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RESUMO

Os ésteres de acido levulinico (AL) s&do de grande importancia devido as suas
diferentes aplicagbes como agentes aromatizantes, lubrificantes, fragrancias e
plastificantes. O presente estudo consistiu na produgdo enzimatica de éster de acido
levulinico por esterificacdo enzimatica empregando alcool isoamilico (Al). As reagbes
foram catalisadas por uma lipase comercial de baixo custo (Eversa® Transform 2.0)
imobilizada em esferas mesoporosas de poliestireno-divinilbenzeno (PSty-DVB) via
ativagao interfacial (adsorgao por interagées hidrofébicas). A imobilizagao foi realizada
em baixa forga idnica (tampdo 5 mmol.L"' de acetato de sédio pH 5,0) a 25°C
empregando um carregamento inicial de proteina de 40 mg.g~' de suporte. O processo
de imobilizagao foi acompanhado pela concentragao de proteina e atividade hidrolitica
desaparecidas no sobrenadante. Inicialmente, foi testada a sua atividade catalitica na
produgdo do éster em meios de solvente organico e comparada com a reagao
realizada em meio isento de solventes. Em seguida, foi proposto um
planejamento composto central rotacional (DCCR) com duas variaveis independentes
(concentragao do biocatalisador e temperatura de reagéo) para avaliar a influéncia na
produgao do éster em termos de porcentagem de conversao e produtividade que
foram tomadas comovariaveis dependentes (respostas). Foi também avaliada a
influéncia da razdo molar AL:Al e tempo de reagao acordo. Nas condi¢des 6timas de
reacao, foram realizados testes de reuso do biocatalisador preparado apds sucessivas
bateladas de reacdo. De acordo com os resultados obtidos, a maxima concentracao
de proteina imobilizada de 31,2 + 2,8 mg g™ e um rendimento imobilizagdo de =83%
foi obtido. Esse resultado satisfatério se deve a alta area superficial e diametro de
poros do suporte testado. A producgao de levulinato de isoamila foi favorecida com a
adicao de solventes organicos no meio de reacgao. Dentre os solventes testados, a
maxima producao do éster foi obtida usando metil-isobutil-cetona (MIBC). Nas
condicbes 6timas de reacao, a conversao maxima da ordem de 65%, foi obtida apds
12 h de reagéo a 40°C empregando concentragdo de biocatalisador de 20% m.m' e
razao molar AL:Al de 1:1,5 em meio de MIBC. A estratégia proposta nesse estudo
mostrou ser bastante promissora, pois trata-se de um processo sustentavel e utiliza

uma lipase de baixo custo imobilizada como biocatalisador.

Palavras-chave: Ester de &cido levulinico; Biorrefinaria; Imobilizacdo de lipase;
Eversa® Transform 2.0; Esterificacgéo.



ABSTRACT

Levulinic acid esters are organic compounds of great importance due to their variety
of applications such as flavoring components, lubricants, flavors and polymer
plasticizers. Moreover, they can also be applied in the blending of biofuel components.
The present study consisted of the enzymatic production of levulinic acid ester through
enzymatic esterification of levulinic acid (LA) and isoamyl alcohol (lIA). In this study,
the reactions were catalyzed by a low-cost comercial lipase (Eversa® Transform 2.
Transform 2.2.) immobilized via mechanism of interfacial activation (hydrophobic
interactions) on mesoporous polystyrene-divinbenzene (PSty-DVB) particles. The
immobilization process was performed at low ionic strength (5 mmol.L-1 buffer sodium
acetate pH 5.0) at 25 °C using an initial loading of 40 mg protein g-1 support. The
adsorption was monitored by determining protein concentration and hydrolytic activity
in the supernatant solution at equilibrium. The influence of several organic solvents on
the ester production was initially investigated and then compared with a solvent-free
system. After selecting the most suitable organic solvent, a central composite rotatable
design (CCRD) was performed to examine the influence of biocatalyst concentration
and temperature on the acid conversion percentage and productivity. Maximum protein
loading of 31.2 £ 2.8 mg.g-1 of support and immobilization yield of =83% was reached.
These results are due to high average surface area and large pore size of the support
that allows immobilize a large amount of protein on both external and internal surfaces.
The use of polar organic solvents was a crucial approach for producing isoamyl
levulinate using the prepared heterogeneous biocatalyst. According to results,
esterification reactions performed in a methyl isobutyl ketone (MIBK) medium gave the
highest acid conversion percentage. Maximum acid conversion percentage of =65%
was achieved after 12 h of reaction at 40 °C using a biocatalyst concentration of 20%
m.m-1 and LA:IA molar ratio of 1:1.5 in a MIBK medium. The proposed
experimental procedure can be a promising strategy to sustainably produce a valuable
industrial ester (isoamyl levulinate) from biomass-based materials using a low-cost

commercial immobilized lipase as potential biocatalyst.

Keywords: Levulinic acid ester; Biorefinery; Lipase immobilization; Eversa® Transform

2.0; Esterification.
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1 INTRODUGAO

Ao longo da historia, com o desenvolvimento humano e o tecnoldgico,
principalmente nos ultimos dez anos, o uso dos recursos naturais foi a base da
economia, resultando em mais beneficios, como mais tipos de produtos
disponiveis para consumo (COPA REY et al., 2021; DE VARGAS MORES et al.,
2018; LOPES GROTTO et al.,, 2020). No entanto, ao mesmo tempo que a
industrializagdo traz progresso e modernizagdo, e traz vantagens para a
organizagado e o bem-estar social, ela também produz fatores importantes que
levam ao esgotamento dos recursos naturais (DE VARGAS MORES et al., 2018;
LOPES GROTTO et al., 2020). As consequéncias desses padrdes de produgcao
e consumo tém levado a sociedade a buscar por novos processos inseridos na
"tecnologia verde" que causem menos danos ao meio ambiente (DE VARGAS
MORES et al., 2018; YAP et al., 2021).

Os conceitos de biorrefinaria sdo essenciais para moldar a economia do
futuro e atender aos apelos por processos mais sustentaveis, reduzindo o uso
de matérias-primas fosseis e ndo renovaveis (BAUER; KRUSE, 2019; RAJESH
BANU et al., 2021). As biorrefinarias sao instalagdes sustentaveis, com uma
ampla gama de tecnologias de conversao, como termoquimica, bioquimica e
crescimento de micro-organismos capazes de transformar a biomassa, incluindo
residuos agricolas, materiais lenhosos, residuos solidos municipais e colheitas
de alimentos (milho, sementes oleosas, beterraba sacarina e cana), em seus
componentes mais simples (proteinas, agucares, triglicerideos, entre outros)
(BAUER; KRUSE, 2019; KAPANJI; FARZAD; GORGENS, 2021; MAZZEI et al.,
2021; RAJESH BANU et al., 2021). O principal objetivo da introdugdo do
conceito de biorrefinaria é converter produtos de base biolégica em
biocombustiveis, produtos da quimica fina, energia e produtos de valor agregado
(DA COSTA et al., 2021).

Grandes esforgos experimentais sao feitos para testar a producao de bio-
produtos derivados da lignocelulose, que estdo presentes em quantidades
abundantes no meio ambiente (ISONI et al., 2018; PRASANTH et al., 2021). A

biomassa lignocelulésica € uma das principais fontes renovaveis de carbono,
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que pode compensar/substituir matérias-primas de origem féssil (RAJESH
BANU et al., 2021).

O &cido levulinico € um dos principais produtos quimicos obtidos da
biomassa vegetal, que tem sido frequentemente sugerido como um material de
partida para um grande numero de compostos (THAKKAR et al., 2021; YA’AINI;
AMIN; ASMADI, 2012). Também é conhecido como acido 4-oxopentandico, b-
acido acetilpropiénico e c-acido etovalérico, € um importante intermediario para
produtos quimicos finos e produgdo de solventes (YA'AINI; AMIN; ASMADI,
2012; ZHOU et al., 2018). Entre produtos derivados do Acido levulinico, os
ésteres de acido levulinico sdo um importante composto de plataforma, versateis
e ampla aplicacdo. O levulinato por exemplo pode ser usado ndo apenas na
industria de perfumes, mas também como substrato para varias reacdes
organicas (TIAN et al., 2021). A producdo industrial dos ésteres de acido
levulinico, atualmente, envolve o uso de reagentes/produtos quimicos perigosos
e condicbes de temperatura de reacdo adversas que sao consideradas
metodologias ndo renovaveis, além de violarem os principios da quimica verde
e sustentavel (BADGUJAR; BADGUJAR; BHANAGE, 2020). Tais processos
ainda apresentam desvantagens como condigao altamente acida e processo de
fluxo continuo pesado, entre outros (THAKKAR et al., 2021; ZHOU et al., 2018).

Deste modo se faz necessario o uso de processos biotecnoldgicos para
mitigar os inconvenientes causados pelos processos tradicionais de produgao de
ésteres de acido levulinico. Os processos enzimaticos surgem como uma
alternativa aos processos quimicos classicos e geralmente permitem maior
eficiéncia energética e produgdo em comparagado com a rota tradicional. Outra
caracteristica que vale ressaltar € que as enzimas sao extraidas de recursos
renovaveis, sao atoxicas e seletivas evitando a formacao paralela de outros
produtos (BARBOSA et al., 2021). O uso da biocatalise, processo que aproveita
as vantagens de alta seletividade e reatividade de enzimas, pode catalisar a
transformacao de acido levulinico em varios compostos de interesse industrial
(JIA; LIU; Ql, 2020).

Para a producdo enzimatica de éster de acido levulinico é utilizada a
lipase, uma enzima amplamente utilizada para catalisar reagcoes de hidrdlise,
alcodlise, esterificagao e transesterificacdo (ZHOU et al., 2018). A aplicacao de

enzimas em processos industriais depende de seu desempenho operacional,
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porém suas aplicagdes em forma soluvel (livres) costumam ser dificultadas pela
baixa estabilidade, alto custo e inviabilidade de reciclagem e reutilizagdo em
ciclos cataliticos continuos (BARBOSA et al., 2021; ZHOU et al., 2018). Com o
intuito de superar tais desvantagens, diversas estratégias tém sido utilizadas na
imobilizagao de lipases, conferindo alta estabilidade, facilitando a recuperacéao e
permitindo sua reutilizacdo em etapas de reciclo (JIA; LIU; Ql, 2020; QUAYSON
et al., 2020; ZHOU et al., 2018).

Os protocolos mais comumente usados para imobilizacdo enzimatica sao
adsorgao, ligagao covalente, encapsulagao e enzimas reticuladas — cross-linked
enzyme aggregates (CLEAs) (ALMEIDA et al., 2021; BOLINA; GOMES;
MENDES, 2021). Adsorcao € uma técnica simples e de baixo custo usada para
ligar a enzima a um suporte por meio de forgas fracas, como forgas de van der
Waals, ligacdes de hidrogénio, eletrostatica e interagcdes hidrofdbicas (ALMEIDA
et al., 2021; BOLINA; GOMES; MENDES, 2021). Adsorcédo via interagdes
hidrofébicas, foi o método utilizado na presente estudo, devido suas aplicagdes
industriais, baixo valor econémico e facil realizacdo em grande escala
(MOKHTAR et al., 2020).

