NG

a¥

UNICAMP

UNIVERSIDADE ESTADUAL DE CAMPINAS
FACULDADE DE ENGENHARIA DE ALIMENTOS

PHILIPE DOS SANTOS

PRODUCAO DE ESTERES DE AROMAS POR REACOES CATALISADAS
POR ENZIMAS EM DIOXIDO DE CARBONO (CO;) SUPERCRITICO

PRODUCTION OF AROMA ESTERS BY ENZYMATIC-CATALYZED
REACTIONS IN SUPERCRITICAL CARBON DIOXIDE (COy)

CAMPINAS-SP
2017



PHILIPE DOS SANTOS

PRODUGCAO DE ESTERES DE AROMAS POR REACOES CATALISADAS
POR ENZIMAS EM DIOXIDO DE CARBONO (CO;) SUPERCRITICO

PRODUCTION OF AROMA ESTERS BY ENZYMATIC-CATALYZED
REACTIONS IN SUPERCRITICAL CARBON DIOXIDE (COy)

Tese de doutorado apresentada a Faculdade
de Engenharia de Alimentos da
Universidade Estadual de Campinas como
parte dos requisitos exigidos para a
obtencdo do titulo de Doutor em
Engenharia de Alimentos.

Thesis presented to the School of Food
Engineering of the University of Campinas
in partial fulfillment of the requirements for
the degree of Doctor, in the area of Food
Engineering.

Supervisor/Orientador: PROF. DR. JULIAN MARTINEZ

ESTE EXEMPLAR CORRESPONDE A
VERSAO FINAL TESE DEFENDIDA
PELO ALUNO PHILIPE DOS SANTOS,
E ORIENTADA PELO PROF. DR.
JULIAN MARTINEZ

CAMPINAS-SP
2017



Agéncia(s) de fomento e n°(s) de processo(s): CNPq, 142373/2013-3; FAPESP,
2015/11932-7

Ficha catalografica
Universidade Estadual de Campinas
Biblioteca da Faculdade de Engenharia de Alimentos
Claudia Aparecida Romano - CRB 8/5816

Santos, Philipe dos, 1987-

Sa59%p Producao de ésteres de aromas por reacdes catalisadas por enzimas em
diéxido de carbono (CO,) supercritico / Philipe dos Santos. — Campinas, SP :
[s.n.], 2017.

Orientador: Julian Martinez.
Tese (doutorado) — Universidade Estadual de Campinas, Faculdade de
Engenharia de Alimentos.

1. Fluido supercritico. 2. Dioxido de carbono. 3. Lipase. 4. Acetato de
eugenila. 5. Acetato de isoamila. I. Martinez, Julian. Il. Universidade Estadual
de Campinas. Faculdade de Engenharia de Alimentos. lll. Titulo.

Informacdes para Biblioteca Digital

Titulo em outro idioma: Production of aroma esters by enzymatic-catalyzed reactions in
supercritical carbon dioxide (CO,)

Palavras-chave em inglés:

Supercritical fluid

Carbon dioxide

Lipase

Eugenyl acetate

Isoamyl acetate

Area de concentragdo: Engenharia de Alimentos
Titulag&o: Doutor em Engenharia de Alimentos

Banca examinadora:

Julian Martinez [Orientador]

Ruann Janser Soares de Castro

Roberta Ceriani

Elton Franceschi

Helen Treichel

Data de defesa: 27-01-2017

Programa de Pds-Graduagao: Engenharia de Alimentos


http://www.tcpdf.org

BANCA EXAMINADORA

Prof. Dr. Julian Martinez
Orientador
Faculdade de Engenharia de Alimentos — UNICAMP

Prof. Dr. Ruann Janser Soares de Castro
Membro Titular
Faculdade de Engenharia de Alimentos — UNICAMP

Prof.2 Dr.2 Roberta Ceriani
Membro Titular
Faculdade de Engenharia de Engenharia Quimica — UNICAMP

Prof. Dr. Elton Franceschi
Membro Titular
Universidade Tiradentes - UNIT

Prof.2 Dr.2 Helen Treichel
Membro Titular
Universidade Federal da Fronteira Sul - UFFS

Prof. Dr. Marcus Bruno Soares Forte
Membro Suplente
Faculdade de Engenharia de Alimentos — UNICAMP

Prof.2 Dr.2 Gabriela Alves Macedo
Membro Suplente
Faculdade de Engenharia de Alimentos — UNICAMP

Prof. Dr. Lucio Cardozo Filho
Membro Suplente
Universidade Estadual de Maringa - UEM

A ata da Defesa com as respectivas assinaturas dos membros encontra-se no processo
da vida académica do aluno.



Dedico esse trabalho a todas as pessoas que
acreditaram na minha capacidade e me
incentivaram durante o desenvolvimento do
mesmo. Em especial aos meus queridos
pais e a minha filha Estela.



AGRADECIMENTOS

Ao professor Dr. Julian Martinez pela atencdo, incentivo e todas as ideias e
correcdes do trabalho. Muito obrigado.

A professora Dr2 Maria Angela de Almeida Meireles pelo apoio no
desenvolvimento do trabalho, especificamente nos experimentos de cromatografia
gasosa e equilibrio de fases. Muito obrigado.

A professora Dr2 Camila Alves de Rezende pela paciéncia, ideias e 0 apoio no
desenvolvimento do trabalho, especificamente nos experimentos de microscopia. Muito
obrigado.

Ao Laboratério Nacional de Natotecnologia (LNNano), vinculado ao Centro
Nacional de Pesquisa em Energia e Materiais (CNPEM), pelo apoio nos experimentos
de microscopia eletronica de varredura, que foram realizados no microscopio FESEM
Quanta 650F (FEI).

Agradeco sinceramente aos membros da banca examinadora pelas corre¢oes
e sugestoes.

Ao Ari pela amizade, atencdo e ajuda com 0s equipamentos que operam com
fluidos supercriticos.

Ao CNPq e FAPESP pelo financiamento do trabalho.

A minha familia por todo amor e incentivo durante o periodo de doutorado.

A minha esposa Renata por toda a compreensdo e incentivo.

Aos colegas do Departamento de Engenharia de Alimentos, em especial aos
amigos do Laboratorio de Alta Pressdo em Engenharia de Alimentos (LAPEA). Muito
obrigado.



“Todos comegamos com o ‘realismo ingénuo”,
isto é, a doutrina de que as coisas sdo aquilo que
parecem ser. Achamos que a grama é verde, que as
pedras sdo duras e que a neve é fria. Mas a fisica
nos assegura que o verdejar da grama, a dureza
das pedras e a frieza da neve ndo sdo o verdejar
da grama, a dureza das pedras e a frieza da neve
que conhecemos em nossa experiéncia propria, e

sim algo muito diferente ”.

O filésofo e matematico britanico Bertrand
Russell apud MLODINOW, L. O Andar do
Bébado: como 0 acaso determina nossas
vidas; [traducdo Alfaro D.; consultoria
Jurkiewicz, S.] — Rio de Janeiro: Zahar,
2009.



RESUMO

A utilizacdo de dioxido de carbono (CO,) supercritico como meio reacional ganhou
atencdo nos ultimos anos devido ao seu carater atoxico, ndo inflamavel, inerte, ndo
poluente e totalmente recuperavel e reutilizavel. Do mesmo modo, a descoberta de que
algumas enzimas sdo estaveis em meio reacional ndo aquoso expandiu a sua aplicagédo
em reacdes de sintese organica, como por exemplo, reacGes de producdo de ésteres de
aromas biocatalisadas por lipases em CO, supercritico como meio reacional. No
entanto, poucas pesquisas avaliam a producdo de ésteres de aromas utilizando CO,
supercritico em reatores continuos. Em vista disso, o objetivo do presente trabalho foi a
avaliacdo técnica de reacGes quimicas biocatalisadas utilizando CO, supercritico como
meio reacional em uma unidade operada em batelada e em modo continuo. Inicialmente,
foi projetada e construida uma unidade de reacBes quimicas a alta pressao.
Posteriormente, foram estudadas a estabilidade e a atividade de uma lipase imobilizada
comercial em meio supercritico. Apos esta etapa, as producdes de acetato de eugenila e
acetato de isoamila em CO, supercritico foram avaliadas, com o objetivo de verificar a
influéncia das variaveis do processo sobre a taxa de esterificacdo (X; %) , produtividade
(P; kag/h) e produtividade especifica (SP; kg/kg.h). Por fim, foi realizado o estudo do
processo de transferéncia de massa no reator em batelada e da producéo de acetato de
isoamila em modo continuo. Os resultados obtidos evidenciaram que a exposi¢do da
enzima imobilizada comercial Lipozyme 435 ao CO, supercritico reduziu a sua
atividade catalitica em todas as condi¢Oes experimentais testadas. Apesar da diminuigéo
da atividade catalitica, em torno de 10% para as melhores condicdes, foi possivel obter
altos valores de taxa de esterificacdo e rendimento de acetato de eugenila (50% de X) e
acetato de isoamila (100% de X) em condigdes operacionais especificas. Experimentos
em modo continuo resultaram em uma baixa conversao (aproximadamente 30%), porém
altos valores de produtividade (10 g/h) em comparacdo com os valores obtidos para
reacOes em batelada (0,35 g/h). Pode-se concluir que a aplicacdo da tecnologia
supercritica em reacdes quimicas catalisadas por enzimas, especificamente em CO,

supercritico, é viavel tecnologicamente.

Palavras-chave: fluido supercritico, didxido de carbono; lipase, acetato de eugenila,
acetato de isoamila.



ABSTRACT

The use of supercritical carbon dioxide (CO,) as reaction medium has gained attention
in recent years due to their non-toxic, non-flammable, inert, non-polluting and
recoverable characteristics of this solvent. Besides, the discovery that some enzymes are
stable in non-aqueous reaction media has expanded the applicability of enzymes in
organic synthesis reactions, such as the production of terpenic esters catalyzed by
lipases in supercritical CO,. However, few studies evaluate the production of aromatic
esters using supercritical CO, in continuous mode. Therefore, the objective of this work
is the scientific evaluation of chemical reactions catalyzed by lipases using supercritical
CO; as reaction medium in a homemade unit that operates in batch and continuous flow
modes. First, the high-pressure unit was designed and assembled. Next, the study of
stability and activity of an immobilized lipase in supercritical media was performed.
After this step, the production of eugenyl acetate and isoamyl acetate in supercritical
CO, was evaluated, aiming to verify the influence of process variables on the
esterification rate (X; %), productivity (P; kg/h) and specific productivity (SP; kg/kg.h).
Finally, the mass transfer analyses in the batch reactor and the production of isoamyl
acetate in continuous mode were performed. The results showed that the exposure of the
commercial immobilized enzyme Lipozyme 435 to supercritical CO, reduced its
catalytic activity in all experimental conditions. In spite of the decreased residual
activity, about 10% in optimal condition, it was possible to obtain high esterification
rate, productivity and specific productivity of eugenyl acetate (50% of X) and isoamyl
acetate (100% of X) in specific operating conditions. Continuous mode experiments
showed lower conversion (about 30%), but higher productivity (10 g/h) than those
obtained in the batch reactor (0.35 g/h). It is possible to conclude that the application of
supercritical fluid technology in chemical reactions, in particular with supercritical CO,,

is technically viable.

Keywords: supercritical fluid; carbon dioxide; lipase; eugenyl acetate, isoamyl acetate.
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1.1 INTRODUCAO

Esteres de aromas derivados de cadeias curtas de acidos, como acetatos,
propionatos e butiratos sdo largamente utilizados na industria de alimentos, pois
possuem aromas caracteristicos de frutas. (HARI KRISHNA et al., 2001; COUTO et
al., 2011; DHAKE et al., 2013). Tais ésteres sdo encontrados naturalmente em matrizes
vegetais, porém a extracdo e purificacdo desses aromas exigem recursos técnicos
especificos. Assim sendo, a sintese quimica de tais compostos torna-se viavel do ponto
de vista tecnoldgico e econémico, porém o uso indiscriminado de solventes organicos e
catalisadores quimicos tornam este processo pouco atrativo do ponto de vista ambiental,
além disso, o processo quimico convencional pode gerar compostos indesejaveis para
futuras aplicagbes em produtos alimenticios ou farmacol6gicos. Assim sendo, a sintese
enziméatica se torna de grande interesse devido ao seu carater quimio, regio, e
estereosseletivo, possibilitando a sintese de enantidmeros de ésteres aromaticos de
origem natural (DHAKE et al., 2013). Adicionalmente, o éster de aroma obtido pode ser
considerado natural, desde que o processo atenda a legislagdo vigente e utilize matérias-
primas naturais (HARI KRISHNA et al., 2001; DHAKE et al., 2011a; DHAKE et al.,
2013).

Os processos bioquimicos para producdo de ésteres de aroma podem
empregar lipases (glicerol éster hidrolases, EC 3.1.1.3) (JAEGER e EGGERT, 2002) de
origem animal ou microbiana como catalisadoras das reacfes de formacdo. Diversos
trabalhos de obtencdo de ésteres de aroma podem ser encontrados na literatura, tais
como acetato de isoamila (aroma de banana) (HARI KRISHNA et al., 2001; ROMERO
et al.,, 2005), butirato de isoamila (aroma de pera) (SRIVASTAVA et al., 2002,
MACEDO et al., 2004) e acetato de cinamila (componente do 6leo essencial de canela)
(DHAKE et al., 2011b). Além disso, estudos demonstraram a estabilidade das lipases
em fluidos pressurizados, o que aumentou o potencial de uso dessas enzimas em
diferentes reacdes (KNEZ, 2009; MONHEMI e HOUSAINDOKHT, 2012; KNEZ et
al., 2015; MELGOSA et al., 2015). A utilizacdo de fluidos supercriticos como meio
reacional tem demonstrado vantagens frente a outros solventes, tais como alta
difusividade e baixa viscosidade, as quais podem facilitar a transferéncia de massa de

substrato para o interior do sitio ativo da enzima.
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A descoberta de que algumas enzimas, tais como proteases (GUPTA e
KHARE, 2006), lipases (VERMA et al., 2008) e peroxidases (DORDICK et al., 1987)
sdo estaveis e ativas em solventes organicos ampliou imensamente o alcance das suas
aplicacbes como catalisadores em reacGes de sintese orgénica. Logo, substratos
insolGveis em agua podem ser transformados através de catalisadores enzimaticos em
meios ndo aquosos, abrindo novas rotas de sintese para produtos alimenticios e/ou
farmacéuticos (WIMMER e ZAREVUCKA, 2010; KNEZ et al., 2015). No entanto, a
preocupacdo mundial com a saude do consumidor, a protecdo ao meio ambiente e as
preocupacdes com as mudancas climaticas impulsionaram a reducdo na utilizacdo de
solventes organicos em processos quimicos. Portanto, ha um interesse consideravel em
substituir os processos que usam tais solventes.

O didéxido de carbono (CO,) supercritico é frequentemente apresentado
como um meio reacional alternativo para a sintese quimica (LAUDANI et al., 2007;
KNEZ, 2009; KNEZ et al., 2015), devido ao seu carater atéxico, ndo inflamavel, inerte,
ndo poluente, totalmente recuperavel e de baixo custo. Além disso, 0 CO, apresenta
condicdes criticas de pressao e temperatura relativamente amenas (7,38 MPa e 304,2 K,
respectivamente), comparado a outros solventes de grau alimenticio, 0 que permite a
preservacdo de compostos e catalisadores termicamente instaveis (KERN, 1987;
RAVENTOS et al., 2002; REVERCHON e DE MARCO, 2006). No estado
supercritico, o CO, apresenta propriedades tanto de um gas como de um liquido, ou
seja, sua densidade se aproxima de um liquido, enquanto a sua viscosidade é proxima a
de um gas. Isto torna o CO, supercritico um bom solvente e a0 mesmo tempo um
eficiente meio de transferéncia de massa (MATSUDA et al., 2004).

Devido ao exposto, a proposta principal deste trabalho consiste em estudar
as reacdes de obtencdo de ésteres de aromas utilizando CO, supercritico como meio
reacional. Adicionalmente, estudaram-se tais reacfes em um reator em batelada e em
modo continuo, e analisou-se a influéncia dos parametros do processo sobre as reacoes

em estudo e a atividade e estabilidade enzimatica.
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1.2 OBJETIVOS

1.2.1 Objetivo geral

Avaliar a viabilidade técnica de reacdes biocatalisadas por lipases imobilizadas
comerciais utilizando CO, supercritico como meio reacional em reatores batelada e

continuo

1.2.2 Objetivos especificos

e Projetar e montar uma unidade de reacdes a alta pressdo utilizando CO,
supercritico;

e Avaliar a estabilidade e a atividade enzimatica de uma lipase comercial em
CO; supercritico;

e Realizar as reacdes de formacdo de acetato de eugenila e acetato de isoamila
em CO, supercritico em modo batelada;

e Estudar os parametros que afetam a formacao de ésteres de aromas, acetato
de eugenila e acetato de isoamila, tais como: temperatura, pressao,
concentracdo enzimatica, concentracdo de substrato (reagentes) e ciclos de
reutilizacéo.

e Realizar as reagdes de formacao de acetato de isoamila em CO, supercritico

em modo continuo nas condic¢Bes 6timas de conversao obtidas.
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1.3 ESTRUTURA DA TESE

Nesta tese, as etapas de desenvolvimento do projeto de pesquisa sao
apresentadas em seis (8) capitulos. No Capitulo 1 sdo expostos o tema principal do
estudo, o objetivo geral e os objetivos especificos envolvidos na realizacdo do projeto.
No Capitulo 2 encontra-se uma breve revisdo tedrica sobre reagdes quimicas, enzimas,
cinética enzimatica e atividade enzimatica em fluidos supercriticos. Os Capitulos 3, 4 e
5 consistem em artigos publicados ou submetidos para publicacdo em periddicos
internacionais. No Capitulo 3 sdo apresentados os resultados experimentais da pesquisa
de estabilidade e atividade enziméatica em dioxido de carbono supercritico. No artigo
publicado sdo avaliados fatores de processo como, por exemplo, temperatura, presséo,
ciclos de pressurizacdo/despressurizacdo e tempo de exposicdo ao CO, supercritico
sobre a atividade enzimatica. Além disso, sdo apresentados dados termodindmicos e
analises estruturais da enzima imobilizada comercial Lipozyme 435. Posteriormente,
com base nos resultados obtidos para estabilidade enzimatica, no Capitulo 4, a reacao
de esterificacdo de eugenol em meio supercritico é avaliada. Neste capitulo, reacdes de
sintese de acetato de eugenila foram efetuadas em diferentes condigdes de processo,
cinéticas reacionais e a eficiéncia de reutilizacdo do catalisador sdo apresentadas. O
Capitulo 5 apresenta o estudo dos dois modelos de reator (batelada e continuo) na
producdo de acetato de isoamila. Modelagem matematica, estudo da transferéncia de
massa e calculos de produtividade sdo efetuados neste artigo. Por fim, no Capitulo 6,
uma discussao geral é realizada e no Capitulo 7 sdo apresentadas, sucintamente, as
principais conclusdes oriundas do desenvolvimento deste projeto e sugestdes para
trabalhos futuros. O Capitulo 8 apresenta as referéncias bibliograficas e no Apéndice
sdo apresentadas informacdes das etapas de projeto e montagem da unidade de reacdes
guimicas a alta pressdao, bem como dados e os algoritmos usados neste projeto. Por fim,
0s Anexos apresentam as licencas para utilizacdo dos artigos publicados neste

documento.
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2.1 REVISAO BIBLIOGRAFICA

2.1.1 Esteres de aromas

Esteres de acidos carboxilicos sio compostos naturais utilizados na industria
alimenticia que contribuem na formacdo dos aromas em alimentos. Os ésteres de baixa
massa molecular representam uma importante classe de aromas, sendo que muitos deles
sdo responsaveis por odores de frutas e sdo constituidos principalmente por compostos
derivados de &cidos de cadeia curta como acetatos, propionatos e butiratos (HARI
KRISHNA et al., 2001; DHAKE et al., 2013).

A demanda mundial de aromas e fragrancias de grau alimenticio, incluindo
suas misturas, Oleos essenciais e outros extratos aromaticos naturais, representou uma
movimentacdo de cerca de 23,5 milhdes de dolares em 2014, um aumento de 4,23% por
ano em relagdo a 2012 (DHAKE et al., 2013). Mais recentemente, a revista
especializada em aromas de grau alimenticio Markets & Markets (MARKETS,
September 2015) prevé um crescimento no mercado de aromas alimenticios a uma taxa
de crescimento anual composta (Compound Annual Growing Rate - CAGR) de 5,4%
entre 2015 e 2020. O grupo Freedonia, em seu relatorio intitulado "World Flavors &
Fragrances” (GROUP, 2012), prevé uma aumento na demanda de aromas e fragrancias
de 4,4% ao ano, atingindo cerca de US$ 26 bilhGes ao final de 2016. Apesar dessa
perspectiva de crescimento, as industrias produtos de insumos alimenticios e de
alimentos vém sendo influenciadas pelo aumento da exigéncia dos consumidores por
produtos naturais e com apelos nutricionais, tais como produtos com baixo indice de
gordura, sédio e acglUcar e a busca por alimentos com corantes naturais, atividade
antioxidante, e contendo pré e probi6ticos.

Os ésteres de aromas estdo presentes em 6leos essenciais e sdo conhecidos
pelas suas propriedades flavorizantes e aromatizantes. Atualmente sdo utilizados pelas
industrias farmacéuticas e alimenticias como aditivos e melhoradores de flavour. A
maioria dos ésteres de aromas utilizados na industria é de origem natural e muitos deles
sdo dificeis de isolar a partir de uma matriz vegetal, tornando os processos de extracao e
purificacdo invidveis do ponto de vista econdmico. Por outro lado, a sintese quimica
convencional conduz a formacdo de produtos indesejaveis para 0 uso na industria

alimenticia e farmacéutica. Assim, a sintese enzimatica se torna de grande interesse
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devido ao seu carater quimio, regio e estereosseletivo, possibilitando a sintese de
enantidmeros de ésteres aromaticos de origem natural (DHAKE et al., 2013).

Vérios ésteres de aromas tém sido obtidos através da extracdo a partir de
fontes naturais ou por meio da sintese quimica a um custo elevado, devido ao grau de
pureza e a estereospecificidade requeridos. Os ésteres produzidos por sintese quimica
ndo podem ser considerados aromas naturais, portanto sdo menos valorizados no
mercado que os ésteres de fontes naturais. No entanto, ésteres obtidos através de
processos biotecnoldgicos podem ser considerados naturais (HARI KRISHNA et al.,
2001; DHAKE et al., 2011b; DHAKE et al., 2013). Porém, algumas condi¢fes devem
ser garantidas para assegurar que o produto final seja considerado natural, tais como: a
matéria-prima ou os substratos utilizados devem ser naturais; e devem-se empregar
somente processos fisicos ou biotecnoldgicos para o isolamento ou purificacdo dos
produtos formados, por exemplo, extracdo, destilacdo e concentracdo (MACEDO,
1997). Pode-se encontrar na literatura varios estudos de sintese enzimética de ésteres de
aromas, tais como acetato de isoamila (aroma de banana) (HARI KRISHNA et al.,
2001; ROMERO et al., 2005), butirato de isoamila (aroma caracteristico de pera)
(SRIVASTAVA et al, 2002; MACEDO et al., 2004) e acetato de cinamila
(componente do 6leo essencial de canela) (DHAKE et al., 2011c).

A Figura 1 mostra a reacdo de formacdo de ésteres a partir do anidrido
acético com doador do grupo acetil (ROMERO et al., 2005; DHAKE et al., 2013).
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Figura 1 — Reacdo de formacdao de ésteres a partir do anidrido acético com doador do

grupo acetil. Adaptado de Romero et al. (2005)
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O é&cido acético tem sido tradicionalmente usado como doador acil para a
formacdo de ésteres (esterificacdo direta) de aromas (RAZAFINDRALAMBO et al.,
1994). Por outro lado, varios trabalhos cientificos relatam uma inibicdo da atividade
enzimética pela alta concentragdo de é&cido (HARI KRISHNA et al., 2001),
provavelmente devido a uma diminuicdo do pH no sistema reacional. Além disso, 0
acido acético pode ser um inibidor da lipase, pois reage com os residuos do aminoacido
serina no sitio ativo da enzima (HUANG et al., 1998). Alternativamente, a sintese de
ésteres pode ser realizada por transesterificagdo com acetatos e por acilagdo com
anidrido acético (ROMERO et al., 2005).

2.1.2 Enzimas

Enzimas sdo proteinas com sitios ativos capazes de catalisar uma
determinada reacdo quimica. Elas sdo consideradas catalisadores naturais que aceleram
a velocidade das reagbes, que em certos casos podem alcancar valores 10 vezes
maiores do que as reacdes ndo catalisadas. Além disso, sdo altamente versateis na
catalise de varios tipos de reacdes que ocorrem sob condic¢Ges brandas. O intervalo de
massa molecular de enzimas varia de 8 até 4.600 kDa, dependendo do numero de
subunidades de amino&cidos em sua estrutura (DAMODARAN et al., 2008).

As principais enzimas sao compostas por subunidades de aminoacidos, entre
62 a 2.500 residuos de aminoécidos, combinados com ligacdes peptidicas. Os residuos
de aminoécidos formam ligacOes entre si através do grupo amino do aminoécido com o
grupo carboxilico de outro aminoacido, gerando cadeias polipeptidicas extensas que
formam uma estrutura espacial complexa. As ligacGes entre 0s aminoacidos sdo
classificadas como estrutura primaria, e quando organizadas, essas cadeias podem tomar
formas diferentes, devido a mobilidade da cadeia como, por exemplo, as estruturas em
forma de folha, fita ou hélice (Estrutura secundaria). Por fim, o arranjo dos elementos
na estrutura secundaria e as interacdes das cadeias laterais de aminoacidos definem a
estrutura tridimensional, ou estrutura terciaria da enzima (COPELAND, 2002;
DAMODARAN et al., 2008).

As enzimas podem ser classificadas em seis classes principais, com base na
natureza da reacdo: 1 - Oxidoredutases; 2 - Transferases; 3 - Hidrolases; 4 - Liases; 5 —

Isomerases e 6 — Ligases (KNEZ, 2009). Dentre tais classes, pode-se destacar as
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enzimas da classe transferases, que sdo aplicadas na sintese de ésteres aromaticos e as
hidrolases, entre as quais se destacam as lipases, devido a gama de reacGes catalisadas

em sistemas organicos com baixo teor de dgua e a alta estabilidade nesses ambientes.

2.1.2.1 Lipases

As lipases (glicerol éster hidrolases, EC 3.1.1.3) sdo pertencentes ao grupo
das hidrolases e sdo responsaveis por catalisar a reacdo de hidrdlise de ésteres de
glicerdis e cadeias longas de acidos graxos, liberando moléculas de alcool e acido
(JAEGER et al., 1999). As lipases também sdo capazes de catalisar reacdes de
esterificacdo, transesterificacdo e lactonizacdo (esterificacdo intramolecular)
(MACEDO, 1997). Estas enzimas sdo encontradas naturalmente em tecidos animais,
vegetais e em micro-organismos, apresentando um papel fundamental no metabolismo
de lipidios destes seres vivos (VILLENEUVE et al., 2000). A Figura 2 ilustra reacdes
catalisadas por lipases.
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Figura 2 — Reacdes catalisadas por lipases. Adaptado de Macedo (1997).
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A estrutura cristalina da lipase proveniente do micro-organismo Candida
antartica foi resolvida em 1994 por Uppenberg et al. (1994), e apresenta uma estrutura
a/p hidrolase constituida de 317 aminoécidos e uma massa molecular de 33 kDa. A
estrutura secundaria € constituida por sete folhas centrais que s&o flanqueadas em ambos
os lados por 10 a-hélices. Segundo Skjot et al. (2009), duas estruturas hélices tém
papéis importantes na atividade da lipase, a a5 (residuo de aminoacido 139-150) e a a10
(residuo 266-289), pois ambas interagem diretamente com o sitio ativo da enzima.

O sitio ativo (cavidade catalitica) das lipases geralmente é formado por trés
residuos de aminoécidos, chamados de triade catalitica, um residuo nucleofilico
(serina), um residuo acido catalitico (aspartato) e um residuo de histidina (JAEGER et
al., 1999). A Figura 3 apresenta a rota reacional de hidrélise ou esterificacdo de uma

lipase em sua cavidade catalitica.
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Figura 3 — Mecanismo reacional da lipase. [1] Triade catalitica e o buraco oxianion. [2]
Ativacdo da serina nucleofilica e ataque ao atomo da carbonila. [3] Intermediario
tetraédrico estabilizado pela interacdo entre grupos NH de peptideos. [4] Intermediario
covalente. [5] Quebra da ligacdo éster entre a serina e 0 componente acil e a liberagéo
do produto. Adaptado de Jaeger et al., (1999) e Li et al., (2010).

A hidrdlise de ésteres ou esterificacdo de alcoois, dependendo dos radicais
R e R’ do substrato, ocorre em duas grandes etapas. Primeiramente, a reacdo se inicia

com o ataque nucleofilico ao carbono do grupo éster, ligacdo C=0, através do atomo de
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oxigénio presente no grupo hidroxila da serina (Ser). Assim, um intermediario
tetraédrico, caracterizado pela carga negativa do oxigénio da carbonila e o arranjo
tetraédrico do atomo de carbono, é formado e estabilizado por ligacdes de hidrogénio
com o0s grupos amidas dos residuos pertencentes ao chamado cavidade do oxianion. As
cargas formadas sdo neutralizadas através da orientacdo do anel imidazol da histidina
(His) pela transferéncia de um préton do grupo hidroxila da serina, no qual é facilitada
pela presenca do &cido catalitico e o aspartato (Asp), por sua vez, estabiliza a carga
positiva formada na histidina. O intermediario tetraédrico formado é desfeito, pelo
retorno da ligacdo C=0, e consequentemente ocorre a clivagem da ligacdo éster, a
liberacdo de uma molécula de alcool ou acido, dependendo do radical R do substrato, e
a formacao do intermediario covalente acil enzima (JAEGER et al., 1999).

A etapa seguinte é a desacetilacdo, em que uma molécula de agua hidrolisa
ou uma molécula de alcool esterifica o intermediario covalente (acil enzima). No caso
de hidrélise, a 4gua é ativada devido ao sitio ativo da histidina, sendo que os fons OH®
resultantes atacam o atomo de carbono da carbonila do grupo acila covalentemente
ligado a serina. Entdo, um componente acila (acido carboxilico) é liberado através da
doacdo de um proton da histidina para o atomo de oxigénio ativo do residuo da serina.
Apobs a difusdo do produto, a enzima retorna as condi¢des iniciais, podendo recomecar o
ciclo catalitico (JAEGER et al., 1999).

A determinacdo da estrutura da lipase foi realizada através de técnicas de
cristalografia em meios aquosos homogéneos, revelando que a triade catalitica ou sitio
ativo frequentemente esta protegido por uma estrutura, “tampa” (lid), hidrofobica,
composta pelos residuos de aminoacidos 139-150 (a5-hélice) e 266-289 (al0-hélice).
Devido a presenca de tal “tampa”, pode-se encontrar a lipase em duas diferentes
conformacbes. A primeira conformagdo ¢é caracterizada pela presenca da “tampa”
polipeptidica que isola o sitio ativo da enzima, e nessa conformagdo a lipase é
considerada inativa. Por sua vez, na segunda conformacdo, em contato com uma
interface hidrofobica, ocorre a abertura da “tampa” polipeptidica, resultando
consequentemente na ativacdo da enzima (VERGER, 1997; REIS et al., 2009).
Segundo Paiva, Balcdo e Malcata (2000), a abertura do sitio ativo ocorre devido a uma
reestruturacdo na conformacdo da lipase, na qual se cria uma regido nucleofilica em
torno do residuo de serina. A “tampa” helicoidal se move, encobrindo seu lado
hidrofébico em uma cavidade polar e expondo seu lado hidrofilico. Tal exposi¢do faz

com que a superficie apolar em torno do sitio ativo seja expandida, aumentando assim a
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afinidade do complexo peptidico tridimensional com os substratos apolares (lipidios).
Esse fendmeno € conhecido como ativacao interfacial.

Devido ao fenbmeno de ativacdo interfacial, grande parte das reacdes
catalisadas por lipases séo realizadas em meio aquoso, em emulsdo agua-6leo ou em
solventes organicos, como hexano. Acreditava-se que as lipases eram estaveis somente
em tais meios reacionais (DHAKE et al., 2013). Porém, ha pouco tempo descobriu-se
que as lipases sdo estaveis em fluidos pressurizados, tais como dioxido de carbono,
propano e butano, possibilitando ainda mais seu uso em reagles de esterificagéo,
interesterificacdo, transesterificacdo e amindlise (KNEZ, 2009).

2.1.5 Cinética de reacdo enzimatica

O estudo cinético de reacBes enziméticas geralmente é realizado a fim de
qualificar e quantificar os fatores que influenciam a atividade de uma enzima, avaliando
0 aumento ou diminuicéo das velocidades ou taxas de reacdo. Esta velocidade pode ser
influenciada por diversos fatores, tais como temperatura, concentracdo de substratos
(reagentes), quantidade de enzima, presenca de inibidores, pH da solugéo, etc.

Os bioquimicos Leonor Michaelis e Maud Leonola Menten, com base no
trabalho do quimico francés Victor Henri, propuseram um mecanismo capaz de explicar
a dependéncia da velocidade de reacdo catalisada por uma enzima em relacdo a
quantidade de substrato. O mecanismo descrito por Michaelis e Menten € dividido em
duas etapas: primeiramente o substrato, em excesso, reage com a enzima formando o
complexo enzima-substrato (ES); posteriormente, na segunda etapa ocorre a quebra do
complexo formado e a liberagcdo do produto (P) e da enzima na forma ativa (E),
conforme mostra a Equacéo (1) (COPELAND, 2002).

k2
S+E " ES—— > P+E 1)
k—1

As constantes cinéticas de formacdo e dissociacdo do complexo ES séo
representadas por k; (formacdo), k_; (dissociacdo) e k, (dissociacdo). A taxa de

formacéo de cada complexo pode ser expressa de acordo com as Equagdes (2) a (5).
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O aISIE] + ke 5] @
t
% = —ky[SI[E] + k_1[ES] + k,[ES] ©)
d[fts] = k,[S][E] — k_,[ES] — k,[ES] 4)
d[P] _
7 = kalES] ()

Para resolver as equacOes diferenciais 2 a 5, as dependéncias das mudancas
das concentracdes de cada complexo com o tempo devem ser conhecidas, 0 que € uma
tarefa experimentalmente complicada, especialmente para [E] e o complexo [ES]. A
Figura 4 mostra o resultado de uma simulagdo numérica para a solucéo dessas equac¢des
diferenciais. Podem-se observar trés fases distintas: 1) Periodo de formacdo do
complexo [ES] e diminuicdo da concentracdo de enzima livre [E]; 2) Neste periodo a
concentracdo do complexo [ES] é aproximadamente constante e as taxas de formacéao de
[P] e consumo de [S] sdo maximos; 3) A Ultima fase é determinada pela diminuicéo da
concentracdo do complexo [ES] devido ao esgotamento do substrato excedente [S],
além da diminuicédo da taxa de formagéo de [P] (COPELAND, 2002).

Concentracao

Tempo

Figura 4 — Mecanismo da cinética de Michaelis-Menten; (1) Fase de estado pré-
estacionario; (2) Fase de estado estacionario; (3) Fase de taxa decrescente
(COPELAND, 2002).
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Os parametros k4, k_; € k, representam as constantes de velocidade de cada
etapa, sendo que k, determina 0 numero maximo de moléculas de substrato convertidas
em produto por molécula de enzima por unidade de tempo. Michaelis e Menten
consideraram que a concentracdo de substrato é muito maior que a concentracdo da
enzima. Assim, a constante de dissociacdo do complexo ES (k,) € muito menor que a
constante de formacdo (k,) e a de redissociacdo (k_;) do complexo ES, ou seja,
k, = k_; > k,. Além disso, Michaelis e Menten consideraram que a concentracao total
de enzima no sistema era constante durante a catalise e igual a soma das concentracdes
de enzima-substrato (ES) e de enzima livre (E) (SEGEL, 1993; COPELAND, 2002).

