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RESUMO

Nas ultimas décadas, tem-se observado um grande esfor¢o voltado para o
desenvolvimento de novos processos sustentaveis de reciclagem e gestdo de
residuos agroindustriais, como 06leos vegetais usados e residuo de biomassa
lignoceluldsica. Neste contexto, o objetivo deste trabalho foi propor uma nova
abordagem na produgao enzimatica de ésteres de solketila, uma classe de compostos
de grande interesse na industria oleoquimica, por hidroesterificagdo enzimatica do
Oleo de soja usado (OSU). Para tal fim, inicialmente, aprimorou-se a o biocatalizador
heterogéneo, onde a lipase Eversa® Transform 2.0 (ET2.0) foi imobilizada em
particulas do epicarpo (casca) de Acrocomia aculeata (macauba), as quais foram
submetidas a dois pré-tratamentos acidos e dois tratamentos com etanol 70% antes
da imobilizagdo. Apds isso, foram feitas analises de microscopia eletrénica de
varredura (MEV), difracao de raios X (XRD) e espectroscopia no infravermelho por
transformada de Fourier (FT-IR) para avaliar a influéncia dos métodos de pré-
tratamentos nas particulas do epicarpo da macauba. O biocatalisador heterogéneo foi
preparado via adsorgao fisica de ET2.0 a 25 °C em pH 5,0 (tampao acetato de sédio
— 5 mmol.L-") empregando um carregamento de proteina de 40 mg.g™' de suporte.
Nessa etapa, a maxima concentragdo de proteina imobilizada de 25,2 + 1,3 mg.g™’ foi
obtida em 15 h de imobilizacado. Posteriormente, realizou-se a hidrélise completa do
Oleo de soja usado catalisado por lipase de Candida rugosa (LCR) para a produgéo
de acidos graxos livres (AGL). A etapa de producao dos AGL por hidrélise enzimatica
foi conduzida em um sistema isento de emulsificantes e agentes tamponantes
empregando razao massica 6leo:agua de 40% m.m", concentragdo de LCR de 3,2 g
do preparado comercial em p6 por Kg de meio, 40 °C e agitagcdo mecénica de 1500
rpm. Apds estas etapas, as reagdes de esterificagdo foram conduzidas em frascos
abertos contendo 6 g de meio reacional constituido por uma mistura de AGL e solketal,
agitacdo mecanica de 240 rpm e tempo de 40 min de reagéo. Nesta etapa, a influéncia
de fatores relevantes na etapa de esterificagdo como razdo molar solketal:AGL (1:1 a
1:4), temperatura de reacgéo (40 a 70°C), e concentragéo de biocatalisador (5 a 20%
m.m") foi avaliada por delineamento composto central rotacional (DCCR). De acordo
com os resultados, a maxima conversdo do acido da ordem de 72.5 + 0.8% foi
alcangada apds 150 min de reagdo conduzida a 46 °C, 20% m.m™" de biocatalisador,

e razdo molar AGL:solketal de (1:1,6). Nesta mesma condigao, testes de reuso foram



realizados a fim de analisar a estabilidade do biocatalisador. O biocatalisador reteve
70% da sua atividade original ap6s dez ciclos sucessivos. A producao dos ésteres de
solketila foi confirmada por FT-IR e ressonancia magnética nuclear (RMN 'H e RMN
13C). Estes resultados mostram que a estratégia proposta neste trabalho é altamente
atrativa para a industria quimica, para o estabelecimento de processos eficientes e

sustentaveis a partir de residuos agroindustriais (casca de macauba e 6leo residual).

Palavras-chave: Esteres de solketila; Hidroesterificacdo; Oleo de soja usado;

Otimizacao; Lipase; Macauba.