Neste contexto, a presente Dissertacdo de Mestrado teve como objetivo
principal propor um processo para a produgdo enzimatica de um éster de
interesse industrial (levulinato de isoamila) utilizando produtos quimicos oriundos
de biomassa — acido levulinico (AL) e alcool isoamilico (Al) como materiais de
partida. Esse alcool é o principal componente do 6leo fusel (cerca de 70-90% em
massa), um subproduto obtido na produc&o industrial de bioetanol (CERON et
al., 2018; DIAS et al., 2021). A utilizacdo desses materiais de partida é uma
importante forma de tornar a producdo industrial de ésteres de interesse
industrial de forma mais sustentavel e mais préximo ao conceito de Biorrefinaria.
Para a execugdo desse trabalho, foi preparado um biocatalisador pela
imobilizagao de Eversa® Transform 2.0, uma lipase de baixo custo (U$S 20 o Kg)
obtida de Thermomyces lanuginosus expressa em Aspergillus oryzae (COPPINI
et al., 2019; MONTEIRO et al., 2021a; WANCURA et al., 2021) em particulas
PSty-DVB. Esse biocatalisador heterogéneo foi selecionado devido a sua alta
atividade catalitica e reuso na producdo de ésteres com propriedades
lubrificantes (CARVALHO et al., 2021; GUEDES JUNIOR et al., 2022) .A

producao enzimatica deste éster ainda € pouco relatada na literatura (SALVI;



14

YADAV, 2019). Dessa forma, este estudo € original e sua execugao pode ser
uma opgao interessante para a producdo de ésteres industriais a partir de

materiais renovaveis (acido levulinico e alcool isoamilico).
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2 REVISAO BIBLIOGRAFICA

2.1 BIORREFINARIA

Por razdes de sustentabilidade, cada vez mais empresas quimicas estao
tentando produzir solventes e produtos quimicos finos a partir da biomassa e, ao
mesmo tempo, para reduzir a dependéncia de produtos de base féssil devido a
preocupagdes com o esgotamento de matérias-primas nao renovaveis
(CHATURVEDI et al., 2020; ISONI et al., 2018; KISS et al., 2016). Apesar do
crescente interesse em bioeconomia e energia renovavel, a industria de
biorrefinaria tem se esforcado para alcangar a competitividade econémica
(THAKKAR et al., 2021).

As biorrefinarias combinam as tecnologias necessarias entre matérias-
primas bioldgicas e intermediarios industriais e produtos finais. A biorrefinaria é
baseada na quimica tradicional de sintese, e este campo foi profundamente
estudado por quase um século (CHATURVEDI et al., 2020). A sintese de
processos quimicos continua a se desenvolver ao longo do tempo para
determinar as rotas de processamento necessarias para produzir produtosde
consumo, a determinagdao das reacdes quimicas envolvidas, a selecdo e o
projeto das operag¢des unitarias envolvidas nas rotas de processamento, o
calculo de utilidades e residuos, emissdes, entre outros (CHATURVEDI et al.,
2020; VIRGINIA MARQUES; SANTOS; PEREIRA, [s.d.]).

O biorrefinamento inclui uma ampla gama de tecnologias de conversao,
como termoquimica, bioquimica e crescimento de micro-organismos capazes de
transformar a biomassa, incluindo residuos agricolas, materiais lenhosos,
residuos sélidos municipais e colheitas de alimentos (milho, sementes oleosas,
beterraba sacarina e cana), em seus componentes mais simples (proteinas,
agucares, triglicerideos, entre outros) (BAUER; KRUSE, 2019; KAPANJI;
FARZAD; GORGENS, 2021; MAZZEI et al., 2021; RAJESH BANU et al., 2021;
VIRGINIA MARQUES; SANTOS; PEREIRA, [s.d.]). Existem muitas defini¢cdes
de biorrefinaria, no entanto, uma interpretagéo livre de biorrefinaria, pela
International Energy Agency: IEA é “o processamento sustentavel de biomassa
em um espectro de produtos comercializaveis e energia’(CHAVES ALVIM; L
SILVA-ALVIM; MACHADO DE OLIVEIRA, 2016). O principal objetivo dessas
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atualizacbes € converter produtos de base biolégica em biocombustiveis,
produtos quimicos, energia e produtos de valor agregado (DA COSTA et al.,
2021).

A biorrefinaria pode ser classificada de acordo com a sua fase como: a
biorefinaria de fase | que, por exemplo, seriam usinas de etanol de moagem a
seco(KAMM; KAMM, 2004; MAZZEI et al., 2021). Utiliza uma unica matéria-
prima, tem capacidade de processamento fixa e produz um unico produto. Um
exemplo da biorrefinaria de fase |l € a tecnologia de moagem umida. Com a
finalidade de produzir varios produtos finais, a fase Il utiliza também uma Unica
mateéria-prima. Esses produtos incluem amido, xarope de milho com alto teor de
frutose, etanol, dleo de milho e racdo e farinha de gluten de milho (KAMM,;
KAMM, 2004; MAZZEI et al., 2021). A biorrefinaria de fase Ill, seria uma mistura
de biomassa de tipos de matéria-primas e métodos de processamentos para
produgdo de uma multiplicidade de produtos quimicos, contendo um mix de
tecnologia para o setor industrial (KAMM; KAMM, 2004; MAZZEI et al., 2021).

Com base no uso da matéria-prima, € possivel classificar as biorrefinarias
em quatro diferentes geragdes de desenvolvimento como pode ser observado
na Figura 1 (LIU et al.,, 2021). Na primeira geragdo, empregava uma unica
matéria-prima e uma unica tecnologia que envolve a esterificacao,
transesterificagdo e fermentagdo de material vegetal para produzir produtos
limitados sendo as principais matérias-primas, materiais a base de amido ou
acgucar: cana-de agucar, palha de milho, palha de trigo, cevada, sorgo e girassol.
Portanto, algumas dessas matérias-primas possam produzir biocombustiveis por
exemplo, € preciso que uma grande quantidade de cereais seja consumida
durante a producao, o que pode fazer com que os precos dos alimentos subam
e sejam menos benéficos para o desenvolvimento econdmico (LIU et al., 2021;
MAZZEI et al., 2021; SHAHID et al., 2021). Biorrefinaria de segunda geragao,
também usa uma unica matéria-prima e tecnologia que engloba a hidrélise e
fermentacdo de material lignoceluldsico, mas pode produzir diversos produtos.
Sao biocombustiveis produzidos a partir do processamento de safras nao
alimenticias (forragem, bagaco, residuos sélidos, gordura animal, palha de trigo,
palha de arroz, bagaco, talo de algodéao, farelo de trigo, entre outros.) e séo
compostos principalmente de materiais lignoceluldsicos (LIU et al., 2021;
MAZZEI et al., 2021; SHAHID et al., 2021). A terceira geracao de biorrefinarias
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apresenta uma melhoria consideravel em relagao as duas geragdes, podendo
produzir diferentes produtos a partir de diversas matérias-primas e utiliza
diferentes tecnologias por meio de processos bioquimicos e termoquimicos, para
atender as versateis demandas do mercado (LIU et al., 2021; MAZZEI et al.,
2021; SHAHID et al., 2021). A biorrefinaria de terceira geragao diz respeito a
produgao de biocombustiveis a partir da biomassa de algas, por exemplo a partir
de processos de transesterificagdo (por exemplo, transesterificagdo enzimatica,
catalisada por base, catalisada por acido) (LIU et al., 2021; MAZZEI et al., 2021;
SHAHID et al., 2021). Desenvolvida com a de terceira geragao, as biorrefinarias
de quarta geragao enfocam o uso de tecnologias biolégicas avancgadas, custo
econdmico e os beneficios ambientais do cultivo em grande escala de
microalgas. Por exemplo, a producéo de biocombustiveis a partir de biomassa
de algas geneticamente modificadas se enquadra nos biocombustiveis de quarta
geracao (LIU et al., 2021; MAZZEI et al., 2021; SHAHID et al., 2021).

Figura 1 — Visao geral das quatro geracdes de biorrefinaria, considerando suas

matérias-primas, produtos e imperfeicoes.

Quarta Geragdo
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ePalha de milho eResidos Industriais Macroalgas ) efigiencia solar
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*Bio-6leos eBio-dleos eBiocombustiveis
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Fonte: Adaptado de (LIU et al., 2021).
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Biomassa é um termo comum aplicado para explicar as fontes biolégicas
obtidas de animais e plantas, considerada como fonte de energia renovavel,
limpa e ecologicamente correta (HOANG et al., 2021; SIWAL et al., 2021). A
biomassa lignocelulésica é uma das principais fontes renovaveis de carbono,
que pode compensar/substituir matérias-primas de origem féssil, ou seja, apoiar
0 sequestro de carbono e a produgado de bioenergia e bioprodutos (RAJESH
BANU et al., 2021).

A biomassa e composta principalmente de compostos lignoceluldsicos,
incluindo celulose, hemicelulose e lignina, que tem potencial como fonte de
energia renovavel (HOANG et al.,, 2021; RAJESH BANU et al.,, 2021). As
principais fontes de biomassa que s&o simplesmente descartadas como resido,
por exemplo, esterco de gado, residuos agricolas, residuo florestal, residuo
industrial, residuos de produgdo de biodiesel, residuos de processamento
marinho, residuos de processamento de alimentos e residuos agricolas,
podendo ser principalmente de palha de cevada, casca de coco, palha de milho,
cacho de frutas vazio, arroz, bagago de cana-de-agucar, palha de trigo e madeira
(RAJESH BANU et al., 2021; SIWAL et al., 2021). Existem varios métodos para
o pré-tratamento de material de lignocelulose, como métodos convencionais,
incluindo fisicos, fisico-quimicos, quimicos e biolégicos, métodos avangados e
os métodos em desenvolvimento (BULKAN; FERREIRA; TAHERZADEH, 2021;
HOANG et al., 2021; RAJESH BANU et al., 2021).

Aproximadamente 181,5 bilhdes de toneladas de biomassa
lignoceluldsica sao produzidas anualmente, respondendo por 90% da biomassa,
da qual apenas cerca de 3% é efetivamente utilizada e incorporada a
bioeconomia circular (RAJESH BANU et al., 2021). Considerados como matéria-
prima, os residuos de biomassa tém potencial para grandes industrias. Brasil €
um dos maiores produtores commodities agricolas e animais, que desde dos
anos 90, foi o pais que mais cresceu no seguimento em nivel mundial e
atualmente é lider em relagdo a produgédo e exportagdao (DE SOUZA NOEL
SIMAS BARBOSA; HYTONEN; VAINIKKA, 2017). Toneladas de residuos e
desperdicios sédo produzidos no Brasil proveniente desse seguimento industria,
sendo assim um possivel potencial para utilizar esses residuos de biomassa para

0 uso de matéria-prima renovaveis para biorrefinaria (DE SOUZA NOEL SIMAS
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BARBOSA; HYTONEN; VAINIKKA, 2017; PATEL; SHAH, 2021; VIRGINIA
MARQUES; SANTOS; PEREIRA, [s.d.]).

Tendo que a biorrefinaria utiliza de tecnologias para geragéo de produtos,
a partir da biomassa de lignocelulose. Varias pesquisas e estudos experimentais
relativos a producgao de acido levulinico a partir de biomassa tém sido realizados
(ISONI et al., 2018; PRASANTH et al., 2021).