Observa-se na Figura 4 que o complexo [ES] permanece praticamente
constante durante um tempo consideravel (Equacdo 6). Nesta fase a formacdo e
dissociacdo do complexo [ES] se mantém em equilibrio por um determinado tempo, ou
seja, em um estado estacionario. Como consequéncia, a decomposi¢éo do substrato [S]

e a formacao do produto [P] ocorrem de forma linear e de ordem zero.

d[ES]

T = kalSIE] = k1 [ES] = k,[ES] = 0 (6)

Logo, através da Equacdo (6) € possivel obter:

_ ka[SIIE]

[ ]—m (7

Sabe-se que a concentracdo total de enzima no meio reacional é determinada

pelo balangco de massa:
[E]o = [E] + [ES] (8)
Substituindo (7) em (8):

_ kSI[E]o
[EA] = k_y + ko+ky[S] ©)

Para obter a taxa de producdo de [P], substitui-se (9) em (5), assim:
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d[P] k2 [S1[E]o
v =——=k,[EA] =
dt k_lk-: k2 4 (s] (10)

Onde a relacdo entre as constantes é a constante cinética de Michaelis-
Menten (K,,), e a relagdo k,[E], € a velocidade maxima de reagdo, onde toda a enzima

livre participa da formacéo de [P].

k_i+k,
Vinax = k2[E]o (12)
Logo a Equacéo (10) pode ser escrita como:
Vmax [S]
= 13
Y K + 5] ()

A Equacdo (13) é a expressdo geral da teoria de cinética enzimatica em
estado estacionario, universalmente conhecida como equacdo de Michaelis-Menten ou
Henri-Michaelis-Menten. O parametro K,,, pode ser interpretado como a concentragao
de substrato [S] que proporciona a metade da velocidade mé&xima, ou seja, V4, /2. Isto
equivale a dizer que K,, representa a concentragdo de substrato na qual metade dos
sitios ativos das enzimas no meio reacional estd ligada (saturada) por moléculas de
substrato (SEGEL, 1993; ROBERTS, 2010).

O modelo de Henri-Michaelis-Menten permite expressar 0 comportamento
da velocidade da reacdo em funcdo da variagdo da concentracdo de apenas um substrato
[S]. No entanto, na grande maioria das rea¢fes enzimaticas, dois ou trés substratos estéo
envolvidos na cinética reacional. Ainda assim, o modelo de Henri-Michaelis-Menten
revela ser valido para aspectos mais amplos, desde que a dependéncia de um Unico
substrato seja estudada e os outros substratos e cofatores sejam mantidos em excesso
(saturados). Desta forma, sdo obtidas as constantes cinéticas do substrato [S], mas

nenhuma informacéo é fornecida sobre o mecanismo de multi-substratos. Uma anélise
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abrangente de tais reacdes complexas requer as variagbes mutuas de todos os substratos
participantes.

A Figura 5 ilustra o esquema na nomenclatura de Cleland para uma reacao
de multi-substrato (dois substratos) catalisada por uma enzima. Os substratos sé&o
denominados como A e B, os produtos P e Q, estados diferentes da enzima séo
denominados E e F, complexos enzimaticos transitdrias com os substratos e produtos
formados, EA e EP, conforme as EquacGes 14, 15 e 16. A reacdo catalitica ocorre nos
complexos centrais transitorios EAB e EQP. O nimero de substratos e de produtos que
participam da reagdo denominam os termos uni, bi ou tri, ou seja, dois substratos
reagindo para formar um produto a denominacdo sera bi-uni, ou dois substratos
reagindo para formar dois produtos, a denominacdo sera bi-bi. Além disso, no
mecanismo cinético todos os substratos devem se ligar antes que os produtos possam ser
liberados (chamados mecanismos sequenciais), e ainda a ligacdo dos substratos pode ser
tanto na ordem aleatéria ou ordenados. No mecanismo de chamado de ping-pong
produtos sdo liberados antes da ligacdo com todos os substratos envolvidos (SEGEL,
1993). Por exemplo, para uma reacdo com dois substratos e a liberacéo de dois produtos

de forma ordenada, tem-se um mecanismo ordenado bi-bi, conforme mostra a Figura 5.

E+A EA (14)

k2 k3
EA+B > EAB — EPQ EQ+P (15)
— —

EQ E+Q (16)

A B P Q

0 R

E EA (552) EQ E

Figura 5 - Esquema na nomenclatura de Cleland para uma reagdo de multi-substrato
(dois substratos) catalisada por uma enzima (SEGEL, 1993).
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Diversos estudos de esterificagdo enzimatica para a producdo de ésteres
aromaticos tém demonstrado a robustez do modelo de multi-substrato (ROMERO et al.,
2007; OLIVEIRA et al., 2009; COUTO et al., 2011; ZHANG et al., 2013). Além
disso, vérios autores tém aplicado o mecanismo ping-pong bi-bi para esterificacdo de
ésteres. A Figura 6 apresenta 0 mecanismo ping-pong bi-bi na sintese enzimatica de

acetato de isoamila a partir de anidrido acético

Anidrido Acido Alcool Acetato de
Acético Acético Isoamilico Isoamila
k
k1 lT kv‘] szl k-2 k SlT k-3 k4Tl )
Enzima Enzi-Ani =% Enzi-Acil Enzi-Acil-Alc =» Enzi-Ester Enzima

Figura 6 - Mecanismo ping-pong bi-bi na sintese enzimatica de acetato de isoamila a
partir de anidrido acético (ROMERO et al., 2007).

Pode-se observar na Figura 6 que o doador do grupo acetil (anidrido acético,
A) é o primeiro substrato e se ligar com a enzima livre, formando um complexo nédo
covalente enzima-anidrido (EA), que é transformado por uma reagdo de isomerizagao
em outro complexo intermediario enzima-acetil, liberando o primeiro produto, o &cido
acetico. Em uma segunda etapa, o alcool isoamilico se liga com o complexo enzima-
acetil para formar um complexo ternario enzima-acetil-alcool. Este complexo também é
transformado por uma reacdo de isomerizacdo em um complexo enzima-éster,
resultando na liberagdo do segundo produto, acetato de isoamila, enquanto a enzima
recupera sua conformacao inicial (ROMERO et al., 2005; ROMERO et al., 2007). A
taxa de reacdo para este tipo de mecanismo, assumindo que ndo ha inibi¢do de ambos os

substratos e produtos, é dada pela Equacéo (17).

_ Vinax [4][B]
- KAl + K [B] + [A][B]

v (17)

onde: v é a taxa inicial de reacdo; V., maxima taxa de reacdo; K/ e KB sdo as
constantes de Michaelis-Menten para os dois substratos, anidrido acético (A) e alcool

isoamilico (B).
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2.1.4 Reatores quimicos

Ha diversos modelos de reatores quimicos. Porém, uma caracteristica
especifica dos reatores que diferencia um modelo do outro é a natureza da mistura no
seu interior. Pode se compreender melhor a diferenga entre os modelos através do(s)
balanco(s) de massa no reator, que sdo de fundamental importancia para a discussao de
desempenho do modelo de reator quimico (ROBERTS, 2010).

Consideremos um volume de controle arbitrario (V), no qual a temperatura e
as concentracfes das espécies variam de ponto a ponto, com reagBes quimicas
ocorrendo que resultam na formacdo da espécie i na taxa G;. A espécie i escoa para o
interior do sistema a uma vazdo molar F;, (mols de i/tempo) e sai do sistema a uma

vazao molar F;, conforme a Figura 7.

(Ponto 1) (Ponto 3)
T, toda C,, T;, toda C,,

(Ponto 2)
T, toda C,,

Figura 7 — VVolume de controle arbitrério (V) (ROBERTS, 2010).

O balanco em base molar para a espécie i, para este volume de controle,
pode ser escrito como a diferenca entre taxas de entrada e saida da espécie i mais a taxa
de geragdo por reagdes quimicas da espécie i no volume de controle menos a taxa de

acumulo do componente i, conforme a Equacéo (18) (BIRD et al., 2006).

Fio—Fi+ G =—— (18)

Para uma reacdo catalitica heterogénea a taxa de geracdo do componente i

pode ser expressa como:
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6= [[[ reav (19)
%4

Na Equacdo (19) a variavel p. € a massa especifica aparente do catalisador
(massa/volume do reator), r; € a taxa liquida na qual a espécie i € formada por todas as
reacdes que estejam ocorrendo e VV é o volume do reator. A taxa r; € uma funcdo da
temperatura e das concentracfes das espécies em cada ponto i no interior do reator.
Como essa taxa de reagdo nunca € conhecida como uma funcéo explicita da posicéo, a
integracdo direta da Equacdo (19) ndo pode ser efetuada. Assim tornam-se necessarios
outros meios ou casos especificos de reatores, nos quais seja possivel determinar essa
taxa de geracdo ou a taxa liquida de formac&o (r;). Um caso especifico sdo os reatores
em batelada ideais (ROBERTS, 2010).

Reator em batelada é definido como um reator no qual ndo ha escoamento de
massa através das fronteiras do sistema, uma vez que 0s reagentes sdo previamente
carregados em seu interior. O inicio da reacdo é considerado em um instante preciso no
tempo, normalmente tomado com t = 0. Este tempo pode corresponder, por exemplo,
ao instante em que um catalisador € adicionado ou quando o Ultimo reagente é
adicionado ao meio reacional. Ao longo do tempo, o nimero de mols de cada reagente
diminui e o numero de mols de cada produto aumenta. Consequentemente, as
concentracfes das espéecies no reator irdo variar. A temperatura também pode mudar
com o tempo, caso a reacdo seja endotérmica ou exotérmica (AH, # 0). A reacdo
continua ocorrendo até que atinja o equilibrio quimico, até que o reagente limite seja
completamente consumido, ou até que uma acdo seja tomada, por exemplo,
resfriamento, remocdo do catalisador ou adi¢do de um inibidor quimico (ROBERTS,
2010).

Esse modelo de reator frequentemente é agitado mecanicamente para assegurar
que o material em seu interior seja bem misturado. Além disso, a agitagdo proporciona o
aumento do coeficiente de transferéncia de calor entre 0 meio reacional e as superficies
de transferéncia de calor no reator, e o coeficiente de transferéncia de massa entre as
fases. Em reatores multifasicos, a agitacdo pode manter suspenso um catalisador solido
ou criar area superficial entre duas fases liquidas, ou entre uma fase liquida e uma fase

gasosa.
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Para um reator em batelada, ndo ha escoamento entre as fronteiras do sistema,

logo a Equacéo (18) torna-se:

dN;
= 20

Substituindo (19) em (20):

|| rocav = (21)
\%4

Um caso limite de comportamento de reatores em batelada pode ser

considerado quando a agitacdo do meio reacional no interior do reator é vigorosa, como
por exemplo, se a mistura dos elementos fluidos no seu interior for muito intensa.
Assim, a temperatura e as concentracdes das espécies serdo as mesmas em cada ponto
no interior do reator, em qualquer tempo t. Um reator em batelada que satisfaca essa
condicdo é chamado de reator batelada ideal (ROBERTS, 2010). Para um reator
batelada ideal, a taxa liquida de formacdo (r;) e a massa especifica aparente do
catalisador ndo séo fungdes da posi¢éo no reator, de forma que a Equacéo (21) pode ser

escrita como:

dN;
dt

ripV = (22)

O volume V na Equacéo (22) é a porcdo do volume total do reator na qual a
reacdo realmente acontece. 1sso ndo representa necessariamente o volume geométrico
total do reator. Por exemplo, considerando uma reacdo que ocorra em um liquido que
preenche parcialmente um vaso, se nenhuma reacdo ocorrer no espaco preenchido pelo
gas acima do liquido, entdo V representa o volume do liquido e ndo o volume
geométrico, que inclui o espago preenchido pelo gas (ROBERTS, 2010). Se V for
constante, independentemente do tempo, pode-se escrever a Equacdo 22 em termos da

concentracdo da espécie i (C;) na forma:
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% = Ceatti (23)
onde C.,; € a concentragdo massica do catalisador (massa de catalisador/volume de
reacao).

Segundo Roberts (2010), a suposi¢do de volume constante € valida para a
maioria dos reatores industriais em batelada. A massa especifica é aproximadamente
constante para a grande maioria dos liquidos, mesmo se a temperatura variar
moderadamente ao longo da reacdo. Consequentemente, a suposi¢cdo de volume
constante é razoavel para reacdes em batelada que ocorrem em fase liquida. Além disso,
se um vaso rigido estiver cheio de um fluido compressivel, o volume desse fluido sera
constante porque as dimensdes do vaso séo fixas e ndo variam com o tempo.

Outro reator considerado ideal que tem sido aplicado em processos
quimicos é o reator de escoamento pistonado ideal (Plug Flow Reactor - PFR).
Frequentemente, esse tipo de reator é representado como um reator tubular, conforme a
Figura 8.

Segundo Roberts (2010), o reator de escoamento pistonado ideal tem duas
caracteristicas principais que o definem: 1) N&o ha mistura na dire¢cdo do escoamento
(z), ou seja, as concentracGes dos reagentes (substratos) diminuem na direcdo do
escoamento. Consequentemente, a taxa de reagdo (r;) varia apenas na direcdo do
escoamento. Além disso, caso a reagdo seja endotérmica ou exotérmica (AH, # 0), a
temperatura também ira variar na dire¢do do escoamento; 2) N&o ha variagdo de
concentracdo e de temperatura na dire¢cdo normal ao escoamento. Isso significa que ndo
ha variacéo radial ou angular da concentracéo ou da temperatura de qualquer espécie em
uma dada posigédo axial z, consequentemente, a taxa de reagéo r; ndo varia em qualquer

secdo transversal na direcao do escoamento (ROBERTS, 2010).
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Figura 8 - Reator de escoamento pistonado ideal (Plug Flow Reactor - PFR); Esquerda:
Volume de controle todo o reator tubular; Centro: Perfil de velocidade “Plug Flow”;

Direita: Novo volume de controle, diferencial. Adaptado de Roberts (2010)

Pode-se imaginar um reator de escoamento pistonado como uma série de
pequenos reatores em batelada com dimensdo dz que escoam em fila Unica. Cada
pequeno reator em batelada mantém sua integridade a medida que ocorre o escoamento
da entrada do reator para a sua saida. Além disso, ndo ha transferéncia de massa ou
energia entre as camadas adjacentes do fluido. Para que um reator real se aproxime das
condigdes idealizadas, a velocidade do fluido ndo pode variar na direcdo normal ao
escoamento, ou seja, para um reator tubular isto implica em um perfil de velocidade sem
variacdes nas direcdes radial e angular, conforme mostra a Figura 8. Para reatores
tubulares, este perfil de velocidade plano é aproximado quando o escoamento é
altamente turbulento, isto é, com altos valores do nimero de Reynolds (Re > 3000)
(FORNEY et al., 2001; BIRD et al., 2006).

Analisando o comportamento de um reator de escoamento pistonado e
tomando como volume de controle todo o reator tubular, podemos considerar que apds
um periodo de pré-estabilizacdo, a variacdo do nimero de mols ao longo do tempo nédo
muda, isto é, o processo esta em estado estacionario (dN;/dt = 0) (ROBERTS, 2010).
Além disso, para esse modelo de reator, a taxa de reacdo (r;) depende da posi¢do no

reator (z). Logo, a taxa de reacdo é funcdo de /, conforme a Equacdo (24).
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Fi,O - Fi + J.J:]- T'L'dV =0 (24)
%

Como a integracdo tripla da Equacdo (24) é trabalhosa, pode-se
simplesmente mudar o volume de controle escolhido, de maneira que no novo balanco
de material a taxa de reacdo r; ndo dependa de V. Para um reator tubular, o volume de
controle é uma fatia através do reator, perpendicular & dire¢cdo z, com uma espessura
diferencial dz, conforme a Figura 8. O balango de material para esse volume de controle

pode ser expresso conforme a Equacéo (25).
Fi,O - (Fl + dFl) + T'idV =0 (25)

onde: F; é a vazdo molar do elemento i que entra do volume de controle; F; + dF; éa

vazéo molar do elemento i que sai do volume de controle.

Rearranjando a Equacéo (25), obtém-se a equacdo de projeto para um reator

de escoamento pistonado ideal (PFR), na forma diferencial.

_dF,

dv = (26)

T

Aplicando o0 conceito de tempo espacial para reacdes catalisadas
heterogeneamente, com um fluido de massa especifica constante escoando ao longo do
reator, temos o tempo espacial, que é a relacdo entre a massa de catalisador (m) e a
velocidade desse fluido no reator (v) (ROBERTS, 2010).

T= (27)

v
Utilizando as Equacdes (26) e (27) e rearranjando-as, podemos expressar a

equacdo de projeto de um reator PFR em fungédo do tempo espacial e da concentragéo

do substrato i.
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—dC;
= 28
dt = (28)
dCi Pc
e 29
dz i U (29)

A equacdo de projeto de um reator PFR em funcdo da concentracdo de
substrato tem sido utilizada para descrever matematicamente reatores continuos para a
producgdo de ésteres de aromas catalisada por enzimas imobilizadas utilizando fluidos
supercriticos com solvente (MARTY et al., 1994; COUTO et al., 2011). Couto et al.
(2011) utilizaram a Equagdo (29) para modelar matematicamente a sintese em modo
continuo de acetato de geranila. Os autores utilizaram o modelo de Ping-Pong Bi-Bi
para descrever os parametros cinéticos para a lipase Novozym 435, e concluiram que os
modelos matematicos descreveram adequadamente o processo de sintese em um reator

tubular continuo operando com etano e CO, supercriticos como solventes.

2.1.5 Fluidos supercriticos

Uma substancia pura atinge o seu estado supercritico quando sua
temperatura e pressao sao superiores aos seus valores criticos. O ponto critico (PC) de
cada substancia é caracterizado por sua temperatura, pressdo e volume criticos. Abaixo
deste ponto, a substancia pode existir nos estados liquido, sélido ou vapor e acima deste
ponto 0 composto existe somente no estado de agregacgédo supercritico (KERN, 1987;
SANDLER, 2006). Segundo Sandler (2006), este fluido pode ser considerado tanto
como um liquido expandido como um gas comprimido. A Figura 9 apresenta um
diagrama de fases para um composto puro.

A curva, no diagrama de fases, representa a pressao e temperatura onde dois
estados de agregacdo coexistem, sendo que no ponto triplo (PT) as trés fases coexistem.
A linha de coexisténcia entre géas e liquido é chamada de curva de saturagdo liquido-gas.
Percorrendo tal linha chega-se ao ponto critico (PC), onde as densidades das fases
liquida e gasosa se igualam, ndo sendo possivel diferenciar o estado de agregacao
liquido ou gas (SANDLER, 2006).
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Figura 9 - Diagrama de fases para uma substancia pura. Fonte: adaptado de Brunner
(1987).

Dentre os fluidos supercriticos utilizados em processos industriais, 0
diéxido de carbono (CO,) se destaca por ndo ser tdxico, inflamavel e poluente, ser
totalmente recuperavel, de baixo custo e inerte, e as suas condi¢des criticas sdo
relativamente seguras quando comparado a outros solventes, tornando-o apropriado para
o trabalho com compostos volateis ou termolabeis, como as enzimas (KERN, 1987;
RAVENTOS et al., 2002; REVERCHON e DE MARCO, 2006). O CO, possui a
temperatura critica de 304,2 K e a pressdo critica 7,38 MPa. Uma vez atingido o estado
supercritico, este fluido apresenta propriedades tanto de um gas como de um liquido, ou
seja, sua densidade se aproxima de um liquido, enquanto a viscosidade é proxima a de
um gas normal (KERN, 1987).

A capacidade de solvatacdo do CO; no estado de agregagdo supercritico
depende de sua densidade. Logo, quanto maior a densidade, menores 0s espacos entre as
moléculas e maior a interagdo entre elas. O CO, tem a capacidade de dissolver
compostos ndo polares e levemente polares. Por outro lado, seu poder de solvatacédo
decresce com o0 aumento da massa molecular do soluto (BRUNNER, 1994).

Resumidamente, rea¢Bes quimicas em meio supercritico operadas em modo
continuo, especificamente utilizando CO,, ocorrem em trés etapas: a mistura dos
substratos com CO,, a reacdo quimica e a separa¢do dos produtos e do CO,. A primeira

etapa consiste em ajustar pressdo e temperatura do processo a fim de obter a maior
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solvatacao dos substratos da reacdo e/ou a maior estabilidade do catalisador. O solvente
escoa para dentro do reator e através do leito empacotado com o catalisador. Apds um
tempo de residéncia preestabelecido para a reacdo quimica, a mistura produtos/CO;
segue para a terceira etapa, na qual a pressdo é reduzida abaixo do valor da pressdo
critica do CO,. Desta maneira, 0 CO; altera seu estado de agregacdo de supercritico para
gas, diminuindo seu poder de solvatacdo, e consequentemente ocorre a separacao dos
produtos da reacdo. Assim, os produtos sdo recuperados e o gas € redirecionado a um
reciclo (RAVENTOS et al.,, 2002; MARTINEZ, 2008). A Figura 10 ilustra um

processo de reacdo quimica em modo continuo com fluido supercritico.

Substratos

g Liquido CO,
Gas CO,

— Produtos/CO,

= Substratos

Produtos

B

Pressao
: | o |
.

D
l

Ponto escompressao
Critico (PC)

Ponto
Triplo (PT)

Separador
Condensador

Produtos

T
Tc  Temperatura —»>
Figura 10 — Representacdo do processo de reacdo quimica em modo continuo em meio
supercritico. Fonte: adaptado de Rosa et al. (2008).

O reciclo conduz o CO, gasoso até um condensador, onde o gas € liguefeito.
Em seguida, o CO, liquido tem sua pressdo aumentada acima da pressdo do ponto
critico, por consequéncia do trabalho de uma bomba, e sua temperatura elevada até a

uma temperatura de operacdo desejada por um aquecedor (ROSA et al., 2008).
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2.1.6 Atividade enzimatica em fluidos supercriticos

Assim como em todos 0s processos cataliticos, a estabilidade do catalisador
é uma informacédo crucial para o processo. Portanto, devem se conhecer os fatores que
influenciam sua estabilidade. As enzimas utilizadas como biocatalisadores requerem
condigBes operacionais restritas. Isto é, reagdes em meio supercritico a elevadas
pressdes e temperaturas, bem como em meios com baixo pH, podem conduzir a
desnaturacdo e inativacdo enzimatica (KNEZ, 2009). A Tabela 1 apresenta diversos
trabalhos cientificos sobre os efeitos das condi¢bes do CO, supercritico na atividade
residual de diferentes lipases imobilizadas.

Tabela 1 — Efeito da exposicao de CO, sub/supercritico sobre a atividade enzimatica
residual de lipases imobilizadas. P (presséo), T (temperatura), Ciclos (ciclos de

pressurizacao e despressurizacao).

. Condigdes - . Atividade Residual N

Enzima PeT) Tempo Ciclos %) Referéncia
Lipozyme® 13 MPae 40 °C 144 h 1 90 (MARTY et al., 1990)
Lipozyme® 13 MPae 40 °C 144 h 1 90-80° (MARTY etal., 1992)
Lipozyme® 15 MPa e 50 °C 12 h 1-15 96 (DUMlogg;; etal,
LPOME  3omMpae40°C  424h 1 ~100 (HAB%;E'; etal,
L'pﬁ\%me 30MPae40°C  4-24h 1 ~100 (KNEZ et al., 1998)
Lipozyme  8,6-8,9 MPae 35- ] 5 (AUCOIN e LEGGE,

IM20* 37°C 1-6h 1 100 2001)
Nogggzy m 8 MPa e 40 °C 1h 1 ~96 (LANZA et al., 2004)
LPOME  114Mpae3scC  1ih 1 96,6 (OL'VZE:)Fég etal,
NOVoHYM  745MPae3s°C 1h 1 98,7 (OL'VZ(E):)Fég etal,
. 5 . ~ (OLIVEIRA etal.,

Lipase YLL 7,15 MPae 35 °C 1h 1 ~89,8 2006a)

LF';,’\;)Z?’,\'/TIL‘* 10 MPa e 50 °C 3h 1 ~100 (MELC;(?EEQ etal,
L'a‘f%me 10 MPa e 50 °C 3h 1 ~97 (ME"%S%? etal,

*Tempo de exposicdo ao fluido sub/supercritico; 'Lipase de Mucor miehei imobilizada em resina de troca
anidnica macroporosa (Novozymes); “Lipase comercial de Candida antarctica imobilizada em resina
anidnica macroporosa (Novozymes). °Lipase de Mucor miehei imobilizada em resina (Novo
Industri);*Lipase comercial de Mucor miehei imobilizada em resina de troca aniénica macroporosa (Novo
Nordish); °Lipase produzida de Yarrowia lipolytica e imobilizada pelos autores; ®Lipase comercial de
Mucor miehei imobilizada em Duolite A584 (Sigma Aldrich); ‘Lipase comercial de Candida antarctica
imobilizada em Lewatit VP OC 1600 (Novozymes); Adicdo de 4gua (0 a 2 pL/mg de enzima). -*N&o
houve influéncia significativa da exposi¢cdo ao CO,.
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De maneira geral, pode se verificar que a atividade residual das lipases
imobilizadas, principalmente as enzimas comerciais, como a Lipozyme 435, Novozyme
435 e Lipozyme IM, demonstrou estabilidade a exposi¢cdo do CO, supercritico em
diferentes condicGes de pressao e temperatura, com atividades residuais proximas ou até
iguais 100%. Segundo Giel3auf et al. (1999), a estabilidade e a atividade de uma enzima
exposta ao CO; supercritico dependem da espécie da enzima, da atividade de agua na
solucdo e das condicdes de pressdo e temperatura. Porém, o fator mais importante na
inativacdo enzimatica é provavelmente a despressurizacdo, sendo que a atividade
decresce com o acréscimo do numero de pressurizagGes/despressurizacoes.

Outro fator importante na estabilidade do catalisador é a pressdo do
processo, que pode acarretar a deshaturacao e inativacdo enzimatica, através de efeitos
diretos e/ou indiretos. O efeito direto da pressdo sobre a inativacdo é pequeno, pois a
estrutura da enzima é pouco alterada, ocorrendo pequenas mudancas em locais
especificos. Segundo Francisco et al. (2007), pressdes acima de 600 MPa podem causar
efeitos irreversiveis na estrutura da enzima, levando a sua inativacao. Por outro lado, o
efeito indireto da pressdo € maior, e ocorre devido a alteracdo das propriedades do
solvente supercritico, que influenciam a velocidade da reacdo e a solubilidade dos
reagentes (KNEZ, 2009).

As temperaturas criticas da maioria dos solventes utilizados como fluidos
supercriticos em meios reacionais estdo no mesmo intervalo de maior estabilidade e
atividade das enzimas. Geralmente, tais condigdes ndo séo prejudiciais para trabalhar
com solutos termicamente instaveis. Por outro lado, a agua supercritica (pressao critica
de 22,1 MPa) nédo pode ser utilizada como meio para as rea¢fes biocataliticas devido as
elevadas temperaturas envolvidas, maiores que 647,1 K (WEINGARTNER e
FRANCK, 2005), que inativam completamente as enzimas (KNEZ, 2009).

Os reagentes, bem como os produtos finais, também podem causar inibicéo
da enzima, bloqueando o seu sitio ativo e acarretando uma diminuicdo de sua atividade.
Muitas reacGes enzimaticas sdo propensas a inibi¢do por substrato e/ou produto, fazendo
com que muitas reacdes biocatalisadas sejam realizadas com a menor concentracdo de
substrato e produto possivel, o que diminui a eficiéncia do processo. Pode-se controlar a
inibicdo por substrato através da adicdo continua dos reagentes em uma baixa
concentra¢do, mas a inibicdo por produto é um processo complicado, pois é dificil
remover gradualmente o produto utilizando sistemas de separagéo tradicionais. Assim

sendo, a utilizacao de fluidos supercriticos torna esse processo viavel do ponto de vista
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técnico, pois o poder de solvatacdo ajustavel do solvente permite a separagdo continua
do produto (FRANCISCO et al., 2007; KNEZ, 2009).

2.1.7 Producao de ésteres de aromas em fluidos supercriticos

A principal vantagem de utilizar um fluido supercritico como meio
reacional é a capacidade de ajuste das propriedades deste meio através da alteracdo de
pressdo e/ou temperatura, modificando assim sua viscosidade e densidade, e
consequentemente favorecendo a transferéncia de massa dos substratos até os sitios
ativos das enzimas. Além disso, uma mudanca nas condi¢des de pressdo e temperatura
pode facilitar a separacdo dos produtos em uma etapa posterior a reacdo quimica. As
enzimas, como biocatalisadores, exibem alta tolerancia ao substrato e ndo é necesséria a
presenca de grandes quantidades de agua (solvente) para catalisar as reagdes. Estes
atributos proporcionam flexibilidade no uso de fluidos supercriticos como meios de
reacbes (KNEZ, 2009; WIMMER e ZAREVUCKA, 2010)

A Tabela 2 apresenta uma visdo geral de trabalhos cientificos de producéo
de ésteres de aromas em CO, supercritico utilizando enzimas imobilizadas (lipases)
como catalisadores. As informacfes apresentadas sdo: tipo de enzima utilizada,
condigdes Gtimas de pressdo e temperatura, conversdo maxima ou taxa inicial de reacédo
e tipo de reator utilizado. No entanto, vale ressaltar que outros solventes supercriticos e
subcriticos tém sido investigados como meios de reagdo, tais como propano (HABULIN
e KNEZ, 2001; KNEZ e HABULIN, 2002; HILDEBRAND et al., 2009), butano
(KRMELJ et al., 1999), metano (VARMA e MADRAS, 2010b), etano (VARMA e
MADRAS, 2010b) e etileno (VARMA e MADRAS, 2010b).
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Tabela 2 — Esteres de aroma produzidos em CO, supercritico, destacando as condigdes

de processo (Pressdo — P, Temperatura — T e o tipo de reator) e a enzima (lipase)

utilizada. MC (maxima conversdo), TIR (Taxa inicial de reacdo).

Produto Enzima Condigges MC/ TIR Reator Referéncia
(P/T)
Acetato de Novozyme 435" 8-30 .

Isoamila Lipozyme RM-IM® MPa/40°C 100% HPB e PBR (ROMERQO et al., 2005)
Algg;a;f; Ige Lipase Pancreas Suino?  p*/ 40-50°C 6% HPB (SRIVASTAVA et al., 2002)
Acetato de Lipase Pancreas Suino®

Isoamila Novozym 435" 7'?__)'01%5'\?551/ ~ 45% HPB (KUMAR et al., 2005)

Lipolase 100T® i
. e
Pr?g{'}‘;ﬁ?{[& de Lipase Pancreas Suino? P ngéo 60 % HPB (SRIVASTAVA et al., 2002)
Propionato de Novozym 435! ./eno o HPB
Isoamila Lipolase 100T® p*/50°C =~ 65% (VARMA e MADRAS, 2010a)
. Lipase Pancreas Suino® HPB
Propionato de Novozym 435" 75A0MPal < g5 04 (KUMAR et al., 2005)
Isoamila Lipolase 100T® 50-55°C
Propionato de Novozym 435! ./eno oco HPB
Isobutila Lipolase 100T® p*/50°C ~95% (VARMA e MADRAS, 2010a)
Propionato de Novozym 435! . e HPB
Isopropila Lipolase 100T® p*/50°C ~40 % (VARMA e MADRAS, 2010a)
B.‘iﬁ!&?ﬁ?.ge Lipase Pancreas Suino®  p* /40-50°C 38 % HPB (SRIVASTAVA et al., 2002)
) Lipase Pancreas Suino® HPB
Butirato de Novozym 435 1S A0MPal 40 9 (KUMAR et al., 2005)
Isoamila Lipolase 100T® 50-55°C
Pentanoato de Lipase Pancreas Suino® 7.5-10 HPB
Isoamila Novozym 435" MPa/50- ~35% (KUMAR et al., 2005)
Lipolase 100T® 55°C
* -
Oclt;”aorﬁtifade Lipase Pancreas Suino’ pséo“co 7% HPB (SRIVASTAVA et al., 2002)
Laurato de 1 11 MPa/40- 0 HPB

isoamila Novozyme 435 45°C 37% (VARMA e MADRAS, 2007)
Estearato de Novozyme 435" 11 MPa/40- 53 % HPB (VARMA e MADRAS, 2007)

Isoamila 45°C

Lipase Pancreas Suino® HPB
Hexanoato de Novozym 435! 75 A0MPa 3504 (KUMAR et al., 2005)
Isoamila Lipolase 100T® 50-55°C
Lipase Pancreas Suino® 7510 HPB
Heptanoato 1 : ~
d . Novozym 435 MPa/ 50- ~35% (KUMAR et al., 2005)
¢ Isoamila Lipolase 100T® 55°C
Lipase Pancreas Suino® 7.5-10 HPB
Octanoato de N 435" MPa/ ~ 40 % KUMAR et al., 2
Isoamila ovozym 435 50- ~40 % (KU et al., 2005)
Lipolase 100T® 55°C
B”g;i‘itf;de Novozyme 435 6 Né(P)?/C%_ ~ 80 % HPB (VARMA e MADRAS, 2008)
A%*giti?ade Novozyme 435" 1%2{,'25’/ 100 % HPB-VV (OLIVEIRA et al., 2009)
Acetato de 1 10 MPa/ 50
ot Novozym 435 P mmolming  HPBWV (RIBEIRO et al., 2010)
Lipozyme RM IM® HPB
Acetato de 10 MPa/
: Candida rugosa tipo o 53 % (LIAW e LIU, 2010)
Terpenila VIl (Sigma)® 50°C
Acetato de Candida rugosa tipo VII 10 MPa/ 0 HPB
Terpenila (Sigma)3 50°C 95,1 % (LIU e HUANG, 2010)
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; Novozyme 435" y HPB
oag‘;‘;ﬁf ®  Lipozyme RM-IM® 1%§ '7\"2 99,5 % (KUO et al., 2012)
Lipase IM-777 ’
Lactato de Novozyme 435" a0 el 99 9% HPe (KNEZ et al., 2012)
Acetato de . s 14 MPa/ . HPB (CHULALAKSANANUKUL
Geranila Lipozyme RM-IM 40°C 30% etal., 1993)
Acetato de Novozym 435" 10 e/ 73% HPB-WV/ (PERES et al., 2003)
Agerat I‘;e Novozyme 435! 1 e 99 % PBR (COUTO etal., 2011)
H * -
Butirato de Novozym 435" P ~47% HPB (VARMA e MADRAS, 2010b)
Laureat de Novozyme 435t 1OMPae g7, HPB (HABULIN et al., 2008)
Laureato de Lipase de Rhizopus 8 MPa e o HPB
Citronelila oryzae* 45°C 91% (DHAKE etal., 20112)
Butirato de Lipase de Rhizopus 8 MPa e o HPB
Citronelila oryzae* 45°C 98 % (DHAKE etal., 2011)
Laureato de Lipase de Rhizopus 8 MPae o HPB
Citronelila oryzae* 45°C 99 % (DHAKE etal., 20112)
Acetato de - 9 12MPa/ 501
Butila Imobilizada Cal B 333K umol/min.g PBR (ESCANDELL et al., 2015)
La‘gﬁf‘iﬁg de Ca”dl_'?rfa ?:g‘ﬁcma 3%8{,'2&/ ~100 % PBR (STEYTLER et al., 1991)
P(;:ﬁ’;irt‘ﬁ;o Novozym 525F® 85'\6'0%‘*/ =100 % REMR (HERNANDEZ et al., 2006)
Propianato Novozym 525F° BN =100% REMR (DE LOS RIOS et al., 2007)
Acello de Lipozyme M77T 18ZMRAL g7 530, HPB (YU etal., 2003)
Acetalo de Novozym 435 AV 76% HPB (DIAZ et al., 2010)
Plopionato Novozym 435* A 70 % HPB (DIAZ et al., 2010)
Butirato de Novozym 435 AV 91 % HPB (DIAZ etal., 2010)
Caﬁ'r:;tl‘; de Novozym 435! l‘zgﬂga/ 87 % HPB (DIAZ et al., 2010)
Caprilato de Novozym 435* A 91 % HPB (DIAZ et al., 2010)
_ Novozym 435!
Palmitato : 6 %/ GEO 0
iy Lipolase 100T p*/ 55°C 74 % HPB (KUMAR et al., 2004)

Lipase Pancreas Sufno?

