conversion to ethyl esters
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at 72h. Immobilized lipase was washed with hexane once and reused for the next cycle. The
initial conversion was defined as 100%.

The half-life (ty2) for immobilized were calculated using Equations 3 and 4, respectively,
according to the literature (Da Ros et al., 2012, Cabrera-Padilla et al., 2012).

A= A, xexp(—k, xt) A3)
_ In(0,5)
t% = K, (4)

where A is the residual activity after reaction (U), Ao is the initial enzyme activity (U), Kq is
the inactivation constant (h), and t % is the half-life (h).

2.7. Morphological and Physicochemical Characterization

The surface area of silica (SC and MS) and immobilized biocatalysts (PA-SC, PA-MS,
CB-SC or CB-MS) were measured by physical adsorption, with nitrogen as the adsorbate. The
samples were previously subjected to thermal treatment at 120 °C for 48 h, to eliminate any
water existing within the pores of the solids, and degassed to below 50 mmHg at room

temperature; analyses were performed at 77 K.

The surface area (m2.g™%) was calculated by the Brunauer, Emmett, and Teller (B.E.T.)
method. Pore volume (cm®.g?), diameter (A) and area distributions based on BJH calculation
were evaluated by the B.E.T. apparatus software (Model NOVA — Surface Area & Pore Size

Analyser, Quantschrome Instruments).

Thermogravimetric (TG) curves of LBC, SC, MS, PA-SC, PA-MS, CB-SC and CB-MS
were obtained using a TG, Perkin Elmer Pyrisl apparatus, under a nitrogen atmosphere that
started from room temperature and went up to 1000 °C, increasing at a heating rate of
10 °C.min"". The thermogram was divided into three regions as a function of temperature and

the percentage of the mass loss was calculated using Equation 5.
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Wy =W,
Mass Loss (%)= | — | x100

f

()

in which w; and wr are the initial and final weight of samples, respectively.

Scanning electron microscopy (model Hitachi S4100i, accelerating potential of 30 kV
to 500 V and 15 A resolution) was also used to characterise the surface of the samples. The
samples of LBC, SC, MS, PA-SC, PA-MS, CB-SC and CB-MS were submitted to FTIR

analysis (Perkin Elmer). Spectra were obtained in the wavelength range from 500 to 4000 cm ™.

3. Results and discussion

3.1. Yield of Immobilization

There aren’t studies about using immobilization processes onto modified silica obtained
by the sol-gel technique that can explains synergistic effects as such in the sol-gel process onto
obtained silica, the gelation characteristics and the structure of the hybrid sol-gel support
formed. And still also achieve the decrease of diffusion limitation because of the availability of

enzyme on surface modified silica.

The synergistic effects of lipase and silica in this were observed in standard hydrolysis
reaction, transesterification reaction, morphological and physicochemical characterized
(Carvalho et al., 2015; Souza et al., 2013; Soares et al., 2004; Cabrera-Padilla et al., 2012). The
results show that the influence of ionic liquid onto support production was a positive one
regarding the immobilization of lipase by physical adsorption with yield from 33 to 64%,
practically double the yield of immobilization compared with the silica support control.
According Carvalho et al., (2016), for immobilization by covalent binding yield of
immobilization on modified silica increase the yield immobilization was only 1.25 times higher

when using the modified support, according, as shown below (Table 3).

It can be seen that after support modification with ionic liquid yield increased for all
immobilization techniques. We suggest that according to Cui et al. (2015) overcome limitation
of the immobilization, researchers have adopted methods to modify the support surface with
additives to reduce the possibility of the enzyme denaturation during the immobilization (Zhu
etal., 2011; Palomo et al., 2003).
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This difference is probably due to strong hydrophobic adsorption of the enzyme on the
surface and in the pores of the support, since the support produced with ionic liquid has a greater
surface area, pore volume and diameter, as discussed later. According Liese and Hilterhaus
(2013) the immobilization of the lipase to the porous solid surface can there is only a certain
penetration. Nevertheless, a complete and uniform distribution of the immobilized enzyme
throughout the particle is only beneficial if catalysis can occur throughout the bead volume,
preventing the mass transport limitations. Especially in this work, the effect that the calculated

activity of an immobilized enzyme onto porous support is surprising, as shown in Table 3.

Table 3: Comparison of yield immobilization of the lipase for the techniques, physical

adsorption and covalent bond, in support control or modified.

Samples Yield Immobilization (%) Reference

PA - SC 33 This study
PA-MS 64 This study
CB-SC 200 Carvalho et al., (2016)
CB-MS 250 Carvalho et al., (2016)

Cabrera-Padilla et al. (2014) used the ionic liquids as additives to immobilize lipase
from a new source of Bacillus sp. (ITP-001) by the physical adsorption method supporting
green poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) in order to evaluate the influence
of the cationic core ([Csmpy]Cl, [Csmin]Cl), of anions ([Csmin]Cl, [Csmin]N(CN)a,
[Camin]T,N) and the cation chain length ([Comin]Tf2N, [Csmin]Tf2N)) in the immobilization
process. Observed that the total activity recovery yield (Ya) for the immobilized biocatalysts
employing IL as additives always resulted in higher values compared with the control. The most
efficient was using the more hydrophobic ionic liquid [Csmin]Tf2N, which represents a 2-fold
greater increase yield of enzymatic activity similar the obtained in this studies for silica
modified with IL for immobilized lipase. However, in this study the IL was used only in the
production of support, without contact with the lipase, a fact that eliminates the possibility of

super activation of the lipase by IL.

The effect is not always positive, however. For example, in the study by Hu et al. (2012)
the efficiency of immobilization of lipase from Burkholderia cepacia by physical adsorption

onto silica SBA-15 modified with aprotic ionic liquid was 69%, but for a support without ionic
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liquid the efficiency of immobilization was 87% for the triacetin hydrolysis method. This effect
was possibly to the result of the significant change in structural parameters, such as the
reduction of the area and pore volume of the SBA after modification with ionic liquid or type

ionic liquid, and reduction of the load of the immobilized enzyme support.
3.2. Ethyl Ester Conversion

A full factorial experimental design with two levels, three variables and three replicates
at central levels was created to determine the experimental conditions that maximize the
synthesis of ethyl esters was dependent variable and to analyze the significative effects of the
variables. The ethyl esters conversion obtained in the transesterification reaction of sunflower
oil using immobilized biocatalysts are shows in Table 4. However, all conversion results for

each aliquot analyzed in the run for 96 h are shown in the support information of this article.

The first step in the process of searching for optimal conditions to identify the significant
variables that increase the conversion of ethyl esters until 96 h. Table 4 shows the highest yield
by lipase immobilized by physical adsorption onto SC and MS was 79% (72 h) and 85% (96
h), respectively, was achieved at low temperature (40 °C), enzyme concentration (20%) and oil:
alcohol ratio (1:7). Under the same conditions was achieved approximately 96% in 72 h of
transesterification reactions using LBC immobilized by covalent binding onto silica modified
with IL.

The temperature, molar ration and amount of enzyme are independents variables for the
synthesis of esters. Based on previous reports using lipase from Burkholderia cepacia
immobilized on various supports for the transesterification of triglyceride to biodiesel the
variables for optimization and the corresponding ranges were temperature from 35 to 60 °C, the
molar ratio of oil:ethanol from 1:6 (Tran etal., 2012; Chen et al., 2008; Noureddini et al., 2005).
It may be noted that the greatest conversions were obtained for these biocatalysts immobilized
on modified support in the molar ratio 1: 7 temperature 40 °C, and enzyme loading of 20%
(w.w?). These results clearly indicate a very interesting synergy for this particular system,
because the conversion by the lipase immobilized by physical adsorption or covalent binding
onto modified support is higher than the ethyl esters converted by the biocatalysts immobilized
onto control silica. According Vasconcellos et al. (2012) therefore a possible explanation for

the synergistic effect observed for immobilized complex compared to the other control supports
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is probably related to the ability of the enzyme to maintain the functionality of its catalytic site

after the immobilization, specially the stabilization of its secondary structure.