2.2 ESTERES DE ACIDO LEVULINICO

Os produtos quimicos e biocombustiveis sintetizados a partir de varias
matérias-primas renovaveis, obtidos da biomassa, derivados de residuos
agricolas é uma alternativa a matéria-prima ndo renovavel para atender a
demanda de energia do futuro (AN et al., 2017; CHAFFEY et al., 2021; ISONI et
al., 2018; JAISWAL; RATHOD, 2021; YAN et al., 2015). A biomassa € a unica
fonte abundante e concentrada de carbono nao féssil disponivel na Terra
(KAPANJI; HAIGH; GORGENS, 2021; YAN et al., 2015). A conversdo de
biomassa em produtos quimicos organicos de valor agregado e em escala
comercial tem sido o foco da industria e dos pesquisadores na ultima década,
por ser um processo muito atraente devido a sua facilidade de produgdo, mas
também resolve o problema de destino para o resido agroindustrial (BADIA et
al., 2021; THAKKAR et al., 2021; YAN et al., 2015). Por exemplo os combustiveis
fluidos da biomassa lignocelulésica principalmente, podendo ser de fontes de
biomassa renovaveis, o biodiesel e o bioetanol, devem se tornar um substituto
promissores para os combustiveis diesel, e o biodiesel comercial padrao é
composto principalmente de ésteres de acidos graxos obtidos de plantas
oleaginosas, como 6leo de palma e vegetais (CHAFFEY et al., 2021; GARCIA et
al., 2021; JAISWAL; RATHOD, 2021; SALVI; YADAV, 2019; SHESTAKOVA et
al., 2021).

O acido levulinico (acido 4-oxopentandico) contém uma cetona e um
grupo de acido carboxilico € um produto quimico multiuso, versatil e um dos mais
importantes precursores de blocos de construgao, sendo atualmente de grande
importancia em diversas aplicagdes industriais (BADIA et al., 2021; CHAFFEY et
al., 2021; SALVI; YADAV, 2019; SHESTAKOVA et al., 2021). O desenvolvimento

da producgao industrial de acido levulinico a partir de biomassa lignocelulésica
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gerou interesse como um material de base biolégica barato e prontamente
disponivel (GARCIA et al., 2021; ISONI et al., 2018; SCHMIDT et al., 2017;
SHESTAKOVA et al., 2021).

Apresentado no relatorio do US Department of Energy’s, como sendo um
dos “10 mais importantes” para o desenvolvimento de tecnologias para a
produgao de base bioldégica a partir de carboidratos, utilizando conceitos de
biorrefinaria. O acido levulinico tem grupos funcionais presentes que o torna
essencial para a sinteses de compostos quimicos, de valor agregado (JAISWAL,
RATHOD, 2021; SALVI; YADAV, 2019). A figura 2 mostra algumas das
aplicagdes relevantes que podem ser obtidas, como ésteres levulinicos, y-
valerolactona, 1,3-pentadieno e acido valérico e acido acrilico que tem grandes
aplicagbes na industria de aromas e fragrancias, cosméticos, herbicidas,
produtos farmacéuticos, agentes anticongelantes ou plastificantes e como
componente na mistura em biodiesel e biocombustiveis (BADIA et al., 2021;
SALVI; YADAV, 2019; SCHMIDT et al., 2017).

Figura 2 - Alguns derivados quimicos obtidos do acido levulinico.

\)L - Levulinato de aquila /\/\

. . 1,3-Pentadieno
Acido acrilico \ /

OH

© Acido levulinico
/ \ o
o l
O
o o
Acido valérico D_ Acido 8-aminolevulinico

2-Metiltetraidrofurano

Fonte: Adaptado de (BADIA et al., 2021).
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Os ésteres de acido levulinico se destacam por tem uma ampla aplicagcao
e possuir uma grande quantidade de derivados (AN et al., 2017; BADIA et al.,
2021; SCHMIDT et al., 2017; THAKKAR et al., 2021). BOZELL; PETERSEN,
2010 reforcaram que o acido levulinico € uma das principais moléculas da
plataforma derivada da biomassa, por ser facilimente fabricado a partir de
residuos lignoceluldsicos e tendo um custo relativamente barato devido a sua
excelente reatividade (SALVI; YADAV, 2019; YAN et al., 2015).

O etil levulinato se destaca entre os derivados do acido levulinico por seu
excelente desempenho como aditivo de combustivel de nova geracdo, com
maior eficiéncia do motor e menores emissdes de monoxido de carbono (CO) e
Oxidos de nitrogénio (Nox), além de produzir potencial de polimeros
biodegradaveis (como o policarbonato) (WU et al., 2021). Outro derivado
proeminente do acido levulinico e o levulinato de alquila, que sdo mais
comumente usados na industria de aromas e fragrancias e recentemente
receberam atencao consideravel como um aditivo de combustivel promissor para
melhorar a eficiéncia do motor e reduzir as emissdes prejudiciais (BADIA et al.,
2021; SALVI; YADAV, 2019). Eles também podem melhorar algumas
propriedades fisicas e quimicas, como viscosidade, compressibilidade e ponto
de fluidez e ponto de turvacéao, para realizar as fungdes de lubrificacéo, limpeza
e estabilizacdo do combustivel (BADIA et al., 2021; WU et al., 2021).

Tradicionalmente, esses ésteres sao sintetizados pela adicdo de
catalisadores acidos homogéneos em altas temperaturas, o que nao é
ecologicamente correto (ISONI et al., 2018; THAKKAR et al., 2021). No entanto,
o aprimoramento mais comum € a esterificacdo Fischer direta sob condi¢des
acidas na presenca de alcool para produzir ésteres de acido levulinico, que séo
usados como solventes e plastificantes na industria de aromatizantes de
alimentos (CHAFFEY et al., 2021; ISONI et al., 2018; SCHMIDT et al., 2017). Um
outro método de aquisicao e processo de tecnologia chamado Biofine (Biofine
Renewables LLC Company) usa acido sulfurico diluido como catalisador (ISONI
et al., 2018; KAPANJI; HAIGH; GORGENS, 2021; SCHMIDT et al., 2017). Na
presenca de acido sulfurico diluido, os ésteres sédo extraidos da lignocelulose por
hidrélise (BADIA et al., 2021; SCHMIDT et al., 2017; YAN et al., 2015). O
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processo envolve um sistema de reator continuo de dois estagios operando em
condi¢des ideais para produzir ésteres de acido levulinico com um rendimento
tedrico de 70% a 80%, o que corresponde a um rendimento de massa de 50%
com base nos agucares C6 (BADIA et al., 2021)

Recentemente em meio académico uma atencdo esta muito grande
voltada para a os métodos de obtencéo de ésteres de acido levulinico, sendo em
rotas quimicas e rota enzimatica. Estudos feitos por R. An et alanalisaram a
atividade catalitica de uma série de sulfatos metalicos como catalisadores para
a sintese de levulinato de butila a partir da frutose. Mostrando uma possivel
utilizagdo com do férrico Fe? com um catalisador eficiente utilizando a base de
diferentes carboidratos, incluindo glicose, celulose, inulina e sacarose (AN et al.,
2017). K. S. Jaiswal e V. K. Rathod utilizando uma abordagem “verde”,
estudaram a sintese de levulinato de amila com Candida antarctica lipase B
imobilizada na auséncia de um solvente téxico. O protocolo concluiu que o
desenvolvimento da rota utilizando um catalisador verde e o sistema livre de
solvente ofereceram beneficios consideraveis (JAISWAL; RATHOD, 2021). Um
recente estudo abordou a atualizacdo do acido levulinico para a producéo de
levulinato de metila por meio de uma abordagem enzimatica verde. Avaliando o
potencial de varias lipases, a lipase B de Candida antarctica (CAL-B)
imobilizadas demostrou o melhor rendimento, utilizando o hexafluorofosfato de
1- butil-3-metilimidazolio como solvente, mostrando assim um potencial ao
suprimir a atividade de hidrdlise da reacao (Dl et al., 2019).

No campo da catalise, varios catalisadores heterogéneos reciclaveis
(acido sélido, nano-catalisador, biocatalisador entre outros.) receberam grande
consideragao devido as suas caracteristicas tipicas, como robustez a atividade
catalitica, estabilidade ao meio de reacao, reutilizagdo e facilidade de
aplicabilidade = (BADGUJAR; BADGUJAR; BHANAGE, 2020). Esses
catalisadores de acido solido sao de varios tipos e podem ser usados de acordo
com sua aplicabilidade pratica, como base de silicato, base de tungsténio, base
de sal de metal, base de resina e nano estruturado, entre outros (BADGUJAR,;
BADGUJAR; BHANAGE, 2020). Catalisadores quimicos proporcionaram
rendimento significativo, mas o esquema catalitico sofre de desvantagens, como
alto custo, poluicdo, necessidade de temperatura mais alta, alto consumo de

energia, condicdo altamente acida, método de fluxo continuo massivo,
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sensibilidade a umidade, tempo de reagado prolongado, menor rendimento e
problema de reciclabilidade (JAISWAL; RATHOD, 2021; SALVI; YADAYV, 2019;
SONG et al., 2021; ZHONG et al., 2020).

Com o intuito de superar as desvantagens mencionadas, o uso de
biocatalisadores apresenta um potencial a realizar varias conversdes organica
(JAISWAL; RATHOD, 2021). Utilizagdo de um meio de reacao catalisada por
enzimas € uma alternativa promissora, exemplos podem ser observados na
Tabela 1. As lipases apresentam fung¢des significativas, para um esquema
ecoldgico, tendo varios beneficios sobre a sintese quimica tradicional (SALVI;
YADAYV, 2019; SOUSA et al., 2021).
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Tabela 1 - Exemplos de sinteses de compostos a partir de acido levulinico derivado de biomassa usando sistemas catalisados por

lipases.
(Continua)
ESTER CATALISADOR METODOS DE CONDIGOES RENDIMENTO/ TEMPO REFERENCIAS
IMOBILIZACAO CONVERSAO DE

Levulinato de CALB imobilizadas em Ativacéo Esterificacdo de LA com alcool 99% 45 min (SZELWICKA et al.,
butila Nanotubos de carbono de interfacial em sistemas com solvente 2021)

parede multipla (MWCNT) (ciclohexano): Raz&o molar

e Politefluoroetileno 1:2, 20 °C a 250 rpm.