HPB — High pressure batch reactor; PBR — Packed-bed reactor; HPB-VV — High pressure batch with varible volume reactor;
REMR — High pressure recirculating enzimatic membrane reactor; p* - Densidade Constante; ! Lipase imobilizada comercial de
Candida antarctica; 2Lipase proveniente de pancreas suino; 3Lipase imobilizada comercial de Candida rugosa tipo VII. * Lipase de
Rhizopus oryzae imobilizada pelos autores. *Lipase imobilizada comercial de Rhizomucor mehei;  Lipase ndo imobilizada comercial
de Aspergillus niger; "Lipase imobilizada comercial de Rhizomucor miehei; ®Lipase livre comercial de Candida antarctica em
solugdo aquosa; *Solugdo comercial de Candida antartica Lipase B (CalB) imoblizada pelos autores;'® Lipase B de Candida
antarctica na forma livre;
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A influéncia de presséo e temperatura em reaces enzimaticas depende do
comportamento da atividade enzimética e das propriedades fisicas do solvente. O
aumento da temperatura de processo pode acarretar em um acréscimo ou uma
diminuicdo na taxa de reacdo, uma vez que a atividade enzimética pode ser afetada
negativamente ou positivamente pela temperatura (MELGOSA et al., 2015). Além
disso, 0o aumento dessa varidvel ocasiona mudancas nas propriedades fisicas do
solvente, tais como viscosidade, tensdo superficial e poder de solvatacdo, que aumentam
com a elevacdo da temperatura, causando uma diminuigdo das resisténcias a
transferéncia de massa entre 0 meio reacional e o catalisador ou entre as fases, quando
existir distingdo (RANDOLPH et al., 1988).

A pressdo, por sua vez, também esta ligada ao comportamento da atividade
enzimatica e as propriedades do solvente supercritico. Além disso, a pressdo de
processo pode influenciar no coeficiente de particdo e na constante dielétrica, os quais
controlam indiretamente a estabilidade e a especificidade da enzima (MATSUDA et al.,
2004; GUTHALUGU et al., 2006; SOVOVA et al., 2008). A associacdo entre 0s
fatores pressdo e temperatura também pode influenciar a producédo de ésteres de aromas,
pois a solubilidade dos substratos e produtos dessas reagdes depende da densidade do
solvente supercritico, que pode ser controlada por alteracdes dessas variaveis.

Romero et al. (2005), avaliaram os efeitos da pressdo e da temperatura sobre
a producdo de acetato de isoamila em SC-CO, utilizando lipase imobilizada Novozym
435. Os autores observaram que o incremento na pressdo nédo influenciou a converséo
de esterificacdo, enquanto o incremento na temperatura diminuiu a taxa de reacdo e a
extensdo de esterificacdo, sendo que a condicdo 6tima de producéo foi 40 °C e 10 MPa.
Dhake et al. (2011a) avaliaram a influéncia da temperatura e da pressdo na producao de
acetato de citronelol, butirato de citronelol e do laurato de citronelol utilizando lipase
proveniente do micro-organismo Rhizopus oryzae em SC-CO, como meio reacional. Os
autores observaram que um aumento de temperatura e pressdo gerou uma diminui¢éo no
rendimento de esterificagdo devido a diminuicdo da atividade da enzima, sendo que o
rendimento maximo de esterificacdo foi observado na condi¢cdo mais branda entre as
testadas, 45 °C e 8 MPa.

A utilizacdo de CO, supercritico como meio de reacdo tem sido amplamente
aplicada para produzir ésteres de aromas, tornando este solvente interessante para a
sintese enzimética devido a sua alta difusividade, baixa viscosidade e facil separacédo de

substancias que néo reagiram (HABULIN et al., 2008). No entanto, muitos compostos
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polares tém baixa solubilidade, uma vez que SC-CO; tem baixa constante dielétrica e
baixa polaridade. A adicdo de uma pequena quantidade de compostos polares (por
exemplo, metanol, etanol, acetona) como cossolventes em SC-CO, pode aumentar a
solubilidade e, consequentemente, a taxa de conversdao dos substratos (LIAQUAT e
APENTEN, 2000; GUTHALUGU et al., 2006; SOVOVA et al., 2008). Alguns autores
tém aplicado cossolventes com sucesso em meios reacionais, tais como Habulin et al.
(2008) e Liu e Huang (2010).

Nota-se, na Tabela 2, que a maioria dos trabalhos citados utiliza reatores em
modo batelada para a producdo dos respectivos ésteres de aromas, uma vez que esse
modelo de reator possibilita o estudo de diversas variaveis e obtencdo de parametros
cinéticos com a baixa utilizacdo de substratos e catalisadores. Por outro lado, a
produtividade desse modo de operagdo geralmente é baixa devido a limitagdes
volumétricas. Assim, do ponto de vista industrial, os reatores de leito empacotado s&o
preferiveis para a producdo desses ésteres (SRIVASTAVA et al., 2002; ROMERO et
al., 2005). Um bom exemplo da aplicacdo desses modelos de reatores foi publicado por
Couto et al. (2011). Estes autores estudaram a sintese enzimatica de acetato de geranila
em SC-CO, utilizando a lipase imobilizada Novozyme 435 como catalisador. Os
resultados obtidos demonstraram a utilidade de um reator em batelada para obtencéo de
dados cinéticos e concluiram que a producdo de acetato de geranila pode ser realizada
diversas vezes consecutivas em um reator de leito empacotado, sem uma perda
consideravel na atividade da enzima.

Logo, esta proposta de trabalho surge como uma alternativa para a producgéo
de ésteres de aromas frente aos métodos tradicionais. O processo proposto torna o
produto final livre de solventes toxicos e ndo gera qualquer residuo ao meio ambiente.
Além disso, impulsionado pela crescente demanda de produtos de alta qualidade, o
cenario futuro apresenta perspectivas de um aumento no numero de aplicacOes
potenciais do CO; supercritico como meio reacional.

Deste modo, a justificativa da realizacdo deste trabalho considera que a
validacdo e o estudo de reacfes enziméaticas em CO, supercritico como meio reacional
em batelada e em modo continuo fornecerdo informacGes qualitativas e quantitativas
importantes para a aplicacdo em escala industrial, contribuindo para a producao limpa
de compostos aromaticos que possam suprir a necessidade das industrias alimenticias e

farmacéuticas.
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Highlights

e Activity of Lipozyme 435 decreased with an increase of pressure, exposure time
and temperature of SC-CO,.

e FT-IR analyses suggested a change in the secondary structure of the
immobilized lipase.

e FESEM images did not present morphological alterations on the macroporous
anionic resin (support).

e High yields and esterification rates of oleic acid under SC-CO, were obtained.

e Esterification percentage in supercritical CO, was 65% higher than in n-hexane
medium.

Lipozyme 435 Activity

SF-CO: Home-made Unit
Batch Reactor
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Abstract: The factors influencing the stability of a catalyst are crucial information for
the catalytic processes. The main objective of this work was to evaluate the activity of
the enzyme Lipozyme 435 in processes with supercritical carbon dioxide (SC-CO,) as
reaction medium. The effect of temperature (40-60°C), pressure (10-20 MPa), exposure
time (1-6 h) and depressurization steps (1-3) on the activity of the enzyme were
evaluated. The Kinetic data of inactivation and thermodynamic parameters were also
determined. Infrared spectroscopy analysis and field scanning electron microscopy
(FESEM) were carried out to investigate the structure of Lipozyme 435. The results
obtained showed that the activity of Lipozyme 435 decreased with an increase of
pressure, exposure time, temperature of SC-CO, and the number of
pressurization/depressurization cycles. The thermodynamic parameters showed the
stability of immobilized lipase under the tested conditions, and the kinetic data of
inactivation revealed a half-life of 11 hours for the lipase exposed to SC-CO;
(40°C/10MPa) for 1 hour. FT-IR analyses suggested a change in the secondary structure
of the immobilized lipase, considering the first amide band, while the FESEM images
did not present morphological alterations on the macroporous anionic resin used as a
support for the enzyme that could affect its activity. The study of the esterification of
oleic acid with methanol showed that it is possible to obtain high yields (Y, g/g*h) and
esterification rates (X, %) under certain process conditions (10 MPa and 40 °C).
Moreover, the esterification percentage in supercritical CO, was 67% higher than in n-

hexane medium.

Key-words: Lipozyme 435; enzyme activity; half-time; esterification; high pressure.
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3.1 INTRODUCTION

Lipases (glycerol ester hydrolases, EC 3.1.1.3) belong to the hydrolase group
and are responsible for catalyzing the hydrolysis of glycerol esters and long-chain fatty
acids, producing alcohol and acid [1]. They are also useful in esterification,
transesterification and lactonization (intramolecular esterification). Most of these
reactions are carried out in aqueous or organic solvent media [2].

However, a large number of studies showed recently that lipases are stable in
pressurized fluids, which increased their potential use in esterification reactions,
interesterification, transesterification and aminolysis [3]. Among the supercritical fluids
used in industrial processes, carbon dioxide (CO;) is the most common, due to its
advantages, such as low cost, nontoxicity, non-flammability, inertness, full recovery and
moderate critical properties (P = 7.38 MPa, T.= 304.2 K), when compared to other
green solvents. Therefore, reactions in supercritical CO, can be carried out with low
energy cost for pressurization, and at temperatures that do not damage the enzymes
[4, 5, 6].

The main advantage of using a supercritical fluid as a reaction medium is the
ability to tune its properties, such as density and the viscosity, by changing its pressure
and/or temperature, thus favoring the mass transfer of the substrate to the enzyme active
sites. Furthermore, the change in temperature and pressure may improve the separation
of the products at a later reaction stage. These attributes provide flexibility in the use of
supercritical fluids as media for enzyme catalyzed processes [3, 7].

As in all catalytic processes, the stability of the catalyst is a critical parameter,
and therefore it is important to determine the factors that affect it. The enzymes used as
biocatalysts require strict operating conditions. Thus, reactions in supercritical media at
high pressures and temperatures, as well as in high pH, can lead to denaturation and
enzyme inactivation [3]. According Giel3auf et al. [8], the stability and the activity of an
enzyme exposed to supercritical CO, depend on the enzyme type, water activity in the
enzyme and in the reaction medium, pressure and temperature conditions. However, the
most important factor in enzyme deactivation is probably the depressurization process,
since enzymatic activity decreases with the increase in the number of pressurization and

depressurization cycles.
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The critical temperatures of most supercritical fluids used as reaction media are
close to those of higher stability and activity of the enzymes. Generally, these
temperatures are not harmful to thermally unstable solutes. On the other hand,
supercritical water (critical pressure 22.1 MPa) cannot be used as a medium for
biocatalytic reactions due to the high temperatures involved, which are greater than
647.1 K [9] and would inactivate completely the enzymes [3].

Another important factor in the catalyst stability is the pressure of the
process, which can lead to denaturation and enzyme inactivation, through direct and/or
indirect effects. The direct effect of pressure on the inactivation is small, since the
structure of the enzyme is just slightly altered, with small changes occurring at specific
locations. According to Francisco, Gough and Dey [10], pressures up to 600 MPa can
cause irreversible effects on the enzyme structure, leading to its inactivation. On the
other hand, the indirect effect of the pressure is more significant and occurs due to the
change of the properties of the supercritical solvent, which affect the reaction rate and
the solubility of the reagents [3].

The objective of this work was to investigate the application of enzymes in
reactions using supercritical carbon dioxide and to evaluate the influence of process
conditions on the activity of a commercial lipase (Lipozyme 435). Moreover, the half-
time, decimal reduction times and thermodynamic parameters were calculated. Infrared
spectroscopy analysis (FT-IR) and field emission scanning electron microscopy
(FESEM) analyses were performed to assess the possible structure changes on the

support of immobilized enzyme after treatment under supercritical conditions.

3.2 MATERIALS AND METHODS

The work was carried out in the Laboratory of High Pressure in Food
Engineering — DEA/UNICAMP (LAPEA) located in Campinas-SP/Brazil.

3.2.1 Materials and chemicals

The commercial lipase from Candida antarctica (Lipozyme 435, food grade
[11]) immobilized on a macroporous anionic resin was kindly supplied by Novozymes
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Brazil (Araucéria-PR/Brazil). The reagents oleic acid, ethanol, methanol, acetone,
sodium hydroxide, arabic gum and other chemicals (analytical grade) were obtained
from Exodo Cientifica (Campinas-SP/Brazil). Olive oil (Gallo, Abrantes/Portugal) with
low acidity (maximum acidity < 0.5 %) was acquired in a local market in Campinas-
SP/Brazil. Carbon dioxide (99.9%) was purchased from White Martins S.A. (Campinas-
SP/Brazil).

3.2.2 Lipase activity

The enzymatic activity was measured through the volumetric method, which
is based on the titrimetric determination of the free acids released from triacylglycerols
by lipase catalyzed hydrolysis [12, 13]. About 5 mL of olive oil emulsion, water and
arabic gum (7%), 2 mL of phosphate buffer pH 7.0 (0.1M) and 10 mg of enzyme were
incubated for one hour in a shaker incubator (TE-421, Tecnal, Piracicaba-SP/Brazil) at
40 °C and 140 orbitals per minute (OPM). The hydrolysis reaction was stopped by
adding 15 mL of acetone/ethanol (1:1, v/v) and the released free acids were titrated with
a 0.05 M KOH solution, using phenolphthalein as an indicator. A unit of activity (U)
was defined as the amount of enzyme needed to release 1 umol of free acids per minute.
All lipase activity experiments were replicated at least three times.

3.2.3 Apparatus and experimental procedure

3.2.3.1 Lipase treatment

The experimental homemade apparatus used in all treatments of enzyme
with supercritical CO, consists basically of a CO, pump (Maximator M-111,
Zorge/Germany), a solvent reservoir, a cooling (SOLAB SL152/18, Exodo Cientifica,
Hortolandia/SP, Brazil) and a heating thermostatic bath (Marconi S.A., Campinas-
SP/Brazil), manometers (Zurich, Sdo Paulo-SP/Brazil), a magnetic stirrer (IKA, RCT
Basic, Staufen/Germany), thermocouples, control valves (Autoclave Engineers,
Erie/PA, USA), a micrometric valve (Autoclave Engineers, Erie/PA, USA) and a
stainless steel vessel of 100 mL. Figure 1 shows the schematic flow diagram of the

high-pressure stirred-bath reactor unit.
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Figure 2. Diagram of the homemade unit for high-pressure stirred-batch reactor
containing: V-1, V-2, V-3, V-4 and V-5 — Control valves; VM — Micrometer valves; VS
— Safety valve (Pmax = 30 MPa); C - Compressor; F - Compressed air filter; FC — CO;
Filter; BR — Cooling bath; BP - Pump (Booster); BA — Heating bath; I-1 and 1-2—
Pressure indicators; 1-3 - Temperature indicators; IC-1 — Indicators and controllers of
magnetic stirrer; IC-2 — Indicators and controllers of temperature of micrometer valve;
AM — Magnetic stirrer.

An amount of 0.4 g of immobilized lipase was introduced inside the high-
pressure stirred-bath reactor and the temperature was adjusted. Next, the reactor was
pressurized with CO, at a rate 10 MPa.min™ and pressure and temperature were
maintained constant for a pre-established exposure time. After the end of exposure time,
the system was depressurized at 1 MPa.min™, and the lipase activity was measured as
described in Section 2.2. The process variables evaluated were pressure (10 to 20 MPa),
exposure time (1 to 6 hours) and number of pressurization/depressurization cycles (1 to
3). According to the studies realized by Oliveira et al. [14] for Novozyme 435 and by
Melgosa et al. [11] for Lipozyme 435 and RM IM, an increase on the temperature of
supercritical process causes a higher decrease on the residual activity of enzyme. Based
on the literature survey, experiments were carried out at temperature range of 40 to
60°C. The residual activity (%) in the lipase was defined as the ratio between the
activity of the untreated enzyme (U,) and that of the lipase treated with supercritical
CO; (U), as stated in Equation 1.

U
Residual Activity (%) = (U_> x 100 (1)

0
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3.2.3.2 Catalytic tests

Many lipase-catalyzed esterification reactions in supercritical CO, have
been studied [15-17]. Therefore, a simple esterification reaction was selected as model
to evaluate the activity of Lipozyme 435 in supercritical CO,: the esterification of oleic
acid with methanol. First, the reaction mixture formed by oleic acid and methanol was
introduced in the batch reactor, at molar ratio of 1:1 (equimolar) and 3:1 (alcohol:acid).
Then, a determined amount (160 mg) of immobilized lipase was added. Finally, CO,
was pumped into the batch reactor up to the working pressure and stirred at 600 rpm.
After the end of reaction time, the system was depressurized at 1 MPa.min, and the
total of oleic acid was measured.

The amount of consumed oleic acid was measured through the volumetric
method, using a 0.05 N KOH solution in water with phenolphthalein as an indicator
[18]. All experiments were replicated at least three times. From the residual amount of
oleic acid, the mass balance and the reaction stoichiometry, it was possible to determine
the esterification rate or conversion (X, %), which was obtained by the ratio between the

products (n,) and substrates (n;), in mol, using Equation 2:

X(%) = (n—”) %100 2)

UN

The reaction yield (Y) was expressed as the ratio between the mass of the

product (m,) and the one of catalyst (m.) per unit time (t), as shown in Equation 3:

¥ (g/g=h) =0 R

The reaction of esterification of oleic acid was also performed in n-hexane
for comparison with the process in supercritical CO,. Oleic acid and methanol were
dissolved in 100 mL of hexane. The reaction was carried out at atmospheric pressure
and temperature, stirring rate and substrate molar ratio (0.1 M - equimolar) equal to
those used in the reactions in supercritical CO,. The amount of consumed oleic acid was
measured by the volumetric method, using a 0.05 N KOH solution in ethanol with

phenolphthalein as indicator.
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3.2.4 Estimation of kinetic data and thermodynamic parameters

The kinetic data of the lipase inactivation was calculated as described by
Weemaes et al. [19], considering that, in the range of experiments, the inactivation
kinetics behaves as a 1¥-order model, as shown in Equation 4. According to Naudi et al.
[20] and Ortega et al. [21] it is assumed in this model that the enzyme activity decreases

log-linearly with time.

Integrating Equation 4 leads to:

U
A = exp(—kgq * t) (5)

The experimental k,; values were determined by the slope of the plot of -
In(U/Uo) against the sample treatment time, wherein U is the enzyme activity at each
experimental time and Up is the activity of the untreated enzyme, as described
previously [22-24].

The half-life (¢,,, ) of the lipase was calculated taking into account the time

needed for the activity to be reduced to half of its original value, according Equation 6:

In(2)

1:
3 kg4

t

(6)

The decimal reduction time (D), which is defined as the treatment time
needed for 90% inactivation of initial activity at a given condition, was calculated with

Equation 7:

2.3026
D= ()
kq
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The enzyme deactivation energy (AE*#) was calculated from the Arrhenius
equation, which relates the dependence of the constant rate of inactivation with the
temperature. The value of deactivation energy was obtained from the regression of the
logarithm of the constant rate (k) versus the inverse of the absolute temperature (1/T)
[25].

AE*#
kg = koexp T (8)

where the constant k,represents the probability of a reaction to take place and
comprises components for the collision frequency and the orientation of the colliding
particles, and R is the gas constant (8,314 J mol™ K™ [26].

The energies and entropies of deactivation were estimated from the

absolutes rates (k,) using Equation 9 [20].

" kT AS* AH?* )
= — % — ) % -
A= T TP\ TR )P\ TRy

where h is the Plack constant (6.6262x10% J s), k is the Boltzmann constant
(1.3806x102 J K™), AS* and AH* are the activation entropy and enthalpy, respectively.

The values of AH* and AS* were obtained from the slope and the intercept
of the regression of In(k,;/T) versus the absolute temperature (1/T), respectively. The
values of Gibbs free energy of deactivation (AG*) were calculated using Equation 10
[21].

AG* = AH* — TAS* (10)

3.2.5 Fourier transform infrared spectroscopy (FT-IR)

Infrared spectroscopy analysis was carried out to evaluate the possible
chemical alterations in the peptide bond of lipase caused by the exposure to supercritical
CO.. Fourier transform-infrared spectroscopy was carried out using a CARY 630 FTIR
Spectrometer Agilent Technologies in the 400-4000 cm* range and with a resolution of
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4 cm™. Untreated and treated immobilized Lipozyme 435 samples were mixed with
KBr in pellets, which were prepared by pressing in a mold. The equipment was
available at the Institute of Chemistry (IQ/UNICAMP) located in Campinas-SP/Brazil.
The normalization of IR spectra was carried out by dividing each spectral
intensity by the square root of the sum of squares intensities on the corresponding
spectrum, as shown in Equation 11 [27]. The MATLAB software (2014Ra, MathWorks,

Natick, MA, USA) was used for normalization.

SN ., = Si'j

L] —2
/ 71(Si))

where: n is the number of wavenumbers in the scanning spectral region; S; ; is the

j=123,..,n (11)

spectral absorbance of sample i at the jth wavenumber and SN; is the normalized
spectral absorbance of sample i at the jth wavenumber.

The toolbox in MATLAB routine developed by the Departament of
Analytical Chemistry and Pharmaceutical Technology (FABI) —Vrije Universiteit
Brussel [28] was used for signal processing and baseline corrections by the
Multiplicative Scatter Correction method (MSC) [29, 30].

3.2.6 Field emission scanning electron microscopy (FESEM)

The morphology of the immobilized lipase before and after the SC-CO,
treatment was analyzed using a scanning electron microscope equipped with a field
emission gun (FESEM - FEI Quanta 650). Prior to analysis, the samples were coated
with gold in a SCD 050 sputter coater (Oerlikon-Balzers, Balzers, Liechtenstein). Both
equipment were available at the National Laboratory of Nanotechnology (LNNano)
located in Campinas-SP/Brazil. Analyses of the samples were performed under vacuum,
using a 10 kV acceleration voltage and a large number of images was obtained on
different areas of the samples (20-25 images per sample) to guarantee the

reproducibility of the results.
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3.2.7 Statistical analysis

The results were statistically evaluated by analysis of variance (ANOVA),
applied using the software Statistica for Windows 6.0 (Statsoft Inc., USA) in order to

detect significant differences in the enzyme activity, esterification rate and yield. The

significant differences at level of 5 % (p < 0.05) were analyzed by the Tukey test.

3.3 RESULTS AND DISCUSSION

3.3.1 Effect of supercritical carbon dioxide on the lipase activity

The experimental results obtained for the enzyme activity of Lipozyme 435
treated in supercritical CO; are presented in Table 1. It can be observed that the enzyme
activity decreased with the increase of pressure at the same treatment times. The lowest
residual activity (about 30%) was obtained at 20 MPa and 6 hours. Instead, the
treatment condition with lowest influence on the enzymatic activity was the one carried
out at 10 MPa for 1 hour, in which 90% of the initial activity was preserved at the end

of the process.

Table 1. Final activity and residual activity of the immobilized lipase Lipozyme 435
after treatment in supercritical CO, at constant temperature (40°C).

Enzyme Activity (U/g)

Initial Activity 14.8+1.0°

Pressure (MPa) Time (h) Enzyme Activity (U/g) Residual Activity (%)
10 1 13.4+1.3%® 90.3
15 1 10.7+0.5%¢ 72.1
20 1 7.9+0.8° 53.3
10 35 11.1+0.1%° 75.1
15 35 8.0+1.7° 54.0
20 35 6.6+1.0% 44.4
10 6 9.9+1.5° 67.1
15 6 6.0+0.2 40.7
20 6 4.8+0.9¢ 32.3

Results are expressed as mean + standard deviation of the values performed in triplicates; Time (h) —
Exposure time; Residual activity is defined as absolute value of (final activity/initial activity) x 100;
Different indexes (a, b, ¢, d) in the same column indicate that the means differ significantly by Tukey’s
test (p < 0.05).
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The enzymatic activity generally decreases after treatment with supercritical
CO, at different pressures and exposure times. The results obtained in this work are
consistent with data reported by other authors [11, 14, 31, 32]. According to Monhemi e
Housaindokht [33], supercritical CO, causes irreversible changes in the structure of
enzymes, resulting in their inactivation. Furthermore, the decrease of the lipase activity
treated with supercritical CO, has been related to the interactions between enzyme and
solvent, which lead to the formation of covalent complexes with the free amino groups
forming carbamates on the enzyme surface [14, 34, 35]. According to Oliveira et al.
[14] and Kamat, Barrera and Beckman [35], these carbamates are possibly responsible
for the removal of the histidine residues present at the active site of the enzyme, thus
resulting in a decrease of its activity or even in its complete inactivation.

Another possible cause for the decreased lipase activity in supercritical CO,
has been assigned to the hydrophilicity of the solvent, which would distort the essential
interactions of water with the biocatalyst, thus promoting the inactivation or the
denaturation of the enzyme. Recent results have shown that supercritical CO; has a
hydrophilic nature, which can be increased with decreasing pressure [36]. Therefore,
supercritical CO, removes the water present in the enzyme microenvironment, causing
its inactivation [14]. Habulin et al. [37] showed that the water amount in the lipase
decreased from 1.44% (before the treatment) to 0.88% after the treatment with
supercritical CO,. According to Silveira et al. [38], a small amount of water in the lipase
can bind to specific protein sites, protecting it from the adsorption of CO, molecules,
which is the main cause of enzyme inactivation under dry supercritical CO,.

Some authors also suggested that the stability of a biocatalyst in
supercritical CO, depends on intrinsic characteristics of the enzyme and of the process
parameters during its exposure to CO, at high pressure [14, 39]. According to
Steinberger, Gamse, and Maar [39], high temperatures and cycles of
pressurization/depressurization may cause enzyme inactivation. Considering this results,
an investigation of the enzyme stability at different process temperatures (40, 50 and 60
°C) and undergoing different numbers of pressurization/depressurization cycles was
carried out, keeping pressure (10 MPa) and exposure time (1 h) constant. These results

are presented on Table 2 and Table 3.
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Table 2. Final activity and residual activity of the immobilized lipase Lipozyme 435
after treatment in supercritical CO, at different temperatures.

Pressure (MPa) Temperature (°C)  Enzyme Activity (U/g)  Residual Activity (%)

40 13.4+1.3 90.3
10 50 11.0+0.5%® 74.3
60 8.4+0.5" 56.7

Results are expressed as mean * standard deviation of the values performed in triplicates; Residual
activity is defined as absolute value of (final activity/initial activity) x 100; Different indexes (a, b) in the
same column indicate that the means differ significantly by Tukey’s test (p < 0.05).

It can be observed in Table 2 that the activity of the enzyme decreased with
increasing temperature, therefore the lowest residual activity was observed at 60 °C. At
milder conditions, 40 and 50 °C, the residual enzyme activity was not different at the
level of 5% of significance. The highest value of residual activity was obtained at the
lower temperature. Investigating the influence of temperature on the activity of two
commercial immobilized lipases submitted to supercritical CO,, Oliveira et al.[14]
observed that at higher temperatures, up to 70 °C, the activity losses were at least 8%.
Liu et al. [13] evaluated the effect of sub and supercritical CO, treatment, including
pressure, exposure time and temperature on the residual activity of two commercial
enzymes (Candida antarctica Lipase B (CALB) and lipase PS in solution). Differently
from this work, the authors observed an increase of activity for both lipases after
treatment with sub- and supercritical CO,, in which the highest residual activities
obtained were 105% and 116% for CALB and lipase PS, respectively, at the same
conditions (10 MPa, 40 °C and 30 minutes of exposure time). According to the authors,
the improvement of the activity may be due to changes in the tertiary structure promoted
during the exposure of the enzyme to supercritical COx.

Data on Table 3 show that the enzyme activity decreases continuously with
the increasing number of cycles, and after three cycles the enzymatic activity decreased
to about 64% of that obtained with only one cycle of depressurization/pressurization.
An advantage of immobilized enzymes over non-immobilized enzymes is the possibility
to reuse them many times. However, as any catalyst, their catalytic ability decreases
with utilization cycles [40], as confirmed by the data in Table 3. The number of tested
cycles was not large enough to obtain a definitive conclusion about the influence of the
number of cycles on residual enzyme activity. However, the results are consistent with
those found by Oliveira et al. [14], who obtained a decrease in the residual activity of
about 10% after 5 cycles of depressurization/pressurization and Melgosa et al. [11],

who reported a decrease of 22% after 3 cycles. Knez et al. [40] studying the
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esterification of lactic acid and n-butanol with a commercial lipase (Novozym 435),
showed that after one cycle of pressurization/depressurization, 67.8% of conversion was
achieved, while after three cycles the conversion rate decreased to approximately
11.4%. Besides, according to Knez [3], the pressurization step has small influence on
the enzyme activity, but depressurization is usually the step that most affects the
residual activity, in which the high expansion rate of the fluid can cause changes in the

structure and even the inactivation of the enzyme.

Table 3. Activity of Lipozyme 435 undergoing pressurization and depressurization
cycles in supercritical CO,.

Number of cycles Enzyme Activity (U/g)
1 13.4+1.1°
2 6.6+1.0°
3 4.9+1.0°

Results are expressed as mean + standard deviation of the values performed in triplicates; Different
indexes (a,b) in the same column indicate that the means differ significantly by Tukey’s test (p < 0.05).

In general, a decrease in the residual activity of lipase treated with
supercritical CO, was observed in all the experiments, wherein the main factors were
pressure and the number of pressurization and depressurization cycles. Based on these
results, the half-life and the decimal reduction time of lipase treated with supercritical
CO,, were calculated at three different pressures, and these values are presented in Table
4.

Table 4. Experimental values of half-life and decimal reduction time for the lipase
Lipozyme 435 treated with supercritical CO, at 40 °C and three different pressures.

Pressure (MPa) t12 (h) D (h) R? (%)
10 11.6 38.4 98.1
15 6.1 20.2 99.0
20 6.8 22.6 97.7

Where: D: Decimal reduction (h) and ty,,: Half-time (h).

As can be noted, reduction of 48% in the half-life of the enzyme is achieved
from 10 to 15 MPa. The same behavior was observed for the decimal reduction values,
for which the time necessary to obtain a 90% reduction in the enzyme activity at 10
MPa was 38 h, while for samples under other conditions, the decimal reduction time
was approximately 20 hours. All regression coefficients (R2) were greater than 0.95,

indicating a good linear fit [24].



71

The thermodynamic parameters were determined by irreversible deactivation in
two-stage theory, as shown by Ortega et al. [21] and Tran and Chang [25]. According to
these authors, at moderate temperatures the rate-limiting step for the irreversible heat
deactivation of enzymes is the formation of an unfolded enzyme state (U), as the

reaction of Equation 12:

NoTloU-I (12)

where N is the native conformation of the lipase (folded), T,# is the transition state to
irreversible inactivated state of lipase. Thus, AH* and AG” are the heat and the entropy
change for the N & T reaction, respectively.

Table 5 shows the thermodynamic parameters associated with the formation of

the transition state (T,¥).

Table 5. Estimated thermodynamic parameters for the lipase Lipozyme 435 treated with
CO; at 40-60 °C and 10 MPa.

Thermodynamic parameter Values
AE” (kJ mol™)? 7.90
AH* (kJ mol™)° 5.22
AG" (kJ mol™)° 39.36 — 41.54
AS” (3 mol™ K™ -109.02

% Regression coefficients (R2) of 99.79%; ° Regression coefficients (R2) of 99.97%; © The temperature
range was 40-60 °C.

It can be noted that the values obtained for entropy (AS) were negative. A
possible explanation for this behavior is the compaction of the enzyme and the support.
According to Naidu et al. [20], Ortega et al. [21] and Dannenberg and Kessler [41], the
negative values of AS” can appear due to the aggregation of charged particles around the
enzyme molecule during the exposure of proteins to high temperatures. Moreover, the
values obtained for AS" were lower than those reported by Tran and Chang [25], which
found an entropy range from -28.22 to -25.11 J mol*K™ for the immobilized lipase
from Burkholdeira sp; The enthalpy for the change N < T, reaction (AH") was also
lower than the ones obtained by other research papers, such as Tran and Chang [25] and
Owusu et al. [42].

According to Kristjansson and Kinsella [43], the Gibbs free energy (AG") can be
related to the forces to stabilize the native structural state of the protein, such as the

hydrophobic interaction, hydrogen bonds, disulfide bridges and electrostatic
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interactions, wherein high values indicate a greater stability. The values obtained for
AG" in this work were lower than those reported by Tran and Chang [25] (88.35 to
90.13 kJ mol™), which were estimated for immobilized lipase from Burkholdeira sp. at
temperature ranges from 45 to 85 °C. In turn, the deactivation energy (AE") obtained to
the immobilized lipase treated with SC-CO, at 10 MPa and 40-60 °C was 7.90 kJ mol™.
This value is also lower than the obtained by Chiou and Wu [44] for immobilized lipase
from Candida rugosa, which was between 36.82 and 24.69 kJ mol™ for free, wet and
dry lipase. According to Tran and Chang [25], the higher values of deactivation energy
imply that a larger temperature change is required to deactivate the enzyme. Therefore,
observing the behavior of AG" and AE” and comparing them with literature data, it can
be stated that the immobilized lipase treated with SC-CO; in this work is less stable than
those obtained by other works with lipases [25, 44, 45]. This instability was described
by many researches through molecular dynamic simulation [33, 38, 46, 47].

3.3.2 Structural analysis

In order to analyze changes in the enzyme structure or in the support
(macroporous anionic resin) due to the application of supercritical CO,, infrared
spectroscopy analysis and field scanning electron microscopy (FESEM) were carried
out. The infrared spectroscopy spectra of Lipozyme 435 before and after treatment
under two different pressure conditions are shown in Figure 2, and the infrared band of

the amide regions of Lipozyme 435 are shown in Table 6.

Table 6. Infrared band of amide regions for the Lipozyme 435 untreated treated with
supercritical COs.

Amide | (cm™) Amide Il (cm™) Amide 111 (cm™)
Range* 1600 to 1700 ~1560** 1200 to 1400
Untreated 1648+1 1551+n 1387+n
10 MPa and 1 hour 1648+1 1551+7 1387+1
20 MPa and 6 hour 1648+n 155148 1388+1

Results are expressed as mean = amplitude of the values performed in duplicate; n — there was not
variation between samples. *Range of amide bands cited in literature for the lipase; **Around 1560 cm™.
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Figure 2. FT-IR spectra of immobilized lipase (Lipozyme 435) untreated and treated
with supercritical CO, at 10 MPa for 1h and 20 MPa for 6 hour: (a) complete IR spectra
and (b) Normalized IR spectra in the 1800-1500 cm™ range. CO, temperature was kept
constant at 40 °C.

Analyzing the wavenumber range between 1900 and 1200 cm™, which are
mainly assigned to the peptide group vibrations [48, 49], two distinct amino bands can
be observed, as shown in Figure 2 (b) and in Table 6. The first amide band (amide I),
which is observed from 1600 to 1700 cm™, is associated to the carbonyl stretching of
the peptide [48]. The second amide band (amide II) is responsible for the N-H bending
with a contribution from the C—N stretching vibrations around 1550 cm* [48]. A third
amide band was also observed at 1387 cm™. According to Collins et al. [48], the amide
Il bands (observed between 1200 and 1400 cm™) are due to in-phase combination of
the N-H deformation vibration with C—N, including a minor contribution from C-O and
C-C stretching. In general, after the pre-processing of the spectra (baseline correction
and normalization), it was possible to observe a significant difference between the
intensities of the amide | characteristic peak from the immobilized lipase before and
after treatments with supercritical CO, at 10 and 20 MPa. In other words, the treatment
with supercritical CO, probably caused a conformational change in the secondary
structure of the immobilized lipase in the amide | band, by the formation of covalent
complexes with the free amino groups on the peptides forming carbamates on the
enzyme, consequently decreasing the activity of the immobilized lipase.