Three hypotheses also were proposed by Cui et al. (2015) the lipase is immobilized by
covalente binding onto the hydrophobic support, the hydrophobic environment could induce
the opening of the lid structure, thus activating the lipase by interaction activation (1); when the
lipase is immobilized onto modified support, the secondary amino group could immobilize
lipase by ionic exchange (2) and finally when the lipase is immobilized onto the biocompatible
support, the lipase conformation is almost entirely maintained, which accelerates its catalytic
efficiency (3). Hence we concluded that the hypothesis 1 and 3 applies to present work, use of
the hydrophobic support modified with an ionic hydrophobic liquid increasing the efficiency of

the biocatalyst in the immobilization due this synergistic effect.
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Table 4: The experimental factorial design of experiments and the corresponding conversions in the transesterification reactions.

Variable Conversion (%)
Run Temperature Molar ratio Enzyme PA -SC PA -MS CB-SC CB-MS
(°C) (oil:ethanol) loading (%)
1 -1 (40) -1(117) -1 (10) 41.91 +3.51(96h) 64.45+1.77 (96h) 73.89 +2.29 (96h) 72.29 + 3.89 (96h)
2 1 (60) -1 (1:7) -1 (10) 13.27 +2.97 (96h)  57.84 +2.44 (96h)  62.01 + 2.24 (96h)  77.96 +2.42 (96h)
3 -1 (40) 1(1:13) -1 (10) 9.08+1.64 (96h) 41.25+2.08 (96h) 43.91+3.91 (72h) 52.27 + 3.32 (96h)
4 1 (60) 1(1:13) -1 (10) 22.17+1.07 (96h) 37.63+£2.02 (96h) 36.90+3.33(96h) 61.33 +1.03 (96h)
5 -1 (40) -1(1:7) 1 (20) 79.77 + 1.57 (96h)  85.36 + 3.53 (72h) 78.35+2.14 (72h) 95.85 + 2.56 (72h)
6 1 (60) -1 (1:7) 1 (20) 77.07 £1.73(96h) 62.96 + 1.90 (96h) 72.86 + 1.82 (72h)  74.88 + 2.74 (96h)
7 -1 (40) 1(1:13) 1 (20) 8.74+2.87 (96h) 59.25+1.80 (96h) 80.77 + 1.45 (72h)  58.17 + 2.54 (72h)
8 1 (60) 1(1:13) 1 (20) 11.01+2.69 (96h) 64.70 +2.90 (96h) 51.29 + 1.66 (72h)  66.03 + 2.37 (72h)
9 0 (50) 0 (1:10) 0 (15) 30.97 +2.15 (96h) 73.76 +£2.97 (96h) 67.1+1.28 (96h)  69.12 + 2.82 (96h)
10 0 (50) 0 (1:10) 0 (15) 33.50 £2.06 (96h) 73.64 +1.01 (96h) 66.8 +£1.86 (96h)  67.49 +£2.94 (96h)
11 0 (50) 0 (1:10) 0 (15) 34.11+3.10 (96h) 77.61+3.42 (96h) 65.2+3.40 (96h)  68.93 + 2.51 (96h)
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In selected independents variables using PA-MS in transesterification reactions, the
most significant in the level of 5% were enzyme loading (3), temperature (2), curvature and
interactions between temperature and molar ratio, are significant. For covalent immobilization
using MS enzyme loading, molar ratio (1), interactions between 2 and 3, and 1 and 2 are
significant and curvature. These significant values (p < 0.05) can be better seen in the Pareto
diagram in Figure 1. However, the variable molar ratio and temperature have no significant

influence on conversion to ethyl esters for the PA and LC, respectively.

(3)E} // //W // % 11,06228
)T // //l//.// // % -10,541
Curvatr. ) |io3e4s4
1by2 //j4esaer

(1)RM %5-4,19311
1%2*3 | 3829001
2by3 m 3,03454893
1by3 %-,gglglz

p=,05

(a)

oo [
ey~ 7 sssrsos
- =
- =

(HRM / / //// -3,95755

@T / -53,07406

1by3 / -1,77932 1

p=,05

(b)

Figure. 1 Pareto chart with 5% level of significance and linear regression coefficient of 0.99:
a) PA-MS and b) CB-MS.
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The response surface methodology (RSM) was used as an approach for determining the
region where the yield was maximized for the oil tested, neverthelles, no optimal conditions

were observed (Figure 2).

For the immobilized lipase by physical adsorption the convesion increases by 20%, on
average, when the enzyme loading from a higher level (10) to a lower level (20), and 44% when
molar ration from a higher level (1:13) to a lower level (1:7). For the lipase immobilized by
covalent binding onto MS the reaction yield decreases by 43%, on average, when enzyme
concentration goes from higher a level (20%) to a lower level (7%) and when the molar ratio
goes from a higher level (1:13) to a lower level (1:7). Overall, the final biodiesel yield and the
reaction time of lipase immobilized onto modified silica were both substantially optimized due

to the positive synergy provided by modification of support and immobilization method.

In this study the greater the concentration of enzymes, the higher the reaction yield,
therefore, enzyme concentration had a positive effect, showing a higher yield when a greater
quantity is of 20% of enzyme. Studies realized by Ribeiro et al. (2012) or had similar results
for enzymatic transesterification with higher loading lipase immobilized for transesterification
of coconut oil with 80.5% conversion. Results obtained with higher loading enzimatic were
also obtained by Yu et al. (2013) and Oliveira et al. (2014).

Although the excess alcohol being a factor inhibiting the enzymatic activity and change
the diffusion limitation. In this study the enzymes were not influenced for this variable.
Enzymes when present in the immobilized form mostly a higher reaction rate when an increase
in temperature occurs, therefore are protected from thermal effects and the collision chance
between enzyme and substrate molecules increased, which might help to form enzyme and
substrate complexes and then led to the increase of enzyme activity (Carvalho et al., 2014
Oliveira et al., 2014; Da Ros et al., 2012; Ribeiro et al., 2012).
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Figure 2: Response surface for biodiesel conversion due to loading enzyme and temperature

by physical adsorption (a) and covalent binding (b) onto modified silica
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3.2.1 Reusability of Immobilized Lipase

Reusability is the most important quality for enzymes when applied in industry (Cui
et al., 2015; Carvalho et al., 2015). The initial conversion was defined as 100% of conversion
to ethyl esters of sunflower (40°C, molar ratio 1:7 and enzyme loading 20% w.w™) the
reusability of immobilized lipase after washing with dionized water is shown in Table 5. After
three repeated uses, immobilized lipase by physical adsorption onto SC recycled by washing
decreases the conversion of esters to below 50%. While immobilized onto MS this value was

reached only on the 6th cycle.

Table 5: Reusability of lipase from Burkholderia cepacia immobilized onto SC or MS by

physical adsorption or covalent binding in the transesterification reaction.

Number Relative Conversion (%)

of cycle PA-SC PA-MS CB-SC CB-MS
0 100 100 100 100
1 71.59 88.97 85.46 91.68
2 54.17 82.31 72.52 88.94
3 49.48 81.55 68.81 83.62
4 21.92 76.47 55.42 82.97
5 22.61 66.5 46.88 69.05
6 4.87 59.2 21.69 66.16
7 43.9 56.75
8 18.5 53.68
9 51.62
10 44.35
11 37.53

In evaluating biocatalyst immobilized by covalent binding it is possible to observe two
cycles to achieve 50% conversion to esters by immobilized lipase catalyst SC compared to
immobilization by physical adsorption. The maximum reuse of immobilized biocatalyst was

achieved by covalent binding on modified silica, with 9 cycles up to 50%.
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Finally, it is possible that the support modified presents greater porosity and could
protect lipase against inactivation, since immobilized lipase by covalent binding has been

shown to improve enzymatic activity and stability.

The decrease in conversion after recycling can be partially attributed to the loss of
lipase-support or change in the enzyme conformation during recycles. In others works, lipase
immobilized undergoes inactivation and the decrease in the conversion on your it’s first 3
recycles. Being thus immobilized lipase onto modified silica becomes an attractive for
application and reuse in the synthesis processes (Yu et al., 2013; Zou et al., 2014; Hu et al.,
2012; Zhou et al. 2013; Barbosa et al., 2014). In addition to the number of cycles, it was possible
from the equation 03 and 04 determine the half-life of the immobilized biocatalysts (Table 6).
Table 6: Half-life of the immobilized biocatalysts.