(Teflon, PTFE).
Levulinato de Candida rugosa imobilizada Ligagao Esterificagcdo de LA com alcool 92,89 % 7h (MOHD HUSSIN;
etila em um suporte ternario covalente em sistemas sem solvente: ATTAN; WAHAB, 2020)

composto por nanocelulose molar 1:2, 35 °C a 200 rpm.

derivada opfl (NC) e

montmorillonite (MMT) em

alginato (ALG) (CRL-

ALG/NC/MMT).
Levulinato de  Thermomyces lanuginosus  Confinamento Esterificagao de LA com alcool 90 % 12h (RANZI et al., 2020)

etila

imobilizada em
nanoparticulas de AgAu-
Fe304@tartaric.

em sistemas sem solvente
razao alcool para acido
levulinico (4:1) a 45°C.
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(Continua)
Ester Catalisador Métodos de Condicoes Rendimento/ Tempo Referéncias
] imobilizagao Conversao (%) de
produzido Reac&o
Levulinato de LipR2 (Alkalispirillum sp) Ligacao Esterificacdo de LA com alcool 45,9% 12H (MESBAH, 2019)
butila imobilizada em Florisil covalente em sistemas sem solvente
funcionalizado com razao alcool para acido
glutaraldeido. levulinico (10:1) a 55 °C.
Levulinato de CALB imobilizada em Adsorgao Esterificacdo de razdo molar 74,5% 12h (ZHOU et al., 2018)
butila 3DOM/m-0S. hidrofobica de alcool para LA (1:10)
sistemas sem solvente a 40°C
Levulinato de CALB imobilizada em Ligacao Esterificacdo de razdo molar 96% 8h (BADGUJAR;
hexila immobead-150 covalente de alcool para LA (4:7) BHANAGE, 2015)
sistemas com solvente (tert-
butilmetil éter), 45°C a 200
rem
Levulinato de CALB imobilizada em Ligacao Esterificagao de LA com alcool 73,2 % 10h (JAISWAL; RATHOD,
amila contas de poliacrilato covalente em sistemas sem solvente 2021)

razao alcool para acido
levulinico (1:3), 50°C a 250
rpm.

(Concluséao)




26

Ester Catalisador Métodos de Condicgoes Rendimento/ Tempo Referéncias
] imobilizagao Conversao (%) de
produzido Reac&o
Ester de 1,4- Novozym 435 imobilizada Adsorgao Esterificacdo de LA com alcool 87,33% 7h (ZHAI et al., 2022)
butanodiol em um suporte hidrofébico  hidrofobica em sistemas sem solvente
(resina acrilica) razao alcool-acido de 1:2,4 a
50°C.
Levulinato de CALB imobilizada em Ligacao Esterificacdo de LA com alcool 85,48% 24h (GAO et al., 2017)
butila nanoflowers covalente em sistemas sem solvente

razdo alcool-acido de 1:5, 40
°Ca170 rpm

Fonte: Autor
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2.3 LIPASES

As lipases (hidrolases de éster de triacilglicerol - EC 3.1.1.3) exemplo mais
estudado de enzimas com aplicagbes em bioprocessos, sao biomoléculas
lipoliticas que catalisam a hidrdlise e total ou parcial de triacilglicerol fornecendo
diacilglicerol, monoacilglicerol, glicerol e acidos graxos livres (JACOB;
SUTHINDHIRAN, 2020). Sendo mais comum sua fungao de hidrolise, as lipases
podem catalisar uma ampla gama de reagdes, incluindo esterificagcao,
interesterificacdo, transesterificacdo, alcoodlise, acidolise e amindlise
(RODRIGUES et al., 2019). Essas enzimas sao pertencentes da classe serina
hidrolase da superfamilia o/B-hidrolase e contém a triade de aminoacidos
caracteristica Ser-Asp (Glu)-His no sitio ativo (ALMEIDA et al., 2021).

A quimica industrial moderna esta se movendo em dire¢éo a processos
"mais verdes" e a producao de substratos cada vez mais complexos e vem sendo
usadas para substituir varios catalisadores quimicos na quimica organica
moderna devido as suas amplas atividades quimobiolégicas (RODRIGUES et
al., 2019). Essa demanda produziu um impeto claro para a biocatalise, porque é
uma forma de maximizar a economia, usando a seletividade e especificidade das
enzimas (JACOB; SUTHINDHIRAN, 2020). As lipases apresentam
caracteristicas que justifica a sua maior utilizagado para biotransformagdes em
meio industrial pelos motivos de, eles ndo requerem a presencga de cofatores,
sdo muito robustos, com alta atividade, estabilidade em uma ampla gama de
condigbes, de meio aquoso a meio anidro, e também em neomidia (liquidos
idnicos, fluidos supercriticos ou solventes eutéticos profundos), tém uma baixa
especificidade e reconhecem muitos substratos diferentes, mas
simultaneamente, em muitos casos, com uma alta seletividade (MONTEIRO et
al., 2021b). Apresentando essas vantagens utilizando as lipases, € possivel
obter produtos de alto valor agregado para as industrias (THAKKAR et al., 2021).
Essa versatilidade pode ser aplicada a muitos campos, como alimentos,
biomedicina, cosméticos, biossensores, bebidas, biodegradacdo, quimica,
polimeros, detergentes, papel, couro e combustiveis. A lipase também é usada
para produzir biodiesel, ésteres com sabor e lipidios estruturados (ALMEIDA et
al., 2021; GUO et al., 2021).
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Estas enzimas encontram-se largamente distribuidas na natureza sendo
universal em quase todos os organismos vivos (QUAYSON et al., 2020). Para
catalise, as lipases sado isoladas principalmente de trés formas vegetais, animais
e microrganismos (QUAYSON et al., 2020). Sendo as de vegetais em maior
concentracdo em frutos, folhas, sementes e latex. Lipases de origem animal
podem ser obtidas principalmente de glandulas e 6érgaos excretores como
pancreas. As lipases de microrganismos sao mais utilizadas na industria porque,
além de um método mais simples de separa-las do caldo de fermentacéo,
geralmente s&o mais estaveis e possuem propriedades mais diversas do que as
lipases de outras fontes (ZHONG et al., 2020). A maioria deles extracelulares, o
que € propicio para sua extragao, separagao e purificagdo. Algumas fontes de
lipase recentemente identificadas incluem subprodutos e residuos agricolas e
agroindustriais que possuem boa fonte de enzimas.

As lipases tém sido consideradas como um dos mais importantes
biocatalisadores industriais para aplicagdo biotecnolégica (ALMEIDA et al.,
2021). Tendo em conta, que as lipases sao catalisadores biolégicos que foram
projetados para cumprir uma funcgao fisiolégica, podem apresentar algumas
desvantagens em sua forma livre (RODRIGUES et al., 2019). Para interesse
industrial as lipases apresentam algumas propriedades néo vao de acordo com
os requisitos exigidos, como a fraca estabilidade, inibidos por componentes da
reacao ou soluveis em agua e especificidade da enzima na reacgao aplicada
(RODRIGUES et al., 2019). Além disso, pode ter dificuldade na sua aplicagao
em larga escala, elevados custos e ndo podem ser facilmente recuperadas ou
reutilizadas ao final da reacao, o que dificulta a separacdo do produto limitam
sua aplicagdo em processos industriais (GUO et al., 2021). Portanto, a fim de
mitigar esses inconvenientes, o0s processos de imobilizagdo surgem
principalmente como uma estratégia para aumentar a estabilidade do
biocatalisador e facilitar as etapas de recuperacao/reutilizagdo (ZHONG et al.,
2020).
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2.4 PRINCIPAIS METODOS DE IMOBILIZACAO

A imobilizacdo de enzimas € de importancia primordial e envolve uma
denominada enzima fisicamente confinada em uma superficie de uma matriz
insoluvel (suporte) € um método atraente para aumentar a estabilidade
operacional e reaproveitamentos da enzima, e torna o processo de biocatalise
mais competitivo (JIA; LIU; QI, 2020; QUAYSON et al., 2020; SALVI; YADAV,
2019).

Os métodos de imobilizagdo de proteinas exploram as propriedades
fisicas e quimicas das cadeias laterais dos aminoacidos que os compdem, como
acidez, alcalinidade e polaridade. Portanto, o método de fixagdo € baseado nos
diferentes tipos de conexdes e/ou interagdes que podem ser feitas com o
suporte.

Sendo um avango no campo de biotecnologia a imobilizagdo de
biomoléculas, provou ser uma poderosa ferramenta para melhorar muitos
recursos enzimaticos e traz uns importantes melhoramentos na utilizagdo em
meio industrial e deve buscar a melhoria de algumas das outras limitagdes da
enzima, como sua estabilidade, especificidade, seletividade ou resisténcia aos
inibidores e reagentes quimicos possibilidade de reaproveitamento e a facilidade
de separa-las do meio de reagao, assim nao tendo a contaminagao do produto
final (QUAYSON et al.,, 2020; SALVI; YADAV, 2019). Curiosamente, a
imobilizagdo € compativel com qualquer outra estratégia projetada para melhorar
a usabilidade da enzima. Dessa forma, a imobilizacado de enzimas tornou-se
muito etapa proeminente no projeto de um biocatalisador enzimatico industrial.

As biomoléculas podem ser imobilizadas por diferentes protocolos,
adsorcao fisica por interacdo hidrofébica ou ibnica, encapsulagdo, ligagcéo
covalente e CLEA (ALMEIDA et al., 2021). A selegao do sistema de imobilizagédo
mais adequado deve ser baseada em varios parametros, semelhantes ao melhor
esforgo para imobilizar a enzima, estabilidade funcional, baixo custo, a toxina
final do reagente e a parte necessaria para paralisar o biocatalisador. As
principais caracteristicas a serem observadas nas opg¢des de suporte para uma
dada operacao sao area superficial, permeabilidade, insolubilidade, capacidade

de regeneragao, morfologia e composigao, natureza hidrofilica ou hidrofébica,
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resisténcia mecanica, custo, entre outros (FURLANI et al., 2020). Eles podem
ser caracterizados pela sua morfologia como materiais porosos, ndo porosos e
semelhantes a gel, e como suportes organicos e inorganicos (BOLINA; GOMES;
MENDES, 2021).

Os matérias porosos possuem uma grande area de superficie interna que
pode ser usada para imobilizagdo de enzimas, onde fica protegida contra uma
agitacdo violenta (ZHONG et al., 2020). Como a maior parte da area disponivel
para imobilizacdo esta em sua estrutura interna, deve-se notar que a na sua area
periferia, o tamanho dos poros deve ser grande o suficiente para acomodar a
enzima e permitir a entrada das particulas do substrato.

Esses suportes tém sido amplamente utilizados para imobilizar lipases e
podem ser obtidos a partir de materiais organicos ou inorganicos - de fontes
naturais ou sintéticas. Os polimeros sintéticos exibem varias formas fisicas e
estruturas quimicas e podem ser combinados para preparar varios
transportadores. Os polimeros naturais sdo geralmente acessiveis, degradaveis
e nao causarao danos a terra. Dentre os diferentes carreadores organicos
usados para imobilizar a lipase, destacam-se agarose, hidrogel de quitosana,
resina acrilica e poli(estireno-divinilbenzeno)(SALVI; YADAYV, 2019). Materiais
inorganicos semelhantes a silica, alumina, titania, zirconia, zedlita e manchas
encantadoras também se destacam como suportes devido a sua grande area de
superficie / tamanho de separagdo e excelentes pecas mecanicas. A
estabilidade de incubacédo € alta, e uma variedade de materiais compostos
quimicamente funcionalizados podem ser usados, semelhante a agentes de
acoplamento alcoxissilano ou liquidos iénicos (BOLINA; GOMES; MENDES,
2021).