The main objective of FESEM analysis was to investigate possible
morphological changes on the support of immobilized lipase caused by the treatment

with supercritical CO,. Changes such as increase in porosity or the presence of
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obstructed pores could affect the efficiency of the enzyme. Figure 3 shows the
micrographs from Lipozyme 435 before and after treatments at different magnifications
(scale bars from 300 um to 1 pm).

Untreated Treated (10 MPa/1h)

—

Treated (20 MPa/6h)

A =10 1000 kv ETD E£TD KV 30 10

Figure 3. FESEM micrographs of Lipozyme 435 untreated and treated with supercritical
CO; at 10 MPa and 20MPa for 1 and 6 hour, respectively. First line: scale bar of
300um; Second line: scale bar of 100 um; Third line: scale bar of 1 um.

At lower magnification (first line in Figure 3) it is possible to observe that the
resin particles acting as a support for Lipozyme 435 are almost perfect spheres, both
before and after the treatment with supercritical CO,. This suggests that the high
pressures applied inside the reactor did not cause morphological alterations in the
macroporous anionic resin of Lipozyme 435. Higher magnification images (second in

Figure 3) show scratched areas on the particle surfaces due to abrasive wear. These
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scratched areas are equally distributed in all the analyzed samples, untreated or treated,
possibly due to collision among the particles during transport, manipulation and the
flow inside the reactor. These changes cannot be assigned to the supercritical CO;
treatment, since the scratches were already observed in untreated particles. In the third
line of Figure 3, amplifications inside the scratched areas are presented (scale bar of 1
pum), and they show that the porosity pattern in the particle internal region (just beneath
the surface) is also kept unchanged after the treatments with supercritical CO,. Some
authors reported that the treatment with supercritical CO; can cause deformations such
as plasticization and swelling [50], formation of cracks, holes and fissures [14, 49] in
the particle surfaces, leading to increased porosity [11, 14]. For instance, Melgosa et al
[11] showed a rough and cracked surface with an apparent increase in porosity for
Lipozyme 435 after the treatment. Morphological changes in the resin support were not
observed in the present work.

3.3.3 Effect of supercritical CO; on the esterefication reaction

In spite of the decreased residual activity of the immobilized lipase after the
treatment with supercritical CO,, the enzyme can still catalyze reactions in supercritical
media efficiently, as demonstrated by several studies [40, 51-55]. Therefore, the study
of the esterification reaction of oleic acid (Figure 4) using immobilized Lipozyme 435
as a catalyst was carried out in supercritical CO..

Figure 4 shows the effect of pressure (Figure 4(A)) and temperature (Figure
4(B)) on the yield and rate of oleic acid esterification. It can be observed that an
increase in pressure from 10 to 20 MPa caused a small increase in the esterification rate,
from approximately 71% to 75%. The same behavior was observed for the esterification
yield, in which the highest value was obtained at 20 MPa, approximately 7.0 kg/kg.h.
This behavior may be related to the higher solubilization of the substrate due to the
increased density of supercritical CO, [40, 56]. At the higher operating pressure (30
MPa), small decreases in the rate and in the esterification yield were noted. According
to Knez et al. [40] and Knez et al. [57], these decreases may be assigned to dilution

effects of the substrates due to the largest amount of CO, pumped into the reactor.
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Figure 4. Effect of pressure (A) and temperature (B) on the yield (A ) and esterification
(bar chart) of oleic acid after 2 hours of reaction using supercritical CO; as a reaction
medium. Esterification kinetic of acid oleic at 40 °C and 10 MPa (C) and at molar ratio
alcohol:acid 3:1; Reaction conditions: Equimolar reaction at 0,1 M (alcohol:acid) for
(A), (B) and (C); 160 mg of enzyme; 600 rpm; 40 °C for different pressures and 10 MPa
for different temperatures; (—) Empirically drawn lines; Different indexes on the bar
chart indicate that the means differ significantly by Tukey’s test (p < 0.05).

The increase of process temperature from 40 to 50 °C caused a decrease in the
esterification rate and yield from approximately 71.5 to 67.7% and from 6.7 to 6.2
kg/kg.h, respectively. The same behavior was observed when temperature was increased
from 50 to 60 °C. These decreasing values can be explained by changes in the physical
properties of the solvent, such as limitations in mass transfer, viscosity, surface tension
and solvating power of the substrates (due to lower density) [3]. Moreover, this effect
may not be related to enzyme denaturation because, according to Knez [3], most
proteins denature at temperatures above 60 °C.

Esterification kinetics of oleic acid was performed in order to validate the results
obtained in the best condition (40 °C and 10 MPa). In Figure 4(C), a typical kinetic

curve of an equimolar reaction is presented. The substrate consumption, which occurs
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simultaneously, increases the product concentration in such a way that the
concentrations of both substrates were the same at the same time, when it was possible
to obtain about 74% esterification. Laudani et al. [18] studied the synthesis of n-octyl
oleate by esterification of free fatty acid (FFA) with 1-octanol using the immobilized
lipase (Lipozyme RM IM) and found about 88% of esterification when the molar ratio
between alcohol:fatty acid increased from 1:1 to 3:2. Based on this result, an
esterification procedure was carried out with molar ratio alcohol:fatty acid of 3:1. It can
be observed in Figure 4(D) that the consumption of alcohol was not complete when the
molar ratio was increased. On the other hand, all the oleic acid was consumed in the
reaction. After two hours, an esterification rate of 95% was achieved. In general, the
results showed that the immobilized lipase Lipozyme 435 has good ability for the
esterification of oleic acid in supercritical media, with values for esterification yield up
to 74%.

Finally, esterification reactions of oleic acid were carried out in n-hexane
for comparison with the results obtained at supercritical conditions. The experiments
were conducted with identical amount of enzyme, concentration of reagents and
temperature (160 mg, 0.1 M (equimolar) and 40 °C, respectively). The comparison was
made in the same reaction time, one hour. The esterification percentage was 43.0 +
1.5%, while in supercritical CO, (10 MPa and 40°C) it was about 72%, achieving an
increase of 67%. According to Laudani et al. [18], the higher diffusivity and lower
viscosity and surface tension of supercritical CO, are responsible for the decrease of the
interphase transport limitations, consequently increasing the reaction rate and

esterification percentage of oleic acid.

3.4 CONCLUSIONS

The exposure of the lipase Lipozyme 435 to supercritical CO, under
different process conditions reduces their residual activity. The best condition obtained
for residual activity was 40 °C, 10 MPa and one hour of exposure time, when the
residual activity was about 90% of the original value. Higher half-life and lower
decimal reduction time were also obtained at this condition. Furthermore, the residual
activity of the lipase decreases with the increasing number of cycles of

pressurization/depressurization. The infrared spectroscopy analysis showed that the
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treatment with supercritical CO, caused a conformational change in the secondary
structure of the immobilized lipase in the first amide band, and the images obtained by
FESEM demonstrated that high pressure treatment did not cause morphological
alterations on the structure of the macroporous anionic resin support of Lipozyme 435.
The study of the oleic acid esterification with methanol was conducted to
demonstrate that, although there is an inactivation of the enzyme with supercritical CO»,
it is still possible to obtain high yields and esterification rates under certain process
conditions. The esterification percentage in supercritical CO, was 67% higher than in n-
hexane media. Moreover, CO, is considered a green solvent and has the possibility to
combine the reaction and separation of products at the end of process with a single
stage. The results obtained by this work may be relevant in the selection of process

conditions that cause lower activity losses for future studies with Lipozyme 435.
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Highlights

e Optimal condition for the synthesis of eugenyl acetate in SC-CO, was
determined at 60 °C/10 MPa;

e The phase behavior of the reaction system and the synthesis in organic medium
also were studied;

e The conversion and yield of eugenyl acetate decreased with the increasing
number of cycles;

e The affinity of acetic anhydride to the enzyme was larger than that of eugenol;

e The second step of the reaction kinetics required more energy that the first step.

S

Lipozyme 435

SF-CO: Home-made Unit
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Abstract: Supercritical carbon dioxide (SC-CO,) as reaction medium has gained
attention in the production of terpenic esters catalyzed by lipases. Therefore, this work
investigated the production of eugenyl acetate by esterification of eugenol and acetic
anhydride in SC-CO, using two commercial lipases (Lipozyme 435 and Novozym 435)
as catalysts. The influence of enzyme concentration (1 to 10% weight/weight),
substrates’ molar ratio (1:1 to 5:1), temperature (40 to 60 °C) and pressure of SC-CO;
(10 to 30 MPa) on the esterification rate (X; %) and specific productivity (SP; kg of
product/kg of catalyst x hour) were evaluated. A home-made high-pressure stirred-batch
reactor (100 mL) was used in the experiments. The use of Novozym 435 achieved
higher conversion and specific productivity of eugenyl acetate than Lipozyme 435. An
excess of acetic anhydride (5:1 M/M) and high enzyme concentration (10%) achieved
higher esterification rates than the lowest conditions (1% and 1:1 M/M). The optimal
temperature and pressure for the synthesis of eugenyl acetate in SC-CO, were 50 and 60
°C at 10 MPa, respectively. The phase behavior of the reaction system and the synthesis
in organic medium were also studied. Kinetic experiments were performed at 40, 50 and
60 °C and indicated that the reaction follows the simple Ping-Pong Bi-Bi mechanism

and the affinity of acetic anhydride to enzyme was larger than that of eugenol.

Key-words: eugenol; Lipozyme 435; Novozym 435; esterification; supercritical.
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4.1 INTRODUCTION

Low molecular weight esters represent an important class of aroma,
consisting of compounds derived from short chain acids such as acetates, propionates
and butyrates, which are often responsible for fruity aroma [1-3]. These esters, known
for their flavoring properties, are present in essential oils of natural matter, which are
technically difficult to extract, isolate and purify. Furthermore, conventional chemical
synthesis leads to the formation of undesirable products to the food and pharmaceutical
industries. Therefore, biocatalyzed chemical synthesis becomes of great interest due to
the high chemo-, regio- and stereo-selectivity of the enzymes, which provide possible in
vitro synthesis of naturally existing single enantiomers of specific compounds[2].
Moreover, the esters can be considered as natural [2-4], since the process meets the
required conditions by the legislation. For example, the substrates or raw materials used
in process are natural and only physical or biotechnological processes must be
employed for the isolation and purification of the formed products [5].

Lipases (glycerol ester hydrolases, EC 3.1.1.3) belong to the hydrolase
group and are responsible for catalyzing the hydrolysis of glycerol esters and long-chain
fatty acids, producing alcohol and acid [6]. In many research works, lipases have been
employed as catalysts for the synthesis of esters, such as isoamyl acetate (banana flavor)
[3, 7], isoamyl butyrate (pear flavor) [8, 9] and cinamyl acetate (a compound of
cinnamon essential oil) [10]. Besides, a recent research showed that lipases are stable in
pressurized fluids, which increased their potential use in esterification reactions [11].
Among the supercritical fluids (SC) used in industrial processes, carbon dioxide (CO)
is the most common due to its advantages, such as low cost, nontoxicity, non-
flammability, inertness, full recovery and moderate critical properties (P. = 7.38 MPa,
T, = 304.2 K) when compared to other green solvents. Therefore, reactions in
supercritical CO, can be carried out with low energy cost for pressurization, and at
temperatures that do not damage the enzymes [12, 13]. Moreover, if SC-CO, cannot
improve reaction rate, the adjustable solvent power of the fluid allows the design of a
production process with integrated downstream separation of products and unreacted
substrates [11].

Eugenyl acetate is an aroma ester generally found in the essential oil of
clove buds (Syzygium aromaticum). Besides eugenyl acetate, clove oil is rich in
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eugenol, beta-carophyllene, alfa-humulene and other minor compounds. The European
Food Safety Authority (EFSA) evaluated and considered the application of eugenyl
acetate safe as aromatic substance in food products. Actually, eugenyl acetate is listed
on the database of the European Union as authorized substance to be used by the food
industry [14]. Besides the flavoring property of eugenyl acetate, several works have
reported other properties of industrial interest, such as antioxidant capacity [15],
antimicrobial [16] and anticancer properties [17].

In this context, the aim of the present work was to investigate the synthesis
of eugenyl acetate through enzymatic reactions in SC-CO, media. The effects of
enzyme and substrates’ concentration, temperature, pressure and number of reuse cycles
of the enzymes were evaluated for two commercial immobilized lipases. The
differences between two commercial immobilized lipases from C. antartica were
shown. Moreover, experiments were performed to determine the kinetic parameters, and
finally the phase behavior of the reaction system and the synthesis in organic medium

were studied.

4.2 MATERIALS AND METHODS

4.2.1 Materials

Two commercial lipases from Candida antarctica (Lipozyme 435 and
Novozym 435), both immobilized on a macroporous anionic resin, were kindly supplied
by Novozymes Brazil (Araucéria-PR/Brazil). The reagents eugenol and eugenyl acetate
were obtained from Sigma Aldrich. Acetic anhydride, n-hexane and ethyl acetate were
supplied by Synth (Diadema-SP/Brazil). All chemicals were analytical grade. Carbon
dioxide (99.9%) was purchased from White Martins S.A. (Campinas-SP/Brazil).

4.2.2 Characterization of the enzymes

The activity of the immobilized enzymes was determined as the initial rate
of the esterification reaction of oleic acid (Sigma Aldrich) with propanol (Sigma
Aldrich) at a molar ratio of 3:1, with hexane (Synth) as reaction medium and enzyme
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concentration of 5% (w/w) in the substrates. The mixture was kept at 50 °C in a shaker
incubator (TE-421, Tecnal, Piracicaba-SP/Brazil) at 150 orbitals per minute (OPM) for
30 min. Then, the oleic acid content was determined by titration with KOH 0.1 M in
ethanol (Synth). A unit of activity (U) was defined as the amount of enzyme needed to
consume 1 umol of oleic acid per minute. All determinations of lipase activity were
replicated at least three times. The residual activity (%) of the lipase was defined as the
ratio between the activity of the untreated enzyme (U,) and that of the lipase treated
with SC-CO, (U), as stated in Equation 1.

U
Residual Activity (%) = (U_) x 100 Q)
0

The protein content of the enzymes was determined by the Lowry method
[18], but the original method is not suitable for immobilized lipase forms, so a
preliminary desorption step was executed as according to the method proposed by Petry
et al. [19]. A known amount of immobilized lipase (0.1-0.2 g) was stirred in 2-4 mL of
the extraction buffer/solvent, 10% formic acid in 45% acetonitrile (in water), for 2 h, at
room temperature (22-25 °C). The material was washed three times with the same
buffer/solvent for 10 min in each step, and finally with distillated water. The
supernatant and washings were collected for protein analysis by the Lowry method [18],
described as follows.

A standard curve was prepared with bovine serum albumin (BSA) powder
(Sigma Aldrich). Samples, supernatant and washings were diluted in order to fit within
the BSA standard curve range (0.02-0.6 mg/mL). 50 pL of sample and 450 pL of
distilled water were placed in each tube. Next, 5 mL of biuret reagent was added to each
tube and mixed thoroughly with a vortex. The biuret reagent was prepared by mixing
three solutions: solution A: cupric sulfate at 1%; solution B: sodium potassium tartrate
at 1%; solution C: 2% sodium carbonate in 0.1 M of NaOH with ratio of 1:1:50
(A:B:C). The mixture was then let incubating for 10 minutes prior to the addition of 500
pL per tube of 1.0 N Folin & Ciocalteu’s reagent (Dinamica, Diadema/SP), and the
samples were mixed immediately. Color was developed for 30 minutes in the dark at
room temperature and the absorbance was measured at 650 nm. All absorbance
determinations were made using a UV-vis spectrophotometer (Hach, DR/4000U,
Colorado, USA). All experiments were replicated at least three times.
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The water content of immobilized lipases was determined by Karl Fischer
titration using a model 701 Metrohm apparatus (Herisau, Switzerland) equipped with a
5 mL burette and an extractor, which was operated at 120 °C and a nitrogen (White
Martins S.A., Campinas-SP/Brazil) flow rate of 50 x 10 mL/min. The Karl Fischer
reagent used in the titration was from Merck (Darmstadt, Germany).

The mean particle size distributions of Lipozyme 435 and Novozym 435
were determined based on the static light scattering method using a Multi-Angle Static
Light-Scattering Mastersizer (Malvern Instruments, Worcestershire, UK). The real
densities of immobilized enzymes were measured by helium pycnometry, whereas bulk
density was measured by weighing a known volume of solid material. Finally, the ratio

between real and bulk density determined the porosity of the packed enzyme bed.

4.2.3 Synthesis of eugenyl acetate in SC-CO,

The experimental homemade apparatus used in all reaction experiments
consists in a CO; booster (Maximator M-111, Zorge/Germany), a solvent reservoir, a
cooling (Solab SL152/18, Exodo Cientifica, Hortolandia/SP, Brazil) and a heating
thermostatic (Marconi S.A., Campinas-SP/Brazil) baths. Manometers (Zurich, S&o
Paulo-SP/Brazil), a magnetic stirrer (IKA, RCT Basic, Staufen/Germany),
thermocouples, control valves (Autoclave Engineers), a micrometric valve (Autoclave
Engineers, Erie/PA, USA) and a stainless steel vessel of 100 mL. Figure 1 shows the

schematic flow diagram of the high-pressure stirred-bath reactor unit.
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Figure 1. Diagram of the homemade unit for high-pressure stirred-batch reactor
containing: V-1, V-2, V-3, V-4 and V-5- Control valves; VM — Micrometer valves; VS
— Safety valve (Pmax = 30 MPa); C- Compressor; F-Compressed air filter; FC — CO,
Filter ; BR — Cooling bath; BP- Pump (Booster); BA — Heating bath; 1-1 and 1-2—
Pressure indicators; I1-3 - Temperature indicators; IC-1 — Indicators and controllers of
magnetic stirrer; 1C-2 — Indicators and controllers of temperature of micrometer valve;
AM — Magnetic stirrer,

First, an amount of immobilized lipase was placed inside the high-pressure
stirred-bath reactor. After 30 min of thermal stabilization and to remove the residual
superficial water in the catalyst and the wall reactor, the reaction mixture formed by
eugenol and acetic anhydride was introduced in the stirred-batch reactor. Next, the
reactor was pressurized with CO, at a rate of 10 MPa.min™. After the end of the
established reaction time (1 hour), the system was depressurized at 1 MPa.min™. In all
experiments the stirring rate was fixed at 600 rpm. The evaluated process variables were
pressure (10 to 30 MPa), temperature (40 to 60 °C), enzyme concentration (1 to 10 %),
concentration of substrates (molar ratio from 1:1 to 5:1 of acetic anhydride : eugenol)
and the reuse of the enzyme (1, 2 and 3 times). In the Kinetic experiments each point of
the curve at the same process condition represents the mean of the performed
experiments at the established reaction time. All experiments were replicated at least
three times.

From the amount of eugenol and eugenyl acetate after the reaction, the mass
balance and the reaction stoichiometry, it was possible to determine the esterification
rate or conversion (X, %), which was obtained by the molar ratio between the products

(n,) and substrates (n), using Equation 2:
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X(%) = ("—"’) %100 @)

Ng

The specific productivity of eugenyl acetate (SP) was expressed as the mass

ratio between product (m,) and catalyst (m.) per unit time (t), as shown in Equation 3:

SP (kg /kg * h) = —2 3)

me*t

The esterification of eugenol was also performed in n-hexane for
comparison with SC-CO,. The reaction was carried out at atmospheric pressure and
temperature, substrate molar ratio (5:1 acetic anhydride/eugenol) and concentration of
enzyme (1%) equal to those used in the reactions in SC-CO; at the best condition of
conversion and specific productivity. The reaction volume was completed to 100 mL of
hexane and the mixture was incubated in a shaker incubator (TE-421, Tecnal,
Piracicaba-SP/Brazil) under agitation of 150 orbitals per minute (OPM). After one hour
an aliquot of 1.5 mL was filtered (Chormafil Xtra PA-20/25, Macherey-Nagel,
Diren/Germany) and analyzed by gas chromatography (see Section 2.5.) to determine
the concentrations of eugenol and eugenyl acetate. The experiments were replicated

three times.

4.2.4 Phase behavior experiments

The solubility of substrates in SC-CO, depends on CO; density, which can
be tuned by changes in temperature and/or pressure, and an increase in solubility of
substrates in SC-CO,, can lead to an increase in the reaction rate. On the other side, a
decrease on reaction rate can occur due to formation of two phases (liquid and gas) [20].
Therefore, phase behavior experiments were performed through a static method without
sampling in a high-pressure variable-volume view cell. Basically, the apparatus consists
of a view cell with two sapphire windows for visual observations, a magnetic stirrer to
promote the agitation in the mixture, an absolute pressure transducer (Novus, TP-Model
520, Brazil), a “PT 100” type thermocouple inside the cell, a CO, pump (Thermo
Separation Products, Model Constametric 3200 P/F, Waltham/USA) that was coupled to
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a cooling ultra-thermostatic bath (Marconi S.A., Model MA-184, Campinas-SP/ Brazil)
and a metallic jacket on the cell coupled with a heating thermostatic bath (Polyscience,
Illinois/USA). The equilibrium cell includes a movable piston, which allows pressure
control inside the cell.

Phase behavior was visually observed through the pressure manipulation
using the pump with CO;, as pneumatic fluid. First, the amount of substrates and
enzyme were introduced inside the view cell. The cell was closed and loaded with a
determined amount of CO,. After the desired temperature was reached, the pressure was
increased until the observation of a single phase. From this point, the pressure was
slowly decreased until the apparition of a new phase. Three temperatures were
evaluated (40, 50 and 60 °C) with enzyme concentration and substrates’ molar ratio of
1% and 5:1 (acetic anhydride/eugenol), respectively, which are the same used in the

reaction experiments.

4.2.5 Analytical methods

After the reaction the reactant (eugenol) and product (eugenyl acetate)
contents were determined using a gas chromatograph with a flame ionization detector
(GC-FID). The method was based according to Zabot et al. [21]. A GC-FID
chromatograph (Shimadzu, CG17A, Kyoto/Japan) equipped with a capillary column of
fused silica DB-5 (J&W Scientific, 30 m X 0.25 mm X 0.25 um, Folsom,/USA) was
used. Each sample was filtered (Chormafil Xtra PA-20/25, Macherey-Nagel,
Diiren/Germany) and diluted to 5 mg/ml in ethyl acetate, and 1 pL was injected into the
chromatograph. The sample split ratio was 1:20. The carrier gas (Helium, 99.9% purity,
White Martins, Campinas,/Brazil) flowing at 1.1 mL/min. The injector and the detector
temperatures were 220 and 240 °C, respectively. The column was heated from 60 °C to
246 °C at 3 °C/min. At these conditions the retention times of eugenol and eugenyl
acetate peaks were 24 and 32 min, respectively. Quantification was performed using
external standard calibration curves (R? = 0.999 to eugenol and R? = 0.996 to eugeny!

acetate).

4.2.6 Kinetic model
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The experimental data of conversion versus time were adjusted with a
second-order model, as shown in Equation 4. The quality of this adjustment was
evaluated from the determination coefficient (R?) using the MATLAB software
(2014Ra, MathWorks, Natick, MA, USA)

X(%) =at?+ bt +c 4)

where X is the conversion (%), t is time (h) and a, b and c are adjustable parameters.
Through the analytical derivative of the adjusted model for eugenol
conversion, the eugenol conversion rate at each time t was calculated, as shown in

Equation 5.

V= Ceo (Ccii_)t() (5)

where v is the reaction rate at the time t (mol/ls), C,o is the initial (¢t = 0)
concentration of eugenol (mol/l) and dX/dt is the analytical derivative of the
conversion calculated with Equation 4.

Next, the reaction rate was adjusted with the Ping-Pong Bi-Bi model

without inhibition, as described by Equation (6).

_ Vinax[A1[B]
KR [A] + Ki[B] + [A][B] (6)

v

where V.« IS the maximum reaction rate (mol/l.g.s), [A] and [B] are the acetic
anhydride and eugenol concentrations (mol/l), respectively, and K/ and KE are the
Michaelis-Mentem constants for acetic anhydride and eugenol (mol/l).

The Ping-Pong Bi-Bi model was fitted to the calculated reaction rate (v)
using a minimum of constrained nonlinear multivariable function algorithm from the
MATLAB software. The objective function was defined as sum of the squares, as

shown in Equation (7).
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n
fobj = Z[vexp - vsim]z
i=1

7)

where v, is the experimental reaction rate (mol/l.s), vg;,, is the simulated reaction rate
(mol/l.s) and n is the total of experimental points.
The activation energies were obtained from the slope of the straight line of

In (:‘KLT) vs reciprocal of absolute temperature (1/T), as described by the Arrhenius

Equation (8) and the Eyring absolute rate equation [22, 23].

1(kBT)— Ea | 1nca
"k )= T Rr TR 8)

where K, is the Michaelis-Menten constant, i is the Planck constant (6.6256 x 10
J.5), kg is Boltzman constant (1.3805 x 10°* J/K), A is the frequency factor, E, is the

activation energy and R is the molar gas constant (8.314 J/K.mol).

4.2.7 Statistical analysis

The results of conversion and specific productivity of eugenyl acetate were
statistically evaluated by ANOVA, using the software Statistica for Windows 6.0

(Statsoft Inc., USA) in order to detect significant differences. The significant differences

at level of 5% (p < 0.05) were analyzed by the Tukey test.

4.3 RESULTS AND DISCUSSION

4.3.1 Effect of the enzyme concentration

In industrial applications the process variables should be controlled to
obtain the maximum specific productivity with minimum cost, specifically in
biocatalyzed processes where high esterification and low enzyme concentrations should

be achieved. Therefore, the effects of enzyme concentration and substrates’ molar ratio
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on the conversion and specific productivity of eugenyl acetate using Lipozyme 435 and
Novozym 435 were evaluated. In these experiments the temperature and pressure of
supercritical CO, were fixed at 40°C and 10 MPa, respectively. In these conditions the
immobilized lipases has been showed the highest residual activity [24-26]. Moreover,
the stirring rate was fixed in a higher value to ensure that the reaction was kinetically

controlled and the inter-particle diffusion effect and external mass transfer was

negligible [27, 28]. The results are shown in Table 1.

Table 1. Effect of enzyme concentration and substrates’ molar ratio on the conversion
and specific productivity of eugenyl acetate using two different lipases in SC-CO,.

Enzyme Molar Conversion (%) Specific productivity (kg/kg.h)
(%)*  Ratio? Lipozyme 435 Novozym 435 Lipozyme 435 Novozym 435
1 1:1 442 +0.18*%  1.63+0.02°® 3.29+0.02* 1.21+0.04°F
1 31  650+0.25% 1560+0.69°" 259+0.10°®  6.73 +0.45"
1 5:1  19.34+1.34® 33.23+0.26% 6.22+0.41*®  10.09 + 0.07**
5 1:1  12.27+253*A 511+054°® 1.89+0.39°4  0.78 +0.08%
5 31  1570+0.27*® 19.61+0.85” 1.37+0.02%  1.71+0.07
5 5:1  1850+1.20°® 2658+0.36°" 1.13+0.12%®  1.62+0.02*A
10 1:1  10.34+0.95°®  14.45+2.92% 0.80+0.07%* 1.11+0.21%
10 3:1  16.30+0.01*® 19.37+0.99”* 0.72+0.01*®  0.84 +0.04"*
10 5:1  20.27 £1.00 1951+0.49*4 0.64+0.03**  0.60+0.01%

Experiments were carried out at fixed conditions of time (1 hour), stirring (600 rpm), pressure (10 MPa)
and temperature (40 °C). lEnzyme concentration expressed by weight of substrates, w/w (%); 2 Acetic
anhydride/eugenol molar ratio (M/M). Different indexes (a,b,c,d) in the same column (lowercase) or in
the same line (uppercase) indicate that the means differ significantly by Tukey’s test (p < 0.05). For
example: Lowercases compares the means at different experimental conditions at the same enzyme and
uppercases compares the means at different enzymes at the same experimental condition.

The ANOVA results show that the effect of enzyme concentration on the
conversion was statistically significant (p < 0.05 and F¢y = 37.97) using immobilized
lipase Lipozyme 435, and not significant for Novozym 435 (p = 0.362 and Fy = 1.14).
It can be observed that, for Lipozyme 435, the highest conversion of eugenyl acetate
was obtained with high concentration of the enzyme (10%) at the three evaluated
substrate molar ratios, but for Novozym 435 this behavior was not observed in any
condition. Moreover, at the highest substrate molar ratio 5:1 (acetic anhydride/eugenol)
for Lipozyme 435, the concentration of lipase did not affect the conversion. The same
behavior was found to the specific productivity of eugenyl acetate, but the magnitude of
the specific productivity decreases with the amount of enzyme increase, even with

increase of reaction rate.
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The increase of enzyme loading results in higher reaction rate, as exposed
on Table 1. Although the reaction time was kept constant at one hour, the highest rate
and specific productivity for both commercial lipases were obtained with 1% enzyme
and 5:1 molar ratio. Eventually, with longer reaction time some experimental runs
would overlap for larger enzyme content. However, in the industrial point of view it is
interesting to use lower amount of catalyst (enzyme), which results in reduced cost.
Other works using SC-CO, as reaction medium obtained similar results [29, 30].
Chiaradia et al. [16], studying the eugenyl acetate esterification in a solvent-free system
found a significant effect of the enzyme (Novozym 435) concentration on the
conversion, and concluded that lower concentrations can be used without affecting the
reaction conversion. It should be emphasized that the conversion increased with the
substrates concentration, but in the same molar ratio, 5:1, the increase of enzyme
concentration not affected the reaction rate (conversion), from 5.5 to 10%. Probably
because in these conditions the quantity of substrates was the controller reaction rates
instead the enzyme concentration. Furthermore the values obtained to reaction rate in
these experiments were not large enough to compensate the amount of immobilized

lipase used in the reaction, thus the lowest values of specific productivity were obtained.

4.3.2 Effect of acetic anhydride and eugenol molar ratio

Acetic acid has been traditionally used as acyl donor to flavor ester
reactions (direct esterification) [31]. Moreover, several works have reported an
inhibition of enzyme by high concentration of acid [3], probably due to the decrease of
pH in the reaction system. In addition, acetic acid can be a lipase inhibitor, reacting with
serine in the active site of the enzyme [32]. Alternatively, the synthesis of esters can be
performed by transesterification with acetates and by acylation with acetic anhydride
[7]. Table 1 shows the conversions and specific productivities obtained with three acetic
anhydride concentrations and three different enzyme loadings.

A positive effect of molar ratio on the conversion and specific productivity
of eugenyl acetate was observed, and the ANOVA results showed that the acetic
anhydride/eugenol molar ratio was statistically significant in the conversion using both
immobilized lipases, Lipozyme (p < 0.05 and Fcy = 104.20) and Novozym 435 (p <
0.05 and F¢y = 447.40). In fact, the major effect on the conversion was that of acetic
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anhydride/eugenol molar ratio. The same behavior was observed by Chiaradia et al.
[16], who concluded that the molar ratio of acetic anhydride/eugenol presented a
positive effect, followed by the effect of temperature on eugenyl acetate production in a
solvent-free system using Novozym 435. It is also observed on Table 1 that the
conversion and specific productivity of eugenyl acetate using Novozym 435 was higher
than that of Lipozyme 435 at all experimental conditions, except under the lowest molar
ratio with 1 and 5% of enzyme, in which is probably attributed to experimental errors.
In order to explain the reasons why Novozym 435 outperformed Lipozyme 435 in the
eugenol conversion, the characterization of both lipases was performed and the results

are exposed on Table 2.

Table 2. Characteristics of two different immobilized lipases from Candida antarctica.

Characteristic Novozym 435 Lipozyme 435
Enzymatic Activity (U/g) 167.1+0.39 173.9+0.36
Protein Content (mg/g of particle) 85.4+5.41 108.2+6.38
Specific Enzymatic Activity (U/mg) 1.95+0.07 1.60 £ 0.01
Water Content (g/g, %) 1.62+0.04 2.71+0.06
Bulk Density (g/cm?d) 0.35+0.01 0.35+0.01
Real Density (g/cmd) 0.96+0.01 1.21+0.06
Porosity (ad.) 0.64+0.01 0.71+0.01
Mean Diameter (um) 350.3+2.5 452.4+12.6

According to the enzyme supplier, Lipozyme 435 is food grade while
Novozym 435 is analytic or technical grade, information also reported by Melgosa et al.
[24]. This can be confirmed by the specific enzymatic activity (SA), which represents
the ratio between the enzymatic activity and protein content. The SA of Lipozyme 435
was 1.6 U/mg while Novozym 435 achieved SA about 18% higher, 1.9 U/mg. The
water content of Novozym 435 was similar to that found by Habulin et al. [33] (1.44%)
and lower than the obtained by Yadav and Devi [34] (3%), but the titrable water content
for Lipozyme 435 was about four times higher than that reported by Melgosa et al. [24]
(0.7 £ 0.2%).

Particle size, porosity and density are important characteristics of catalysts,
which can influence mass transfer and intraparticle diffusion of substrates and products,
and consequently the reaction rate and specific productivity. The measured bulk density
for both immobilized lipases was the same as reported by the enzyme supplier, and
closer to that reported by Yadav and Devi [34] for Novozym 435 (0.45 g/cm3).

However, the real density of Lipozyme was higher than that of Novozym 435. In fact,
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the immobilization material is the same for both lipases (macroporous resin of poly-
methyl methacrylate (Lewatit VP OC 1600)) [24, 35], but since Lipozyme 435 contains
more protein with lower SA, these proteins may also have been immobilized during the
immobilization process, increasing the real density of the particles. Moreover, the mean
particle diameter of Lipozyme is higher than that of Novozym 435. According to Yadav
and Devi [34] the bead size range of Novozym 435 is 0.3-0.9 mm, and the same particle
distribution was observed for both immobilized lipases. Despite the higher specific
enzymatic activity of Novozym 435, the study of the effects of SC-CO, pressure and
temperature on the conversion and specific productivity of eugenyl acetate was
performed with Lipozyme 435 because few papers dealing with enzymatic reactions

using a food grade immobilized lipase (Lipozyme 435) are found in literature.

4.3.3 Effect of pressure and temperature of SC-CO,

Based on the results shown on Table 1, the effects of temperature and
pressure were evaluated at the conditions that achieved high conversion and specific
productivity. Thus, the enzyme concentration and acetic anhydride/eugenol molar ratio
were kept constant at 1% and 5:1, respectively. According to Oliveira et al. [25] for
Novozym 435 and Melgosa et al. [24] for Lipozyme 435 and Lipozyme RM IM, the
increase of temperature in a supercritical reaction process causes a decrease of the
residual activity of enzymes. The same behavior was reported to pressure by several
works [24, 25, 36]. Indeed, according to Knez, Habulin and Primozi¢ [37] the pressure-
induced deactivation of enzymes occurs mostly above 150 MPa. Based on the literature
survey, the experiments were performed at temperatures from 40 to 60 °C and pressures
from 10 to 30 MPa. Table 3 shows the effects of temperature and pressure on the
conversion and specific productivity of eugenyl acetate using the Lipozyme 435 as

catalyst.
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Table 3. Effect of temperature and pressure on the conversion and specific productivity
of eugenyl acetate using Lipozyme 435.