PA-SC PA-MS LC-SC LC-MS
Inactivation constant (ht) 2.15 5.95 3.97 8.65
Half-life (h) 206.57 571.25 285.90 622.58

It is noted that the biocatalysts immobilized onto supports modified by different
immobilization techniques had longer half life (571 and 623 h for physical adsorption and
covalent binding, respectively) compared to the immobilized onto silica control (207 and 286

h for physical adsorption and covalent binding respectively).

The operational stability results in the transesterification reaction media modified
corroborate the immobilization yield results showing synergistic effect in this study, once that
the increase in half-life for biocatalyst immobilized by physical adsorption in modified support
was approximately 2.8 times greater than the control support. Slightly smaller increase was
observed when used covalent binding technique, 2.2 times. The greatest contribution to the
good performance of the immobilized enzyme is provided by the holder. If side one of a
carefully selected support may increase the half-life of the immobilized enzyme on the other
imprudent choice may adversely affect not only the stability, but the overall system

performance (Mendes et al., 2011).
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3.3. Morphological and Physico-Chemical Characterisation of Silica and Immobilized
Biocatalyst

Structural analysis is needed to highlight the physico-chemical and morphological
modifications imparted by catalytic conditioning, particularly the effect of IL on modified silica

and its suitability for immobilization of lipase.

In order to find one possible explanation for the synergistic effect observed in this study
for the modified support with IL, were made to correlate enzyme structural features and the
supports after the immobilization of the enzyme. Structural characteristics of silica and
immobilized lipase were assessed by the combined use of scanning electron microscopy (SEM)
and thermogravimetric analysis (TG), and specific surface area and porous properties by the
B.E.T. method and Fourier transform infrared (FTIR).

3.3.1. Scanning Electron Microscopy (SEM)

The silica modified with IL had a positive influence on enzymatic activities in
hydrolysis and transesterification reactions, the use of others morphological analyzes
complements this study. Therefore, SEM can be used to study the catalytic activity mechanism

through surface analysis and particle morphology investigations (Figure 3).

SEM is widely used to evaluate the surface morphology of silica obtained by the sol-gel
technique. With SEM it was possible to verify that the addition of ionic liquid during the sol-
gel process the silica formed a porous surface structure of channels and layers of irregular forms
(Figure 3b and 3d). This difference in structure could influence the immobilization of enzymes,
because the porosity is an important factor in the immobilization of an enzyme in the pores and
on the support surface without any effect on the structural stability of the enzyme (Talbert and
Goddard, 2012).

Although changes in the silica structure with IL improved the enzymatic activity,
synergistic effect was observed, the effect of morphology improvement on catalytic reactions

only be associated with highter of porosity, surface area and pore volume.
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() (d)
Figure 3: Scaning electron micrographs of the lipase from Burkholderia cepacia
immobilized: PA-SC (a), PA-MS (b), CB-SC (c) and CB-MS (d).

3.3.2 Specific Surface Area and Porous Properties

As regards isotherms and hystereses (Figure 4a and Figure 4b), particles are represented
by isotherm | and hysteresis type IV for SC (microporous solids with crevices where the pores
slightly exceed the diameter of the molecular adsorbent) and type IV isotherm and type Il
hysteresis for MS (solids with cleft pores in the mesopore range with distribution and defined
form; also associated with pores type bottle). The isotherms and hysteresis of physical
adsorption by immobilized biocatalysts show the same behavior of the SC and MS supports
(Figure 4). Although when immobilized by covalent binding in SC, the biocatalyst has type I
hysteresis associated with porous materials consisting of hard agglomerates of uniform size
spherical particles regularly ordered, cylindrical capillaries models. For construction in MS
hysteresis is type Il (Sing, 1985).
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Figure. 4: Nitrogen adsorption—desorption isotherms of the silica control (SC) and modified
silica (MS) and immobilised biocatalysts by physical adsorption (PA-SC and PA-MS).
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Table 7 presents the results obtained by Carvalho et al., (2016) for the supports for the
control and modified and biocatalysts immobilized by covalent binding to comparison purposes
with the physical adsorption technique. The significant increase in pore volume and surface
area when the ionic liquid was added in the process of obtaining silica. Hu et al. (2012) obtained
an opposite effect after silica was modified by imidazole-based ionic liquids for immobilization
of lipase from Burkholderia cepacia and the ILs resulted in a decrease of all textural parameters
like surface area, pore volume and pore diameter. These results indicated that the modification
of surface and textural parameters was connected with the type of IL functional group, i.e. the
various organic groups of ionic liquid have different hydrophobicity, extensibility, flexibility
and spatial conformation, and their effect on pore structure differs.

Table. 7 Physico-chemical properties of the silica without (SC) and with ionic liquid (MS) and

immobilized biocatalysts.

Surface area Pore volume
Sample
(m*g™) (cm®.g™)

SC* 799.5 0.57
MS* 853.5 1.02
PA-SC 579.9 0.64
PA-MS 706.8 0.87
CB-SC* 349.4 0.67
CB-MS* 371.8 0.35

*According Carvalho et al., (2016).

Therefore, in this study there was also a positive influence on the number of coupled
enzymes onto modified silica and consequent increased yield immobilization previously
mentioned, possibly also the result of migration of acyl residual between the amino groups and

hydroxyl groups of the BC lipase to ionic liquid-modified mesoporous silica.

The results clearly shows that in the presence of an ionic liquid pore diameter increases.
As expected, SC and MS display pore volume distribution and narrowing of pores resulting
from the immobilization of the lipase. This confirmed that the ionic liquid influences the surface
area and also the pore size. Therefore, there was also a positive influence on the number of

coupled enzymes and consequent increased yield immobilization previously mentioned (33%

101



for PA-SC, 64% for PA-MS, 200% for CB-SC and 250% for CB-MS), possibly also the result
of migration of acyl residual between the amino groups and hydroxyl groups of the LBC to
ionic liquid-modified silica, confirming the synergistic effects. The increase of the pore volume
can mean that the lipase aggregate formed on the surface SC and the modified silica support is

immobilized onto the pores.
3.3.3. Thermogravimetric Analysis

The mass loss obtained from TG curves in the range of 25 to 1000 °C allowed us to
observe degradation of the enzyme present in the samples, extraction of the water in the surface
and in the pores, definitive carbonisation, and other factors associated with condensation of
silanol groups. Thermogravimetric analysis of samples (PA-SC, PA-MS, CB-SC and CB-MS)
were divided into three regions as a function of temperature: (25-200°C), Il (200-600°C) and
111 (600-1000°C) (Figure 5 and Table 8).

As noted in Figure 5a, the biocatalyst immobilized by physical adsorption in support
control presented less weight loss when compared to immobilization in support modified with
ionic liquid. Possibly, in region it is the decomposition of not reacted silanol groups on the silica
synthesis process. Furthermore, in this region are present organic constituents (C, H, O and N),
in the form of volatiles either present or formed by the beginning of lipase decomposition,
which indicates increased presence of lipase on the support immobilized on modified silica thus
justifying double immobilization yield for this immobilization technique (Souza et al., 2013;
Arakaki et al. 2004; Qiu et al. 2007).

The mass loss of the biocatalysts immobilized have the same profile as the supports with
and without IL. However, the weight loss for the immobilized biocatalysts was more
pronounced in region | and we can associate it with the decomposition of organic and amino
groups, i.e. the enzyme present on the surface or superficial pores of support in according to
described by Soares et al. (2004).
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Figure 5: Thermogram of the lipase from Burkholderia cepacia immobilized by physical

adsorption (a) and covalent binding (b) onto silica control or modified silica.
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Table 8: Total mass loss of the lipase from Burkholderia cepacia, immobilized onto silica

support control or modified silica.

Temperature (°C) PA-SC PA-MS CB-SC* CB-MS*
25-200 15.7 28.1 23.4 10.2
200-600 5.7 1.4 17.7 15.1
600-1000 15 1.7 2.2 1.7

*According Carvalho et al., (2016).