A adsorcao fisica € um método de imobilizagdo reversivel bastante
utilizado devido a sua simplicidade e baixo custo. Ele tem como vantagem na
facilidade e simplicidade da técnica que permite a imobilizacdo sob condi¢des
brandas, promover a estabilidade é a melhoria da atividade -catalitica,
preservacao da conformacao tridimensional da enzima, a possibilidade de alta
retencdo da atividade enzimatica ndo tendo modificagdes estruturais na
biomolécula e, a reversibilidade que permite a reutilizagdo dos suportes por
dessorcao de enzimas inativas (BOLINA; GOMES; MENDES, 2021). A adsorgao
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pode apresentar diferentes tipos de ligagdes, como for¢cas de Van der Waals,
ligacao hidrogénio e interagdes ibnicas e hidrofébicas (ZHONG et al., 2020). O
tipo de interagdo depende dos grupos funcionais presentes na superficie de
suporte e a composi¢cao de aminoacidos acidos presentes nas superficies de
lipase.

A adsorgéo via interagao hidrofobica é o protocolo de imobilizagdo mais
frequentemente utilizado para lipases de diferentes fontes devido ao seu
mecanismo peculiar de ativagdo interfacial da enzima em superficies
hidrofébicas (RODRIGUES et al., 2019).

Figura 3 — Lipase imobilizada via ativagao interfacial em suporte hidrofobico.
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A maioria das lipases tem uma estrutura que inclui uma cadeia
polipeptidica que tem uma face hidrofébica e uma face hidrofilica, que pode
alterar a conformacao da lipase em meio aquoso: sendo a forma fechada das
lipases, quando area hidrofébica da tampa interage com as areas hidrofébicas
ao redor do centro ativo, isolando-o de o meio de reagao tornando a lipase inativa
e uma conformacgao aberta quando nao tem essa interagao da face hidrofdbica

e hidrofilica portanto a sitio ativo fica acessivel a moléculas de substrato (Figura



32

3) (MONTEIRO et al., 2021b; QUAYSON et al., 2020). Esse método de
imobilizagdo envolve apenas a porcentagem de moléculas de lipase que estéo
na forma monomérica e aberta, dando como resultado a imobilizagdo da forma
aberta da lipase monomérica. Por esse motivo, esta etapa é chamada de
ativagao interfacial (RODRIGUES et al., 2019). Abertura da lipase se torna
desnecessaria, por outras interfaces externas, tornando-se uma garantia de
imobilizagdo de as lipases na forma monomérica e aberta, ativa. A estrutura
exata e propriedades do suporte podem condicionar as propriedades finais das
lipases, existem alguns trabalhos sugerindo que as condi¢gdes de imobilizagéo
também podem alterar as caracteristicas finais da enzima catalitica. Concluindo
que a imobilizacdo de lipase em suporte hidrofébico é atribuida a ativacao
interfacial da lipase versus a superficie hidrofébica dos suportes, isso significa
que as lipases se tornam adsorvidos nos suportes hidrofobicos (RODRIGUES et
al., 2019). Ou seja, imobilizagao de lipase em suporte hidrofébico ndo segue uma
adsorcdo hidrofébica convencional, mas €é um reconhecimento de
pseudoafinidade da superficie hidrofébica do suporte (RODRIGUES et al., 2019).

Esse método de imobilizacdo apresenta muitas vantagens. O primeiro é
que é muito simples, pode ser realizado em quase qualquer pH (desde que a
enzima € soluvel e estavel), € muito rapido, facilmente reveste a superficie de
suporte com enzima sem qualquer tratamento enzimatico e mesmo
apresentando fortes ligagdes o procedimento de imobilizagdo em suporte
hidrofébico, podem ter o reaproveitamento do seu suporte utilizando um
detergentes para dissolver essas ligagdes (RODRIGUES et al., 2019).Porém,
esse protocolo tem um importante problema, enzimas podem ser liberadas para
0 meio sob certas condicbes, produzindo inativagdo operacional do
biocatalisador (BOLINA; GOMES; MENDES, 2021). Sendo relatado que as
lipases podem ser liberadas do suporte em alta temperatura, embora n&o esteja
claro se as enzimas sao liberadas do suporte e, em seguida, inativadas ou se a
lipases se tornam inativada e posteriormente € entdo liberado para o meio
(RODRIGUES et al., 2019). Com base em todas as informacdes relatadas nessa
revisao, o presente estudo tem a finalidade principal de desenvolver um processo
para a producgéo sustentavel de um éster (levulinato de isoamila) catalisada por

Eversa® Transform 2.0 imobilizada via ativagao interfacial.
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Abstract

The present study consists in the enzymatic production of isoamyl levulinate, a biomass-
based platform chemical with attractive properties for several applications, via
esterification of levulinic acid (LA) and isoamyl alcohol (IA) in a solvent system. A low-
cost liquid lipase (Eversa® Transform 2.0) immobilized via hydrophobic adsorption on
mesoporous  poly-styrenene-divynilbenzene (PSty-DVB) beads was used as
heterogeneous biocatalyst. This biocatalyst was prepared at low ionic strength (5 mmol.L"
! buffer sodium acetate pH 5.0) and 25 °C using an initial protein loading of 40 mg.g™' of
support. A maximum immobilized protein of 31.2 + 2.8 mg.g' of support and
immobilization yield of =83% was obtained. The influence of relevant factors such as
biocatalyst concentration and reaction temperature on the ester production was
investigated. A central composite rotatable design (CCRD) was also used to optimize the
reaction. Maximum acid conversion percentage of ~65% was achieved after 12 h of
reaction at 40 °C using a biocatalyst concentration of 20% m.m™! and LA:IA molar ratio
of 1:1.5 in a methyl isobutyl ketone (MIBK) medium. The biocatalyst retained ~30% of
its initial activity after six consecutive esterification batches. This study represents a new
strategy for the sustainable production of a valuable industrial ester (isoamyl levulinate)

from biomass-based materials using an immobilized low-cost commercial lipase.

Keywords: Eversa® Transform 2.0, Lipase immobilization, Biomass-based materials,

Levulinic acid alkyl ester, Optimization.
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1. Introduction

In recent years, the depletion of fossil fuels, their price fluctuations in the
international market and the growing concern in greenhouse gas emissions reduction has
encouraged researchers to focus their efforts in the production of industrially important
materials, fuels or chemicals from renewable materials [1, 2]. In this field, several
renewable raw materials such as triacylglycerols (oils and fats), proteins, lignocellulosic
materials and agro-industrial and/or food residues have been used as substitutes to fossil
fuels in the production of valuable chemical compounds of great industrial interest [1, 3—
5]. Lignocellulosic materials, which consist mainly of cellulose, hemicellulose and lignin,
such as agricultural waste (corn straw/cob, sugarcane bagasse), herbaceous crops (grass),
woody wastes, wastes paper and other wastes (municipal or industrial) are among the
most promising renewable raw materials in the production of biofuels and chemicals [1,
6-9].

Levulinic acid (LA), or 4-oxopentanoic acid, and its derivatives such as levulinic
acid alkyl esters (LAAESs), so-called levulinate esters, are among the most promising
platform chemicals obtained from lignocellulosic materials [3, 5, 9, 10]. LAAEs are
compounds of great importance for the chemical industry because they are widely used
as additives in fuels (diesel and biodiesel), and food or cosmetic formulations due to their
flavoring, emulsifying and stabilizing properties [3, 5, 10]. Moreover, LAAEs have also
been used in bioplasticizers production by reaction with epoxidized unsaturated fatty acid
esters [11]. These valuable esters have been preferentially produced using several routes
such as: (i) transformation of pentose (xylose) or hexoses (p-fructose or p-glucose) and
their derivative (hydroxymethylfurfural — HMF) using short-chain alcohols such as
methanol or ethanol [12-14]; (ii) alcoholysis of furfuryl alcohol [15, 16]; and (iii)

esterification of LA with several alcohols [14, 15, 17-19]. This latter method has been
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the most used to produce a variety of LAAEs using several traditional chemical catalysts
(homogeneous or heterogeneous catalysts). These reactions require high reaction
temperatures (between 100°C and 200 °C) and a large excess of solvents or reactants
(short-chain alcohols) to achieve high yields [14, 15, 17, 20-23]. Some of these studies
have been conducted using homogeneous -catalysts such as HxSOs [21, 24],
methanesulfonic acid [22], and iron(IIl) dimer complex [23], that can cause partial
oxidation of strating materials, damage to industrial equipments because they are highly
corrosive, difficult separation of the product of interest and the issue of the environmental
problems with the discharge of wastewaters [24, 25]. Thus, LAAEs production via
enzymatic catalysis using lipases can eliminate these disadvantages of the classical
chemical processes. These processes occur under milder reaction conditions of
temperature and pressure with high selectivity, which minimize the generation of
byproducts and, thus, the volume of wastes generated in the stages of separation or
purification of products [3].

Lipases (triacylglycerol acylhydrolases E.C. 3.1.1.3) are versatile enzymes that
catalyze the hydrolysis of several triacylglycerols (oils and fats) in the interface oil/water
to produce glycerol, free fatty acids, mono- and diacylglycerols [26-28]. In organic
media, these enzymes catalyze also the production of several industrial esters, including
LAAESs, via esterification, transesterification and interesterification reactions [3, 28, 29].
The industrial application of lipases in their free forms (powder or soluble formulations)
is not appropriate due to the formation of aggregates by adsorpting polar molecules
produced in the reaction such as water and glycerol. In addition, their difficult recovery
at end of the process and their low catalytic activity in organic media are the main

practical problems for their use in industrial processes [30-32].
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In order to overcome such limitations, lipases have been preferentially used in
their immobilized forms — heterogeneous biocatalysts [3, 29, 32, 33]. Several protocols
have been used in the preparation of immobilized lipases, including adsorption, covalent
attachment, entrapment, encapsulation, and crosslinking [29, 30, 32, 34]. The most used
immobilization protocol is the physical adsorption on hydrophobic supports — mechanism
of interfacial activation [27-29, 31]. Lipases have a “lid” or “flap” structure consisting of
one or more polypeptide chains that covers their catalytic sites from the reaction medium
— closed conformation. In the presence of hydrophobic surfaces such as hydrophobic
supports, oil droplets, surfactants or air bubbles, this “lid” undergo conformational
changes, thus exposing their catalytic sites to the medium — “open conformation”. The
interfacial activation of lipases on hydrophobic supports must be performed at low ionic
strength to reduce lipase-lipase dimers formation (interaction of two lipase molecules in
open conformation) and to shift the closed/open equilibrium towards open conformation
[31, 35, 36]. This protocol has demonstrated to be an efficient process to improve the
catalytic performance, stability and selectivity of lipases in the production of industrial
esters [31, 36-38].