Temperature (°C)" Pressure (MPa)” Conversion (%) Yield (kg/kg.h)

40 10 19.34 + 1.34° 6.22 + 0.41°
40 20 20.76 + 0.25° 6.38 + 0.08"
40 30 22.80 + 0.08° 7.01+0.02°
50 10 32.26 + 1.25° 9.77 + 0.36°
50 20 21.17 + 0.85° 6.23 + 0.26"
50 30 24.77 + 3.80°° 753 +1.15°
60 10 30.75 + 0.74%® 9.47 + 0.23°
60 20 20.17 + 1.85° 6.05 + 0.35°
60 30 24.70 + 0.26 7.51+0.19°

Experiments were carried out at fixed conditions of time (1 hour), agitation (600 rpm), enzyme
concentration (1 %) and acetic anhydride/eugenol molar ratio (5:1). *Temperature and 2Pressure of SC-
CO,. Different indexes (a, b, ¢, d) in the same column (lowercase) indicate that the means differ
significantly by Tukey’s test (p < 0.05).

The ANOVA analyses showed that the effects of pressure and temperature
were statistically significant (p < 0.05 and Fca > Frap) On the conversion and specific
productivity of eugenyl acetate. A positive effect of pressure at 40 °C and a negative
effect at 50 and 60 °C can be observed on Table 3. The positive effect can be related to
the increase of CO; density with pressure, which improves its solvation power in the
reaction medium [20]. In turn, the negative effect on the conversion can be connected
with the dilution of the substrates caused by the greater amount of CO, pumped into the
reactor, causing an increase in the molar ratio between SC-CO, and substrates [20, 38].
Knez et al. [38] studied the effect of pressure on the conversion of free fatty acid into
fatty acid ester using lipase from Rhizomucor miehei (Lipozyme RM IM) in dense CO..
According to the authors, at pressures above 10 MPa the conversion decreased due to
the dilution effect caused by larger CO; amount, which reduced the substrates’ molar
fraction in the reaction bulk, slowing down the esterification.

The effect of temperature from 40 to 50 °C was positive for the conversion,
from 19 to 32% at 10 MPa, from 20 to 21% at 20 MPa and from 22 to 24% at 30 MPa.
Besides, the increase of temperature from 50 to 60 °C caused a decrease on the
conversion, which can be related to the changes in the physical properties of the solvent,
such as limitations in mass transfer, viscosity, surface tension and due to the decrease of
the solvation power of the substrates at lower solvent density. The esterification of
eugenol was also carried out in n-hexane for comparison with the results obtained at
supercritical conditions. The conversion in n-hexane was 15.3 + 1.8%, whereas in SC-
CO; (10 MPa and 40 °C) it was near 19%. According to Laudani et al. [39], the higher

diffusivity and lower viscosity and surface tension of SC-CO, are responsible for the



101

reduction of interphase transport limitations, thus increasing the reaction rate and
esterification of eugenol.

Researches dealing with esterification reactions in supercritical media have
shown that the conversion can be influenced by the solubility of substrates in SC-CO,,
which depends on the system’s temperature and pressure. The solubilities of eugenyl
acetate and eugenol in SC-CO, were reported by Cheng et al. [40], Souza et al. [41] and
Guan et al. [42], who showed that the solubility of these compounds increase with CO,
density. However, few publications dealing with phase equilibrium of the whole
enzymatic esterification system have been found in the literature. Phase equilibrium
experiments of the system eugenol/acetic anhydride/Lipozyme 435/SC-CO, were
performed to observe the behavior at each experimental condition exposed on Table 3,
and the results are shown in Appendix A (Supplementary data, Figure S1).

At 10 MPa and 60 °C the reaction mixture contained solid (enzyme), liquid
and gas phases, and at the other conditions the equilibrium between solid and
supercritical phase was observed. The transition from three-phase (solid-liquid-gas) to
two-phase (solid-supercritical) system at 40, 50 and 60 °C was observed at pressures
around 8.0-8.2, 9.1-9.3 and 11-13 MPa, respectively. At the end of all phase equilibrium
experiments a white and opaque solid material was observed on the view cell. This
material can be observed in Figure S1 (Appendix A: Supplementary data) at conditions
of 50-60 °C and 20-28 MPa, where the reaction bulk became more opaque. This solid
material may be a small particle displaced from the support of the immobilized lipase.
Moreover, this can help elucidating the decrease of conversion at high temperature and

pressure observed in the reactions using Lipozyme 435.

4.3.4 Reuse of Lipozyme 435

The main advantage of immobilized lipases over the free form is that the
enzyme can be reused many times in the process, thus reducing the cost of catalyst.
Several works have shown that the enzyme activity decreases continuously with the
increasing number of cycles, so the reusability of Lipozyme 435 was analyzed at 10
MPa and 40° C, as shown on Table 4.
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Table 4. Influence of reuse cycles of Lipozyme 435 on the conversion and specific
productivity of eugenyl acetate in SC-CO, at 10 MPa and 40 °C.

Number of Cycles Conversion (%) Specific productivity (kg/kg.h)
1 19.34 +1.34 6.22 +0.41
2 17.60 £ 0.29 5.45 + 0.60
3 13.10 £ 0.06 4.43 +0.02

Experiments were carried out at fixed conditions of time (1 hour), agitation (600 rpm), enzyme
concentration (1%) and acetic anhydride/eugenol molar ratio (5:1).

The substrates and products were extracted from the high-pressure vessel at
2 hours with a CO, flow rate of 2.84 x 10™ kg/s, which was enough to remove all the
compounds from the reactor, as established by previous experiments. The data on Table
4 show that the conversion and specific productivity of eugenyl acetate decreased
continuously with the increasing number of cycles. The catalytic ability of the lipase
CALB (Candida antarctica lipase B) in immobilized form decreases with the increase
of the utilization cycles [20] or depressurization/pressurization cycles [24, 25]. The
reduction of enzyme activity after SC-CO; exposure has been related to several reasons.
One of them is the water content needed to preserve the conformation of enzyme, and
thus its optimal activity [24, 43]. Therefore, the effect of the number of
depressurization/pressurization cycles on the residual activity (%) and water content (%)
of Lipozyme 435 treated with SC-CO; was evaluated. Each cycle was carried out at 40
°C, 10 MPa, 1 hour of exposure time, and the depressurization rate was fixed at 1

MPa.min™’. The results are presented in Figure 2.
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Figure 2. Effect of the number of depressurization/pressurization cycles on the residual
activity (bar chart, %) and water content (m, %) of Lipozyme 435 treated with SC-CO;
at 10 MPa and 40 °C.
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It can be noted that the residual enzyme activity and the water content
decreased with the increase of the number of depressurization/pressurization cycles. The
initial titrable water content of Lipozyme 435 was 2.71 + 0.06%, and after exposure to
SC-CO it decreased to 2.54 + 0.20, 2.27 + 0.22 and 1.66 £ 0.19%, for 1, 2 and 3 cycles
respectively. These results of residual activity are in accordance with those reported by
Melgosa et al. [24] for Lipozyme RM IM and Lipozyme 435, in which several
depressurization/pressurization steps led to activity loss of both immobilized lipases.
Moreover, the authors did not report the water content of the Lipozyme 435 after
treatment with SC-CO;, because of the low values found. Habulin et al. [33] related the
decrease of residual activity to the extraction of essential water from the immobilized
lipase Novozym 435, in which the water content fell from 1.44% for the untreated

enzyme to 0.88% for lipase treated with SC-CO,.

4.3.5 Kinetic experiments

The kinetics of the production of eugenyl acetate was investigated at 10
MPa, with 1% (w/w) of enzyme, 5:1 molar ratio and stirring at 600 rpm. The results are
shown in Figure 3 (A) for conversion (%) and (B) for specific productivity (kg/kg.h). It
can be observed that, at longer times, the conversion increased for the reaction at the
three tested temperatures, 40, 50 and 60 °C. However, the specific productivity of
eugenyl acetate decreased with time for all temperatures. This behavior can be
explained observing Equation (3), which suggests that the increase of reaction time
decreases its specific productivity. To keep the specific productivity at similar values
for all reaction times the conversion should be twice the obtained at the previous point.
Based on the kinetics experiments and the phase behavior the optimal conditions of
eugenyl acetate synthesis were 50 and 60°C at 10MPa. Although it appears a two-phase
region (liquid and gas) at 60°C and 10 MPa, the reaction rate was about equal to the
experiments at 50°C and 10 MPa.
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Figure 3. Kinetics of eugenyl acetate conversion (A) and specific productivity (B) in
SC-CO;at 40, 50 and 60 °C. Experiments were carried out at fixed conditions of
pressure (10 MPa), agitation (600 rpm), enzyme concentration (1%) and acetic
anhydride/eugenol molar ratio (5:1).

The kinetics of many reactions have been successfully described by the
Ping-Pong Bi-Bi model, such as hydrolysis, esterification and transesterification, using
organic solvents [22, 44] or supercritical fluids [29, 30] as reaction media. In the Kinetic
study it is first necessary to determine possible inhibitions caused by any substance
involved in the reaction [44]. In this work, the substrates are eugenol and acetic
anhydride, and the products are eugenyl acetate and acetic acid. A second route of
eugenol esterification can occur between acetic acid and eugenol, resulting in eugenyl
acetate and water. This second route and the effect of acetic acid on the kinetics were
not considered. The reaction routes are shown in Appendix A (Supplementary data,
Figure S2). However, acetic acid is an important inactivating compound, causing an
indirect inhibition by the decrease of pH in the reaction medium, changing the
isoelectric point of proteins and thus inactivating the enzyme. Moreover, acetic acid can
also act as a direct inhibitor of the enzyme, forming a dead-end complex. According to
Romero et al. [44], this effect has little importance when the initial concentration of
substrates is low. Figure 4 shows the Lineweaver-Burk plot of reciprocal of the reaction
rates versus reciprocal concentrations of acetic anhydride [A] and eugenol [B] at 40 °C

and 10 MPa (A) and the effect of substrates on the reaction rate (B).
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Figure 4. (A) Lineweaver-Burk plot of reciprocal of the reaction rates versus reciprocal
acetic anhydride [A] concentration at different eugenol [B] concentrations. (B) Effect of
acetic anhydride [A] concentration on the reaction rate at different eugenol [B]
concentrations. Experiments were carried out at fixed conditions of agitation (600 rpm),
enzyme concentration (1 %), time (1 hour), temperature (40 °C) and pressure (10 MPa).

The variation of the concentrations of the substrates acetic anhydride [A]
and eugenol [B] caused an increase on the reaction rate, as shown in Figure 4 (B).
Moreover, in the plot of Figure 4 (A) the esterification of eugenol followed the classical
Michaelis-Menten kinetics. However, the three fitting straight lines in Figure 4 (A) were
not parallel to each other, suggesting that the enzymatic reaction did not follow a simple
Ping-Pong Bi-Bi mechanism within the range of tested concentrations [22, 45]. The
Kinetic parameters were obtained by fitting the model to the experimental data using a
subroutine (fminsearch) of the software MATLAB [29]. The values calculated by the
Lineweaver-Burk plot of reciprocal of the reaction rates versus reciprocal
concentrations were used as initial guess. Table 5 shows the kinetic parameters adjusted
with the model for the production of eugenyl acetate in SC-CO,.

The affinity of the enzyme to the substrates can be determined by the value
of 1/K,,, which indicates that the affinity of the enzyme to acetic anhydride is larger
than to eugenol. This suggests that acetic anhydride is the acyl donor that binds to the
active sites of lipase. Similar behavior also was observed by Romero et al. [41],
investigating the esterification of isoamyl alcohol and acetic anhydride using
immobilized lipase in n-hexane. According to the authors, the Ping-Pong Bi-Bi
mechanism can be divided in two steps: a) First, the acyl donor binds the enzyme,
forming an enzyme-anhydride complex (EA). Through a unimolecular isomerization
reaction, the EA complex is transformed to an enzyme-acyl complex (EC) and the first

product (acetic acid) is released; b) The second substrate (eugenol) binds to the enzyme-
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acyl complex (EC) forming a ternary complex, enzyme-acyl-eugenol. Again, through a
unimolecular isomerization reaction the ternary complex is transformed to an enzyme-
ester complex, finally releasing the second product (eugenyl acetate) and the enzyme in

its initial conformation.

Table 5. Kinetic parameters for the production of eugenyl acetate in SC-CO, at 40, 50
and 60 °C using Lipozyme 435.

Parameter 40° C 50 °C 60° C
Vinax (LMoOI/Q.S) 3.6 4.2 4.5
KA (UM) 17.0 17.5 14.0
KB (uM) 260.2 190.0 147.5
R? (%)t 97.1 97.5 94.9
fobj? 8.0x 10 0.7x 10 3.0x 10

! Lack of fit to Equation (4); * Values for adjustment of Ping-Pong Bi-Bi model (Equation 6).

It can be noted on Table 5 that the affinity of both substrates (K4 and K2)
to the lipase and the maximum reaction rate increased from 40 to 60 °C, suggesting a
positive effect of temperature on the esterification rate. Furthermore, the activation
energy for both steps could be determined by the Arrhenius equation (Equation 8) and
the absolute values of the reaction rate. The activation energy for the first step was 5.8
kJ/mol. However, the activation energy for the second step was about four times higher,
21.4 kJ/mol. This confirms that the second step of the reaction has required more energy

than the first step, so it was the rate-limiting reaction.

4.4 CONCLUSIONS

The synthesis of eugenyl acetate in SC-CO, using the immobilized lipases
Novozym 435 and Lipozyme 435 was investigated at several conditions. Emphasis was
given to the differences between the enzymes, the number of the utilization cycles and
the effect of temperature and pressure, and the esterification kinetics was also studied.
The specific enzymatic activity (SA) obtained for Novozym 435 was about 18% higher
than that achieved by Lipozyme 435. Differences were also observed in the particle size
distribution and water content of the immobilized lipases. Novozym 435 achieved
higher conversion and specific productivity of eugenyl acetate than Lipozyme 435.
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The influence of temperature and pressure was verified in reactions conducted
with 1% of enzyme and substrate molar ratio of 5:1, and the optimal condition for the
synthesis of eugenyl acetate in SC- CO, was determined at 50 and 60 °C at 10 MPa, in
which the study of phase behavior identified that the reaction mixture contained solid
(enzyme), liquid and gas phases. The conversion and specific productivity of eugenyl
acetate decreased with the increasing number of cycles, and the residual enzyme activity
and the water content decreased with the increase of the number of
depressurization/pressurization cycles. The results suggested that the reaction
mechanism could be described to follow the simple Ping-Pong Bi-Bi mechanism within
the range of studied concentrations. The affinity of acetic anhydride to the enzyme was
larger than that of eugenol, and the affinity of both substrates to the lipase and the
maximum reaction rate increased with temperature. The second step of the reaction
kinetics required more energy that the first step, so it was identified as the rate-limiting

reaction.
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Figure S1. Phase behavior of the system eugenol/acetic anhydride/Lipozyme 435/SC-

CO, Temperatures: 40, 50 and 60°C. Pressures: 10, 20 and 28 MPa.
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Highlights

e Substrate’s molar ratio, enzyme amount and agitation were statistically
significant in the conversion of isoamyl alcohol,

e Temperature and pressure had small influence on the reaction;

e The kinetic model was able to describe the esterification of isoamy!l alcohol;

e The reaction kinetics is independent of particle diameter and agitation;

e The continuous packed bed reactor is the best option to synthesize isoamyl
acetate in SC-CO; media.
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Abstract: Batch reactors (BRs) are probably the most widely used reactor designs for
biocatalysis in supercritical fluids, but for industrial scale applications packed bed
reactors (PBRs) are frequently preferred. The objective of this work was to investigate
and compare BR and PBR in the synthesis of isoamyl acetate through enzymatic
reactions in SC-CO, media. Experiments were performed to determine the Kinetic
parameters and to evaluate the internal and external mass transfer effects. The results
indicate that the reaction is kinetically controlled, independently of particle diameter
and agitation, therefore intra-particle diffusion and external mass transfer resistance are
unimportant. The kinetic Ping-Pong Bi-Bi model described well the esterification of
isoamyl alcohol with acetic anhydride at the evaluated conditions, indicating that the
affinity of the enzyme to acetic anhydride is larger than to isoamyl alcohol. The PBR
achieved the highest productivity of isoamyl acetate, although its conversion was lower
than that obtained by the BR. In summary, PBR is the best option to synthesize isoamyl

acetate in SC-CO, media.

Key-words: isoamyl alcohol; lipase; mass transfer; Thiele modulus; effectiveness

factor.
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5.1 INTRODUCTION

The demand for flavors and fragrances, including essential oils, other
natural aromatic extracts and their blends is forecasted to increase 4.4% per year and
reach $26.5 billion in 2016 [1]. Though, according to Markets & Markets [2], the food
flavor market is projected to grow at a CAGR (Compound Annual Growing Rate) of 5.4
% from 2015 to 2020. Natural flavors have attracted the attention of manufacturers of
food ingredients due to the increasing consumer demand for fresh and natural products.
Low molecular weight esters [3-5], which are present in essential oils of natural matter
and known by their flavoring properties, are technically difficult to extract, isolate and
purify. Furthermore, conventional chemical synthesis leads to the formation of
undesirable products for food and pharmaceutical industries. Therefore, biocatalyzed
chemical synthesis has becomes attractive due to the high chemo-, regio- and stereo-
selectivity of the enzymes [4]. Moreover, the esters produced through this route can be
considered natural, since the process meets the required conditions to such attribute. For
instance, the substrates or raw materials used in the process are natural and only
physical or biotechnological processes must be employed for the isolation and
purification of the formed products [4-6].

Lipases (glycerol ester hydrolases, EC 3.1.1.3) [7] have been employed as
catalysts for the synthesis of esters, such as isoamyl acetate (banana flavor) [5, 8],
isoamyl butyrate (pear flavor) [9, 10] and cinnamyl acetate (a compound of cinnamon
essential oil) [11]. Besides, researches have shown that lipases are stable in pressurized
fluids, which increases their potential application in esterification reactions [12]. Carbon
dioxide (CO,) is the most common supercritical solvent due to its low cost, nontoxicity,
non-flammability, inertness, full recovery and moderate critical properties (Pc = 7.38
MPa, Tc = 304.2 K) when compared to other green solvents. Therefore, reactions in
supercritical CO, can be carried out with low energy cost for pressurization, and at
temperatures that do not damage the enzymes [13, 14].

Batch reactors (BRs) are probably the most used for synthesis with
biocatalyst in supercritical fluids [8, 10, 15]. Nonetheless, their productivity is relatively
low due to volumetric limitations (size). Packed bed reactors (PBRs) are often preferred
at industrial scale [3]. BRs require a depressurization step to collect the products.
According to Santos, Rezende and Martinez [15] and Melgosa et al. [16], this step can
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lead to a decrease of lipase activity and make its reuse inviable. The PBR configuration
coupled to a high-pressure separator may be an alternative to avoid the depressurization
step, since the reaction mixture is collected in the separator and the catalyst remains
packed inside the reactor.

In this context, the objective of the present work was to investigate the synthesis
of isoamyl acetate through enzymatic reactions in SC-CO, media in a batch and packed
bed reactors. First, the effects of enzyme and substrate’s concentration, temperature,
pressure and agitation were evaluated using a commercial immobilized lipase
(Novozym 435). Next, experiments were performed to determine the kinetic parameters
and to assess the internal and external mass transfer effects. Finally, the production of
isoamyl acetate was carried out in a packed bed reactor and compared with that

performed in the BR.

5.2 MATERIALS AND METHODS

5.2.1 Materials

A commercial lipase from Candida antarctica (Novozym 435), immobilized
on a macroporous anionic resin (Lewatit VP OC 1600, supplied by Bayer), which
consists of poly (methyl methacrylate-co-divinylbenzene) [17], was kindly supplied by
Novozymes Brazil (Araucéria-PR/Brazil). Isoamyl acetate was obtained from Sigma-
Aldrich (Brazil). Isoamyl alcohol, acetic anhydride, acetic acid and n-hexane were
supplied by Synth (Diadema-SP/Brazil). All chemicals were analytical grade. Carbon
dioxide (99.9%) was purchased from White Martins S.A. (Campinas-SP/Brazil).

5.2.2 Particle characterization

Samples of the immobilized lipase Novozym 435 were classified in three
groups to check the influence of particle diameter (Dp) on the mass transfer coefficient:
Group 1 - Particles retained on mesh sieves from 10 to 32 (D, = 486 + 2 um); Group 2 -
Particles retained on mesh sieves from 35 to 42 (D, = 400 + 1 pm); and Group 3 -
Particles retained on mesh sieves from 48 to 170 (D, = 308 + 3um). The mean particle
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diameter of each group and the mean diameter of Novozym 435 (350 + 2.5 pm) were
determined through the static light scattering method using a Multi-Angle Static Light-
Scattering Mastersizer 2000 (Malvern Instruments, Worcestershire, UK).

The average particle diameter was determined by laser diffraction on a
Mastersizer 2000 (Malvern Instruments, Malvern, United Kingdom). The calculation of
the mean particle diameter was based of the mean diameter of a sphere of the same
volume, as shown in Equation 1. The samples were analyzed in quintuplicate, by wet

method, dispersed in water.

Znid?
D, = 1
P Ynd? @

where d; is the diameter of the particle i and n; is the number of analyzed particles.

The real density of the immobilized enzyme (0.96 = 0.01 g/cm3) was
determined by helium pycnometry, whereas bulk density (0.35 + 0.01 g/cm?®) was
measured by weighing a known volume of solid material. Finally, the porosity of the
packed enzyme bed (0.64 £ 0.01) was determined from the ratio between real and bulk

densities.

5.2.3 Synthesis of isoamyl acetate in SC-CO,

The experimental homemade apparatus used in the BR experiments consists
of a CO, pump (Maximator M-111, Zorge/Germany), a solvent reservoir, a cooling
(Solab SL152/18, Exodo Cientifica, Hortolandia/SP, Brazil) and a heating thermostatic
(Marconi S.A., Campinas-SP/Brazil) bath, manometers (Zurich, Sdo Paulo-SP/Brazil), a
magnetic stirrer (IKA, RCT Basic, Staufen/Germany), thermocouples, control valves
(Autoclave Engineers), a micrometric valve (Autoclave Engineers, Erie/PA, USA) and a
100 mL stainless steel vessel, with an inner diameter of 40 mm and length of 90 mm.
Figure 1 shows the schematic flow diagram of the high-pressure BR unit [15].
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First, an amount of immobilized lipase was placed inside the stainless steel
vessel. After 20 min of thermal stabilization, the reaction mixture formed by isoamyl
alcohol and acetic anhydride was introduced. Next, the vessel was pressurized with CO,
at a rate of 10 MPa/min. After the end of the established reaction time, the system was
depressurized at 1 MPa/min. In order, to evaluate the main effects of some process
variables in conversion, productivity and specific productivity of isoamyl acetate, a
factorial design of 2> runs plus 3 central points was applied, totalizing 19 experiments.
The evaluated process variables were pressure (10 to 30 MPa), temperature (40 to 60
°C), agitation (100 to 700 rpm), substrates’ molar ratio (1:1 to 5:1) and enzyme

concentration (1 to 10%). All experiments were replicated two times.

Atmosphere

I I i
n o @>——©
: } V-5 VM, Flow meter  Flow Totalizer
Stirred-bath | }
Reactor T777777

\\_____/ Glass Flaaks
AM Pipes/CO,
———— Pneumatic
€O, - Cylinder A 1c1 A IC.2 ——— Eletric
B B

Figure 1. Diagram of the homemade unit for the high-pressure batch reactor [15]
containing: V-1, V-2, V-3, V-4 and V-5- Control valves; VM — Micrometer valves; VS
— Safety valve (Pmax = 35 MPa); C- Compressor; F-Compressed air filter; FC — CO,
Filter ; BR — Cooling bath; BP- Pump (Booster); BA — Heating bath; I-1 and 1-2—
Pressure indicators; 1-3 - Temperature indicators; IC-1 — Indicators and controllers of
magnetic stirrer; 1C-2 — Indicators and controllers of temperature of micrometer valve;
AM — Magnetic stirrer. With permission from Elsevier.

The esterification of isoamyl alcohol was also performed in n-hexane for
comparison with the process in supercritical CO,. The reaction was carried out at
atmospheric pressure, temperature of 40° C, with substrate’s molar ratio (1:1 acetic
anhydride/isoamyl alcohol) and enzyme concentration (3%) equal to those used in the
reactions in supercritical CO,. The reaction volume was completed to 100 mL with n-

hexane and the mixture was incubated in a shaker incubator (TE-421, Tecnal,
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Piracicaba-SP/Brazil) under agitation of 250 orbitals per minute (OPM). After a
determined time, a 1.5 mL aliquot was filtered (Chormafil Xtra PA-20/25, Macherey-
Nagel, Duren/Germany) and analyzed by gas chromatography (see Section 2.4) to
determine the concentrations of substrates and products. The experiments were
replicated two times.

The packed bed reactor unit consists of the same SC-CO, pumping system
of the high-pressure BR, which is connected to two liquid pumps for feeding the
substrates and a mixer. The tubular PBR was assembled in stainless steel AISI 317 with
an inner diameter of 3.37 mm and length of 0.33 m. The PBR unit is also composed of a
250 mL high-pressure separator, manometers (Zurich, S&o Paulo-SP/Brazil),
thermocouples, control valves (Autoclave Engineers) and a micrometric valve
(Autoclave Engineers, Erie/PA, USA). Figure 2 shows the schematic flow diagram of

the high-pressure PBR.

IC-1

Atmosphere

,,,,,,,,,,,,,,,

Pipes/CO,

———— Pneumatic

CO; - Cylinder U

Figure 2. Diagram of the homemade unit for the high-pressure packed bed reactor,
containing: V-1, V-2, V-3, V-4, V-5, V-6, V-7, V-8 and V-9 — Control valves; VM —
Micrometer valves; VB-1 and VB-2 — Back-pressure valves; VS — Safety valve (Pmax =
35 MPa); C- Compressor; F-Compressed air filter; FC — CO, Filter ; BR — Cooling bath;
BP- Pump (Booster); BA — Heating bath; 1-1, I-2 and 1-5— Pressure indicators; -3 and I-
4 — Temperature indicators; IC-1 — Indicators and controllers of temperature of
micrometer valve; BL-1 and BL-2 — Liquid pump; R-1 and R-2 — Substrate reservaoirs.

——— FEletric

Glass Flasks

The PBR experimental procedure was the following: an amount of
immobilized lipase was placed inside the high-pressure PBR. The system was
pressurized with CO, at a rate of 10 MPa.min, after 30 min of thermal stabilization and
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to withdraw the residual superficial water in the catalyst and on the reactor’s wall. The
reaction mixture formed by isoamyl alcohol and acetic anhydride was pumped into the
reactor. Samples were collected in time intervals in the high-pressure separator. The
evaluated process variables were the flow rates of isoamyl alcohol, acetic anhydride,
SC-CO,, and based on the BR results the temperature and pressure of SC-CO, were
fixed at 40 °C and 15.0 MPa.

From the amounts of isoamyl alcohol and isoamyl acetate quantified after
the reaction, the mass balance and the reaction stoichiometry, it was possible to
determine the esterification rate or conversion (X, %), which is defined as the molar
ratio between the formed products (n,) and the consumed substrates (ng), as shown in

Equation 2:

X(mol/mol, %) = (%) x 100 (2)

S

The productivity (P) was calculated as the ratio between the mass of

isoamyl acetate (m,,) produced in a period of time (t), as shown in Equation 3:

my
P (kg/h) = s 3)

The specific productivity (SP) was expressed as the mass ratio between

product (m,) formed and catalyst (m.) per unit time (t), as shown in Equation 4:

m
SP (kg/kg *h) = —— @)
C

5.2.4 Analytical methods

After the reaction, the substrate (isoamyl alcohol) and product (isoamyl
acetate) contents were determined using a gas chromatograph with a flame ionization
detector (GC-FID, Shimadzu, CG17A, Kyoto/Japan) equipped with a capillary column
ZB-Wax plus (Phenomenex, 30 m x 0.18 mm x 0.18 um). Each sample was filtered
(Chormafil Xtra PA-20/25, Macherey-Nagel, Diren/Germany) and diluted to 5 mg/mL
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in hexane, and 1 ul was injected into the chromatograph. The sample split ratio was
1:100. The carrier gas (Helium, 99.9% purity, White Martins, Campinas/Brazil) flow
rate was 1.0 mL/min. The injector and the detector temperatures were 150 and 200 °C,
respectively. The column was heated from 35 °C to 90 °C at 5 °C/min and from 90 °C
to 150 at 5 °C/min, each one with a hold time of 5 min. The retention times of isoamyl
alcohol and isoamyl acetate peaks were 11.1 and 8.1 min, respectively. Quantification
was performed using external standard calibration curves (R?= 0.999 to isoamy!l alcohol

and R?=0.996 to isoamy| acetate).

5.2.5 Modeling of Mass Transfer in Batch Reactor

The dimensionless numbers Reynolds (Re,), Schmidt (Sc) and Sherwood

(Sh) were calculated by Equations 5, 6 and 7, respectively, as showed by Hajar and
Vahabzadeh [18].

D, u
Re, = —2-2LPL (5)
U
U
Sc = 6
PLDy, ©)
Ks.D,
Sh= —/—+ @)
Dy,

where D, is the particle diameter (m), u,, is the particle velocity relative to the bulk
liquid (m.s™), p, is the density of the liquid mixture in the reaction (kg.m™) and y; is
the viscosity of the liquid mixture (Pa.s).

The particle velocity relative to the bulk solution was calculated from the
linear (m.s™), angular velocity (rad.s™) and the reactor radius (m). The density and
viscosity of the liquid mixture in the reactor were considered equal to those of pure
CO,, due to the low concentrations of substrates and products in the bulk solution. The
solvent densities were obtained according to Angus et al. [19] and the viscosities were
calculated by the correlation proposed by Heidaryan et al. [20]. Both properties were

obtained at the reaction’s pressure and temperature. The diffusivity of isoamyl alcohol
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in SC-CO;, (D,4,,) was calculated with Equation 8, proposed by Wilke and Chang [21,
22]:

7.4 % 1078 (o MWpo, )

AL = 0.6
HUco, Vai

(8)

where T is the reaction temperature (K), ¢, is the association factor of the solvent
(equal to 1 for COy; dimensionless), MW, is the molecular weight of CO (g.mol™),
Uco, s the viscosity of CO, (Pa.s) and V,,; is the molar volume of isoamyl alcohol
(m*.mol™).

The mass transfer coefficient (Kg;) was determined by the following

correlation (Equation 9) between the dimensionless numbers [23].
Sh = 2+ 0.6(Red5Sc33) 9)

The mass transfer coefficients and the Damkohler dimensionless number
(Equation 10) were used to describe the external mass transfer effect.

!

D
a=
}:SLaC‘SO

(10)

where v is the reaction rate (mol.m>.s?), a, is the specific external surface area of the
catalyst (m2.m™) and S, is the initial concentration of isoamyl alcohol (mol.m™).

The specific external surface area of the catalyst was determined from the
volumetric diameter (d,,), the mass (m,), the volume (), the real density (p,) and the

sphericity (¢) of the catalyst particles, as shown in Equations 11 and 12.
6V,
d, = (_v> (11)

(12)
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To compare the mass transfer rate to the reaction rate, the external effectiveness

factor (ny) was determined with Equation 13.
1

The occurrence of internal mass transfer diffusion was evaluated by the

Thiele modulus (®), calculated with Equation 14.

' 2
o = D; 5 (2) (14)

where D, is the effective diffusivity of isoamyl alcohol within the catalyst pores (m®s
Y and r,, is the particle radius (m).

The effective diffusivity of isoamyl alcohol was determined by Equation 15.

Dy €0
Dyp = — 2L (15)
T

where &, is the porosity of the particle, o, is the constriction factor and  is the
tortuosity of the catalyst. £, was determined from the correlation between real and bulk
densities of the catalyst particle. The values of T and o, were 6 and 1, respectively [24].

The internal effectiveness factor (n;) in terms of the Thiele modulus (®) was
determined from Equation 16 [18, 25]:

1

1 1
= [tanh(SCD) " 30 (16)

5.2.6 Kinetic and Reactor Modeling

The specific reaction rate (v) was adjusted with the Ping-Pong Bi-Bi model
without inhibition, as described by Equation 17.
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Ua (41181 - 14

KR[A] + K#[B] + [A][B]

17)

v =

where V.. is the maximum reaction rate (mol.g™*.s™), [4] and [B] are the acetic
anhydride and isoamyl alcohol concentrations (mol.m™), respectively, [P] and [Q] are
the concentrations of acetic acid and isoamyl acetate, respectively. The parameters K;A
and K2 are the Michaelis-Mentem constants for acetic anhydride and isoamy! alcohol
(mol.m*) and K., is the equilibrium constant.

The mathematic model for the batch reactor (BR) considers that the reaction is
isothermal (AH, = 0) and the internal and external mass transfer resistances are
negligible (see Section 3.3), thus the material balance for a compound i in the reactor

yields Equation 18:

= G (19
where: C., is the amount of catalyst introduced into the reactor (g.m?), C; is the
concentration of compound i (mol.m™) and v is the specific reaction rate (mol.g™.s™).
The kinetic parameters (Viax, Kim, Kp and K,,) in Equation 17 were
estimated by combining the solution of the ordinary differential equation with the
optimization method. The proposed kinetic model was solved using the software
MATLAB (2014Ra, MathWorks, Natick, MA, USA). The fourth-order Runge-Kutta
method with the time step defined by the MATLAB function “ode45” was used to solve
Equation 18. The subroutine of Powell [26] was used to estimate the kinetic parameters.
This routine is an iterative adjustment method that works with a range of values of the
parameters defined by the user in a limited number of iterations. Within this range, the

subroutine searches the parameter values that minimize the objective function (f,;;),

which was defined as the sum of squared errors, as stated in Equation 19.

n
2
fobj = Z [Ciexp (t) - Cisim(t' Vmax; Kﬁ%r Kr?u Keq)] (19)
t=0
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where Ciexp is the experimental concentration of compound i, C; ;.. is the calculated

concentration of compound i and n is the total of experimental points.

5.2.7 Statistical Analysis

The conversion results were statistically evaluated by analysis of variance
(ANOVA), applied using the software Statistica for Windows 6.0 (Statsoft Inc., USA)
in order to measure the main effects of the variables. In the mass transfer analyses and
the results obtained by conversion, productivity and specific productivity of isoamyl

acetate, the significant differences at the level of 5% (p < 0.05) were analyzed throuugh

Tukey’s test.

5.3 RESULTS AND DISCUSSION

5.3.1 Preliminary experiments

Preliminary experiments were carried out to evaluate the advantages of SC-
CO, media over organic solvents at atmospheric pressure. The experiments were
conducted with identical amount of enzyme (3%, m/m), concentration of reagents (0.1
M, equimolar) and temperature (40 °C) and the comparison was made at the same
reaction time (3 h). The conversion of isoamyl alcohol obtained in n-hexane was 51.5 +
3.0%, whereas in SC-CO; it was 79.0 = 3.4 %, evidencing the benefits of SC-CO, as
reaction media. According to Laudani et al. [27], the higher diffusivity and lower
viscosity and surface tension of SC-CO, are responsible for the decrease of interphase
transport limitations, thus increasing the reaction rate and esterification percentage.
Moreover, according to Hari Krishna et al. [5], the use of solvents with log P > 4.0
(nonpolar) is generally recommended, where P is the partition coefficient of a given
solvent between water and octanol in a two-phase system. However, the lowest
esterification percentage was obtained using n-hexane, which has log P > 3.0, and SC-
CO; (log P < 2.0) [28] led to the highest reaction rate, in an opposite behavior to those
obtained by other works [5, 29, 30]. Nakaya, Miyawaki and Nakamura [28] suggest that
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log P cannot be the only factor to be considered for selecting a medium to biocatalytic
reactions. Others parameters, such as solubilities of water, substrate, and product and

water content should be taken into account.

5.3.2 Fractional Factorial Design

Experiments were performed to evaluate the effects of five process
parameters on the synthesis of isoamyl acetate in SC-CO,: pressure, temperature,
agitation, substrate’s molar ratio and enzyme concentration. Moreover, based on the
work of Romero et al. [8], all experiments were carried out at a fixed time (1 hour).
Table 1 shows the experimental design and the results obtained for conversion,
productivity and specific productivity of isoamyl acetate. Table 2 shows the main
effects estimated for the experimental design. As observed on Tables 1 and 2, the main
effect was enzyme concentration, followed by substrate’s molar ratio, agitation,
temperature and pressure.