Mass loss for the biocatalyst immobilized by covalent binding on SC and MS was
extensively discussed by Carvalho et al., (2016). However, compared with the physical
adsorption technique is valid, because the opposite effect can be observed and exposed Figure
5. Greatest mass loss in the biocatalyst immobilized by covalent binding on silicia control
attributed to the presence of lipase only on the surface of some porous support, resulting in this
area a greater loss due to exposure of sensitive organic groups immobilized on the support

surface.

According to Lee et al., (2009) the absence of great attenuations in Region Il (Figura
5a) indicates that there were no supports of covalent binding which could possibly have been
generated during the immobilization process, confirming that the type of binding of the enzyme
to the support is purely physical adsorption and Figure 5b is covalente binding. Justifying
greater operational stability of the biocatalyst immobilized by covalent binding in support

modified with ionic liquid.
3.3.4. Fourier Transform Infrared Spectroscopy

The efficiency of the immobilization lipase as regards the silica with additive was also
assessed by Fourier transform infrared spectroscopy (FTIR). Main peaks in the FTIR spectrum
of the silica with or without IL, as well as of the free lipase from Burkholderia cepacia, and
their immobilized forms are apresented in Table 9 for comparison purposes with Figure 6.
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Table 9: Main peaks in the FTIR spectrum of LBC, SC, MS, PA-SC, PA-MS, CB-SC and CB-
MS samples and tentative assignment according to literature

Wavenumber _ PA- PA- CB- CB-
Assignments LBC SC MS
(cm™) SC MS SC MS
695 Amide IV and V X X X X X
1100 to 1000 C-Cand C-N X
620 and 1000 Si-O-R X X X X X X

The bands representing amides IV and V are also presented in the spectra of LBC, PA-
SC, PA-MS, CB-SC and CB-MS, thereby revealing the presence of LBC in immobilized
systems. However, the vibrational peaks around 1100 to 1000 cm™! were associated with the C-
C and C-N composite vibrations of the protein chain of the LBC free or immobilized. We also
observed characteristic bands for the SC, MS, PA or CB onto SC and MS of Si-O-Si at 620 and
1000 cm™ (Anuar et al., 2013; Souza et al., 2013; Hu et al., 2012; Portaccio et al., 2011;
Andrade et al., 2010).
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Figure 6: FTIR spectrum of lipase de Burkholderia cepacia free (LBC), SC, MS, PA-SC, PA-

MS, CB-SC
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4. Conclusions

In this study, modified supports with ionic liquid protic acid (pentanoic acid N-metilmonoetanol
amine) applied for immobilization of lipase form Burkholderia cepacia by the physical
adsorption or covalent binding method were efficient for this transesterification reaction and a
synergistic effect was observed for this biocatalyst. We conclude that the ionic liquid protic, N-
methylmonoethanolamine pentanoate, promoted an improvement in the support surface
through the formation of channels and provided immobilization of LBC and this synergistic
effect is probably due to the fact that the immobilized enzyme was able to rearrange its catalytic
site in its active form onto the silica support. These results were confirmed by SEM and B.E.T.
morphological analysis and physico-chemical by TG and FTIR. The experimental design
proved to be an efficient way to study the effect of the variables on the process and the
maximum conversion to ethyl esters was 85% (physical adsorption onto modified silica) and
96% (covalent binding onto modified silica) in the conditions: temperature (40 °C), enzyme
concentration (20% w.w?) and oil:alcohol ratio (1:7). Thus, immobilized lipase in silica

produced with ionic liquid has the potential to produce esters.
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Supporting Information

Table 10: The run of experimental design factorial design.

Variable
Run Temperature Molar ratio (oil:ethanol) Enzyme loading
(°C) (%)
1 -1 (40) 1 (17) -1 (10)
2 1 (60) -1 (1:7) -1 (10)
3 -1 (40) 1(1:13) -1(10)
4 1 (60) 1(1:13) -1 (10)
5 -1 (40) -1(1:7) 1(20)
6 1 (60) -1 (1:7) 1(20)
7 -1 (40) 1(1:13) 1(20)
8 1 (60) 1(1:13) 1(20)
9 0 (50) 0 (1:10) 0 (15)
10 0 (50) 0 (1:10) 0 (15)
11 0 (50) 0 (1:10) 0 (15)
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Figure 7: Ethyl esters conversion using the biocatalyst immobilized onto silica control by
physical adsorption at each 24h according to the variables shown in Table 10.
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Figure 8: Ethyl esters conversion using the biocatalyst immobilized onto modified silica by

physical adsorption at each 24h according to the run and variables shown in Table 10.
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Figure 9: Ethyl esters conversion using the biocatalyst immobilized onto silica control by
covalent binding at each 24h according to the run and variables shown in Table 10.
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Figure 10: Ethyl esters conversion using the biocatalyst immobilized onto modified silica by

covalente binding at each 24h according to the run and variables shown in Table 10.
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Abstract: In the framework of the science of materials combined with biotechnology, different
microparticles are studied and can become a deciding factor for many different applications.
Among the studies, applications can be realized based on surface area and groups present on
the surface micro materials, such as microporous silica and the possibility of formation of
favorable aggregates immobilization onto lipase become a powerful biocatalyst with stability
operational. In this context the work directed to the use of microporous silica Aerosil® for
immobilization onto lipase by physical adsorption or covalent binding at different molar ratios
(1:0.2, 1:1 and 1:1.8) in the presence of the ionic liquid additive. The immobilized biocatalysts
were applied in patterns hydrolysis reactions of olive oil for evaluation of operational stability.
The structural changes that have occurred in the silica after immobilization by adsorption and
chemical treatment with APTMS and glutaraldehyde for covalent immobilization were
monitors by Nitrogen Adsorption and Desorption (BET method), Fourier Transform Infrared
Spectra (FTIR) and Scanning Electron Microscopy (SEM). We can see that the biocatalysts
immobilized by covalent binding technique showed higher operational stability compared to
physical adsorption technique, reaching 50% of the initial activity after the 13" recycle. But the
presence of the additive in the immobilization process did not result in greater stability, only
provided the increase in initial activity. For analyzing the surface area and pore volume, it was
possible to verify the formation of clusters around the lipase confirmed through the SEM, as
well as the presence of silica and grouping of lipase by means of FTIR. Concluded that this
immobilization technique on silica Aerosil® presents itself as a new lipase immobilization

strategy

Keywords: microporous silica, Aerosil®, immobilization, lipase.
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1. Introduction

The recovery and operational stability of the immobilized biocatalyst is the major
objective for their industrial use in biocatalysis. To overcome this difficulty, several studies
have been done to immobilize homogenous catalysts onto supports with different porosities.
The physical nature of the support, e.g., morphology, size and distribution of pores also directly
influence the yield of immobilization and for diffusional effects caused by mass transfer
between the liquid medium and the immobilized biocatalysts. The supports can be classified in
micro-, meso- or macro-porous, and among natural and synthetic supports highlights the silica
due to their polar properties and which are considered efficient adsorption sites, chemical and
thermal stability and ease of preparation (Carvalho et al., 2015; Benvenultti et al., 2009;. Airoldi,
2008; Duran et al., 2006).

The Aerosil® is a commercial microporous silica with high purity and extremely fine
particle size amorphous registered trade mark for a fumed silica from Degusa AG (Frankfurt,
FRG). Is prepared by the vapor phase hydrolysis of silicon halides followed by hydrothermal
treatment at high temperature and high water vapor pressure. According to Degusa (1993)
during this process, the SiCls gas is converted spontaneously and then reacted with the water

vapor formed in an atmosphere containing hydrogen and heated oxygen (Equation 1, 2 and 3).

2H2+ 0O, — 2 HO Eqg. 01
SiCls + 2 H,0O — SiO2 + 4 HCI Eqg. 02
2 Hz + Oz + SiCls — SiO2 + 4 HCI Eqg. 03

A considerable amount of heat is lost and the only by-product of this reaction is
hydrochloric acid (gas) which is separate from the silica. Different grades of silica Aerosil® are
obtained by varying the temperature and the duration of the hydrothermal treatment such'that
changes in the water content, the surface area and the pore structure are produced (Mathias and
Wannemacher, 1988).