In this context, the aim of this study was the enzymatic production of a branched
LAAE (isoamyl levulinate) using biomass-based platform chemicals as starting materials
— levulinic acid (LA) and isoamyl alcohol (IA). This short-chain alcohol is the main
constituent in the fusel oil (around of 70-90% mass composition) [39—41], a by-product
obtained in industrial bioethanol production. The use of these starting materials is an
important approach for making the production of industrial esters more sustainable and
closer to the biorefinery concept. For such purpose, a heterogeneous biocatalyst was
prepared via interfacial activation of Eversa® Transform 2.0, a low-cost commercial

lipase formulation (US$ 20 per Kg) from Thermomyces lanuginosus expressed in
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Aspergillus oryzae [33, 42, 43], on mesoporous PSty-DVB beads. This heterogeneous
biocatalyst was chosen to develop the present study due to its high catalytic activity and
reusability in the production of industrial polyol esters with lubricant properties [36, 37].
The enzymatic production of esters, incuding LAAEs, has been broadly conducted in
solvent systems in order to increase the catalytic activity of lipases, to improve the
solubility of starting materials in the reaction mixture and to shift the chemical
equilibrium towards synthetic direction (ester production) [3, 44—48]. In this study, the
influence of several organic solvents on the ester production was firstly studied and
compared with a solvent-free system. After selecting the most suitable organic solvent, a
central composite rotatable design (CCRD) was proposed to examine the influence of
biocatalyst concentration and reaction temperature on the reaction. As esterification is a
reversible reaction, an excess of any starting material has been used to shift the chemical
equilibrium towards ester production, thus preventing reverse reaction (ester hydrolysis).
Thus, the influence of LA:IA molar ratio was also investigated. Finally, the effect of time
reaction on the reaction was studied. Biocatalyst reusability tests after successive batch
esterifications were conducted under optimal experimental conditions. The enzymatic
production of isoamyl levulinate still is few reported in the literature [19]. To the best of
our knowledge, this is the first study using Eversa® Transform 2.0 immobilized on
mesoporous PSty-DVB beads, an interesting option to produce industrial esters from

renewable materials (levulinic acid and isoamyl alcohol).

Materials and methods
Materials
Eversa® Transform 2.0, a liquid lipase formulation with protein concentration of

33 mg.g"!, was acquired from Sigma-Aldrich (St. Louis, MO, USA). PSty-DVB beads
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(Diaion® HP-20), a support with specific surface area of 500 m2.g™!, average pore size of
260 A and average particle size of 250-850 um, was purchased from Supelco (Bellefonte,
PA, USA). Levulinic acid and isoamyl alcohol were respectively purchased from Sigma-
Aldrich and Synth® Ltd. (Sdo Paulo, SP, Brazil). All other chemical reagents and organic
solvents were of analytical grade acquired from Synth® Ltd., and Vetec® Quimica Ltd.

(Sao Paulo, SP, Brazil).

Preparation of the heterogeneous biocatalyst via physical adsorption

10 g of PSty-DVB beads were initially soaked into 50 mL of hydrous ethanol
solution at 70% (m.m™') by 8 h under static conditions at 25 °C to remove air bubbles
inside pores of the support [49, 50]. After, the excess of ethanol solution was removed
via filtration in a Buchner funnel under vacuum and washed with 100 mL distilled water.
A lipase solution was prepared by adding 12 mL of commercial lipase solution to 178 mL
of 5 mmol.L! buffer sodium acetate solution pH 5.0 (that corresponds to an initial protein
loading of 40 mg.g"! of support). The prepared solution was then added to a 250 mL
closed glass bottle containing the wetted support and immersed in a thermostatic water
bath shaker under continuous stirring (200 rpm) at 25 °C by 18 h of contact. The
immobilization process was monitored by determining the disappeared protein
concentration [51], and hydrolytic activity [49, 52], in the supernatant solution at
equilibrium. Immobilization yield was calculated as the ratio between the units of
hydrolytic activity immobilized on the support surface and initial activity [53].
Immobilized protein amount was determined according to previous reports [50, 52, 54,
55]. After, the prepared heterogeneous biocatalyst was recovered via filtration in a

Buchner funnel under vacuum, washed with distilled water and stored at 4 °C for 48 h.
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General procedure for the enzymatic production of isoamyl levulinate

The esterification reactions were conducted in 100 mL closed glass bottles
containing 6 g of reaction mixture and appropriate amounts of homogeneous (soluble
lipase) and heterogeneous (immobilized lipase) biocatalysts. The reaction mixtures were
immersed in a thermostatic water bath orbital shaker under fixed mechanical stirring (240
rpm). Periodically, aliquots from the reaction mixture (100 pL) were withdrawn, diluted
in 10 mL of hydrous ethanol solution at 70% (m.m™!) and titrated with NaOH solution (40
mmol.L ") using phenolphthalein as indicator to calculate acid conversion percentage (Y),
as shown in Eq. (1) [38, 50, 54-56]. The reactions were performed with two replications

and the results are represented as mean =+ deviation.

_ ©)
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where LAy is the initial LA concentration (mol.L"), and LA, is the residual LA
concentration after a certain contact time ¢ (mol.L™).

The productivity (P) was determined according to Eq. (2) [38]:
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where: LAy is the initial LA concentration (umol.L™"), Y is the acid conversion percentage
(%), V is the volume of reaction mixture (=7.8x107 L), tis the reaction time (min), and

myp is the immobilized protein amount in the reaction (mg).

Influence of organic solvents on the ester production
The influence of organic solvents such as iso-octane, heptane, methyl ethyl ketone
(MEK), tert-butanol (#~-ButOH), cyclohexanone (CYH), and methyl isobutyl ketone

(MIBK) on the ester production was firstly examined. The reactions were conducted
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using a stoichiometric LA:IA molar ratio (500 mmol.L™! of each reactant) containing 0.6
g of heterogeneous biocatalyst (biocatalyst concentration of 10% m.m™ of reaction
mixture that corresponds to an immobilized protein amount of 19.8 mg) under continuous
mechanical stirring (240 rpm) at 40 °C and a contact time of 24 h. Ester production in a

solvent-free system was also performed under the same experimental conditions.

Optimization by CCRD: Influence of biocatalyst concentration and reaction temperature
on the ester production

A CCRD with two independent variables (biocatalyst concentration and reaction
temperature) consisting of thirteen runs, with four factorial points, four axial points and
five center points to determine the pure error, was used to optimize isoamyl levulinate
production. The levels of each factor were based on preliminary runs and previous studies
reported in the literature [37, 57, 58]. The reactions were performed in a random to avoid
possible systematic errors under fixed stoichiometric LA:IA molar ratio (6 g of reaction
mixture containing 500 mmol.L! of each reactant in a MIBK medium that corresponds
to 5.23 g of solvent, 0.44 g of LA, and 0.33 g of IA), mechanical stirring (240 rpm), and
reaction time (3 h). The factors evaluated and their levels were reaction temperature (25—
55 °C), and biocatalyst concentration (5-20% m.m™). Acid conversion percentage and
productivity were taken as the dependent variables (responses). The experimental results
were analyzed at 95% confidence level using the software Protimiza Experimental Design

(https://experimental-design.protimiza.com.br) to develop 3D surface plots/contour plots

and quadratic polynomial equations, and to determine the correlation between response
variables (acid conversion percentage or productivity) and independent variables and

their interactions, as follows — Eq. (3).


https://experimental-design.protimiza.com.br/
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where Response is the predicted acid conversion percentage (Y) or productivity (P); n is
the number of independent variables (2), x; and x; are the coded independent variables;
ao, ai, aii, and a; are the regression coefficients of intercept, linear, quadratic, and
interaction terms, respectively; i and j are the index numbers of each independent variable

and e is the random error.

The statistical significance of the regression coefficients was determined by -
Student’s ¢-test. The fitting quality of the quadratic polynomial equations was determined
by the coefficient of determination (R?), while analysis of variance (ANOVA) was used
to evaluate the statistical significance of the proposed models. 3D surface plots/contour
plots were used to establish the optimal conditions and validatation of the proposed
models by performing esterification reactions under such experimental conditions. The

experimental data were compared with predicted values determined according to Eq. (3).

Influence of LA:IA molar ratio on the ester production

The influence of LA:IA molar ratio (1:1; 1:1,25; 1:1.5 and 1:2) on the reaction
was evaluated under optimal experimental conditions (40 °C and 20% m.m™ of
biocatalyst that corresponds to an immobilized protein amount of 39.6 mg). The reactions
were performed at fixed initial LA concentration (500 mmol.L™! in a MIBK medium),

continuous mechanical stirring (240 rpm) and contact time (3 h).

Influence of reaction time on the ester production
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The effect of reaction time on the reaction was studied under optimal experimental
conditions: 40 °C, biocatalyst concentration of 20% m.m™' of reaction mixture, 240 rpm
and LA:IA molar ratio of 1:1.5 using 500 mmol.L™! of LA acid in a MIBK medium. Under
such conditions, this reaction system consisted of a mixture of 5.08 g of solvent, 0.44 g

of LA, and 0.48 g of IA.

Biocatalyst reusability tests

Reusability tests were conducted after five consecutive esterification batches of
12 h each under optimal conditions (40 °C, biocatalyst concentration of 20% m.m™" of
reaction mixture, 240 rpm and LA:IA molar ratio of 1:1.5 using 500 mmol.L™! of LA acid
in a MIBK medium). At the end of each reaction, the prepared heterogeneous biocatalyst
was recovered via filtration in a Buchner funnel under vacuum, washed with cold hexane
in order to remove any starting materials or products retained in its microenvironment
and re-suspended in a freshly reaction mixture to start new reactions. Acid conversion

percentage was estimated at the end of each batch.

Results and discussion

In this study, a heterogeneous biocatalyst was prepared via interfacial activation
of Eversa® Transform 2.0 on mesoporous PSty-DVB beads. A maximum immobilized
protein concentration around of 31.2 + 2.8 mg.g™! of support and an immobilization yield
of ~83% were obtained under fixed experimental conditions (5 mmol.L"! buffer sodium
acetate pH 5.0 at 25 °C and 18 h of contact time using an initial protein loading of 40
mg.g”! of support). These results show clearly the high affinity of this enzyme for
hydrophobic surfaces under such moderate conditions. Moreover, this support has a high

average surface area and large pore size to immobilize a high protein amount in both
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external and internal surfaces [50, 56], as aforementioned in Introduction Section. Its
catalytic performance was evaluated in the production of isoamyl levulinate by
esterification (Fig. 1). The influence of a series of factors on the reaction was evaluated

in order to maximize the ester production, as follows:

Levulinicacid QO

HaC OH
@)
L|pase
+ /\)\ e
CH3 Solvent system Isoamyl levulinate
HO/\/]\C Hs

Isoamyl alcohol

Figure 1. Representative scheme of enzymatic production of isoamyl levulinate via

esterification.