As can be seen on Table 2, the effect of enzyme concentration (% weight of
enzyme/weight of substrates) in conversion is strong (the highest positive effect) and
statistically significant (p <0.05). An increase in enzyme concentration led to an
increase in the conversion of isoamyl alcohol and to a decrease in the specific
productivity. This behavior can be explained by the increase of available enzyme to
catalyze the reaction. According to Hajar and VVahabzadeh [18], the collision probability
between substrates and enzyme increases with the enzyme concentration, since the
enzyme content does not change the equilibrium position of a reaction. The use of SC-
CO, as reaction medium achieved similar results in the synthesis of isoamyl acetate [8],
decyl acetate [31] and geranyl butyrate [32]. Eventually, with longer reaction time some
experimental runs would overlap for larger enzyme content. However, in the industrial
point of view, it is interesting to use a lower amount of catalyst, which results in

reduced cost.
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I Substrates Enzyme . . Specific
Assay P(rlt\e/? ;:;e Tem(;z(z:r;l ture Ag(;:tz:g; : Ratio Concentration (r?]g?/\r/ﬁ?l'%?) Pro?u/cg;wty Proguctivity

P (M/M)’ (9/g, %)’ 7 : (g/g*h)
1 10 40 100 1 10 60.4+1.4 0.8 +0.02 41+0.1
2 30 40 100 1 1 53.5+0.9 0.7+0.01 36.6+£0.6
3 10 60 100 1 1 522+2.1 0.7 £0.03 358+1.4
4 30 60 100 1 10 85.2+5.3 1.1+0.10 58+0.5
5 10 40 700 1 1 726+0.8 0.9+0.01 49.7+0.5
6 30 40 700 1 10 96.7+ 1.8 1.3+£0.02 6.6+0.1
7 10 60 700 1 10 98.0+34 1.3+0.04 6.7+0.2
8 30 60 700 1 1 509+1.38 0.7 £0.02 348+1.2
9 10 40 100 5 1 85.5+2.7 1.1+0.04 18.6 0.6
10 30 40 100 5 10 99.0+0.3 1.3+0.01 22+0.1
11 10 60 100 5 10 94.3+0.6 1.2+0.01 2.1+0.1
12 30 60 100 5 1 725+1.8 0.9+0.02 15.8+0.4
13 10 40 700 5 10 99.2+49 1.3+0.06 22+0.1
14 30 40 700 5 1 87.7+4.0 1.1+0.05 19.1+0.9
15 10 60 700 5 1 78.0+£5.7 1.0+0.10 170+ 17
16 30 60 700 5 10 100.0+£6.0 1.3+0.08 22+0.1
17 20 50 400 3 55 99.1+5.3 1.3+£0.07 59+0.3
18 20 50 400 3 55 100.0+6.0 1.3+£0.08 6.0£0.4
19 20 50 400 3 5.5 98.4+5.6 1.3+0.07 59+0.3

Experiments were carried out at fixed conditions of time (1 hour); *Acetic anhydride/Isoamyl alcohol molar ratio (M/M); “Enzyme concentration expressed by weight of
substrates, g/g (%).
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As well as the catalyst amount, the concentrations of substrates and products
in the reaction bulk are important factors that affect the cost of the process. According
to Romero et al. [33], the solvent separation and recovery of products are usually
achieved through evaporation and extraction with immiscible solvent, which is reused
after cleaning and reconditioned to reduce costs and avoid environmental damages.
Therefore, the volume of substrates loaded in the reaction bulk must be optimized to
reduce the costs related to product recovery and solvent recycling. The substrate’s molar
ratio between isoamyl alcohol and acetic anhydride was investigated from 1:1 to 1:5
(M/M).

Table 2. Effect estimates to conversion (mol/mol, %) for the fractional factorial design.

Standard Conf. limit Conf. limit

1

Effects Effect Error t(13)" p-value (~05%)2 (+95%6)
Main Effects 83.32 2.81 29.59 0.001 77.24 89.41
Pressure 0.64 6.13 0.10 0.918 -12.61 13.90
Temperature -2.93 6.13 -0.47  0.640 -16.19 10.32
Agitation 10.06 6.13 1.63 0.125 -3.19 23.32
Ratio Substrates 18.35 6.13 298 0.010 5.09 31.60
Enzyme Concentration 22.46 6.13 3.66 0.002 9.20 35.72

!Degrees of freedom; “Conf. - confidence.

Acetic acid has been traditionally used as acyl donor in flavor ester
reactions, but several works [5, 8] have reported an inhibition of the enzyme by high
acid concentration. Therefore, the synthesis of esters can be performed by
transesterification with acetates and by acylation with acetic anhydride. The effect of
substrate’s molar ratio (or acetic anhydride concentration, since the isoamyl alcohol
concentration was fixed (equimolar at 0.1 M)) was positive and statistically significant
(p <0.05) in the conversion of isoamyl alcohol in SC-CO,. This can be due to the
increase of the concentration of one of the substrates, which pushed the equilibrium of
the reaction in the forward direction. The same results were observed by Chiaradia et al.
[34], who concluded that the molar ratio acetic anhydride/eugenol has positive effect on
the production of eugenyl acetate in a solvent-free system using Novozym 435.
Recently, Santos et al. [35] showed similar results for the synthesis of eugenyl acetate
with Lipozyme 435 as catalyst and SC-CO; as solvent. A discussion about inhibition
and reaction mechanisms is addressed in Section 3.4.

The effect of agitation or the intensity of liquid mixing was positive but not
statistically significant (p <0.05). Despite this behavior, the increase of the liquid
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mixing intensity can be correlated with the increase in the dispersion of substrate
molecules in the bulk phase, thus increasing the interfacial area and the probability of
effective collisions between substrate molecules and enzyme particles [18, 36, 37]. A
deeper discussion based on mass transfer effects is presented in Section 3.3.

It is observed on Table 2 that the effects of SC-CO, conditions were
opposite, since temperature had a negative effect and pressure showed a positive effect
on the esterification of isoamyl alcohol. The negative effect of temperature can be
related to the changes in the physical properties of the solvent, such as limitations in
mass transfer, viscosity, surface tension and the decrease of the solvation power of the
substrates at lower solvent density. In turn, the positive effect of pressure can be due to
the increase of CO, density with pressure, which improves its solvation power in the
reaction medium [38]. However, the effects of temperature and pressure were not
statistically significant at p < 0.05 in the conversion of isoamyl alcohol.

Based on the results shown on Tables 1 and 2, the effects of pressure and
temperature were not studied and these variables were fixed at 15 MPa and 40 °C for
the investigation of mass transfer effects, kinetics modeling and in the production of
isoamy| acetate in the continuous reactor. According to Romero et al. [8], the highest
esterification of isoamyl alcohol in SC-CO, was obtained at these conditions. Moreover,
in the study of mass transfer effects and kinetics modeling, the enzyme concentration
was fixed at 3% (g of enzyme/g of substrates) in an equimolar reaction, which
represents about 6.3 gram of enzyme per gram of alcohol, almost equal to that used by
Romero et al. [8]. Furthermore, the evaluation of agitation and particle diameter, and
the effects of substrate’s molar ratio are exposed in Sections 3.3 and 3.4, respectively. It
should be emphasized that the central point experiment resulted in the highest
conversion with lower enzyme amount and substrate’s molar ratio, which can indicate

an optimal condition for the synthesis of isoamyl acetate.

5.3.3 Mass Transfer Effects in Batch Reactor

The effects of particle diameter and mixture agitation in the BR were
evaluated and the mass transfer coefficients (K;), and the internal (n,) and external
(ng) effectiveness factors are exposed in Figure 3 and Table 3, respectively. The mass

transfer coefficients (Ks;) increased with agitation and decreased with the increase of
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the catalyst particle diameter. Higher agitation in the bulk phase led to a rise in the
dispersion of substrates, products and catalyst particles in the bulk phase, thus
increasing the probability of collisions of substrate molecules and enzyme particles [18,
36, 37]. Besides, a decrease in particle diameter caused an increase in the mass transfer
coefficients from 1.8 x 102 to 2.3 x 10 cm.s™ for particle diameters of 486 and 308
pum, respectively, at 700 rpm. If fact, in smaller particles the mass transfer resistance is
reduced, so the mass transfer coefficients are higher. Ky, ranged from 7.0 x 10° cm.s™
at 486 pm and 100 rpm to 2.3 x 102 cm.s™ at 308 pm and 700 rpm. This coefficient and
the reaction rate allowed the determination of the Damkohler number and the external

(ng) effectiveness factor, shown on Table 3.
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Figure 3. Mass transfer coefficients (Ks;) as function of Novozym 435

particle diameter and agitation, used to the synthesis of isoamyl acetate in the batch

stirred reactor.

The Damkohler number, which represents the relationship between reaction
rate and mass transfer coefficient, ranged from 2.4 x 10 to 6.3 x 10, According to
Hajar and Vahabzaseh [18], for Da between 0.3 x 10 and 2.3 x 10 the mass transfer
resistances are negligible. Moreover, the external (ng) effectiveness factors, which
ranged between 0.9938 and 0.9976, also show that the mass transfer effects in the bulk

phase were unimportant.
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It can be seen on Table 3 that equal amounts of enzyme led to different
conversions or yields of isoamyl acetate. According to Oliveira et al. [31], the specific
enzyme content increases as particle size decreases, being the enzyme located in an
external shell of the particle. These authors showed that, the enzyme content for the
different size groups of Novozym 435 particles depends on the particle diameter, and
smaller particles have higher specific enzyme content than larger ones. Therefore, the
higher enzyme content in the same amount of immobilized enzyme particles led to a
higher conversion, thus explaining the behavior observed for the conversion exposed on
Table 3. Other works show the same enzymatic content for different particle diameters
[39-41]. On the other side, Romero et al. [42] stated that, based on the enzyme supplier,
the enzyme activity was not improved when using different particle or pore sizes, so it

can be assumed that there are not internal mass transfer limitations.

Table 3. Conversion, internal ( n;) and external () effectiveness factors for particle

size of Novozym 435 and agitation in the batch stirred reactor.

Effectiveness Factor

Diameter (um)  Agitation (rpm)  Conversion (%) Internal(n,) External (1)

100 69.7 + 0.2° 0.9997 0.9938
486 400 74.4 + 3.6° 0.9997 0.9967
700 78.2 + 1.8 0.9996 0.9973
100 71.7 £5.6° 0.9999 0.9942
400 400 82.7 +6.6° 0.9998 0.9966
700 86.5 + 1.8%° 0.9998 0.9973
100 70.8 +6.0° 1.0000 0.9951
308 400 85.6 + 5.5 0.9999 0.9969
700 89.2 +0.7° 0.9999 0.9976

Experiments were carried out at fixed time (1 hour), pressure (15 MPa), temperature (40 °C), enzyme
concentration (3 g of enzyme/g of substrates (%)), and substrates’ concentration (0.1 M, equimolar).
Different indexes (a, b) in the same column (lowercase) indicate that the means differ significantly by
Tukey’s test (p < 0.05).

The occurrence of internal mass transfer resistance was evaluated by
calculating the Thiele modulus and the internal effectiveness factor (1;). The Thiele
modulus ranged between 0.0088 and 0.024. The same range was observed by Hajar and
Vahabzaseh [18], who evaluated the mass transfer in a stirred basket reactor used for
biodiesel production. n; was calculated from the Thiele modulus and the obtained
values indicate that the intra-particle diffusion is negligible. Therefore, the reaction
kinetics is independent of particle diameter and agitation. Thus, the kinetic experiments

were performed at 600 rpm with the mean particle diameter (350 £ 2.5 um).
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5.3.4 Kinetics Modeling

The kinetics of many reactions, such as hydrolysis, esterification and
transesterification using organic solvents [42, 43] or supercritical fluids [3, 31] as
reaction media have been successfully described by the Ping-Pong Bi-Bi model. In the
Kinetic study, it is first necessary to determine possible inhibitions caused by any
substance involved in the reaction [42]. The substrates in this work are isoamyl alcohol
and acetic anhydride, and the products are isoamyl acetate and acetic acid. However, an
alternative esterification route can occur between acetic acid and isoamyl alcohol,
resulting in isoamyl acetate and water. This route and the effect of acetic acid on the
kinetics were not considered. The reaction routes are shown in Appendix A
(Supplementary data, Figure S1). However, acetic acid is an important inactivating
compound, causing an indirect inhibition by the decrease of pH in the reaction medium,
which maodifies the isoelectric point of proteins and thus inactivates the enzyme.
Moreover, acetic acid can also act as a direct inhibitor of the enzyme, forming a dead-
end complex. According to Romero et al. [42], this effect has little importance when the

initial concentration of substrates is low.
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Figure 4. Lineweaver-Burk plot of the reciprocal of the reaction rates versus reciprocal

concentrations of acetic anhydride [A] and at different concentrations of isoamyl

alcohol [B]. The experiments were carried out at 40 °C and 15 MPa.

Figure 4 (A and B) shows the Lineweaver-Burk plot of the reciprocal of the

reaction rates versus reciprocal concentrations of acetic anhydride [A] and at different
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concentrations of isoamyl alcohol [B], at 40 °C and 15 MPa. The variation of the
concentrations of the substrates acetic anhydride [A] and isoamyl alcohol [B] caused an
increase in the reaction rate. Moreover, in the plot of Figure 4 (A and B), the
esterification of isoamyl alcohol followed the classical Michaelis-Menten kinetics.
However, the four straight lines in Figure 4 are parallel, suggesting that the enzymatic
reaction follows a simple Ping-Pong Bi-Bi mechanism without inhibition, within the
range of tested concentrations. Romero et al. [42] confirmed an inhibition by acetic
anhydride using the Lineweaver-Burk plot, where the lines curved up at low values of
the inverse of acetic anhydride concentration. Furthermore, the authors affirmed that
isoamyl alcohol was not a Novozym 435 inhibitor. Several authors observed a positive
effect of the excess of isoamyl alcohol using acetic acid as acyl donor [5, 44, 45].

The values of the kinetic parameters (Vyax, K, Kp and K,,), calculated
from the Lineweaver-Burk plot of the reciprocal of the reaction rates versus reciprocal
concentrations, were used to define the range for the initial guess of the Kkinetic
parameters. Table 4 shows the kinetic parameters adjusted with the model for the
production of isoamyl acetate in SC-CO,, and Figure 5 shows the experimental and
simulated curves of conversion versus reaction time for an equimolar mixture in SC-
CO; (40 °C and 15 MPa).

Table 4. Kinetic parameters adjusted for the production of isoamyl acetate in SC-CO,
with Novozym 435 at 40°C and 15 MPa.

Parameter Value
Ve (Mol.g™.min™) 10.5
KA (mol.L™ 154.2
K2 (mol.L™Y) 584.4
K.q (ad.) 11.7

fobj 0.0017

The value of 1/K, indicates that the affinity of the enzyme to acetic
anhydride is larger than to isoamyl alcohol. Similar behavior was also observed by
Romero et al. [42], who investigated the esterification of isoamyl alcohol and acetic
anhydride using immobilized lipase in n-hexane. According to these authors, the Ping-
Pong Bi-Bi mechanism can be divided into two steps: a) First, the acyl donor binds the
enzyme, forming an enzyme-anhydride complex (EA). Through a unimolecular

isomerization reaction, the EA complex is converted into an enzyme-acyl complex (EC)
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and the first product (acetic acid) is released; b) Isoamyl alcohol binds to the enzyme-
acyl complex (EC) forming a ternary complex, enzyme-acyl-alcohol. Again, through a
unimolecular isomerization reaction, the ternary complex is transformed into an
enzyme-ester complex, finally releasing isoamyl acetate and the enzyme in its initial
conformation.

As can be seen in Figure 5, the modeled curve fitted well the experimental
data. This suggests that the kinetic model represented by Equation 18 describes the
esterification of isoamyl alcohol with acetic anhydride at the performed experimental
conditions. Couto et al. [3] studied the esterification of geraniol with acetic acid (100
mM, equimolar) in SC-CO, with Novozym 435 as a catalyst. These authors determined
the parameters of ordered sequential Ping-Pong Bi-Bi to model for the reaction in SC-
CO; in a batch reactor (BR) and concluded that no additional terms should be added,
since the results obtained with the simplified form were satisfactory. Also, according to
these authors [3], care should be taken when using the kinetic parameters out of the
range of operating conditions employed in the experiments, because the inhibition by
any of the substrates or products may arise. In fact, the kinetic parameters obtained in

this work are valid only within the range of performed experimental conditions.
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Figure 5. Experimental (m) and simulated (-) conversion data versus reaction time for
an equimolar (0.3 M) mixture in SC-CO, (40 °C and 15 MPa). Enzyme amount of 3 g
of enzyme/g of substrates (% weight of enzyme/weight of substrates) and agitation of

600 rpm.
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5.3.5 Production Continues Packed Bed Reactor

A comparison between BR and PBR reactors was performed in terms of
operation time, conversion (%), productivity (g/h) and specific productivity (g/g.h) of
iIsoamyl acetate, as shown on Table 5. Some process conditions of the PBR were fixed,
such as temperature and pressure of the separator and reactor at 60 + 1°C and 8.0 £ 0.5
MPa, and 40 + 3 °C and 15.0 + 0.1 MPa, respectively, and the amount of immobilized
lipase at approximately 1.69 £ 0.06 g. In the tests, the flow rate of substrates and SC-
CO, were evaluated.

First, a study of the PBR was performed with an excess of isoamyl alcohol.
According to Romero et al. [8], who studied the synthesis of isoamyl acetate with SC-
CO,, an excess of alcohol led to an esterification extent slightly higher than 100%
(114% after 2 h reaction time), since part of the produced acetic acid reacted with the
excess of isoamyl alcohol. Moreover, the authors obtained 100 % of isoamyl alcohol
esterification for 30 days in PBR, at equimolar conditions. However, in all studied
conditions with an excess of isoamyl alcohol (assays 1 to 3), equimolar (assays 1 and 2),
or with an excess of acetic anhydride (assays 4 to 6), conversions higher than 100%
were not observed to packed bed reactor. The highest conversion with an excess of
isoamyl alcohol, equimolar and, with an excess of acetic anhydride were about 63%
(assay 3), 83% (assay 5) and 100%, respectively.

Table 5. Comparison between batch stirred (BSR) and continuous packed bed (PBR)
reactors for the synthesis of isoamyl acetate synthesis in SC-CO,at 40 °C and 15 MPa.

A* Reactor Qs Qco2 Time C P SP
Model  (mol/min)® (kg/s)* (h)? (%) (g/h)  (g/g.h)
- BSR! - - 3 79.8 0.35 5.17
1 PBR? 0.0018/0.001 2.6x10™ 1 33.2 4.67 2.76
2  PBR?  0.0018/0.001 1.3x10* 1 59.9 8.42 4.98
3  PBR? 0.00098/0.0005 1.3x10* 1 63.1 4.83 2.86
4 PBR?  0.0037/0.002 1.3x10* 1 36.1 1043  6.17
5 PBR? 0.001/0.001 1.3x10™ 1 83.8 6.55 3.87
6 PBR? 0.001/0.002 1.3x10* 1 100 7.81 4.62

*Number of the assay (A); 'Batch stirred reactor (BSR) at substrate’s molar ratio of 1:1 at 0.1 M, 600 rpm
and enzyme concentration of 3 % (g of enzyme/g of substrates); “Continuous packed-bed reactor (PBR);
3Flow rate of substrates isoamyl alcohol/acetic anhydride; “Flow rate of SC-CO,. *Operation time.

Table 5 also shows that the increase of SC-CO, flow rate led to a decrease
in the conversion at the same molar flow rate of substrates (assays 1 and 2), from about
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60 to 33.2% at 2.6 x 10 and 1.3 x 10 kg/s of CO,, respectively. This behavior is
related to the residence time of the substrates into the PBR. At 2.6 x 10™ kg/s the
residence time was 5.6 seconds, whereas at 1.3 x 10™ kg/s the residence time was about
11 seconds. Furthermore, the substrates are diluted in the SC-CO, stream and the time
spent by the mixture in the reactor controls the contact between enzyme and substrates,
and therefore the conversion of isoamyl alcohol. Moreover, according to Laudani et al.
[46], at higher SC-CO, flow rate the water removal is more efficient, leading to a
decrease in its activity [47, 48]. The same behavior was observed when the flow rates of
the substrates (isoamyl alcohol/acetic anhydride) increased. The conversion of isoamyl
alcohol decreased from 63.1 to 36.1% at 0.00098/0.0005 and 0.0037/0.002 mol of
substrates per min, respectively. Furthermore, the highest SC-CO, and substrate flow
rates led to an inefficient separation of the reaction mixture.

Each PBR assay shown on Table 5 was conducted at different
COy/substrates molar ratio, which might have resulted in the formation of two phases in
the PBR, causing a decrease in the conversion and/or inhibition of the catalyst by the
concentration of a reagent or a product. The possible formation of two phases at the
inlet and outlet sections (considering the conversion of substrates) of the PBR was
investigated for the conditions shown on Table 5. The simulation was performed with
the commercial simulator Aspen Plus (Aspen Technology) and the estimation was
carried out using the Peng—Robinson equation of state with the Huron—Vidal mixing
rule. At the inlet section only the substrates (acetic anhydride and isoamyl alcohol) and
CO,, were considered, and in the outlet section the concentrations of CO,, substrates and
products formed according to each condition of conversion were included in the
simulation. The results for the inlet section are exposed in Figure 6 and those of the
outlet section are presented in Appendix A (Supplementary data, Figure S2).

As can be seen in Figure 6 and in Appendix A (Supplementary data, Figure
S2), a single pressurized liquid phase may exist in the inlet and outlet sections of the
PBR at 15 MPa and 40 °C. Romero et al. [8] estimated the phase equilibrium for the
synthesis of isoamyl acetate in SC-CO, using the Peng—Robinson equation of state with
the Huron—Vidal mixing rule and concluded that the phase equilibrium does not change
significantly as the reaction occurs with a CO,/substrates molar ratio of 3.2. On the
other hand, it can be observed in Figure 6 that the dew point line was dislocated when
the CO,/substrates molar ratio decreased, unlike the bubble point line, which remained

apparently unchanged. Furthermore, the simulation showed that there may be two
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phases in the high-pressure separator (HPS). Such behavior was expected, since the
HPS was projected to separate the products and substrates from SC-CO, through phase
change of the solvent (flash evaporation).
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Figure 6. Phase equilibrium of the reaction mixture (isoamyl alcohol and acetic
anhydride) pumped into the packed bed reactor (PBR) in the assays shown on Table 5.

The numbers in the boxes represent the CO,/substrates molar ratios.

From the results for conversion (%), productivity (g/h) and specific
productivity (g/g.h) of isoamyl acetate, it can be stated that the PBR led to higher
productivity of isoamy| acetate than the BR, despite the lower conversion. In summary,
the PBR proved to be the best option to synthesize isoamyl acetate in SC-CO, media.
Lozano et al. [49] applied active membranes (with CALB) for continuous butyl butyrate
synthesis in a cross-flow reactor with SC-CO, as the reaction medium. The active
membrane showed an excellent operational behavior, with practically no activity loss
during the reaction time. Laudani et al. [46] showed that the continuous synthesis is
preferable instead of batch reactions for large-scale production of n-octyl oleate in dense
CO..

The present work showed an alternative process to obtain isoamyl acetate,
which has been produced in industrial scale by batch reactors linked with distillation
columns [50] or through reactive distillation [50, 51]. The proposed process applies a
mild technique in terms of temperature and solvent, and the catalyst can be totally

removed from the reaction medium in a single step (depressurization and decantation or
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centrifugation) instead of the conventional techniques. The major catalyst used by the
industrial production has been sulfuric acid, which requires neutralization and
separation from the final mixture. Moreover, the catalyst employed in the conventional
processes cannot be considered natural like the enzymes applied in this work. The final
product obtained in the current work cannot be regarded as natural either, because the
acyl donor (acetic anhydride) is not natural material like acetic acid, which can be
obtained by microbiological processes and used in this reaction. Moreover, the proposed
method can be applied to the esterification of fusel oil, which is a by-product obtained
from bioethanol distilleries, composed of a mixture of higher alcohols, such as isoamyl
alcohol [52].

5.4 CONCLUSIONS

The preliminary results of this work showed that the conversion of isoamyl
alcohol in n-hexane was lower than in SC-CO,, evidencing the benefits of using SC-
CO; as the reaction medium. The effects of substrates molar ratio, enzyme amount and
agitation were statistically significant in the conversion of isoamyl alcohol, whereas
temperature and pressure had small influence on the reaction. The effects of particle
diameter and agitation of the mixture in the batch reactor were evaluated, and the results
showed that the resistances to mass transfer in the bulk phase were unimportant and the
intra-particle diffusion is negligible. Therefore, the reaction kinetics is independent of
particle diameter and agitation. The Lineweaver-Burk plot suggests that the enzymatic
reaction follows a simple Ping-Pong Bi-Bi mechanism without inhibition, within the
range of tested concentrations. The kinetic model described the esterification of isoamyl
alcohol with acetic anhydride, and the kinetic parameters indicate that the affinity of the
enzyme to acetic anhydride is larger than to isoamyl alcohol.

The packed bed reactor presented higher productivity of isoamyl acetate
than the batch reactor, despite the lower conversion, and proved to be the best option to
synthesize isoamyl acetate in SC-CO, media. However, further researches should be
performed in order to evaluate the economic viability of the process and perform the
scale-up of isoamyl acetate synthesis in PBR. Indeed, a purification step to remove the

acetic acid and isoamy! alcohol from the products should be also evaluated.



141

5.5 AKNOWLEDGEMENT

The authors wish to thank CAPES (Project 2952/2011), CNPq (Ph.D.
fellowship: 142373/2013-3) and FAPESP (Projects 2015/11932-7 and 2009/54137-1)

for the financial support.
5.6 APPENDIX A: Supplementary data
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Figure S1. Routes of isoamy| acetate synthesis from isoamyl alcohol and
acetic anhydride (Reaction Route 1) or acetic acid (Reaction Route 2).
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Figure S2. Phase equilibrium of the reaction mixture in the outlet section of the PBR (packed bed reactor) for the assays shown on
Table 5. The simulation (Aspen Plus) was made with the Peng-Robinson equation of state with Huron—Vidal mixing rule. The points PBR and

HPS represent the operational conditions of packed-bed reactor and high-pressure separator, respectively.
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6.1 DISCUSSOES GERAIS

O uso de enzimas em solventes ndo aquosos, como solventes organicos e
fluidos pressurizados, ampliou a gama de rea¢des quimicas passiveis de catélise. Assim,
substratos insollveis em agua podem ser utilizados em processos de transformacdo que
utilizam enzimas, possibilitando a obtencdo de novos produtos alimenticios ou
farmacéuticos. Porém, sabe-se que existe uma tendéncia mundial em reduzir a producéo
de residuos toxicos, devido a poluicdo e as mudancas climéaticas. Associado a esses
fatores, a crescente exigéncia dos consumidores a produtos ditos naturais, organicos ou
verdes, levam a industria quimica e alimenticia a buscar e desenvolver novos processos
gue se adequem a essas tendéncias.

O presente trabalho buscou utilizar um novo processo, considerado de baixo
impacto ambiental, pois utiliza diéxido de carbono supercritico como solvente, no lugar
de solventes organicos altamente toxicos, por exemplo, hexano. Além disso, o trabalho
procurou associar tecnologias distintas, como a tecnologia supercritica e o0
conhecimento de reacfes de producdo de ésteres de aromas por via enzimatica.

O primeiro passo do presente trabalho foi projetar e construir a unidade de
reacbes quimicas a alta pressdo. Durante esse processo Visou-se montar um
equipamento versatil com a possiblidade de operacdo em dois modos de producéo,
batelada e continuo. Além disso, o equipamento foi projetado com a possiblidade de
futuras modificacGes referentes ao modo de operacdo e a geometria dos reatores. A
unidade de reacGes pode ser utilizada para outros fins, como por exemplo, experimentos
de inativacdo microbiana, impregnacdo de polimeros com materiais bioativos e
tratamento de residuos industriais. Outra possibilidade de uso da unidade de reagdo é o
acoplamento do processo de extracdo com os reatores quimicos. Os dados gerais do
projeto e construcdo da unidade de reacéo sao apresentados no Apéndice desta tese.

A literatura reporta a estabilidade de varias enzimas em fluidos
pressurizados, especialmente as lipases em CO, supercritico, que demonstram uma
baixa perda de atividade quando submetidas a altas pressdes. Além disso, a estabilidade
do catalisador em reacdes quimicas € de fundamental importancia, pois representa um
ponto critico que deve ser controlado a fim de obter altos valores de produtividade e
conversdo. Assim, na segunda etapa desse trabalho, foi realizado o estudo da
estabilidade da lipase imobilizada comercial, Lipozyme 435, em CO, supercritico.
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Nesta etapa verificou-se que as condic¢des de processo afetam negativamente a atividade
de lipase de maneira irreversivel. Porém, demonstrou-se que, apesar da inativacao pos-
processo de pressurizacdo e despressurizacdo, € possivel utilizar a lipase como
catalisadora de reagGes em CO, supercritico como meio reacional. Nesta etapa,
determinou-se que a condicdao de maior atividade enzimatica residual foi de 40 °C e 10
MPa para um Unico ciclo de pressurizacdo/despressurizacdo. Os resultados obtidos nesta
etapa foram relevantes na selecdo de condicdes especificas de processo, nas quais a
enzima Lipozyme 435 mantém a sua maior atividade residual em CO, supercritico.

Com base nos resultados obtidos na etapa anterior, as condi¢cbes mais
adequadas de processo foram utilizadas como testes preliminares de esterificacdo de
eugenol e anidrido acético em acetato de eugenila, que foi objeto de estudo da segunda
etapa desse trabalho. Nesta etapa, foram avaliadas as seguintes condi¢fes de processo:
quantidade de catalisador, razdo de substratos, temperatura e pressdo do CO,
supercritico, variedade da enzima imobilizada comercial e ciclos de reutilizacéo.
Verificou-se que a atividade enzimaética especifica obtida para Novozym 435 foi
aproximadamente 18% maior do que a obtida para a Lipozyme 435, além de apresentar
maiores taxas de esterificacdo de eugenol. Porém, todos os demais experimentos de
esterificacdo de eugenol foram realizados com a Lipozyme 435. Verificou-se, ainda, que
a melhor condicdo para esterificacdo de eugenol em acetato de eugenila foi de razédo
molar de 1:5 de eugenol para anidrido acético, 1% em massa de catalisador, 50 a 60 °C
e 10 MPa.

Estudos sobre reacdes de esterificacdo utilizando CO, supercritico como
meio reacional reportam que a conversdo pode ser influenciada pela solubilidade dos
substratos no meio, que depende das condi¢des de temperatura e pressao, sendo que as
mesmas definem o equilibrio de fases do sistema. Apesar dos altos valores de
esterificacdo demonstrados, o estudo do comportamento de fases revelou uma regido de
duas fases (liquido/gas) em uma das condicdes Otimas de esterificacdo (60 °C e 10
MPa). Outro fato reportado na literatura e observado nesta etapa do projeto foi que o
aumento no numero de ciclos de pressurizacdo e despressurizacdo diminuiu a
quantidade de agua livre na enzima e em seu suporte, consequentemente reduzindo a
sua atividade e capacidade de esterificacdo do eugenol.

O mecanismo de reagdo enzimatica foi investigado com base no modelo de
Ping-Pong Bi-Bi. Verificou-se que a atividade enzimatica ndo apresentou inibi¢do pelos

reagentes e nem pelos produtos, nas condi¢des de concentracOes testadas. Além disso, 0
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mecanismo ordenado sugeriu que a afinidade da enzima pelo anidrido acético é maior
do que pelo eugenol, sendo que essa afinidade pode ser controlada através da
temperatura do processo. Por fim, calculou-se a energia de ativacao para as duas etapas
do mecanismo enzimatico, a etapa de ligacdo do anidrido e do eugenol, e a segunda
etapa apresentou maior energia de ativagdo, mostrando ser a etapa limitante do processo
de esterificacdo.

A partir do estudo cinético da esterificacdo de anidrido acético com eugenol
surgiram novos questionamentos, como seria 0 mecanismo de reacdo enzimatica o fator
limitante no processo de esterificacdo, ou outros fatores poderiam ser predominantes na
reacao, como 0s processos de transferéncia de massa convectiva no fluido e difusiva nas
particulas sélidas de catalisadores. Assim, a terceira etapa deste trabalho investigou os
processos de transferéncia de massa em uma reacdo biocatalisada em meio supercritico.
Ademais, foi avaliada a modelagem matematica, cinética de reacdo e producdo em
modo continuo para a reacdo de producédo do éster de aroma acetato de isoamila.

O estudo da esterificacdo de alcool isoamilico ocorreu em quatro passos
distintos. Inicialmente foi realizado um planejamento experimental com o objetivo de
avaliar as varidveis de processo temperatura, pressao, razao de substratos, concentragdo
de catalisador e agitacdo do meio reacional em um reator em modo batelada. Verificou-
se que os fatores predominantes no processo foram a razdo molar entre substratos, a
concentracdo de enzima imobilizada e a agitagdo do meio. Por outro lado, as variaveis
temperatura e pressdo nao foram significativas ao nivel de 5%. Logo, a condi¢do de 3%
(massa de enzima/massa de substrato), razdo equimolar de substrato (1:1), temperatura e
pressdo de 40 °C e 15 MPa, respectivamente, foram fixadas na avaliacdo dos efeitos de
transferéncia de massa em um reator em batelada.

No segundo passo, os efeitos do didmetro do suporte do catalisador e da
intensidade de mistura (agitagdo) do meio reacional foram avaliados frente ao
coeficiente de transferéncia de massa e ao fator de efetividade interno e externo. Notou-
se um aumento do coeficiente de transferéncia de massa sélido-liquido com o aumento
da agitacdo do meio reacional. Tal efeito era esperado, uma vez que quanto maior a
velocidade de agitacdo maior serd o numero de Reynolds. Além disso, uma maior
agitacdo ocasiona o aumento da probabilidade de choques entre as moléculas dos
substratos e as particulas do catalisador, aumentando a taxa de rea¢do. Outro ponto que
deve ser ressaltado é que particulas menores geraram maiores coeficientes de

transferéncia de massa, uma vez que em menores particulas a resisténcia a transferéncia
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de massa é menor. Em geral, os valores de efetividade externa e interna demonstraram
ser proximos a unidade. Assim, pode-se dizer que tanto a resisténcia a transferéncia de
massa convectiva (externo) quanto a transferéncia de massa na particula solida (interno)
sdo negligencidveis. Portanto, é possivel afirmar que o mecanismo de cinética
enzimatica é o fator limitante no processo de reacdo, e é necessario conhecé-lo.

Assim como no estudo de esterificacdo de eugenol, neste terceiro passo foi
estudada a cinética de reacdo enzimatica com base no modelo de Ping-Pong Bi-Bi.
Primeiramente, foi avaliada a possiblidade de inibi¢ao pelos substratos, que possibilitou
concluir que ndo ha inibicdo da atividade da enzima nas concentracfes testadas. Assim,
o0 modelo de Ping-Pong Bi-Bi sem inibicdo associado ao balan¢o de massa para um
reator em batelada foi ajustado numericamente. Os resultados demonstraram que,
novamente, a enzima tem maior afinidade com o anidrido acético que com o substrato
receptor do grupo acil (eugenol ou alcool isoamilico). De maneira geral, o modelo
ajustado representou satisfatoriamente a cinética de reacdo enzimatica, porém o0s
parametros obtidos somente sdo validos para as condi¢fes experimentais testadas nesse
trabalho.