Various groups can be bonded chemically to the surface of silica, such as organosilicon
compounds for the modification of surface characteristics (hydrophilicity and hydrophobicity).

The Aerosil® particles are not isolated but combined through hydrogen binding to form stable
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aggregates that can be hundreds of nanometers in size when bound aggregates originate
agglomerates and thus a three-dimensional network (Carvalho et al., 2015).

There are several types of Aerosil® with surface areas (S) ranging from 50 m2.g™* to 380
m2.g7%, average particle size of 7 nm and 40 nm. These supports with a low surface area (S
< 200 m2.g) are composed of regular uniform spherical particles with a fairly narrow size
distribution, where as Aerosil® with higher surface areas (200 at 400 m2.g) have less uniform
particles and often consist of intergrowths of finer particles separated by small gaps, i.e. they
contain pores (Mathias and Wannemacher, 1988). The Aerosil® fumed silica have primary
particles with low and even nonporous surface. For decades, microporous silica is widely used
as adsorbents in various drying, separation and purification processes for gaseous and liquid
mixtures. They are also used as catalyst supports, lubricant thickeners and fillers for varnish,
paint systems, unsaturated polyester resins, laminating resins and gel, silicone rubber,

adhesives, sealants, inks and cosmetics (Khalil, 1981; Degusa, 1993).

Also according to Degusa (1993) silane and siloxane groups found on the surface of
without treatment microporous silica Aerosil®, so the support has a high affinity for water -
hydrophilic - capable of adsorbing significant quantities of water, maintaining the formed
aggregates. When the silane groups of the fumed silica surface reacted with organosilicon
compounds chemically linked to the hydrophilic surface character can be changed, making it
hydrophobic. The silica support of hydrophobicity can result in possible use in enzyme
immobilization, which was not found, until the present moment, studies carried in order to
immobilize silica Aerosil® microporous and silica Aerosil® microporous modified with the

ionic liquid, onto lipase.

Thus, in this work, the preparation of microporous silica Aerosil® immobilized onto
lipases by two different techniques (physical adsorption and covalent binding) was studied.
Biocatalysts were synthesized, varying the mass ratio (lipase: Aerosil®) used were: 1: 0.2; 1: 1
and 1. 1.8, in order to understand the influence of the enzyme loading in the yield of
immobilization and in the operational stability. The samples were characterized by using
infrared spectroscopy, thermogravimetric analysis, N2 Adsorption—Desorption isotherms (BET

method), Fourier Transform Infrared Spectra (FTIR) and Scanning Electron Microscopy (SEM)
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2. Materials and methods
2.1. Materials

The microporous silica (Aerosil® 200 fumed silica) utilized has a surface area of 200 m2.g-
! and was commercially obtained from Degusa. The protic ionic liquid (N-pentanoate
Metilmonoetanolamina) was provided by the Federal University of Bahia (UFBA). Lipase from
Burkholderia cepacia (Amano Lipase, > 1900 U.g%, pH 7.0, 50 °C) was purchased from Sigma

Aldrich (Japan). Other chemicals were of analytical grade and used as purchased.

2.2. Physical Adsorption (PA) microporous support (Aerosil®) onto lipase from

Burkholderia cepacia

The physical adsorption method (PA) was realized from the contact of lipase from
Burkholderia cepacia with Aerosil® untreated, agitated for 1 h in hexane and was washed with
water and dried cap and vacuum for 3 h. The mass ratios (lipase: Aerosil®) used were: 1: 0.2;
1: 1 and 1: 1.8. Only after the study of the operational stability of biocatalysts immobilized by
physical adsorption technique in three different molar ratios was held immobilization in the
presence of the ionic liquid pentanoate N-methyl monoethanolamine additive (1% w.w™) with

the biocatalyst, which obtained the highest operational stability.

2.3. Covalent binding (CB) the microporous support (Aerosil®) onto lipase from
Burkholderia cepacia

For treatment of the microporous support, the Aerosil® was dried under vacuum for 2 h
at 120 ° C, then the dry support was submerged in toluene and added to 1 mmol of APTMS (3-
aminopropyltrimethoxysilane) per 1 g of support, the system was placed under an inert
atmosphere of argon with stirring (100 rpm) for 24 h at 90°C. The silanized support APTMS
was dried with vacuum for 2 h at 120°C, washed with water and ethanol and dried again. The
silanized Aerosil® was placed in contact with glutaraldehyde (5% v.v!) and stirred for 3 h at
room temperature. After the treated support was washed with water and ethanol and vacuum
dried for 2 h at 120 ° C. Lipase was placed in contact with the active support and buffer (pH
7.0) with constant stirring at 4 °C for 3 h. The mass ratios (lipase: Aerosil®) used were: 1: 0.2;

1: 1 and 1: 1.8. The immobilized biocatalyst was washed with water and dried cap and vacuum
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for 3 h. For immobilization in the presence of the ionic liquid pentanoate N-methyl

monoethanolamine was added together with 1% ww enzyme solution, conforming Seccion 2.2.
2.4. Operational stability

Being one of the main objectives of lipase immobilization was realized to evaluate the
operational stability of immobilized biocatalysts all produced. The biocatalysts were put into
viscose cloth casing and added to the reactor at 37 °C containing the olive oil emulsion with pH
7 according to Soares et al. (1999). The liberated fatty acids in enzymatic hydrolysis were
titrated with potassium hydroxide solution (0.04 M) in the presence of phenolphthalein as an
indicator. All enzymatic activity determinations were replicated at least three times. One unit
(U) of enzyme activity was defined as the amount of enzyme liberating 1umol of free fatty acid
per min (umol.min-1). After 10 min the reaction was removed from the bag and washed with
hexane, drying the cloth enclosure with extractor fan chapel, the biocatalyst was used again in

a new hydrolysis reaction.
2.5. Determination of the particle surface area, pore volume and diameter

N2 adsorption-desorption isotherms were obtained at the N2 boiling point temperature
in a homemade volumetric apparatus connected to a turbo molecular Edwards vacuum line
system, employing an Hg capillary barometer. Aerosil® were previously degassed at 70 °C,
under vacuum, for 2 h. The specific area and pore size distribution were estimated by the BET
(Brunauer, Emmett and Teller) and the BJH (Barret, Joyner and Hallenda) methods,

respectively.
2.6. Scanning electron microscopy

The analysis in electronic microscopy were performed in Hitachi TM 300 equipment in
order to verify the conformational changes in the media before and after treatment of Aerosil®

and silica immobilized onto lipase from Burkholderia cepacia.
2.7. Fourier transform infrared spectra (FTIR)

The samples were submitted to FTIR analysis (Cary 630 FTIR — Agilent Technologies).
Spectra were obtained in the wavelength range 400 to 4000 cm™ ..
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3. Results and discussion

In this section will initially discussed the operational stability in the hydrolysis reaction
of biocatalysts immobilized by two different techniques: physical adsorption and covalent
binding in different molar ratios. After of the obtation of the biocatalyst was verified the
operational stability and the influence of the use of the ionic liquid as additive. And yet, was
evaluated the pH, the optimum temperature reaction and operational stability for immobilized
biocatalysts: immobilized by physical adsorption silica onto lipase without the additive (PA),
physical adsorption silica onto lipase in the presence of the additive (PA-LI), immobilized silica
onto lipase by covalent binding without additive (CB), immobilized by covalente binding the
silica onto lipase in the presence of the additive (CB-LI). Supports and immobilized biocatalysts

were characterized by SEM, BET method and FTIR. The results are presented in the sequence.

3.1. Operational stability of immobilized biocatalysts by physical adsorption (PA) and
covalent binding (CB)

In Figure 1 and 2 it can be observed the loss of activity over the cycles using biocatalysts
immobilized by physical adsorption and covalent binding. For the physical adsorption
technique, initial hydrolytic activity of the immobilized biocatalysts obtained were 1025, 1112
and 1083 U.g? in the mass ratios 1: 0.2, 1: 1 and 1: 1.8, respectively, in that order for technical
the covalent binding the hydrolytic activities were: 808, 750 and 936 U.g™.