Influence of organic solvent on the ester production

Esterification reaction of LA and IA in a solvent-free system was initially
proposed as a safety and sustainable process [60]. However, a maximum acid conversion
percentage only of 7% was observed after 24 h of reaction (See Fig. 2). This result could
be due to possible strong diffusional effects (substrate and/or pH gradients) [61-63], or
essential water layer removal of the 3D structure of the enzyme that resulted in its partial
inactivation [56, 64]. Thus, esterification reactions in solvent systems (non-polar and
polar solvents) were performed in order to minimize such problems. Next, preliminary
tests using two non-polar solvents widely used as reaction media in the enzymatic
production of industrial esters [50, 65—67], such as heptane and iso-octane were
investigated. However, LA has not been solubilized under such conditions due to its high

polarity (formation of biphasic systems). Thus, ester production using polar organic
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solvents such as methyl ethyl ketone (MEK), fert-butanol (+~-ButOH), cyclohexanone
(CYH), and methyl isobutyl ketone (MIBK) was performed. Under all these conditions,
homogeneous phase formation was observed after 15 min of immersion in a temperature
range varying from 25 to 60 °C. The influence of these polar solvents as reaction medium
on the ester production is also shown in Fig. 2. A gradual increase in acid conversion
percentage by increasing the contact time from 2 h to 24 h can be observed for all reaction
systems, with exception of the reaction system using CYH as solvent that exhibited the
highest maximum acid conversion of ~40% at 16 h. At 24 h of reaction, maximum acid
conversion percentage was achieved in a MIBK medium (52.8 £+ 3.0%), followed by CYH
(40.3 £ 0.3%), MEK (31.3 + 0.3%), and -ButOH (27.0 &+ 0.5%). These results show that
the use of polar organic solvents is a crucial requirement for the production isoamyl
levulinate using the prepared heterogeneous biocatalyst. These organic solvents can
prevent the formation of an aqueous phase (adsorption of water molecules formed in the
reaction) on the biocatalyst surface that inactive or inhibit its catalytic performance [3,
67]. In fact, the enzymatic production of several LAAEs via esterification has been
extensively performed in solvent systems using methyl fert-butyl ether (MTBE), the most
used organic solvent as reaction medium for such purpose [19, 44, 46, 64, 68],
cyclohexane [47], diisopropyl ether [48], and ionic liquids [18], which are in agreement

with the present study. Thus, MIBK was chosen as polar solvent to perform further tests.
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Figure 2. Influence of organic solvents on the enzymatic production of isoamyl levulinate
via esterification conducted using a stoichiometric LA:IA molar ratio (500 mmol.L™!' of
each reactant), biocatalyst concentration of 10% m.m™! of reaction mixture, mechanical
stirring of 240 rpm and 40 °C. MIBK — methyl isobutyl ketone; MEK — methyl ethyl
ketone; --ButOH — tert-butanol; and CYH — cyclohexanone.

Optimizing ester production using a CCRD approach

The influence of biocatalyst concentration (5-20% m.m™) and reaction
temperature (25-55 °C) on the acid conversion percentage (Y) and productivity (P) is
shown in Table 1. As can be observed, acid conversion percentage values varied from

24.3 £ 0.7% (Run #1) to 53.1 £ 4.7 (Run #6), while average productivity values varied
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from 0.25 pmol.min"!.mgp™! (Run #2) to 0.60 pmol.min'.mgp! (Run #5) after 3 h of
reaction. A good correlation between experimental and predicted values indicates that the
proposed empirical models can be used for describing the influence of the independent
variables (biocatalyst concentration and reaction temperature) on both responses. These
experimental data were then used to estimate the main effects and their interactions on
both dependent variables (responses), as shown in Table 2. The statistical analysis
revealed that mean and linear effects of biocatalyst concentration (xi) and reaction
temperature (x2) were significant at 95% of confidence level. On the other hand, the
significant terms for productivity were mean, linear/quadratic terms of biocatalyst
concentration (x; and x;?), linear term of reaction temperature (x2) and the interaction
between both variables (x1.x2). These parameters had p-values below 0.05, as shown in
Table 2. The regression coefficients for the significant parameters summarized in Table
2 were used to show their effects on both responses, expressed in terms of coded values,
as shown in Eq. (5) and Eq. (6) for acid conversion percentage (Y) and productivity (P),

respectively.

Y(%)=34.95+14.98x, +9.49x, 5)

.o -1 2
P(umolmin™ mg,, " )=0.30-021x, +0.12x +0.10x, —0.07x,x, ()
where: Y is the acid conversion percentage; P is the productivity, and x; and x> represent

the coded values for biocatalyst concentration and reaction temperature, respectively.
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Table 1. CCRD matrix for the analysis of the effect of independents variables on the enzymatic production of isoamyl levulinate in terms of acid

conversion and productivity. The reactions were performed under fixed mechanical stirring (240 rpm), stoichiometric LA:IA molar ratio (500

mmol.L! of each reactant in a MIBK medium) and contact time (3 h).

Runs Independent variables Acid conversion Productivity
Coded (actual) (%) (umol.min"!.mgp™)
Biocatalyst Temperature Experimental Predicted? Experimental Predicted®
(% m.m™) (°C)
1 -1(7.2) -1(29.4) 243+0.7 23.5 0.37 0.39
2 +1 (17.8) -1(29.4) 40.2+04 42.3 0.25 0.26
3 -1(7.2) +1 (50.6) 353+4.6 36.8 0.54 0.57
4 +1 (17.8) +1 (50.6) 43.5+3.0 479 0.27 0.28
5 -1.41 (5) 0 (40) 27.8+0.7 28.1 0.60 0.58
6 +1.41 (20) 0 (40) 53.1+4.7 49.2 0.29 0.28
7 0(12.5) -1.41 (25) 30.1+0.4 29.9 0.26 0.25
8 0(12.5) +1.41 (55) 46.8 £ 0.6 43.3 0.41 0.39
9 0(12.5) 0 (40) 35.7+0.5 34.9 0.31 0.30
10 0(12.5) 0 (40) 347+1.4 34.9 0.30 0.30
11 0 (12.5) 0 (40) 353+1.4 34.9 0.31 0.30
12 0(12.5) 0 (40) 34.8+0.3 34.9 0.30 0.30
13 0(12.5) 0 (40) 342423 34.9 0.30 0.30

% values calculated according to Eq. (5).
® values calculated according to Eq. (6).
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Table 2. Regression coefficients, standard errors and p-values for the proposed models

(acid conversion percentage and productivity) of enzymatic ester production.

Acid conversion percentage

Regression
Parameters Standard errors p-values
coefficients
Mean 34.9486 + 1.2665 0.000000
X1 7.4939 + 1.0027 0.000140
X2 4.7449 + 1.0027 0.002127
Productivity
Regression
Parameters Standard errors p-values
coefficients
Mean 0.3040 +0.0087 0.000000
X| -0.1036 +0.0069 0.000001
x? 0.0625 +0.0074 0.000065
X2 0.0503 +0.0069 0.000164
X1.X2 -0.0375 +0.0097 0.006311

x1 and x» represent the independent variables biocatalyst concentration and reaction

temperature, respectively.

The analysis of variance (ANOVA) in Table 3 shows that the proposed models
are adequate representation of the relationship between response and significant
variables, with satisfactory coefficient of determination (R?) of 92.34% and 98.17% for
acid conversion percentage (Eq. (5)) and productivity (Eq. (6)), respectively. The pure
errors were also very low (1.33 for acid conversion percentage and 0O for productivity as

responses), thus indicating good reproducibility of the obtained experimental data. The
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Fisher F-test also showed high significance for the regression models because the
computed F-values for acid conversion percentage (16.90) and productivity (75.20) were
higher than that the tabulated F-value at 5% level (Fo.05;5;7= 3.97). These results clearly
show that the proposed models for the enzymatic ester production given by the Eq. (5)
and (6) can be used to predict, create and explore the 3D surface plots/contour plots to

determine the experimental conditions that optimize the reaction.



58

Table 3. Analysis of variance (ANOVA) for the proposed models (acid conversion

percentage and productivity) of enzymatic ester production.

Acid conversion percentage

Source of variation =~ Sum of squares Degree of freedom  F-test
Regression 669.12 5 16.90
Residual 55.51 7

Lack of fit  54.18 3

Pure error 1.33 4
Total 724.63 12
R? =92.34%; Fo.0s:5:7= 3.97
Productivity
Source of variation ~ Sum of squares Degree of freedom  F-test
Regression 0.10 5 75.20
Residual 0 7

Lack of fit 0 3

Pure error 0 4
Total 0.10 12

R? =98.17%; Fo.0s:5:7=3.97
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3D surface plots/contour plots of the combinations between biocatalyst
concentration and reaction temperature are shown in Fig. 3A and 3B for acid conversion
percentage and productivity, respectively. An increase in reaction temperature improves
the solubility of starting materials and reduces the viscosity of the reaction system, thus
increasing the mass transfer to the biocatalyst microenvironment [3, 60]. In fact, a gradual
increase of acid conversion percentage values by raising the reaction temperature from
25 °C (lowest level — coded value of -1.41) to 55 °C (highest level — coded value of +1.41)
can be observed (see Fig. 3A). Maximum acid conversion percentage can be achieved for
esterification reactions conducted between 45.3 °C (coded value of +0.5) and 55 °C
(coded value of +1.41). As the biocatalyst concentration was raised from 5% m.m’!
(lowest level — coded value of -1.41) to 20% m.m! (highest level — coded value of +1.41),
the ester production expressed in terms of acid conversion percentage was also increased.
3D surface plots/contour plots analysis shows that maximum acid conversion percentage
can be obtained using a biocatalyst concentration varying from 18.9% m.m™! (coded value
of +1.25) to 20% m.m™! (coded value of +1.41). These results are due to a larger amount
of active sites in the reaction system to catalyze the ester production [3]. Although both
parameters have demonstrated positive and significant influence on the response, their

interaction was not significant at 95% confidence level.
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Figure 3. 3D surface plots/contour plots for the enzymatic production of isoamyl
levulinate. Effect of reaction temperature and biocatalyst concentration on the acid

conversion percentage (A) and productivity (B).

An increase in productivity values by increasing the reaction temperature can also
be observed (Fig. 3B), as expected. On the other hand, high concentrations of
heterogeneous biocatalyst resulted in a drastic reduction of the productivity. In fact, the
increase of biocatalyst concentration by a four-fold factor, from 5% m.m™! (Run #5 in

Table 1) to 20% m.m™' (Run #6 in Table 1), reduced twice the productivity value from
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0.6 pmol.min"'.mgpr! to 0.29 umol.min"!.mgp! at a fixed reaction temperature (40 °C).
This suggests a possible adsorption of water molecules produced in the reaction on the
biocatalyst surface that can lead to formation of a hydrophilic layer, thus reducing its
catalytic performance [37, 69, 70]. The interaction between these two independent
variables displayed a negative and significant at 95% confidence level — see Eq. (6). This
indicates that increasing the reaction temperature and biocatalyst amounts can result in
an increased capture of water molecules on its surface, as aforementioned.

The main interest of the present study is to maximize the ester production, thus
further tests were then performed in order to achieve maximum acid conversion
percentage. According to Fig. 3A and 3B, maximum acid conversion percentage can be
achieved at highest levels of biocatalyst concentration (between 18.9% m.m™' and 20%
m.m™') and temperature (from 45.3 °C to 55 °C). Thus, a series of three runs were
performed under such conditions and compared with the experimental condition that gave
the maximum acid conversion percentage value in Table 1 (Run #6). The reaction
conditions and corresponding experimental results (in terms of acid conversion and
productivity) for each run are shown in Table 4. It is possible to observe that the
experimental data were similar to predicted values only for productivity as response. On
the other hand, low correlations between predicted and experimental values of acid
conversion percentage were obtained. The results showed a decrease in acid conversion
percentage values by increasing the reaction temperature from 40 °C (46.7 + 2.7% — Run
#4) to 55 °C (32.9 £ 3.4% — Run #1) using optimal biocatalyst concentration (coded
values between +1.25 and +1.41 that corresponds respectively to 18.9% m.m™' and 20%
m.m™). In this case, an increased capture of water molecules generated in the reaction by
using high biocatalyst amounts in the reaction system could shift the chemical equilibrium

towards reverse reaction (ester hydrolysis). Moreover, the hydrolytic activity of the
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prepared heterogeneous biocatalyst can be improved, with concomitant decrease of its
esterification activity, by increasing the reaction temperature that drastically reduces ester
yields [18]. This strong influence of reaction temperature on the hydrolytic and
esterification activities of an immobilized lipase was observed in a previous study with a
drastic decrease of its esterification activity on the methyl levulinate production above 40
°C [18]. Thus, further tests were conducted at 40 °C using 20% m.m! of biocatalyst in a

MIBK medium.