Por fim, na quarta etapa, a comparacao entre os reatores em modo continuo
e batelada foi realizada com base nos resultados de conversdo, produtividade e
produtividade especifica para a mesma condicdo de temperatura e pressdo (40 °C e
15 MPa), além do estudo das variaveis vazdo de CO, supercritico e de substratos no
reator continuo. Verificou-se que o aumento das vazdes de substratos e de CO,
supercritico acarretou uma diminuicdo da conversdo, da produtividade e da
produtividade especifica de acetato de isoamila. Além disso, mudancas na razao de
alimentacdo dos substratos ndo ocasionaram aumentos nos parametros avaliados.
Avaliou-se também a possiblidade de surgimento de duas fases tanto no reator em modo
continuo quanto no separador por simulacdo computacional, e com os dados de
equilibrio gerados foi possivel afirmar que nas condicGes testadas ndo houve o
surgimento de novas fases no reator continuo. Porém, no separador a alta pressdo o
sistema foi composto por duas fases. Tal comportamento ja era esperado, uma vez que 0
separador foi projetado e montado para operar na separacao atraves da mudanca de fase
do solvente. De maneira geral, notou-se que apesar dos baixos valores de conversdo
obtidos nas reacbes em modo continuo, os valores de produtividade compensam seu

desempenho em comparacao ao reator em batelada.
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O estudo da esterificacdo de alcool isoamilico demostrou ser um processo
alternativo para obter acetato de isoamila, que industrialmente é produzido em reatores
de leito agitado acoplados a colunas de destilacdo ou através de destilacdo reativa. O
processo proposto aplica uma técnica branda em termos de temperatura e solvente, e o
catalisador pode ser totalmente removido do meio de reacdo em um Unico passo
(despressurizacdo e decantacdo ou centrifugacdo). Além disso, o catalisador
normalmente utilizado na producdo industrial é o &cido sulfdrico, 0 que exige a sua
neutralizagdo e separacdo da mistura final. Ademais, o catalisador empregado nos
processos convencionais ndo pode ser considerado natural como as enzimas aplicadas
neste trabalho. Contudo, o produto final obtido no presente trabalho também néo pode
ser considerado como natural, pois o doador do grupo acil (anidrido acético) ndao é um
substrato natural, como o &cido acético, que pode ser obtido por processos
microbioldgicos e utilizado na reacdo estudada. Além disso, 0 método proposto pode ser
aplicado para a esterificacdo de 6leo fusel, que ¢ um subproduto obtido a partir de
usinas sucroalcooleiras, composto por uma mistura de alcoois superiores, rica em alcool
isoamilico.

A aplicacdo da tecnologia supercritica em reacfes de sintese de ésteres de
aromas, especificamente com CO, supercritico, mostrou-se tecnologicamente viavel e €
um processo alternativo na obtencdo de tais compostos. Cabe salientar que, apesar dos
avancos desenvolvidos por este trabalho, mais estudos deverdo ser realizados com o
intuito de elucidar os mecanismos fenomenol6gicos, bem como aplicar essa tecnologia
a processos industriais e estimar os custos referentes ao processo, 0 que € necessario

guanto se visa a aplicacdo industrial.
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CAPITULO 7

CONCLUSAO GERAL E SUGESTOES PARA
TRABALHOS FUTUROS
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7.1 CONCLUSAO GERAL

O trabalho desenvolvido e apresentado no Capitulo 3 permitiu concluir
informagdes importantes sobre a enzima imobilizada comercial Lipozyme 435 e seu

comportamento em CO, as quais séo listadas a seguir:

1. A exposicdo da enzima imobilizada comercial Lipozyme 435 ao CO,
supercritico reduziu a sua atividade catalitica em todas as condi¢Bes experimentais
testadas;

2. O tratamento a 10 MPa e 40 °C em 1 hora de exposi¢do resultou na maior
atividade residual, sendo que os maiores valores de tempo de meia vida e 0s maiores
tempos de reducédo decimal foram obtidos em tal condigdo. Aléem disso, foi demonstrado
que a reutilizacéo, ciclos de pressurizacdo e despressurizacdo da enzima imobilizada
diminuem sua atividade catalitica em até 64% do seu valor inicial;

3. Analises de espectroscopia de infravermelho revelaram uma mudanca na
estrutura da lipase imobilizada tratada com CO, supercritico. Além disso, através da
analise das imagens obtidas por FESEM foi possivel concluir que ndo houve mudanca
na estrutura do suporte macroporoso da resina ionica da enzima com o tratamento em
CO; supercritico;

4. O estudo da esterificagdo de &cido oleico mostrou que, apesar da diminuic¢do da
atividade catalitica da enzima imobilizada com a exposicdo ao CO, supercritico, é
possivel obter altos valores de esterificacdo e rendimento em condi¢Bes operacionais
especificas;

5. Os resultados obtidos por esse capitulo podem ser relevantes na selecdo de
condicBes especificas de processo, nas quais a enzima Lipozyme 435 mantenha a sua
maior atividade residual em CO; supercritico. Além disso, a utilizacdo de tal solvente
mostrou-se habil para rea¢es quimicas, havendo ainda a possiblidade de sua utilizacao
em uma futura etapa de separacdo dos produtos e reagentes envolvidos no final do

processo, através de uma simples etapa.

Apds compreender o comportamento da enzima imobilizada Lipozyme 435

em CO; supercritico, foi realizado o estudo da esterificacdo de eugenol em acetato de
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eugenila em CO, supercritico, conforme exposto no Capitulo 4. Os resultados

apresentados permitiram concluir que:

1. A atividade enzimética especifica obtida para a Novozym 435 foi
aproximadamente 18% maior do que a obtida para a Lipozyme 435. Diferengas também
ocorreram na distribuicdo de particulas e no conteido de umidade das enzimas
imobilizadas. Além disso, a Novozym 435 apresentou maiores taxas de esterificacdo de
eugenol do que a Lipozyme 435;

2. A melhor condicdo operacional, com base nos resultados de esterificacdo e
rendimento de acetato de eugenila, foi de 60 °C e 10 MPa. O estudo do comportamento
de fases revelou uma regido de duas fases nessa condicdo (liquido/gas);

3. O aumento do numero de ciclos de utilizagdo da enzima diminuiu
significativamente o percentual de esterificacdo e rendimento. Além disso, tais ciclos
diminuem a quantidade de &gua disponivel na vizinhanca da enzima, o que,
possivelmente, foi a razdo da diminuicéo na atividade enzimatica;

4. Estudos cinéticos sugeriram que o mecanismo de reacdo pode ser descrito pelo
modelo sem inibicdo de Ping-Pong Bi-Bi, nas condicOes testadas por este trabalho.
Além disso, concluiu-se que a afinidade da enzima com anidrido acético foi maior do
que com o eugenol, sendo que tal afinidade aumentou com o acréscimo da temperatura.

Dentre as duas etapas de reacdo, a segunda etapa necessitou de mais energia.

O estudo de esterificacdo de eugenol levantou questionamentos referentes
aos processos de transferéncia de massa nas reagcdes em CO, supercritico. Além disso, 0
anseio pela aplicagdo da tecnologia em modo continuo levou ao estudo da esterificagéo
de alcool isoamilico, conforme exposto no Capitulo 5 deste trabalho. Os resultados

permitiram concluir que:

1. A esterificagdo do alcool de isoamilico em n-hexano foi menor do que em CO,
supercritico, evidenciando os beneficios da utilizagdo deste solvente como meio de
reacdo para a producédo de ésteres de aromas;

2. Os efeitos da razdo molar de substratos, quantidade de enzima e de agitagéo
foram estatisticamente significativos na conversdo do alcool isoamilico, enquanto

temperatura e pressdo tiveram pouca influéncia sobre tal resultado;
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3. Os efeitos de transferéncia de massa na fase fluida e na fase solida séo
negligenciaveis. Portanto, a cinética da reacao é independente do diametro da particula e
agitacdo e € controlada pela cinética enzimatica.

4. O gréfico de Lineweaver-Burk sugeriu que a rea¢do enzimatica segue um
mecanismo simples de Ping-Pong Bi-Bi sem inibi¢do, na faixa de concentragdes
testadas. O modelo cinético descrito para a esterificacdo de alcool isoamilico com
anidrido acético e os parametros obtidos indicam que a afinidade da enzima com o
anidrido acético é maior do que com o alcool isoamilico.

5. O reator de leito fixo em modo continuo, apesar da conversao inferior,
apresentou uma maior produtividade de acetato de isoamila do que o reator em batelada

e provou ser a melhor opcédo para sintetizar acetato de isoamila em CO; supercritico.
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7.2 SUGESTOES PARA TRABALHOS FUTUROS

Apesar do avanco tecnoldgico alcancado por este trabalho, questionamentos
referentes as reagdes enziméaticas em meio supercritico surgiram, e para uma futura
aplicacdo industrial estas questfes devem ser abordadas em novos estudos. Assim, séo

sugestdes para trabalhos futuros:

1. Estudar os mecanismos fenomenoldgicos envolvidos nos processos de
esterificagdo em modo continuo;

2. Aplicar outro modelo de reator na producdo dos ésteres de aromas, como por
exemplo, o reator continuo de leito agitado;

3. Estudar diferentes reacdes de producgdo de ésteres de aromas através de catalise
enzimatica, como por exemplo, butirato de isoamila e acetato de cinamila;

4. Avaliar a seletividade das lipases imobilizadas para diferentes substratos em
CO; supercritico;

5. Elucidar o processo de separagdo do solvente e dos ésteres de aromas,
objetivando a melhor separacdo dos produtos.

6. Aproveitando a versatilidade do equipamento montado, avaliar diferentes
geometrias de reatores continuos;

7. Efetuar o aumento de escala para os diferentes modos de processos e estudar a
viabilidade econdmica dos mesmos, bem como acoplar a unidade de reacdo em modo
continuo a um processo de reciclo de CO;

8. Aplicar a tecnologia envolvida a processos de reutilizagdo de subprodutos e
residuos industrias como, por exemplo, o 6leo fusel;

9. Acoplar o processo de extracdo com 0 processo de reagdo enzimatica para

obtencdo de ésteres de acidos graxos a partir de matrizes vegetais.
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Este apéndice apresenta a metodologia e os materiais utilizados na montagem da
unidade de reacfes quimicas a alta pressdo. Os desenhos técnicos e esquematicos, bem como
a lista de pecas e equipamentos da unidade em modo batelada e em modo continuo também
sdo apresentados. Além disso, todos os algoritmos (MATLAB software 2014Ra, MathWorks,

Natick, MA, USA) envolvidos nos trabalhos elaborados sdo expostos neste apéndice.

I Montagem da Unidade de Reac&o Quimica

Antes da montagem ou construgdo de qualquer tipo de equipamento industrial, o
responsavel deve elaborar o projeto do mesmo, ou seja, ele deve responder perguntas basicas,
como: Para qual finalidade o equipamento sera construido? Quais sdo as limitagdes do
processo, tais como temperatura, pressdo, utilizacdo de solventes, acidos e/ou agua? O
equipamento serd utilizado para fins alimenticios? Qual a capacidade, taxa de produgdo ou
extracdo, que 0 processo requer? Quais materiais serdo utilizados? Respondidas estas
perguntas, o responsavel devera elaborar o projeto, ou seja, dimensionar e esbocar (desenhar)
todos componentes do equipamento.

O desenho técnico do equipamento é uma etapa essencial para dimensionar o
tamanho, estrutura, disposi¢cdo dos componentes e quantidades de material a ser utilizado na
montagem. Portanto, deve-se dedicar algum tempo a esta etapa, pois com tais informacdes o
projetista serd capaz de prever os custos de construcdo da futura unidade. Atualmente, alguns
programas de desenho técnico sdo utilizados para projetar e desenhar as unidades que utilizam
fluido supercritico. A Figura 11 apresenta a vista isométrica da unidade de reagdes quimicas

em CO; supercritico montada neste trabalho.
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Figura 11 - Perspectiva da unidade de reacdes quimicas em CO, supercritico.

Apds ter respondido as perguntas essenciais e projetada a unidade, o responsavel
iniciara a selecdo dos equipamentos e acessorios envolvidos em todo o processo, como
valvulas de blogueio e de controle de vazdo e pressao, valvulas de seguranga, filtros, banhos
de refrigeracdo e aquecimento, totalizadores de vazao, manémetros, termopares, indicadores e
controladores de temperatura, tubulacdes, acessorios (cruzetas, curvas, reducdes, etc.),
bombas e boosters. Todos os equipamentos e acessorios envolvidos na montagem da unidade
de reacdo quimica estdo listados na Tabela 4 e 0 esquema da unidade de reacfes quimicas a
alta pressdo, tanto em batelada quanto em modo continuo, sdo apresentados nas sec@es 1.1 e

I.11 deste apéndice, respectivamente.
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Tabela 4- Materiais e equipamentos da unidade reacdo quimica.

Quantidade Componente Especificacao Marca
L TP 316 1/4>°,1/8” .
18 m Tubos de aco inoxidavel e 1/16”°0D Detroit/Park Corp.
Flanges e anilhas de aco TP 316 1/4>°,1/8” .
i inoxidavel e 1/16°0D Detroit/Park Corp.
~ L TP 316 1/4°,1/8” .
- Conexoes de aco inoxidavel e 1/16”°0D Detroit/Park Corp.
1 Bomba pneumatica M111-CO, Maximator
2 Bomba de HPLC PU 2080 Jasco
5 Manometros Z.10.B+- Ziurich LTDA
1 Banho termostatico de SL152/18 Solab
refrigeracdo com circulagéo
2 Banho termostatico de MA 126/BD Marconi
aquecimento com circulacéo
1 Filtro de CO, SS-2F-05 Swagelok
1 Filtro de ar comprimido Norgen
1 Vélvula de seguranca SS-4R3A Swagelok
y Vélvula agul_ha para 10V2071 Autqclave
bloqueio Engineers
1 Vélvula micrométrica 8481.40.00 Autqclave
Engineers
2 Valvula back-pressure 26-1700 Tescom
1 Fluxémetro PMR1 010423 Cole Parmer
. . 45 x 45mm - x
30m Perfis de Aluminio DS680 Jartec Automacéo
1 Totalimetro ACP G1,0 Itron
1 Separador - Mag’nagua
1 Célula em batelada - Mag’nagua
1 Reator Continuo - LAPEA
5 Termopares Tipo J Bainha de 1/8” Pyrotec
1 Indicador de Temperatura TAWM Autonics
4 Rodizios GL 512 SPE G Schioppa
1 Agitador magnético IKA
1 Sistema de aquecimento y1a y5o/FEA/ Marconi

valvula micrométrica

Atualmente, encontram-se no mercado diversos tipos de estruturas metalicas para

0 uso em equipamentos de processos, nos mais diferentes materiais, tais como ago inox, ago-
carbono e aluminio. Para as unidades que operam com fluido supercritico, utilizam-se perfis
de aluminio devido a facilidade de manipulacdo, corte e perfuragdo e resisténcia a
intempéries, tais como temperatura e solventes. Dentre os formatos de perfis de aluminio
encontrados a venda, pode-se citar o perfil de 45 mm X 45 mm UL (Jartec). A Figura 12
apresenta a estrutura de perfis montada para a unidade de reacGes quimicas em CO,

supercritico.
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Figura 12 - Dimensdes basicas da estrutura com perfis de aluminio da unidade de reacoes

quimicas em CO; supercritico.

Todos 0s equipamentos e acessorios que tém contato direto com os produtos
envolvidos nos processos de reacdo quimica sdo de aco inoxidavel AISI 316, como, por
exemplo, a célula de reacdo em batelada de 100 mL, o reator continuo e o separador de 250
mL. As especificacbes de tais acessorios sdo detalhadas nas secdes 1.1V, 1.V e L.VI deste
apéndice, respectivamente.

Atualmente, no Laboratério de Alta Pressdo em Engenharia de Alimentos

(LAPEA-DEA/FEA-Unicamp), utiliza-se um booster especifico para o pressurizar e
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movimentar didéxido de carbono. Porém, ha a possibilidade de usar 0 mesmo modelo de
booster, com especificagdes diferentes, para deslocar outros fluidos. Tais boosters sdo
bombas pneumaticas, ou seja, operam através de uma corrente de ar comprimido. O Modelo
M-111 da Maximator, um dos modelos utilizados, tem uma taxa de conversdo de 1:130, ou
seja, para um psi de pressdo fornecido a bomba, a mesma ira converter em 130 vezes mais,
portanto 130 psi. As especificacbes do modelo utilizado no laboratério sdo: Bomba
hidropneumatica para CO,, pressao maxima de trabalho de 18850 psi, Maximator-M111.

Por outro lado, a bomba de HPLC é de facil operacdo, pois consiste em uma
bomba elétrica de deslocamento positivo. Porém, sua manutencdo e custo sao mais elevados
que dos boosters. Atualmente, utilizam-se tais bombas no LAPEA para o deslocamento de
cossolventes em extracdo supercritica, injecdo de solucdes em uma célula de formacdo de
particulas e em extracdo com liquidos pressurizados. Para liquidos, geralmente ndo ha a
necessidade de refrigeracdo do mesmo, pois em temperatura ambiente tais fluidos ja sdo
liquidos. Porém, o CO; deve ser refrigerado, a fim de garantir que o fluido esteja na fase
liquida até a entrada da bomba (booster), pois, caso contrario a bomba iria cavitar. Portanto,
deve-se montar um sistema de refrigeragéo adequado para o CO..

O sistema de refrigeracdo de CO, é montado com 0s seguintes componentes:
banho ultratermostatizado de refrigeracdo, serpentina de ago inox AlSI 316L, mangueiras de
silicone e isolantes térmicos. As Figura 13, Figura 14 e Figura 15 ilustram o sistema de
refrigeracdo, o cabecote de refrigeracdo e a serpentina para o CO,, respectivamente. O célculo
da carga térmica para o sistema de refrigeracédo € apresentado na seccao I.111 desse apéndice.

Pressurizado ) -
v »
l g

'R;frigera
Cabecote 1

—— Serpentifia

Figura 13 — Sistema de refrigeracéo. Figura 14 — Cabecote refrigerado.
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Figura 15 — Serpentina de refrigeracdo CO,.

O mesmo sistema foi montado para o aquecimento do CO,, através de uma
serpentina igual & mostrada na Figura 15 e um banho ultratermostatizado de aquecimento e,
novamente, procederam-se os célculos de carga térmica conforme a secgdo L1l desse

apéndice.

I. 1 Esquema da Unidade Reag¢des Quimicas em Modo Batelada

Atmosfera

p—

Fluxémetro Rotametro

Frasco de Coleta
Tubulagbes/CO,

o
——#—— Pneumdtico

Cilindro CO2 A - A _— — % Elétrico

B B

Figura 16 - Esquema da unidade de reacdes quimicas em meio supercritico: V-1, V-2, V-3, V-
4 e V-5- Valvulas de blogueio; V-7 — Valvula micrométrica; VS — Valvula de seguranca (Pmax
= 450 bar); C- Compressor; F-Filtro de ar comprimido; FC — Filtro de CO2; BR — Banho de
refrigeracdo; BP- Bomba pneumaética (Booster); BA — Banho de aquecimento; I-1 e 1-2 —
Indicadores de presséo; I-3 Indicador de temperatura; IC-1 — Controlador e indicador do
agitador magnético; IC-2 — Controlador e indicador de temperatura da valvula micrométrica;

AM — Agitador magnético; CE — Célula de reagdo quimica com aquecimento.
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I. 11 Esquema da Unidade Reac6es Quimicas em Modo Continuo

Atmosfera

V-10 Rotametro

_______________

Tubula¢es/CO,

———— Pneumdtico

—=#—— Elétrico

Cilindro CO2
Frasco de Coleta

Figura 17 - Esquema da unidade de reacdes quimicas em meio supercritico: V-1, V-2, V-3, V-
4, V-5V-6,V-7, V-8 e V-9— Valvulas de blogueio; V-10 — Valvula micrométrica; VS —
Valvula de seguranga (Pmax = 450 bar); VB-1 e VB-2 — Valvula back-pressure; C-
Compressor; F-Filtro de ar comprimido; FC — Filtro de CO2; BR — Banho de refrigeracéo;
BP- Bomba pneumatica (Booster); BA — Banho de aquecimento; BL-1 e BL-2 — Bomba de
liquido (reagentes); I-1, 1-2 e 1-5 — Indicadores de presséo; I1-3 e I-4 - Indicador de
temperatura; IC-1 e 1C-2 — Controlador e indicador de temperatura do separador e da valvula

micromeétrica, respectivamente.
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l. 111 Calculo da Carga Térmica do Sistema de Refrigeracéo e Aquecimento

Para os célculos de carga térmica dos sistemas de refrigeracdo e de aquecimento,
considerou-se que o CO, escoa em um tubo de secdo transversal circular de raio (r), com
vazao massica é constante (m), a conveccao de calor ocorre na superficie interna do tubo em
estado estacionario, sem geracdo de energia e desconsiderou-se a transferéncia de calor por
conducdo na direcdo axial (x). O escoamento € completamente limitado ao seu interior.
Assim, é possivel fazer um balango de energia para um tubo de comprimento finito (L),
conforme a Figura 18. O equacionamento foi realizado com base nas discussdes teoricas de
Kern (1987) e Incropera e Witt (1992) e as aplicacdes de Assis (2010) em uma unidade de

extracao supercritica em modo continuo.

dqt‘()l’f\’: QY’L;IT P dx

Figura 18 — Volume de controle para o escoamento interno em um tubo.

Considerando o volume de controle um volume infinitesimal de fluido no interior

do tubo (dx) e a partir da lei de conservacao de energia, tem-se que:
Aqcony = McpdTy, 1)
Ou na forma integrada:

Gconv = MCy (Tm,e - Tm,s) (2)

onde:
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dq..n» - Elemento diferencial de transferéncia de calor;
¢, - Calor especifico do fluido;

dT,, - Elemento diferencial de temperatura;

T e - Temperatura média de entrada;

T s - Temperatura média de saida;

A taxa de transferéncia de calor por convecgcdo por unidade de comprimento
também pode ser escrita considerando o fluxo de calor na superficie do tubo (qg,,) € 0

perimetro do tubo (P).

Aqcony = qg;tppdx )

Igualando as Equacdes (1) e (3) tem-se:

AT _ dsupP )

dx me,

14

Pode-se determinar o fluxo de calor na superficie do tubo (gg,,,) atraves da lei de

resfriamento de Newton:

qg;;p = hyoc (Tsup - Tm) (5)

onde:
h;.c - Coeficiente local de transferéncia de calor por convecgéo;
Ty — Temperatura da superficie do tubo;

T,, — Temperatura média do fluido;

Substituindo a Equacéo (5) em (4) tem-se:

dTm — hloc (Tsup - Tm)P (6)
dx me,

Considerando que a temperatura superficial do tubo é constante devido ao contato

direto com o fluido de refrigeragdo ou aquecimento, e definindo AT = (Tsup — Ty, tem-se:
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dT,,  d(AT) P
=— = h,, AT (7)
dx dx me, toc

Rearranjando e integrando a Equacdo (7) para a entrada e saida do tubo, tem-se:

ATe g (AT p L
f (AT) =—-" f hiocdx (8)
ar, dAT mey, Jg
AT\ Agup— (9)
in(z7) = e,

onde:

h; — Valor médio do coeficiente local de transferéncia de calor por convecgdo em todo o tubo;

Ag,, — Area superficial do tubo;

Rearranjando a Equacao (9):

Al
e, = %TL X (AT, — AT,) (10)
S
In (ATe)
. (AT, — AT,) = —
mc, (AT, — AT;) = —BTTSSAsuphL (11)
l —_—S
n (ATe)

Expressando a Equacéo (1) em relacdo a temperatura da superficie do tubo, em que

AT,,; é a média logaritmica das diferencgas de temperatura, tem-se:

Gconv = mcp[(Tsup - Tm,e) - (Tsup - Tm,s)] = mcp (ATe - ATS) (11)
(AT, — AT,)
ATy = —— 77— (12)
In (A—Te)

conv = h_LAsupATml (13)
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A Equacdo (13) representa a taxa total de transferéncia de calor na superficie do
tubo. Neste caso, especificamente, é conveniente utilizar a temperatura do meio (T,,) ao invés

da temperatura da superficie do tubo, logo:

ATS _ TOO - Tm,s (14)

AT, Ty —Tpe

Desta forma, pode-se substituir h; pelo o coeficiente global de transferéncia de
calor (U).

Q= UAsupATml (19)

Apbs o desenvolvimento do balangco de energia na serpentina, os calculos para a
determinagdo da carga dos banhos de refrigeracdo e de aquecimento foram efetuados,
conforme as seguintes etapas. Primeiramente, as temperaturas de medias de saida (T, ) €
entrada (T5,.) do CO,, temperatura média do CO; (T, co,), temperatura de refrigeracdo e

aquecimento (T,,) e a média logaritmica das diferencas de temperatura do CO; (AT,,,;) foram

determinadas, conforme apresentado na Tabela 5.

Tabela 5 — Temperaturas utilizadas para o calculo da carga térmica

Temperatura Resfriamento Aguecimento
T, (°C) 22 -5,0
T s(°C) -5,0 60
Tom,co,(°C) 8,5 27.5
T, (°C) -8,0 62
AT,,;(°C) 11,72 -18.51

A temperatura média e a média logaritmica das diferengas de temperatura foram

determinadas conforme as Equagdes (16) e (17).

_ Tm,e + Tm,s (16)
Tmco, = - 5

(17)
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Para efetuar os calculos da carga térmica foi necessaria a obtencdo das
propriedades fisico-quimicas do CO, a 6 MPa e 8,5 °C para a refrigeracdo e 30 MPa e 27.5 °C
para 0 aquecimento. Considerou-se a pressao de 30 MPa para 0 aguecimento, pois essa foi a
pressdo maxima utilizada em todos os ensaios na unidade de reacdo quimica, e 6 MPa
representa a pressdo maxima do cilindro de CO,. A Tabela 6 apresenta as propriedades fisico-

quimicas para as condic@es citadas.

Tabela 6 — Propriedades fisico-quimicas do CO, para as temperaturas média na refrigeracao
(6 MPa) e no aquecimento (30 MPa).

Propriedade? 6 MPae Ty, co, 30 MPa e Ty, co,
Calor Especifico (c,) J/kg K 2629,5 1920,4
Viscosidade (i) cP 0,0899 0,1070
Condutividade Térmica (k) J/Jh m K 373,82 427,969
Densidade (p) kg/m? 892,97 957,29

1 Valores obtidos no NIST (2005)

A partir das propriedades fisico-quimicas, da vazdo massica (m) de CO, e da
Equacéo (2) foi possivel determinar a quantidade de calor necesséria para o fluido atingir a
temperatura desejada. O valor obtido foi de 79232 J/h ou aproximadamente 22,0 W e 139310
J/h ou 38,7 W, para a refrigeracdo e o aquecimento, respectivamente. Como a poténcia do
banho de refrigeracdo € de 500 W e a do banho de aquecimento é de 200 W, ou seja,
superiores as poténcias necessarias para refrigerar e aquecer o fluido, os equipamentos sdo
capazes de promover tais trabalhos nas condicdes estabelecidas.

Posteriormente, para o calculo do comprimento necessario da serpentina (tubo)
para resfriar ou aquecer o fluido nas condicbes desejadas, deve-se determinar o coeficiente
global de transferéncia de calor (U). Para isso sdo necessarias algumas informag@es, como as

caracteristicas do tubo e do escoamento do fluido. A Tabela 7 apresenta tais informacoes.

Tabela 7 — Propriedades para o célculo do coeficiente global de transferéncia de calor (U).

Propriedade Valor
Diametro Interno - d; (m) 0,0068
Diametro Externo - d, (m) 0,0103

Avrea Transversal - a, 3,74x10°

Superficie por metro - S,,; (m3/m) 0,0323
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Vazdo méassica - m (kg/s) 3,1x10™
Coeficiente de transferéncia de calor para a dgua - h,, (J/h m 2K)! 3,06x10°

1Descosiderou-se o etilenoglicol no inserido no sistema de refrigeracéo;

Determinou-se o fluxo massico (G) e o numero de Reynolds (Re) através das

Equacdes (18) e (19), respectivamente.

¢=" (18)
ag

e = 4i€ (19)
u

onde:

m — Vazdo massica (kg/s);

a, — Area transversal do tubo (m?);
d; — Didmetro interno do tubo (m);

u — Viscosidade na temperatura media T, co, (Pa.s);

Apo0s a determinagdo do nimero de Reynolds, deve-se avaliar se esse nimero é
menor ou maior que 2100, para determinar o coeficiente de transferéncia de calor interno (h;)

pela seguinte equacdo (Re > 2100):

1/3
hi g 86£<—dicp6di“) / (20)
¢ 7 di\ ukL
onde:
H 0,14 ( )
_ [ = 21
¢ (:“p>

k - Condutividade Térmica do fluido (J/h m K);
¢, - Calor Especifico (J/kg K);

L — Comprimento do tubo (m);

¢ — Razéo de viscosidade (ad.);

pp — Viscosidade na temperatura da parede T, (K);
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A temperatura na parede (T,) interna do tubo foi determinada conforme a Equagéo

(22).

VT (Trm,co, — Too) (22)
/ o T P

onde:

T, - Temperatura do fluido externo (K);

h., — Coeficiente de transferéncia de calor para o fluido externo, agua (J/h m? K);

Com o valor da temperatura da parede do tubo foi possivel obter a viscosidade do
fluido na parede. Assim, atravées das EquacGes 20 e 21 foi calculado o valor do coeficiente de
transferéncia de calor interno. Em seguida foi calculado o coeficiente de transferéncia de calor

referente ao diametro externo do tubo (h;,).

da:
hio = hy d_l (23)

onde:
d; — Didmetro interno do tubo (m);

d, — Diametro externo do tubo (m);

Uma vez obtidos os valores dos coeficientes de transferéncia de calor, e
considerando que ndo hé incrustacdes na tubulacdo, foi possivel calcular o coeficiente global

de transferéncia de calor para o sistema.

y= Nt (24)
hip + heo
A partir do U, do calor necessario para atingir a temperatura de trabalho (Q) e da
média logaritmica das temperaturas (AT,,;) foi possivel determinar &rea necessaria de troca
termica (Agyy).

Q= UAsupATml (29)
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Com o valor da area de troca térmica e a superficie por metro linear de tubo S,,;

(m2/m) foi possivel determinar o comprimento total do tubo para a troca de calor (Q).

p, = Ao (26)

Observa-se que, durante os calculos do comprimento do tubo (L), foi feita
(Equacdo 20) uma estimativa inicial desse parametro. Ao termino dos célculos, novamente,
foi determinado outro valor de L, que sendo igual ao primeiro valor estipulado, validaria a
estimativa inicial. Caso contrario, se o valor calculado de L fosse maior ou menor que a
estimativa inicial, os calculos deveriam ser novamente efetuados usando o novo valor
determinado de L. Desta maneira, por se tratar de um método iterativo, foi proposto um
algoritmo para o célculo do comprimento da tubulacao de resfriamento e aquecimento.

A fim de facilitar os calculos e 0 método a equacdo de Sutherland foi utilizada
para o calculo da viscosidade do fluido na temperatura da parede. A Tabela 8 apresenta

algumas constantes para a equacdo de Sutherland.

3/2

=i @) @
Onde:
Uo — Viscosidade de referéncia (cP);
T, — Temperatura de referéncia (°R);
T — Temperatura do fluido na parede (°R);
a = 0,555T, + C;
b = 0,555T + C;
C — Constante de acordo com o fluido;

Tabela 8 — Constante de alguns fluidos para a equacgéo de Sutherland.

Fluido C Ty °R) Uo (cP)
Oxigénio (0O,) 72 528,93 0,00876
Nitrogénio (N,) 111 540,99 0,01781

Dioxido de Carbono (CO,) 240 527,67 0,01480




196

Algoritmo — Calculo da Temperatura de Refrigeracdo e Aquecimento

% Determinacdo da carga térmica dos sistemas de refrigeracdo e aquecimento
% para unidade de reacgdo quimica

% Dimensionamento do comprimento da Serpentina;

% Para tubo 1/8'' ASTM A269 TP 316

clear all

clc

format short;

Tinfl=input ('Temperatura de refrigeracdo/aquecimento em °C = ');
Tinf=Tinf14+273.15;

Tel=input ('Temperatura de entrada do CO2 em °C = '");
Te=Tel+273.15;

Tsl=input ('Temperatura de saida do C02 em °C = ');
Ts=Tsl+273.15;

ml=input ('Vazdo méssica de CO2 em kg/s - Maxima = '");

m=ml* (60*60) ;

Tm= (Te+Ts) /2;
disp ('Temperatura média em °C = ");disp(Tm-273.15);

o

disp('Inserir Cp, u, k e a densidade do CO2 na Tm ')

Cp=input ('Calor especifico do CO2 (P;Tm) J/kg.K = ");

u=input ('Viscosidade do CO2 (P;Tm) cP = "');

k=input ('Condutividade térmica do CO2 (P;Tm) J/m.h.K = ');

ds=input ('Densidade do CO2 (P;Tm) kg/m® = ");

di=0.00683; % ('Didmetro interno do tubo em m = ');
de=0.01029; % ('Didmetro externo do tubo em m = ');

$Coeficiente global de transferéncia de calor para a agua J/h.m2.K
hinf=3.0663*10."6;

%$5. Calculo do coeficiente global de transferéncia de calor U

% Para Re menor que 2100;

L=input ('Chute inicial para o comprimento da serpentina em m = "');

n=input ('Numero de Iteracdes = ');

Tol=0.01; $Tolerdncia em m

a=0.000037419; %area da secdo transversal de escoamento no interior do tubo
G=m/a; $kg/m?.s

Re=((di*G)/ (u*10"-3*60*60)) ; % Conversdo de cP

disp('Re = ") ;disp(Re);

for k=1l:n;

A=1.86*(k/di)* (((di*G) * (Cp/k)*(di/L))"~(1/3));:
Tp=Tinf+ (A/ (A+hinf)) * (Tm-Tinf) ;

% Sutherland's formula

o

To=527.67; % Temperatura de referéncia para o CO2 em R

C=240; % Constante para o CO2

uo=0.01480; % Viscosidade na Temperatura de referéncia To em CP
Tpr=Tp* (9/5) ; % Conversdo para Rankine

a=0.555* (To) +C;

b=0.555*Tpr+C;

up=uo* (a/b) * ((Tpr/To) ~ (3/2)); %Equacdo de Sutherland
fi=(u/up)"0.14;

hi=fi*A;

hie=hi* (di/de) ;

U= (hie*hinf) / (hie+hinf);
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Area=qconv/ (U*Tml) ;
Sext= 0.032309; %$input('Superficie por metro linear de tubo em m?/m = ');
Lf=Area/Sext;
D=abs (Lf-L) ;

if D>=Tol;

L=Lf;
elseif D<=Tol;
break
end

disp ('Comprimento (m)= ") ;disp(Lf);

Através dos equacionamentos propostos e o algoritmo desenvolvido foi possivel
estimar o comprimento das serpentinas de aquecimento e refrigeracdo para as condicdes
extremas de processo, maior temperatura de aquecimento e maior vazdo de CO,. Os
comprimentos calculados para a serpentina de resfriamento e de aquecimento foram de 2,2 e
2,5 m, respectivamente. Como a tubulacdo é fornecida em barras de 6 m pelas empresas
fornecedoras, cada serpentina foi confeccionada com uma barra, ou seja, 0 comprimento real
aproximadamente 2,5 vezes maior que 0 necessario, garantindo assim que as condices do

processo desejadas fossem atingidas.
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l. IV Reator em Batelada

O dimensionamento do reator teve como base dados encontrados em trabalhos
cientificos especificos de rea¢fes quimicas utilizando CO; supercritico como solvente. Além
disso, levou-se em consideracdo a quantidade de produto obtido em uma operacgdo do reator.
Assim, o sistema foi projetado com um volume util de 100 mL e diametro interno de 40 mm,
para garantir a insercdo do agitador magnético. O reator ainda conta com um sistema de
aquecimento tipo camisa, ou seja, o fluido de aquecimento escoa na secdo externa do reator,
entrando pela parte inferior e saindo pela parte superior. Por sua vez, a vedacdo do reator
ocorre devido a expansdo da gaveta de poliuretano (G) anexada a tampa sem rosca. Trés furos
foram confeccionados na tampa, correspondendo a entrada e a saida do CO,, um termopar e
um manometro, para a medida da temperatura e da pressao do reator, respectivamente. A
Figura 19 mostra a vista frontal do reator em batelada, que opera em pressdo e temperatura de,

no maximo, 35 MPa e 80 °C, respectivamente.