In physical adsorption (Figure 1) the operational stability of the catalyst was
unsatisfactory, in which the 3rd recycling the relative activity loss was obtained of
approximately 50%. This results in low operational stability of the immobilized lipase Aerosil®
probably due to the absence of adequate OH groups in the silica to physically strong adsorption
of the lipase, and then the activation of the support with bifunctional agents is required.

In the method of immobilization by covalent binding (Figure 2) was performed
silanization with 3-aminopropyltrimethoxysilane (APTMS) and activation with glutaraldehyde
to immobilize of silica onto lipase. The lipase in mass ratios (lipase:silica) of 1: 0.2; 1: 1 and 1:
1.8 with the objective of adding spacer arm and finally immobilizing the enzyme on the support.
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Figure 1: Operational stability silica Aerosil® immobilized lipase onto from Burkholderia

cepacia in the physical adsorption technique at different mass ratios (37 ° C, pH 7, and 80 rpm
10 min).

In Figure 2, it is observed that although less initial hydrolysis activity, compared with
the physical adsorption, the operational stability was provided after the silanization and
activation of Aerosil® for different molar ratios. It is noteworthy that for the mass ratio (lipase:
Aerosil®) 1: 0.2 to the 9 th recycle the relative activity remained between 80 and 100%,
averaging approximately 50% only in the 13th recycle. This result is extremely satisfactory
because one of the most important objectives of enzyme immobilization technology is to
increase the operational stability of the biocatalyst, in this work silica iommaobilized onto lipase
from Burkholderia cepacia.

After, to evaluade use of the Aerosil® was verified the addition of ionic liquid in the
immobilization method, we used the ratio by weight (lipase: Aerosil®) 1:0.2, since it presented
a better operational stability and a lower amount of Aerosil® support for immobilization,
according Figure 3. The operational stability of the immobilized biocatalyst was not very
significant, but it is noteworthy that the presence of the ionic liquid increased the initial activity
of the biocatalyst immobilized by physical adsorption and the covalent binding to 1538 U.g*
and 1302 U.g'1, respectively. This effect is possibly due to activation of the lipase caused by
ionic liquid additive, protecting the hydration layer around the enzyme and/or by
conformational change as suggested in studies by Souza et al. (2013), Zou et al. (2014), Hu et
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al., (2012), Hara et al., (2010). According to Mohidem et al. (2011), during the process of
detenction, possibly the additive can also modify the hydrophobicity of the microenvironment,

influencing the humidity level inside the support to better results.
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Figure 2: Operational stability silica Aerosil® immobilized onto lipase from Burkholderia
cepacia by covalent binding method in different mass ratios (37 °C, pH 7, and 80 rpm, 10 min).
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Figure 3: Operational stability silica Aerosil® immobilized onto lipase from Burkholderia
cepacia by physical adsorption or covalent linkage in the presence of ionic liquid in the ratio
mass 1:0.2 (37 ° C, pH 7, and 80 rpm 10min).
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The influence on the reactivity of the silica gel surface is related to the availability of
silanol groups surface, because the silanol groups are the main sites of reactive silica and
because of the importance of these sites for the surface chemistry of silica. Based on this, several
authors report that a step activation by heating and/or vacuum to the surface of silica at a
temperature appropriate, it is necessary to remove the molecules of water physically adsorbed
and leave the largest number of free silanol groups to react with the amine grouping of which
is immobilized lipase (Zhuravlev, 2000; Arakaki et al., 2004). The covalent immobilization of
lipases insoluble materials is an interesting strategy to achieve stable heterogeneized

biocatalysts as observed in this study.
3.2. Physico-chemical characterization and morphological

According to the characterization of the support surface, in Figure 4 it can be seen the
profile of the isotherm of Aerosil® without and with treatment, where present profile micropores

and mesopores, respectively.
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Figure 4: Isotherms of Aerosil® untreated and reated with APTMS and glutaraldehyde.

The same micropores profile was observed in the work of Caovilla et al. (2009) when
analyzing the area Aerosil® as a source of silicon in the production of zeolite, which after

treatment is obtained an increase in surface characteristics.

The distribution of pore size obtained by the BJH method are shown in Figure 5 and we

can see that the Aerosil® untreated has small pores and then treaty changes occurred in the
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profile of the isotherms (Figure 4), which now absorb more nitrogen in high values P/PO
corresponding to larger pores. This behavior is probably due to the spacer arms formed by
glutaraldehyde and also the low surface area silica with a tendency to agglomerate. The surface
silanol groups of surrounding silica particles form hydrogen bonds with each other and thus a
three-dimensional network structure with formation of channels and consequently large

diameter gaps (Rapuano e Carmona-Ribeiro, 2000; Leboda et al., 2000; Degusa, 1993).
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Figure 5: Method BJH in the pore size distribution of the Aerosil®, Aerosil® treated and

immobilized biocatalyst by covalente binding (CB) in different the mass ratio.

After covalently immobilizing the Aerosil® onto lipase, it was found that the diameter
decreases due to lipase aggregate on the surface and within the three-dimensional network
formed by Aerosil® as described in Table 1. It was observed the formation of mesopores, but
also macropores. The curves identify the appearance of pores between 20 and 80 nm in the
treated Aerosil®. This profile is possibly due to the treatment of Aerosil® and agglomeration

with porous structure formation around the lipase.
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Table 1: Surface area and pore volume of the silica Aerosil® untreated, treated only with
APTMS, treated with glutaraldenyde and APTMS and immobilized biocatalysts by covalent

binding in different mass ratios.

Surface Area Pore Volume
Samples
(5 m2.g?) (£0.05 cm3.g1)
Aerosil® 174 0.41
Aerosil® (APTMS) 136 0.82
Aerosil® (APTMS- Glutaraldehyde) 156 0.96
Biocatalyst Immobilized by CB (1:0,2) 119 0.78
Biocatalyst Immobilized by CB (1:1) 120 0.82
Biocatalyst Immobilized by CB (1:1,8) 119 0.79

It was also observed that the comparison of isotherms for the various fractions tested
independent of the molar fraction of the textural characteristics remains constant (Figure 6a).
The isotherms and pore distributions were identical and allowed the development of a model of
immobilization by specific covalent binding to this system. Considering that for this system is
obtained immobilized support in the enzyme and not vice versa. In this case, regardless of the
added proportion, which is insoluble is only a fraction sufficiently functionalized enzyme
whereby there is an interaction between silica nanoparticles and lipase caused by the porosity
discussed above, thus achieving a small difference in operational stability independent of the

biocatalyst the mass ratio.

Analyzing the pore distribution of the immobilized lipase Aerosil® by different molar
ratios as seen in Figure 6b one can see the same profile for the independent pore distribution of
the molar ratio, mesopores. According to the IUPAC when the pore diameter is larger than 50
nm are referred to as macropores; when they are less than 2 nm are micropores and intermediate

between them (2 nm <pore diameter <50 nm) are called mesopores.

We can observe in the Table 2 that when biocatalysts immobilized by physical
adsorption technique in the presence of the ionic liquid there was an increase in surface area
and pore volume, we suggest that the lipase and the ionic liquid is weakly bound to the surface
formed by agglomeration and thus Aerosil® increasing the area and volume of the pores formed

by the aggregates, compared to covalent binding. This result is related to a higher initial
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hydrolysis activity when applied physical adsorption technique and reduced operating stability,
i.e., the lipase is no attached on the surface Aerosil®.
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Figure 6: Isotherms (a) and diameter distribution (b) of immobilized biocatalysts by covalent

binding in different mass ratios.
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The opposite effect to the one described above was observed for immobilization by the
covalent binding method with decreasing surface area parameters and pore volume, since the
lipase and the ionic liquid possibly bound strongly to agglomerate by means of spacer arm

formed by the agent bifunctional in the presence of the ionic liquid.

Table 2: Surface area and pore volume of the Aerosil® immobilized onto lipase from

Burkholderia cepacia in the presence or absence of ionic liquid.