Table 4. Ester production under optimal conditions determined by analysis of 3D surface plots/contour plots.
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Runs Independent variables Acid conversion Productivity
Coded (actual) (%) (umol.min"!.mgp™)

Biocatalyst Temperature Experimental Predicted? Experimental Predicted®
(% m.m™) (°C)

1 +1.41 (20) +1.41 (55) 329+3.4 69.4 0.18 0.24

2 +1.25 (18.9) +1 (50.6) 37.7+2.5 63.2 0.22 0.23

3 +1.41 (20) +0.5 (45.3) 409 +3.8 60.8 0.22 0.24

4 +1.41 (20) 0 (40) 46.7£2.7 49.2 0.29 0.28

* Experimental conditions reported for run #6 in Table 1.
? values calculated according to Eq. (5).
® values calculated according to Eq. (6).
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Influence of LA:IA molar ratio on the ester production

The influence of LA:IA molar ratio varying from 1:1 to 1:2 on the ester production
after 4 h of reaction was investigated (Fig. 4). As expected, a slight excess of isoamyl
alcohol in the reaction system increased the ester production and maximum acid
conversion percentage of ~51% was observed using a molar ratio LA:IA of 1:1.5. Similar
acid conversion percentage was obtained at the highest LA:IA molar ratio tested in this
study (1:2). The enzymatic production of several LAAEs via esterification reaction has
also been improved using excess of alcohol in the reaction mixtures [3]. Thus, a LA:IA

molar ratio of 1:1.5 was selected for further tests.
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Figure 4. Influence of LA:IA molar ratio on the enzymatic production of isoamyl
levulinate via esterification. The reactions were performed at fixed LA concentration (500
mmol.L! in a MIBK medium), biocatalyst concentration of 20% m.m™' of reaction

mixture, mechanical stirring of 240 rpm, 40 °C and reaction time of 3 h.

Influence of reaction time on the ester production

The influence of reaction time on the reaction was assessed under optimal
conditions: 40 °C, 240 rpm, biocatalyst concentration of 20% m.m™!, LA:IA molar ratio
of 1:1.5 using fixed LA concentration (500 mmol.L™") in a MIBK medium. In this set of
experiments, liquid lipase preparation was not used as biocatalyst due to its low catalytic

activity in organic media [36-38]. According to Fig. 5, maximum acid conversion
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percentage around of 66% was achieved after 12 h of reaction that corresponds to a
productivity of 0.1 umol.min™!.mgp!. This result indicates that the prepared biocatalyst
required a shorter reaction time under milder experimental conditions (lower excess of
starting materials and reaction temperature) compared to other previous studies reported
in the literature for the production of several LAAEs using several heterogeneous
catalysts (traditional chemical or biochemical catalysts), as shown in Table 5. Thus,
biocatalyst reusability tests were assessed after successive cycles of esterification reaction

of 12 h each.
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Figure 5. Effect of reaction time on the enzymatic production of isoamyl levulinate via

esterification. The reactions were performed at fixed LA concentration (500 mmol.L™! in
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a MIBK medium), mechanical stirring of 240 rpm, 40 °C and protein amount of 39.6 mg

that corresponds to 1.2 g of heterogeneous biocatalyst (20% m.m™).



Table 5. Literature survey for LAAEs production using several heterogeneous catalysts in batch reactors.
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Alcohol Catalyst Experimental conditions  Yield/Conversion Reaction Reuse (residual Reference
(%) time activity - %)
(h)
n-Butanol, CALB? immobilized on Esterification of LA with ~ 74.59 for n- 12 9 (46.18) for n- [73]
n-octanol an organosilica alcohols in solvent-free butanol, 84.51 for butanol, 9 (82.33)
and n-lauryl  material (3DOM/m- systems — LA:alcohol n-octanol and for n-octanol and 9
alcohol 0S) molar ratio of 1:10, 40 °C  91.14 for n-lauryl (81.25) for n-lauryl
and 10 mg of biocatalyst. alcohol alcohol
Methanol Immobilized CALB? Esterification of LA with 93 24 5(43.2) [18]
on Lewatit VP OC methanol at a molar ratio
1600 (Novozym 435)  of 1:5 in a [BMIM][PF6]°
medium, 30 °C and 10
mg.mL" of biocatalyst.
n-Lauryl CALB? immobilized on Esterification of LA with  84.84 22.6 9(75.7) [74]
alcohol hydrophobic virus-like  n-lauryl alcohol in a
organosilica solvent-free system —
nanoparticles LA:alcohol molar ratio of
1:11.5, and 51.2 °C.
Ethanol, n-  Lipase Esterification in solvente- 48.8 for etanol, 12 9 (69) for etanol, 9  [75]
Butanol, and from Alkalispirillum sp. free systems using 45.9 for n- (57) for n-butanol,
n-lauryl immobilized on LA:alcohol molar ratio of  butanol, and 26.2 and 9 (18.5) for n-
alcohol Florisil® functionalized 1:10, 20 mg of biocatalyst for n-lauryl lauryl alcohol
with glutaraldehyde. and 55 °C. alcohol
Methanol Immobilized CALB? Esterification using ~92 24 NP° [76]
on Lewatit VP OC [BMIM][PF6]P as solvent

1600 (Novozym 435)

— LA:methanol molar
ratio of 1:3, 10 g.L"! of
biocatalyst, 30 °C.




Table 5. Continuation.
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Alcohol Catalyst Experimental conditions Yield/Conversion Reaction Reuse  (residual Reference
(%) time activity - %)
(h)
Ethanol A. Sulfated Si- Esterification using 10% m.m!  77.5 10 5(20%) [77]
doped ZrO; materials  of catalyst, LA:alcohol molar
ratio of 1:10, 70 °C and 700
rpm.
Ethanol B. Amberlyst-15  Esterification using a 91 24 NP° [78]
biocatalyst concentration of 22
Kg.m?, LA:alcohol molar ratio
of 1:5, 90 °C and 600 rpm.
Ethanol Hierarchical ZSM-12  Esterification at 100 °C, 12.0-56.3 24 NP¢ [79]
nanosized crystals stoichiometric LA:ethanol
molar ratio (1:1) and 0.3 g of
catalyst.
Isoamyl Immobilized Eversa  Esterification of LA with [A in =65 12 5 (=30) This study
alcohol Transform 2.0 on a MIBK medium using a

PSty-DVB

LA:IA molar ratio of 1:1.5
(500 mmol.L! of LA), 40 °C,
20% m.m! of biocatalyst and
240 rpm.

a: lipase B from Candida antarctica;
b: butyl-3-methylimidazolium hexafluorophosphate;
c: not performed;
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Reusability studies

The reusability of immobilized enzymes is a crucial factor because of its economic
importance in industrial process. For this reason, the reusability of the prepared heterogeneous
biocatalyst under optimal experimental conditions after six consecutive batches of 12 h each in
a MIBK medium was investigated. According to Fig. 6, a gradual decrease of the original
activity of the enzyme after successive cycles of reaction was observed. After five repeated
batch esterification reactions, the prepared biocatalyst retained ~30% of its initial activity (acid
conversion percentage around of 18% at 5™ batch). This decrease could be due to possible
accumulation of residual starting materials and/or products retained in the biocatalyst
microenvironment that can promote desorption of some lipase molecules or
distortion/inhibitory effects on the 3D-structure of the enzyme [38, 71]. These results suggest
further studies in order to improve the reusability of Eversa® Transform 2.0 via stabilization by
covalent attachment on pre-existing activated supports that can reduce possible enzyme

desorption effects [29, 33, 34].
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Figure 6. Reusability tests for successive esterification batches performed using a LA:IA molar
ratio of 1:1.5 at fixed LA concentration (500 mmol.L™! in a MIBK medium), biocatalyst
concentration of 20% m.m™' of reaction mixture, mechanical stirring of 240 rpm and 40 °C.

Relative activity of 100% corresponds to an acid conversion percentage of ~65%.

Conclusion

The present study demonstrated that a simple and highly effective protocol of
immobilization via physical adsorption of Eversa® Transform 2.0 on PSty-DVB can be a
promising strategy for the sustainable production of a valuable LAAE (isoamyl levulinate) via
esterification under moderate conditions. The results obtained in this study clearly showed that

the use of a polar solvent (MIBK) as reaction medium can prevent the formation of a
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hydrophilic layer on the biocatalyst surface that minimizes possible reversible reaction (ester
hydrolysis) and distortion/inactivation of the enzyme. Under moderate conditions, a maximum
acid conversion percentage around of 65% was achieved after 12 h of reaction. The prepared
biocatalyst can be easily recovered via filtration and reused after consecutive esterification in a
batch mode. This study provides new opportunities for the industrial use of an immobilized
low-cost lipase (Eversa® Transform 2.0) to catalyze the production of a high value-added ester
from biomass-based platform chemicals. Moreover, further studies will be performed using
fusel oil as a sta rting material and covalent attachment of the lipase on pre-
existing supports, including activated lignocellulosic-based materials, to improve its
stabilization after repeated batches. This could consolidate the biomass-based materials use in

an integrated process, constituting a Biorefinery.
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4 CONCLUSAO GERAL DO TRABALHO

Esse estudo mostrou ser uma alternativa interessante na utilizacdo de
biocatalisadores para a producao de levulinato de isoamila para obtencao de produtos
de interesse industrial. O suporte utilizado (PSty-DVB) possui alta capacidade de
imobilizagcdo de lipase, uma caracteristica importante para a preparagdo de
biocatalisadores com alta atividade catalitica em meios organicos. A imobilizagao da
Eversa® Transform 2.0 nesse suporte € um processo simples e altamente eficaz
devido a sua atividade catalitica e baixo custo. Os dados experimentais obtidos,
mostraram que a utilizagdo de um solvente polar (MIBC), possivelmente impede a
formacao de uma camada hidrofilica na superficie do biocatalisador, prevenindo a
causa de uma reagao reversivel (hidrélise do éster) e distor¢ao/inativagcao enzimatica.
Sob condigbes moderadas, uma porcentagem maxima de conversao acida de cerca
de 65% foi alcangada apds 12 h de reagdo. O biocatalisador preparado pode ser
facilmente recuperado por filtragcao e reutilizado apos esterificagao consecutiva. Além
disso, o estudo mostrou-se essa estratégia interessante do ponto de vista industrial,
por ser uma tecnologia verde e de baixo, para a produgcédo enzimatica de um éster de

alto valor agregado.
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SUGESTOES PARA TRABALHOS FUTUROS

Uso de dleo fusel como material de partida, substituindo o alcool isoamilico na
produgao do éster;

Aplicagao de lipase imobilizada via ligagédo covalente em diferentes suportes como
residuos agroindustriais ou suportes comerciais para melhorar a estabilizagdo da
enzima;

Caracterizacdo do produto obtido por diferentes técnicas como ressonancia
magnética nuclear;

Aplicacdo do éster preparado para obtencao de produtos interesse industrial como
aromatizante em alimentos e como plastificante (produgéo de filmes poliméricos);
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