(®30\
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fo— @40
(©10\ ' T A 1) A/
- Y 2l
|i : vd
| S X
i 7 “f 17,50
. W77
=— Y510\ @100
VISTA FRONTAL v SECAO A-A

Figura 19 - Vista frontal e corte AA da célula de reacdo quimica em modo batelada. A —
Volume interno util de 100 mL; G — Gaxeta de vedacdo de poliuretano; F — 3 Furos passantes
de rosca NPT 1/8°’0OD; E e S — Entrada (E) e saida (S) de 4gua na camisa de aquecimento,
espigao.

l. V Reator Continuo
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SECAQ A-A
Figura 20 — Vista ortogonal e a secdo AA do reator em modo continuo. A — Conexdaoem T
%’ OD PVC; B — Conexao espigdo %’ OD para %’ OD em PVC para entrada e saida de
agua de aquecimento; C- Conexao %’ OD tipo flange-luva (Detroit); D — Tubulacdo ago inox
ASTM 316 sem costura ¥4”>> OD; E — Tubulacdo %’ OD em PVC; F- Chicanas;

Figura 21 — Vista isométrica do reator tubular em modo continuo.
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l. VI Separador

O separador a alta pressdo foi projetado com base nos diagramas de equilibrio de
fases dos compostos utilizados nas reacdes quimicas, encontrados na literatura, levando em
consideracdo as condicdes de pressdo e temperatura. Tais condi¢fes foram estipuladas em
valores maximos, 20 MPa e 70 °C, respectivamente. O sistema consiste basicamente em um
cilindro de 40 mm de didmetro com a parte inferior conica e ao final uma saida para a retirada
dos produtos e substratos das reacBes (F). Além disso, o sistema de fechamento, vedac&o,
aquecimento, entrada e saida de CO, e a posi¢do do termopar e do manémetro sao idénticos

aos da célula em batelada.

I
N /

N

=

VISTA FRONTAL SECAO A-A

2

Figura 22 - Vista frontal e corte AA do separador da unidade de reacdo quimica. A — Volume
interno Util de 250 mL; G — Gaxeta de vedacéo de poliuretano; F — 4 Furos passantes de rosca

NPT 1/8 OD; E e S — Entrada (E) e saida (S) de &gua na camisa de aquecimento, espigao.
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I Manual de Operacdo da Unidade de Reacdes Quimicas

I1. I Operacdo em Modo Batelada

O procedimento operacional padrdo do equipamento de reacfes quimicas

utilizando CO, supercritico em modo batelada (reator em batelada) é descrito conforme as

etapas a seguir:

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)

16)
17)

18)
19)
20)

Ligar o banho de refrigeragdo (-5 °C);

Ligar o banho de aquecimento e ajustar a temperatura desejada;

Ligar o aquecimento da valvula micrométrica;

Ligar o indicador de temperatura;

Ligar os manometros;

Mandmetro 1: Indica a pressdo do reservatorio de CO;

Manometro 2: Indica a pressdo apds a bomba pneumatica;

Manbmetro 3: Indica a pressédo do reator;

Verificar se 0 compressor de ar esta ligado;

Insercdo das amostras, meio reacional ou catalisadores;

Inserir graxa de silicone na vedacdo do reator (gaxeta azul), em pequenas quantidades;
Inserir a tampa do reator;

Alinhar as trés conexdes da tampa;

Fechar o reator (sentido horario);

Conectar primeiramente o termopar (sentido horario), rosquear com a mao e depois com
a chave de boca de '%’. Utilizar uma chave de fenda no sentido oposto para a tampa nao
rodar.

Conectar as demais conexdes da mesma maneira que a anterior.

Fechar as conexdes de entrada e saida ligam-se a linha principal. A primeira conexao
utilizar a chave de rosca 3/8’ no sentido anti-horério. A segunda conex&o utilizar a
chave de rosca de 1/2’ movimento horario e a chave de rosca de 7/16’;

Conferir se as valvulas de entrada e saida estéo fechadas;

Ligar o agitador;

Verificar a abertura da valvula micrométrica (pouco aberta) - movimento anti-horério

para abrir; Essa valvula nunca deve ser totalmente fechada;



21)
22)
23)
24)
25)
26)
27)

28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
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Abrir o cilindro de CO, (abre no sentido anti-horario e fecha no sentido horario);
Abrir a valvula de alimentacéo;

Abrir a valvula de entrada de CO; no reator em batelada.

Aguardar o equilibrio entre a presséo do cilindro e do reator;

Verificar se tem vazamento nas conexdes;

Abrir o fluxo de ar comprimido;

Abrir a valvula de ar comprimento, valvula de regulagem do booster (abre no sentido
horério e fecha no sentido anti-horéario);

Regular a pressao desejada;

Fechar a valvula de entrada de CO, quando atingir a pressdo desejada;
Fechar a valvula de ar comprimento;

Marcar o tempo desejado;

Conectar o frasco de coleta a saida da valvula micrométrica;

Apds o termino do processo, abrir a valvula de saida de CO; do reator;
Desligar o agitador;

Abrir a valvula de saida, anterior a valvula micrométrica;

Regular a valvula micrométrica de acordo a vazdo desejada;

Aguardar a despressurizacdo do reator;

Ap0s a despressurizacdo fechar as valvulas abertas;

Efetuar a abertura do reator;

Desligar o equipamento;

Fechar o cilindro de COy;

Fechar a o fluxo de ar comprimido;

Efetuar a despressurizacéo total do sistema;

Desligar os equipamentos e acessorios;

Retirar todos os equipamentos dos interruptores;
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I1. 11 Operagédo em Modo Continuo

O procedimento operacional padrdo do equipamento de reacdo quimica utilizando

CO, supercritico em modo continuo é descrita conforme as etapas abaixo:

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)

17)

18)
19)

20)
21)
22)

23)
24)

Ligar o banho de refrigeracéo (-5 °C);

Ligar o banho de aquecimento do reator e ajustar a temperatura desejada;

Ligar o banho de aquecimento do separador e ajustar a temperatura desejada
Ligar o aquecimento da valvula micrométrica;

Ligar o indicador de temperatura;

Ligar os manometros;

Manometro 1: Indica a pressdo do reservatorio de COy;

Manometro 2: Indica a pressdo apds a bomba pneumatica;

Manometro 4: Indica a presséo do reator;

Manometro 5: Indica a presséo do separador;

Ligar as bombas de HPLC e ajustar as vazdes desejadas;

Verificar se 0 compressor de ar esta ligado;

Carregar o reator com a enzima,;

Estabilizar o sistema somente com CO; na pressdo do cilindro;

Comecar a estabilizacdo em uma pressdo menor que a de trabalho;

Aumentar a pressao do sistema reator aos poucos como o ajuste da valvula back-
pressure V1 e a valvula de ar comprimento do booster;

Controlar a presséo do sistema separador atravées da valvula back-pressure V1 e a
valvula micrométrica;

Ajustar a vazdo de CO,, temperaturas e pressdes desejadas;

Monitorar a frequéncia de ciclos da bomba de CO, (booster), sendo que quanto maior
for a frequéncia maior sera a vazao de solvente;

Aguardar o tempo de estabilizacéo;

Bombear os reagentes para dentro do sistema;

Coletar as amostras do separador em tempos pré-determinados através da valvula de
saida do separador;

Apds o termino do tempo de processo parar 0 bombeamento de substratos;

Bombear CO; puro para remover 0s substratos remanescentes na linha;



25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
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Fechar a valvula de ar comprimento;

Fechar a valvula de entrada de CO;

Aguardar a despressurizacdo do reator e do separador;
Apos a despressurizacao fechar as valvulas abertas;
Efetuar a abertura do reator;

Desligar o equipamento;

Fechar o cilindro de COy;

Fechar a o fluxo de ar comprimido;

Efetuar a despressurizacéo total do sistema;

Desligar os equipamentos e acessorios;

Retirar todos os equipamentos dos interruptores;
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11 Normalizacdo e Analise dos Dados de FT-IR

Os dados obtidos pela técnica de espectroscopia de infravermelho por
transformada de Fourier (FT-IR) foram processados, normalizados e analisados através dos

algoritmos apresentados nessa seccao.

Algoritmo — Normalizacdo e Andlise dos Dados de FT-IR

% Abrindo conteudo de um arquivo .spc (FT-IR) no MATLAB
clear all;

clc;

out=tgspcread('nl.spc');
outl=tgspcread('n2.spc');
out2=tgspcread('ll.spc');
out3=tgspcread('1l2.spc');
outé4=tgspcread('el.spc');
outS5=tgspcread('e2.spc');
x=[out.Y,outl.Y,out2.Y,out3.Y,outd.Y,out5.Y]";
[N,Co]l=size (x);

numl=out.X"';

% Normalizacéao

soma=sum(x"') ; $soma no comprimento de onda
quad=soma."2;

B=((quad).”(1/2))"';

for i=1:6

xnor (i, :)=x(i,:)/B(i,:); $vetor linha / direita
end
somal=sum(x) ; $soma no comprimento de onda

aim=(1/N) * (somal) ;
j=length (aim) ;

for i=1:j
quadl (:,i)=((x(:,1i)-aim(:,1)).7%2).~(1/2);
end
somaz2=sum (quadl) ;
for i=1:3j

xnorl (:,1i)=x(:,1i)/soma2(:,1);

$Centrando na média
xm=mean (x) ;
for i=1:6
xmc (1, :)=x (i, :)-xm;
end
xl=[out.X,xmc(1l,:)"',xmc(2,:)"',xmc(3,:)",xmc(4,:)"',xmc(5,:)",xmc(6,:)"'];
x2=x1(x1<2000&x1>1500,:)"';
xmca=x2 (2:4,:);
num=x2 (1, :);
%$2° derivada
dx2=deriv (xmc,2,17,2);
$MSC (correcdo de espalhamento multiplicativo)
xmsc=msc (xnor,1,1932);

1mi=1200;

1ma=1800;

subplot (2,2,1);

plot (out.X,out.¥(:,1),'-b',outl.X,outl.Y¥(:,1),"'-b',out2.X,out2.Y(:,1),"'-g"...
,out3.X,out3.Y(:,1),"'-g',outd.X,outd.Y(:,1),"'-r',outb5.X,outs5.Y(:,1),"'-x");
grid off;
title ('Nao-Normalizado')
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axis([1lmi,1lma,0,1007);
set (gca, 'XDir', 'reverse');
ylabel ('Transmitance (%) ")
xlabel ('Wavenumbers (cm-1)
subplot (2,2,2);
plot (numl,dx2(1,:),"'-b',numl,dx2(2,:),"'-b',numl,dx2(3,:),"'-g'...
,numl,dx2(4,:),'-g',numl,dx2(5,:),"'-r',numl,dx2(6,:),"'-r");
grid off;
title('Derivative computation by using the Savitsky-Golay');
axis([1lmi,1lma,-0.6,0.61);
set (gca, 'XDir', 'reverse');
xlabel ('Wavenumbers (cm-1)");
subplot (2,2,3);
plot (out.X,xnor(1l,:),'-b',outl.X,xnor(2,:), " '-b',out2.X,xnor(3,:),'-g'...
,out3.X,xnor(4,:),"'-g',outd4.X,xnor(5,:),"'-r',out5.X,xnor(6,:),"'-r'");
grid off;
legend ('N1','N2','L1','L2','E1', 'E2",4);
legend('boxon') ;
title('Normalizado')
axis([1lmi,1lma,0.le-4,7e-4]);
set (gca, 'XDir', 'reverse');
xlabel ('Wavenumbers (cm-1)");
subplot (2,2,4);
plot (out.X,xmsc(l,:),"'-b',outl.X,xmsc(2,:),"'-b',out2.X,xmsc(3,:),"'-g'...
,out3.X,xmsc(4,:),"'-g',outd.X,xmsc(5,:),"'-r',out5.X,xmsc(6,:),"'-r");
grid off;
legend('boxon') ;
title('Correcédo de espalhamento multiplicativo-MSC')
axis([1lmi,1lma,0.le-4,7e-4]);
set (gca, 'XDir', 'reverse');
xlabel ('Wavenumbers (cm-1)");

7
'

) i

%$Salvando em .xls (Excel)

oo

A=[out.X,out.Y¥Y(:,1),outl.X,outl.¥(:,1),out2.X,out2.Y(:,1),...
out3.X,out3.Y(:,1),outd.X,outd.¥(:,1),outs5.X,out5.Y(:,1)1;

C=[out.X,xnor(l,:)',outl.X,xnor(2,:)"',out2.X,xnor(3,:)"',...
out3.X,xnor (4,:)"',outd.X,xnor(5,:)"',out5.X,xnor(6,:)"'];

xlswrite('date FTIR.xls',6A);

xlswrite('date FTIR norm.xls',C);
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function [dx] = deriv(x,der,window,order) (BRUSSEL, 2015)

S#
% function [dx] = deriv(x,der,window,order)

AIM: Derivative computation by using the Savitsky-Golay
S# algorithm.

% PRINCIPLE: Differentiation by convolution method.

INPUT: x - Data Matrix: (nxm) n spectra m variables
der - (1x1) degree of the derivative;
it must be <= order

SH# window - (optional), (1x1l) the number of points
SH# in filter, it must be >3 and odd
SH# order - (optional), (1x1l) the order of the polynomial
SH It must be <=5 and <= (window-1)
SH
%$# OUTPUT: dx - Matrix of differentiated function (nxm)
%# SUBROUTINE:
S# weight.m
S# genfact.m
SH grampoly.m

AUTHOR: Luisa Pasti

Copyright (c) 1997 for ChemoAc
FABI, Vrije Universiteit Brussel
Laarbeeklaan 103 1090 Jette
Modified program of
Sijmen de Jong
Unilever Research Laboratorium Vlaardingen

VERSION: 1.1 (28/02/1998)
% TEST: Kris De Braekeleer

function dx = deriv(x,der,window, order)
[nr,ncl=size (x);
if (nargin<4)

order = 2;

disp(' Polynomial order set to 2')
end
if (nargin<3)

window=min (17, floor (nc/2));

disp([' Windows size set to ',num2str (window)]);
end
if (nargin<?2)

disp(' function dx = deriv(x,der)"')
end

m = fix(window/2);
p = round(window/2) ;

o=order;

for i=1l:window

i0=i-p;
for j=l:window,
30=3-p;
w(i,j)=weight (10,30, m,0,der);
end
end
yr(:,1l:m)=x(:, [l:window])*w(:,1:m); % First window
for i=1:(nc-2*m) % Middle
yr(:,i+m)=x(:, [i: (1+2*m)]) *w(:,p);
end
a=nc-2*m; % Last window
yr(:, (nc-m+1l) :nc)=x(:,a:nc)*w(:,ptl:window) ;
dx=yr;

end




function [xmsc,me,xtmsc]=msc(x,first,last,xt) (BRUSSEL, 2015)

o°

o

function [xmsc,me,xtmsc]=msc(x,first,last, xt)

o

e

AIM: Multiple Scatter Correction:
To remove the effect of physical light scatter
from the spectrum. (Compensation for particle size
effects.)

oC o o° o

o°

PRINCIPLE: Each spectrum is shifted and rotated so that it fits
as closely as possible to the mean spectrum of the data.
The fit is achieved by LS (first-degree polynomial) .
The correction depends on the mean spectrum of the
training set.

o° o o o o

o

INPUT: x: (m x n) matrix with m spectra and n variables
first: first variable used for correction
last: last variable used for correction
(A segment is selected which is representative for the
baseline of the spectra.)
xt: (mt x nt) matrix for new data (optional)

oe oP

o°

oe oP

o°

OUTPUT: xmsc: (m x n) matrix containing the spectra after
correction with msc
me: mean spectrum (1 x n) of x
xtmsc: (mt x nt) matrix containing the new spectra after
correction with msc

o o o o oo

o

AUTHOR: Andrea Candolfi
Copyright (c) 1997 for ChemoAC
FABI, Vrije Universiteit Brussel
Laarbeeklaan 103 1090 Jette

o oo o°

o

VERSION: 1.1 (28/02/1998)

o° oo

oe

TEST: Roy de Maesschalck, Menghui Zhang (2002)

o
oS S S e Sk S S S S S ok o S Sk R S e 9k Sk ok ok S Sk 9 HE e 9 9 e ok #E e 9 HE

o

function [xmsc,me,xtmsc]=msc (x,first,last,xt);

if nargin==1;
first=input ('The first variable for the correction: ');
last=input ('The last variables for the correction: '");
end

[m,n]=size (x);
me=mean (x) ;

for i=1:m, % for the x data

p=polyfit (me(first:last),x(i,first:last),1); % least square fit between mean
spectrum and each spectrum (first-degree polynomial)

xmsc (i, :)=(x(i,:)-p(2)*ones(l,n))./(p(l)*ones(l,n)); % each spectrum is corrected
end
if nargin ==4; % correction of new data by using the mean

spectrum from x.
[mt,nt]=size (xt);
for i=1l:mt,

p=polyfit (me(first:last),xt (i, first:last),1); % least square fit between mean
spectrum and each new spectrum (first-degree polynomial)
xtmsc (i, :)=(xt(i,:)-p(2)*ones(1l,n))./(p(l)*ones(l,n)); % each new spectrum is
corrected
end

end

end
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Os dados obtidos para taxa de reacdo de eugenol foram ajustados ao modelo de

Ping-Pong Bi-Bi através do algoritmo apresentado a seguir.

Igoritmo — Ajuste ndo-linear do modelo de Ping-Pong Bi-Bi

Ajuste ndo-linear do modelo de Ping-Pong Bi-Bi
% Universidade Estadual de Campinas - UNICAMP
% Departamento de Engenharia de Alimentos
% Laboratdério de Alta Pressdo em Engenharia de Alimentos - LAPEA
% Autor: Philipe dos Santos
% Email: philipe.dsn@gmail.com

clear all;clc;clf
format long

global R CS fun
data=xlsread('data');
R=(data(:,1)");

oo

variaveis globais

planilha de dados

taxa de reacdo para A e B mol/l.g
CS=(data(:,2:3)"); concenracdo de substratos [A] e [B] em mmol/1l
fun=@ping; define a fungdo a ser ajustada

int=1000000; % numero de iteracdes

n=length (R) ;

$Estimativa inicial dos parametros,

o e

o0 oo

=[Vmax, Kma, Kmb] ;
[0.0045,0.016,0.1475];

options = optimset ('Diagnostics', 'on', '"MaxFunEkEvals',100000, ...

'MaxIter',int, 'TolFun',le-20, 'TolX"',1e-20, 'Display’', 'iter");
[xsol, fsol]l=fmincon(@fobj,BO,[]1,[],[]1,[],L,U, 'confun',options);
Rcal=fun (CS, xsol) ;

$Saida - Plotagem
figure (1)
plot(Cs(l,:),R,"b*'",CS(1,:),Rcal, 'bo");

disp('vmax = "); disp(xsol(1l));disp('mmol/g.s");
disp('Kmb = ');disp(xs0l(3));disp('mmol/1");
disp('Kma = ");disp(xsol(2));disp('mmol/1");
disp('SS = ");disp(fsol);

x1lswrite ('preditos.xls', [Rcal']l);

[y]l=fun (CS,xsol);

vl=y;

for i=1:n

arrd=((sum( (abs(CS(i)-y(i))/CS(i))))*100/n);
end

disp (arrd) ;

o

S




unction R=ping(y,B)

% Modelo de Ping-Pong Bi-Bi

% Lipase-catalyzed production of a biocactive terpene ester in supercritical
% carbon dioxide

% Inibicdo do substrato A

% B(l) = vmax (mmol/g.min)

% B(3) = KmB (mmol/1)

% B(2) = KmA (mmol/1)

% y(l) = concentracao de substrato [A] (mmol) - Anidrido Acético
y(2) = concentracao de substrato [B] (mmol) - Eugenol

function R=ping(y,B)

n=length(y);

for i=l:n
R(L,1)=0((B(1)*y(1,1)*y(2,1))/ ((B(2)*y(2,1)+B(3) *y(1,1)+y(1,1)*y(2,1))))];
end

end

function f=fobj(B)

o0

oo

Fung¢do Objetivo ((sum((abs(CS(i)-y(i))/CS(i))))*100/n)
Soma dos Quadrados sum((R(1,i)-y1(1,1i))"2))

oe

o

function f=fobj (B)
global R CS fun
n=length (R) ;

[yl=fun(CS,B);
yl=y;
£=0;
for i=1:n
f=f+sum ((R(1,1i)-y1(1,1))"2);
end
end

function [c, ceq] = confun(B)

function [c, ceq] = confun(B)

% Nonlinear inequality constraints
c = [1];

% Nonlinear equality constraints
ceq = [];

end
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V Ajuste ndo-linear do modelo de Ping-Pong Bi-Bi Il

Os dados obtidos para as concentragdes de produtos e reagentes nas reagfes de
acetato de isoamila foram ajustados ao modelo de Ping-Pong Bi-Bi juntamente com a equagéo
diferencial para um reator batelada ideal, através do algoritmo apresentado a seguir.

Algoritmo — Ajuste ndo-linear do modelo de Ping-Pong Bi-Bi

% Ajuste ndo-liner do modelo Ping-Pong Bi-Bi a equacgdo diferencial de um
% reator em modo batelada - Obtencdo de paramétros cinéticos;

% Universidade Estadual de Campinas - UNICAMP

% Departamento de Engenharia de Alimentos

% Laboratdério de Alta Pressdo em Engenharia de Alimentos - LAPEA

% Autor: Philipe dos Santos

% Email: philipe.dsn@gmail.com

% int = numero de iteracdes [tamanho da matriz da estimativa inicial]
5 P = numero de parametros numero de parametros do modelo
S 1w = limite inferior dos valores da estimativa inicial

% up = limite superior dos valores da estimativa inicial

% @ chute = funcgdo para o calculo da estimativa inicial

% BOupper = limite superior dos paramétros no ajuste de BOBYQA
% BOlowe = limite inferior dos paramétros no ajuste de BOBYQA
% data = planilha de dados

% time = tempo em minutos

$ x0 = condicdo inicial (t=0) em mol/l

% CS = concenracdo de substratos mol/1l

% enz = massa de enzima em gramas por volume do reator

% fun = define a funcdo a ser ajustada

o

clear all;clc;clf

format long

close

global time CS enz x0 fun optionsl n j
data=xlsread('data');

time=data(:,1)"';

x0=data(1,2:5);

CS=(data(:,2:5)
enz=(1.87);
fun=@ping 4;

') ;

optionsl = odeset('RelTol',le-5, 'AbsTol',1le-5, '"NormControl', 'on'
n=length (time) ;
j=length (x0) ;

up=le2;

for k=1l:int
BOupper=up* (lel) .*ones (p, 1) ;
BOlower=(le-3) .*ones (p,1);

svOptions = struct('display', 'none', 'rho end', le-6, 'maxFunEval', 1000);




[fsol(:,k), xsol(: k)]—bobyqa(@fobj, BO(k,:), BOlower, BOupper, svOptions);

disp([ Numero de iteracdes = ',num2str(k),' de ', num2str(int)...
, e ', ' Fobj = '",num2str(fsol(:,k))]);

end

[min, ind]=min (fsol) ;

[m,g]l=ind2sub (size (fsol),ind);

% RESOLUCAO DA EDO - CALCULO DOS PRODUTOS: BALANCO DE MASSA/CONVERSAO

[sol]=o0de23s (fun, time,x0, [],xs0l(:,g),optionsl);
y=deval (sol, time)

Conv=((1-((CS( )/x0(1,1))))*100);
Convsol= ((1—((y( ,.)/xO(l,l))))*lOO);
% SAIDA - PLOTAGEM - PLANILHA EXCEL

subplot (1,2,1);

plot (time,y, 'b-", (time) ,CS, "r*");

xlabel ('Tempo (minutos)'");

ylabel ('Concentracdo (mol/1)

title('Simulacédo Modelo de Ping-Pong Bi-Bi');
subplot(1,2,2);

plot (time,Conv, '"b*', time,Convsol, 'b--");

xlabel ('Tempo (minutos)');

ylabel ('Conversdo (%) ");

title('Simulagcéo Modelo de Ping-Pong Bi-Bi');
disp('--=====——- RESULTADOS-——==———=——— ")
disp(['vmax = ',num2str(xsol(l,qg))," mol/g.min']);
disp(['Kma = ',num2str (xsol(2,q9))," mol/1']);
disp (['Kmb = ,num25tr(xsol(3 g))," mol/1"'])
disp(['Keg = ',num2str(xsol(4,q9))," ad.']);
disp(['SSQ = '",num2str(fsol(:,q9))]1);
xlswrite ('preditos.xls', [time',CS',y']);
xlswrite('preditos con.xls', [time',Conv',Convsol']);

xlswrite ('xsol.x1ls', [fsol',xso0l']);
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function dcdt=ping_4(t,y,B,options1)

o

o\

% Modelo de Ping-Pong Bi-Bi

% B(l) = vmax (mol/g.min)

$ B(2) = Kma (mol/1)

% B(3) = Kmb (mol/1)

% B(4) = Keq (mol/1)

% y(l) = concentracao de substrato [B] (mol) - Alcool Isoamilico
% y(2) = concentracao de substrato [A] (mol) - Anidrido Acetico
% yv(3) = concentracao de substrato [P] (mol) - Acetato de Isocamila
% y(4) = concentracao de substrato [Q] (mol) - Acido Acetico
function dcdt=ping 4(t,y,B,optionsl)

global enz

dcdt=zeros (4,1);

dedt (1) =-enz* ((B(1)* ((y(1)*y(2))-
((y(3)*y(4))/B(4)))/(B(2)*y (1) +B(3) *y (2)+y (1) *y(2))));

decdt (2) =—enz* ((B(1)* ((y(1)*y(2))-
((y(3)*y(4))/B(4)))/(B(2)*y (1) +B(3) *y (2)+y (1) *y(2))));

dedt (3) =enz* ((B(1)* ((y(1)*y(2))-
((y(3)*y(4))/B(4)))/ (B(2)*y (1) +B(3) *y (2)+y (1) *y(2))));

dedt (4) =enz* ((B(1)* ((y(1)*y(2))-
((y(3)*y(4))/B(4)))/(B(2)*y (1) +B(3) *y (2)+y (1) *y(2))));

end

% Funcgdo para calculo da matriz com as estimativas iniciais
% int = Numero de iteracdes [Tamanho da matriz BO]

% 1w Limite inferior para os valores de BO

% up = Limite Superior para os valores de BO

% p = Numero de paramétros do modelo [Tamanho da matriz BO]

function [BO] = chute (int,lw,up,p)
% BO=(up-lw) .*abs (rand(int, 4))+1lw;
% BO=randi ([lw up],int,4);
BO=(up-1w) . *abs (randn (int,p)) +1lw;
E

function [B0] = chute(int,lw,up,p)

oo

oe

Funcdo Objetivo
ARRD

\© o\°

function f=fobj (B)
global time CS x0 fun optionsl n j

[sol]l=o0de23s (fun, time, x0, [],B,optionsl) ;
yl=deval (sol, time) ;

% Conv=(100-((CS(1,:)/x0(1,1))*100));

% Convsol=(100-((yl(l,:)"'/x0(1,1))*100));

£=0;
for 1=1:3j
for i=1:n
f=f+ (sum(((CS(l,1)-yl(1,1))"2)));
Sf=f+ (sum((((abs(CS(1l,i)-y1(l,1))/CS(1l,1))*(100/n)))));
Sf=f+ (sum( (Conv'-Convsol) ."2));
end
end

end




function [nF_opt, vX_opt] = bobyqga(sObjFunName, vX opt, vX I, vX_ u, svOptions)

function [nF opt, vX opt] = bobyqga(sObjFunName, vX opt, vX 1, vX u,
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oe

The BOBYQA algorithm for bound constrained optimization without
derivatives by M.J.D. Powell

—=== License ====

Copyright (c) [2014] [Karlsruhe Institute of Technology
Institute of Engineering Mechanics]

Permission is hereby granted, free of charge, to any person obtaining a
copy of this software and associated documentation files (the
"Software"), to deal in the Software without restriction, including
without limitation the rights to use, copy, modify, merge, publish,
distribute, sublicense, and/or sell copies of the Software, and to permit
persons to whom the Software is furnished to do so, subject to the
following condition:

* The above copyright notice and this permission notice shall be
included in all copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EXPRESS
OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN
NO EVENT SHALL THE AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM,
DAMAGES OR OTHER LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR
OTHERWISE, ARISING FROM, OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE
USE OR OTHER DEALINGS IN THE SOFTWARE.

==== Preparation ====

This file uses the dlib C++ implementation of BOBYQA.

To use the algorithm, the mex file has to be compiled for the specific
archtecture of your computer. Please refer to the official MATLAB help
for further details.

You need three files to run the algorithm:

* This file, which executes the mex file, defines default parameters,
updates the screen during the iterations and enables the C++
algorithm to evaluate MATLAB objective functions.

* The file "bobyga alg.cpp" which contains the C++ source code defining
a gateway between MATLAB and the dlib library containing the
algorithm.

* The dlib library containing the C++ source files with the BOBYQA
algorithm. Successful compilation requires a copy of the (sub)folder
"/dlib" in the same directory as the other two files.

You can download the dlib library at http://dlib.net

The function will display the necessary commands for compilation in case
of an error.
==== Execution ====
This file sets defaults for the BOBYQA parameters (if not specified) and
executes the mex function. The mex function itself calls this file to
evaluate the MATLAB objective function during the iterations.
Input parameters:

* sObjFunName string/function handle name of the objective function

* vX opt vector initial optimization vector

* vX 1 vector (optional) lower bounds for optimization

svOptions)
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oe

default: -1e100 (no bound)

oe

oe

* vX u vector (optional) upper bounds for optimization
default: 1el00 (no bound)

oe

oe

% * svOpts structure options for display/algorithm
% .display display mode:

% 'none': no output during iterations

% 'iter': (default) output after every step
% .npt number of points for quadratic approximation
% default: 2*n + 1

% .rho_beg initial trust region radius

% default: 10

% .rho_beg final trust region radius

% default: le-6

% .maxFunEval maximum number of function evaluations

oe

default: 1000

oe

oe

Output parameters:

oe

oe

* nF opt scalar value of objective function for final step

oe

oe

* vX opt vector final optimization vector

oe

oe

If the optional parameters are not specified, the default values are set.
If only one of the bounds (vX 1 or vX u) is specified, the default is set
for both bounds!

o0 d° oe

oe

The file uses a persistent variable to save previous results for display
purposes. If a critical error occurs during the evaluation and the
function is not exited properly it could be possible, that the persistent
variable is not deleted properly. In this case make sure the input
variable "sObjFunName" is a function handle in the next iteration!

o AP o° o° o oP

oe

==== Example ====

oe

oe

To test the algorithm you can run the following MATLAB code as example:

oe

oe

fprintf ("\n\n>>> First run:\n\n');
fhTestfun = @ (vX) norm(vX-[3;5;1;7]1);

oe

% vX opt = [-4;5;99;3];
% vX 1 = -1lelOO*ones(4,1);
S vX u = 1lelOO*ones(4,1);

oe

svOptions = struct('display', 'iter', 'npt', 9, 'rho beg', 10,
'rho end', le-6, 'maxFunEval', 100);
[nF _opt, vX opt] = bobyga(fhTestfun, vX opt, vX 1, vX u, svOptions)
fprintf ("\n\n>>> Second run:\n\n');
svOptions = struct('display', 'none', 'npt', 9, 'rho beg', 10,
'rho end', le-6, 'maxFunEval', 1000);
[nF _opt, vX opt] = bobyga(fhTestfun, vX opt, vX 1, vX u, svOptions)

A o o° o oo

oe

narginchk (2, 5);
nargoutchk (0, 2);

o)

% Persistent variable for output during evaluation
persistent svOpts;

try
if isempty(svOpts) || isa(sObjFunName, 'function handle') % => first call

to function -> initialization

%% Call BOBYQA ALG mex function

nN = numel (vX opt);

% Set default options if necessary
svOpts = struct('display', 'iter',

'npt', 2*nN+1,




'rho beg', 10,
'rho end', le-6,
'maxFunEval', 1000);
if nargin == 5
cOpts = {'display', 'npt', 'rho beg', 'rho end', 'maxFunEval';
for i = l:numel (cOpts)
if isfield(svOptions, cOpts{i)
svOpts. (cOpts{i) = svOptions. (cOpts{i);
end
end
end

o)

% Hold display variables
svOpts.nFunEval = 0;

if ~exist('vX 1','var') || ~exist('vX u','var') || isempty(vX 1) ||
isempty (vX u)
vX 1 = -1lelOO*ones(nN,1);

vX u = 1lelOO*ones(nN,1);
end

if isa(sObjFunName, 'function handle')
sObjFunName = func2str (sObjFunName) ;
end

% Call mex function

try
[nF_opt, vX opt] = bobyga alg(sObjFunName, vX opt, nN, svOpts.npt,
vX 1, vX u, svOpts.rho beg, svOpts.rho end, svOpts.maxFunEval);
catch ME
fprintf (['\n\n', 'An error occured trying to evaluate the

BOBYQA ALG mex function.', '\n',

'Tf the error perisits try to recompile the mex function
for your system.', '\n',

'Navigate to', '\n\n'

' ', strrep(mfilename ('fullpath'), "\', "\\"), '\n\n',

'and use the command', '\n\n',
! mex (strcat (''-I"''",pwd,"'""'"), ''bobyga alg.cpp'')',
"\n\n']);
rethrow (ME) ;
end

else
%% Evaluate ojective function if called by BOBYQA ALG
if nargout < 2 && nargin ==
fhObjFun = str2func (sObjFunName) ;
nF _opt = fhObjFun (vX opt);
status_display ()
return;
end
end
catch ME
% Clear persistent variable in case of unsuccessful previous run
clear svOpts;
rethrow (ME) ;
end

o)

% Clean up
clear svOpts;

%% Subfunctions

function status display ()

% STATUS DISPLAY Displays the status in the Matlab command window depending
% on the 'display' option set in the options.
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switch svOpts.display
case 'none'
case 'iter'

if mod(svOpts.nFunEval, 30) == 0
fprintf (['"\n', 'FunEval ObjFunval Norm of step
Rel norm step', '\n'l);
end

svOpts.nFunEval = svOpts.nFunEval + 1;
if isfield(svOpts, 'vX last')
sNormStep = sprintf('%12.8e', norm(vX opt - svOpts.vX last));

sRelStep = sprintf('%12.8e', norm(vX opt -
svOpts.vX last)/svOpts.rho_end);
else
sNormStep = ' 'y
sRelStep ="' 'y
end
fprintf ([sprintf('$7.1u', svOpts.nFunEval), ' ',
sprintf ('%12.8e', nF opt), ' ',
sNormStep, ' Y,
sRelStep,
'"\n']);
svOpts.vX last = vX opt;
otherwise
fprintf ('Unknown display setting. Display set to ''none''.');
svOpts.display = 'none';
end
end
end

end
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Figura 23 — Curva padréo para a determinacdo por cromatografia gasosa do composto acetato
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Figura 25 — Curva padrdo para a determinacdo por cromatografia gasosa do composto alcool

isoamilico.
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VIl Cromatogramas
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Figura 28 — Cromatograma (CG-FID) tipico obtido nas analises de quantificacdo de eugenol

(tempo de retengédo de 25 min.) e acetato de eugenila (tempo de retencdo de 32,3 min).
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Figura 29 — Cromatograma (CG-FID) tipico obtido nas andlises de quantificacdo de acetato de
isoamila (tempo de retencdo de 8 min.), alcool isoamilico (11,1 min.), anidrido acético (11,8

min.) e acido acético (18,7 min.).
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