Surface Area Pore Volume
Samples
(x5 m2.g?) (£0.05 cm3.g?)
Physical adsorption with IL 80 0.18
Physical adsorption without IL 112 0.78
Covalente binding without IL 120 0.85
Covalente binding with IL 99 0.77

3.4. Scanning electron microscopy

In the Figure 7a is observed lipase from Burkholderia cepacia with a rounded shape
(Figura 7a). The Aerosil® supports presents itself in the form of flakes (Figure 7b) and after
treatment with APTMS and glutaraldehyde in Figure 7c and 7d, respectively, resulted in a sharp
and agglomerated support. In analyzing of Figura 7e, 7f, 7g andh the immobilized biocatalysts,
we can see the Aerosil® immobilized onto lipase by physical adsorption, and thus the purpose
of this study was confirmed by micrographs, i.e., the support for the lipase has been
immobilized, and not the opposite found in normal and literature, where the biocatalyst is

immobilized on the support.
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Aerosil® (b) Aerosil® + APTMS (c) Aerosil® + APTMS + Glu (d)

PA— LI (f) PA — IL (i)

UFS_

Figure 7: Micrographs of the lipase from Burkholderia cepacia (a), Aerosil® (b) Aerosil® treated with APTMS (c) Aerosil® treated with glutaraldehyde
and APTMS (d), Aerosil® immobilized onto lipase by physical adsorption without ionic liquid (e), by physical adsorption with ionic liquid (f), by covalent
binding without ionic liquid (g) and by covalent binding with ionic liquid (h), by physical adsorption (i) and covalent binding (j) with ionic liquid.

129



The main difference observed in the micrograph when compared to immobilization
methods in the presence of the ionic liquid additive, is that the presence of the ionic liquid
immobilized by covalent binding there is a formation of aggregates between particles and
surrounding lipases (Figure 7i), which It can not be seen by the method of physical adsorption

where there are Aerosil® particles of immobilized lipase alone (Figura 7j).
3.5. Fourier transform infrared spectra (FTIR)

The spectra were obtained for lipase from Burkholderia cepacia free, the Aerosil,
Aerosil® treated with APMTS and glutaraldehyde (Figure 8), lipase immobilized by physical
adsorption (mass ratio 1: 0.2) with and without ionic liquid, immobilized by covalent binding
(mass ratio 1: 0.2) with and without ionic liquid, represented in Figure 9.
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Figure 8: FTIR spectra of the Aerosil® and treated Aerosil®.

For supports and immobilized biocatalysts intensive bands are easily noticeable between
750 cm™ and 1000 cm™ originating from stretching vibrations of the Si-O anda Si—-O-Si
(symmetric stretching). Moreover, in the range below 1000 cm™ a series of signals related to

various vibrations of the =C-C= group appear (Khdary and Ghanem, 2012).
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Figure 9: FTIR spectra of the Aerosil®, treated Aerosil®, lipase immobilized by physical

adsorption with and without ionic liquid, immobilized by covalent binding with and without
ionic liquid.

Among these signals, one at a wavenumber around 1600 cm™ originating from
stretching vibrations of the C=0, group is particularly distinguishable and amide | represent
groups present in the lipase spectrum, and at the lower intensity for them immobilized
biocatalysts (Portaccio et al., 2011). According Zdarta and Jesionowski (2013) wide bands are
noticable between 3600 cm™ and 3200 cm™ originating from stretching vibrations of the -OH
group, which mask the stretching vibrations band of the -NH group.

4. Conclusion

It was possible to develop a new strategy for immobilization of microporous silica
Aerosil® onto lipase from Burkholderia cepacia with increased operational stability when used
the technique of immobilization by covalent binding, the mass ratio 1:0.2. The development of
a new, simple and effective procedure an immobilization process opens many possibilities for
its use in important catalytic applications. The optimization of the presented method with ionic
liquid additive enables also an increase in the enzymatic activity.
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Capitulo V

5. CONCLUSOES

Conforme a relevancia do tema de pesquisa proposto no artigo de revisdo publicado como
parte desta tese de doutorado e experimentos realizados e também apresentado como artigo para

submisséo, as principais conclusdes séo apresentadas a seguir separadamente por artigo:
ARTIGO IlI:

- As caracteristicas morfoldgicas e fisico-quimicas dos suportes preparados indicaram a
influéncia do LI na modificacdo da superficie da silica com o aumento da area superficial e
porosidade. O rendimento de imobilizacdo para os biocatalisadores imobilizados por ligacéo
covalente, utilizando o agente bifuncional glutaraldeido, em silica controle e silica modificada
foram 21 e 23%, respectivamente. Quando utilizado o agente bifuncional epicloridrina o
rendimento foi de 203 para 250% para biocatalisadores imobilizados em suporte com liquido

ibnico prético.

- Os biocatalisadores imobilizados por ligacdo covalente com o agente bifuncional
epicloridrina e aplicados na reacdo de hidrolise do azeite de oliva, apresentaram pH 6timo 3.0
e temperatura 6tima de 45 °C. Obteve-se a maior velocidade maxima (Vmax) € menor constante

de Michaelis—Menten (Km) apds imobilizag&o por ligacéo covalente.

- O biocatalisador imobilizado em silica modificada apresentou maior estabilidade
operacional, alcancando 17 ciclos com mais de 50% da sua atividade inicial, diferentemente do

biocatalisador imobilizado em silica controle que atingiu esse valor ja no 8° ciclo.

- As micrografias obtidas pela microscopia eletrénica de varredura apresentaram
modificagdes significativas dos biocatalisadores imobilizados em suportes quando produzidos
com liquido idnico e utilizado o agente bifuncional epicloridrina; nas analises fisico-quimicas
referentes a perda de massa e espectroscopia de infravermelho e andlise da superficie, do

diametro e volume dos poros foi possivel identificar a mudancga estrutural por perda de massa

135



e a modificacdo da porosidade do suporte ap6s imobiliza¢do. O FTIR auxiliou na determinagéo

dos grupamentos aminos confirmando os valores obtidos no RI.

- Para os diferentes 6leos (soja, canola e girassol) pode-se considerar que a lipase de
Burkholderia cepacia imobilizada por ligacdo covalente foi eficaz para a reacdo de
transesterificacdo. A conversdo maxima de ésteres etilicos de soja foi de 93% em 72 h para o
biocatalisador imobilizado em silica modifica. Para o 6leo de canola atingiu-se 98% no mesmo
tempo. Para o 6leo de girassol, uma conversao de 92% foi obtida depois de 72 horas quando se

utiliza a silica modificada e 73% para silica controle.
ARTIGO Il

- A modificacdo do suporte de silica com liquido i6nico proporcionou um aumento no
rendimento de imobilizacdo da lipase de Burkholderia cepacia pela técnica de adsorcédo fisica
em 1.94 vezes quando comparada a imobilizacdo em silica controle. A diferenca foi mais
expressiva comparado com a técnica de imobilizacdo por ligacdo covalente que aumentou

somente 1.25 vezes o rendimento de imobilizagéo.

- Por meio do planejamento experimental foi possivel determinar variaveis significativas
da reacdo de transesterificacdo para obtencdo das maximas conversdes em esteres etilicos de
girassol de 85% (biocatalisador imobilizado por adsorcdo fisica em silica modificada) e 96%
(biocatalisador imobilizado por ligacdo covalente em silica modificada): temperatura (40 °C),
concentracdo da enzima (20% m/m) e razdo molar 6leo:alcool (1:7).

- Os biocatalisadores imobilizados em suportes modificados apresentaram maior tempo
de meia-vida quando utilizada a silica modificada para imobilizacdo da lipase pela técnica de
adsorcdo fisica (2.8 vezes) e ligacao covalente (2.2 vezes) comparada a lipase imobilizada em

silica controle.

- As anélises morfoldgicas e fisico-quimicas permitiram identificar a presenca de LBC
nos biocatalisadores imobilizados em suportes de silica modificados confirmando o maior

potencial catalitico na reacdo de hidrolise e transesterificacdo realizadas neste estudo.
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ARTIGO IV

- Na avaliagdo da estabilidade operacional do Aerosil® sobre a lipase de Burholderia
cepacia a razdo massica lipase:Aerosil® nio apresentou diferencas significativas, no terceiro
reciclo a atividade alcan¢ou uma perda de 50% comparada a atividade inicial de hidrélise. Para
a imobilizacéo pela técnica de ligagdo covalente na razdo massica lipase: Aerosil® de 1:0.2 até
0 9° ciclo a atividade relativa se manteve entre 80 e 100%, alcangando uma reducdo de 50% no

13° de ciclo.