ABSTRACT

In the last decades, a significant effort has been directed toward the development of
new sustainable processes for recycling and managing agro-industrial waste, such as
waste vegetable oils and lignocellulosic biomass waste. In this context, this work aimed
to propose a new approach in the enzymatic production of solketal esters, a class of
compounds of great interest in the oleochemical industry, via enzymatic
hydroesterification of used soybean cooking oil (USCO). For such a purpose, a
heterogeneous biocatalyst was initially produced, which the lipase Eversa® Transform
2.0 (ET2.0) was immobilized on particles of Acrocomia aculeata (macauba) epicarp
(peel), which underwent two acid pre-treatments and two treatments with 70% ethanol
before immobilization. Subsequently, scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Fourier-transform infrared spectroscopy (FT-IR) analyses were
performed to evaluate the influences of the pretreatment methods on macauba epicarp
particles. The biocatalyst was prepared via physical adsorption of ET2.0 at 25 °C in pH
5.0 (sodium acetate buffer — 5 mmol.L-") offering a protein loading of 40 mg.g™"' of
support. In this step, the maximum immobilized protein concentration of 25.2 + 1.3
mg.g”' was achieved after 15 hours of immobilization. Afterward, the complete
hydrolysis of used soybean oil catalyzed by Candida rugosa lipase (CRL) was carried
out to produce free fatty acids (FFAs). The enzymatic hydrolysis step for FFA
production was performed in an emulsifier-free and buffer-free system using a mass
ratio of oil:water of 40% m.m', a CRL concentration of 3.2 g of commercial powder per
kg of medium, 40 °C, and mechanical stirring at 1500 rpm. Following this step,
esterification reactions were performed in open flasks containing 6 g of reaction
medium consisting of a mixture of FFAs and solketal, mechanical agitation at 240 rpm,
and a reaction time of 40 minutes. In this stage, the influence of relevant factors in the
esterification step such as solketal:FFA molar ratio (1:1 to 1:4), reaction temperature
(40 to 70°C), and biocatalyst concentration (5 to 20% m.m-') was evaluated using a
central composite rotatable design (CCRD). According to the results, a maximum acid
conversion of approximately 72.5 + 0.8% was achieved after 150 minutes of reaction
conducted at 46 °C, 20% m.m™ of biocatalyst, and a molar ratio of (1:1.6) of
FFA:solketal. Under this condition, reusability tests were performed to analyze the
stability of the biocatalyst. The biocatalyst retained 70% of its original activity after ten

successive cycles. The production of solketal esters was confirmed by FT-IR and



nuclear magnetic resonance spectroscopy ('H NMR and '3C NMR). These results
demonstrate that the strategy proposed in this work is very attractive for the chemical
industry, for establishing efficient and sustainable processes from agro-industrial waste

(macauba epicarp and waste oil).

Keywords: Solketal esters; Hydroesterification; Used soybean cooking oil;

Optimization; Lipase; Macauba.
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1 INTRODUGAO

No cenario atual, as demandas energéticas sdo majoritariamente atendidas
pela utilizagdo de combustiveis fésseis. Uma vez que estes recursos energéticos nao
sao renovaveis, a sobre-exploragdo desses recursos resultara numa crise energética
nas proximas décadas (Bhatia et al., 2020). A crescente relevancia das questdes
ambientais, notadamente o aquecimento global e as alteragdes climaticas, tem
proporcionado um aumento de interesse na busca por fontes de energia
potencialmente sustentaveis (Ang et al., 2022).

Nesse sentido, observa-se ao longo das ultimas décadas um grande esforgo
voltado para o desenvolvimento de novos processos sustentaveis de reciclagem e
gestao de dleos alimentares usados (Mannu; Ferro; Di Pietro, 2019). Atualmente, os
Oleos vegetais comestiveis mais utilizados em aplicagdes oleoquimicas sdo obtidos a
partir de palma africana, soja, colza, girassol, palmiste, carogo de algodao e coco
(Baena et al., 2022). Grande parte desse material € destinado a industria de alimentos
e posteriormente utilizados no preparo de alimentos, gerando uma elevada quantidade
de material residual. A quantidade de dleos vegetais residuais disponiveis em todo o
mundo € extremamente relevante, o qual ocasiona em sérios problemas ambientais,
econdmicos e sociais. Estimativas apontam que mais de 15 milhées de toneladas de
Oleos vegetais residuais sejam geradas anualmente no mundo, entre os quais a Uniéo
Europeia se aproxima de 1 milhdo de toneladas por ano (De Feo et al., 2023).

Os Oleos vegetais residuais sao predominantemente constituidos de
triacilglicerois, monoacilglicerdis, e diacilgliceréis com quantidades variadas (De Feo
et al., 2023). Estes podem ser hidrolisados em acidos graxos livres e glicerol.
Compostos derivados de lipidios e glicerol, sdo oleoquimicos basicos potencialmente
usados como matérias-primas para a preparacdo de uma variedade de compostos
quimicos e produtos de alto valor agregado. Dentre esses produtos destacam-se
lubrificantes, aditivos para combustiveis, corantes, solventes, fragrancias, cosméticos,
polimeros, entre outros (Zahid et al., 2020; Baena et al., 2022 ). Esta abordagem visa
maximizar, o uso de biorresiduos, recuperando recursos valiosos e, a0 mesmo tempo,
enfrentando o problema do descarte inadequado. Nesse sentido, uma das aplicagdes
mais comuns do Oleo vegetal usado é a sua utilizagdo como matéria-prima na