- Adicdo de liquido iénico no procedimento de imobilizacdo houve aumento da atividade
de hidrolise possivelmente devido a superativacdo da lipase causada pelo liquido i6nico e a
estabilidade operacional foi menor quando comparada ao processo sem liquido idnico.

- De acordo com a caracterizagdo da superficie de suporte, o suporte Aerosil® apos
tratamento com APTMS e glutaraldeido passou de microporoso para mesoporoso e apds
imobilizacdo pela técnica de ligacdo covalente nas diferentes razdes massicas apresentaram a

mesma distribuigéo de poros independente da proporgdo molar.

- Foi possivel observar que quando utilizado o liquido i6nico no processo de imobilizagédo
por adsorc¢ao fisica houve um aumento da area superficial e volume de poros, sugerindo que a
lipase e o liquido idnico sao fracamente ligado a superficie. Para a técnica de ligacdo covalente
ocorre a diminuicao dos parametros de area superficial e volume de poros, uma vez que a lipase

e o liquido i6nico, possivelmente, ocuparam os espa¢os impedindo a adsor¢do de nitrogénio.

- As micrografias permitram a visualizacdo da lipase e dos suportes, bem como a lipase
imobilizada nos suportes imobilizados sem liquido i6nico e com liquido iénico pelas técnicas
de adsorcdo fisica e ligacdo covalente. O FTIR permitiu a avaliacdo das bandas caracteristicas
da silica e da lipase, confirmando assim que € possivel considerar uma nova estratégia para a
imobilizacdo de silica microporosa Aerosil® sobre a lipase de Burkholderia cepacia com
estabilidade operacional quando utilizada a técnica de imobilizacdo por ligacdo covalente na

razao massica 1:0,2.

Portanto, o presente trabalho baseando-se nos quatro artigos propostos evidenciam a
influéncia positiva do liquido idnico prético na modificacdo da superficie da silica produzida
pela técnica sol-gel para a imobilizagdo da lipase de Burkholderia cepacia por adsorcéo fisica
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e ligagdo covalente e ainda a influencia deste aditivo durante a imobilizagdo da silica Aerosil®.
Conclui-se que modificacao da silica ou imobilizago na presenca do liquido i6nico com aditivo
torna-se atrativo para obtencdo de suporte e imobilizacdo de biocatalisador com maior
rendimento, aplicabilidade e estabilidade operacional e reacdes, como a reagdo de hidrolise e

transesterificagéo.

138



Capitulo VI

6. PERSPECTIVAS DE FUTUROS TRABALHOS

Os resultados apresentados nesta tese na forma de trés artigos fortalecem a linha de
pesquisa da biocatalise para otimizacdo de suportes e imobilizacdo de lipase, principalmente
pelo emprego do liquido idnico como aditivo, revelando possibilidades para novas pesquisas
no ambito de aplicacdo de biocatalisadores em reacdes de sintese. Como sugestbes para

trabalhos futuros, pode-se enumerar:

1. Desenvolver novos biocatalisadores, ou seja, outros tipos de lipases imobilizadas em
suporte de silica modificada produzida pela técnica sol-gel e avaliar o rendimento de
imobilizacéo para diferentes métodos;

2. Aplicar o aditivo liquido i6nico para modificacdo de diferentes suportes para

imobilizacdo de lipase;

3. Realizar a caracterizagdo bioquimica do biocatalisador imobilizado em silica Aerosil®
e aprofundar os estudos de aplicacdo do biocatalisador imobilizado em reac@es de sintese;

4. Aplicar os biocatalisadores imobilizados em suporte de silica modificada produzida

pela técnica sol-gel nas reacdes de sintese de ésteres etilicos em processo de fluxo continuo.

5. Realizar experimentos de transesterificagio em meios alternativos, como por

exemplo, ultrassom e micro-ondas;

6. ApoOs o estabelecimento dessas condi¢BGes Otimas da reacdo de transesterificacéo,

complementar o estudo com o escalonamento do processo e analise de viabilidade econémica.
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Capitulo VII

7. TRABALHOS PUBLICADQOS

Até o presente momento da tese de doutoramento publicou-se os resultados em

periddicos, eventos nacionais e internacionais, conforme descritos abaixo:
- Periddicos:

1. CARVALHO, N. B.; LIMA, A. S.; SOARES, C. M. F. USO DE SILICAS
MODIFICADAS PARA IMOBILIZACAO DE LIPASES. Quimica. Nova, v. 38, p. 399-409,
2015.

- Trabalhos publicados em eventos internacionais

1. CARVALHO, N. B.; VIDAL, B. T.; MENCONCA, J.; PEREIRA, M. M.; FREITAS,
L. S.; MATTEDI, S.; ZANIN, G. M.; LIMA, A. S.; SOARES, C. M. F. Use lipase from
Burkholderia cepacia immobilized onto mesoporous silica modified with protic ionic liquid for
production ethyl ester. In: 36th Symposium on Biotechnology for Fuels and Chemicals, Florida,
Estados Unidos, 2014.

2. CARVALHO, N. B.; VIDAL, B. T.; PROFESSOR, A. C.; OLIVEIRA, M. V. S;;
PEREIRA, M. M.; MATTEDI, S.; FREITAS, L. S. MATTEDI, S.; LIMA, A. S.; SOARES, C.
M. F. Immobilization of lipase in silica with ionic liquid, characterization and application for
the ethyl esters syntheses. In: 12th International Chemical and Biological Engineering
Conference (CHEMPOR 2014), Porto, Portugal, 2014.

3. CARVALHO, N. B.; VIDAL, B. T.; MENDONCA, J.: BARBOSA, A. S..; PEREIRA,
M. M.; MATTEDI, S.; FREITAS, L. S.: MATTEDI, S.; LIMA, A. S.; SOARES, C. M. F.
Lipase from Burkholderia cepacia immobilized in silica sol-gel modofied with protic ionic
liquid to produced ethyl esters of sunflower oil. In: 11th Euro Fed Lipid Congress, Montpellier,
France, 2014.
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5.CARVALHO, N.B.; VIDAL, B. T.; BARBOSA, A. S.; PEREIRA, M. M.; MATTEDI,
S.; DURO, M. A. |; LIMA, A. S.; SOARES, C. M. F. Burkholderia cepacia lipase adsorption
immobilization on silica with ionic liquid. In: 9 Encontro Nacional de Catalise e Materiais
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S.; DURO, M. A. I; LIMA, A. S.; SOARES, C. M. F.. Production of fatty acids trough
hydrolysis of olive oil with lipase from Burkholderia cepacia encapsulated with ionic liquid.
In: 11th Euro Fed Lipid Congress, Antalya, Turquia, 2013.

- Trabalhos publicados em eventos nacionais

1. CARVALHO, N. B.; SIMOES, G. V. S.; PROFESSOR, A. C.; BARBOSA, A. S,;
PEREIRA, M. M.; FREITAS, L. S.; LIMA, A. S.; SOARES, C. M. F. Avaliacdo dos parametros
reacionais na transesterificacdo utilizando lipase imobilizada por adsorcdo fisica em silica
modificada com liquido iénico. In: XX Simposio Nacional de Bioprocessos - X1 Simpdsio de
Hidrolise Enzimatica de Biomassa, Fortaleza, Brasil, 2015.

2. CARVALHO, N. B.; SIMOES, G. V. S.; PROFESSOR, A. C.; BARBOSA, A. S;;
PEREIRA, M. M.; FREITAS, L. S.; LIMA, A. S.; SOARES, C. M. F. Producdo de ésteres
etilicos a partir de 6leo de girassol utilizando lipase imobilizada em silica modificada com
liquido i6nico, In: XX Simposio Nacional de Bioprocessos - XI Simpdsio de Hidrolise

Enzimatica de Biomassa, Fortaleza, Brasil, 2015.

3. PROFESSOR, A. C.; CARVALHO, N. B.; FREITAS, L. S.; LIMA, A. S.; SOARES,
C. M. F. Avaliacdo do potencial de producdo de ésteres etilicos a partir do 6leo de coco
utilizando lipase de Burkholderia cepacia imobilizada In: XX Simposio Nacional de
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