producao de biodiesel (De Feo et al., 2023).
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A producao global de biodiesel nos ultimos anos resultou em um grande volume
de glicerol como subproduto, o qual se tornou uma matéria-prima promissora para a
sintese sustentavel de inumeros produtos quimicos de valor agregado, incluindo o
solketal— (2,2-dimetil-1,3-dioxolan-4-il) metanol ou 1,2-o-isopropilideno glicerol, um
composto usado como aditivo de combustivel para reduzir a emissao de particulas e
melhorar as propriedades de fluxo a frio dos combustiveis. Atualmente, o solketal é
sintetizado via reacdo de acetalizagdo entre o glicerol e acetona utilizando
catalisadores acidos homogéneos ou heterogéneos. O solketal tem sido usado com
sucesso na sintese de uma variedade de ésteres graxos do mesmo (EGS)
empregados como potenciais aditivos de combustivel, solventes, lubrificantes,
agentes aromatizantes e plastificantes. Além disso, ésteres a base de solketal séo
agentes emulsificantes promissores dos quais apresentam excelentes propriedades
antimicrobianas regularmente utilizadas nas formulag¢des de alimentos, cosméticos e
cuidados pessoais (Mendoza-Ortiz et al., 2020).

Em geral, os ésteres a base de solketal s&o sintetizados por reagdes de
esterificacdo ou transesterificagdo utilizando catalisadores classicos homogéneos ou
heterogéneos. Apesar dos catalisadores quimicos serem amplamente utilizados em
processos industriais, 0 uso de enzimas como catalisadores apresenta vantagens,
como alta seletividade e especificidade sob condigcbes de reacdo moderadas
(Itabaiana, I. et al., 2013; Mendoza-Ortiz et al., 2020; Souza et al., 2020). EGSs
sintetizados utilizando lipases como biocatalisadores obtiveram uma atencao especial
em razao as condigdes de reagao suaves e a alta seletividade do catalisador
(Mendoza-Ortiz et al., 2020).

As lipases (triacilglicerol-acil hidrolases, EC 3.1.1.3) tém despertado um
crescente interesse global em virtude da sua extensa gama de aplicagdes nos ambitos
cientifico e industrial. Contudo, o uso de lipase na sua forma soluvel pode apresentar
algumas limitagdes, como instabilidade operacional, baixa estabilidade térmica e de
pH e dificil recuperacdo do meio para utilizagdo em ciclos posteriores. O uso de
técnicas de imobilizacdo enzimatica em suportes soélidos leva a obtencdo de
biocatalisadores heterogéneos, ativos e estaveis, facilitando sua posterior separacao
e reutilizagado (Lozano et al., 2016; Rodrigues et al., 2019; Souza et al., 2020).

A imobilizacdo enzimatica pode levar a alteracdes na atividade, especificidade
ou seletividade da enzima, isto devido as interacbes enzima-suporte, o que

geralmente leva a melhoria do seu desempenho catalitico (Lozano et al., 2016;
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Rodrigues et al., 2019; Souza et al., 2020). Desta maneira, os tipos de suportes
empregados na imobilizacdo de lipases sdo bastante importantes, visto que sua
interagdo com moléculas enzimaticas pode influenciar na atividade e a estabilidade
das lipases quando imobilizadas. Derivados poliméricos naturais, polimeros sintéticos,
ceramicas, materiais inorganicos nanoestruturados sao exemplos de suportes que
podem ser usados em técnicas de imobilizagdo de enzimas (Thangaraj et al., 2019;
Zucca et al., 2016).

Recentemente, o emprego de residuos agroindustriais como suportes de
imobilizacdo de enzimas tém sido objeto de estudo de diversas pesquisas em todo o
mundo (Costa-Silva et al., 2022; Girelli et al., 2020; Liu, Shan et al., 2019, Sabi et al.,
2022). Embora a literatura tenha documentado o uso de varios suportes que se
mostram estaveis mesmo em condi¢cdes extremas, muitos destes ndo se encontram
prontamente disponiveis ou possuem um custo elevado (Girelli et al., 2020).
Normalmente, as biomassas lignocelulésicas podem ser submetidas a modificacbes
fisicas e/ou quimicas. Em vista da sua utilizagdo em procedimentos de imobilizacao,
um estagio de pré-tratamento é essencial para aprimorar a afinidade entre o suporte
e o biocatalisador, resultando em uma melhoria na eficiéncia do processo de
imobilizacdo (Rodriguez-Restrepo; Orrego, 2020).

Dentre os residuos disponiveis, os residuos do fruto da macauba (Acrocomia
aculeata) surge como uma alternativa promissora. Esta palmeira oleaginosa altamente
produtiva, pertencente a familia Arecaceae, € nativa das regides tropicais da América
Latina, com predominéancia de ocorréncia nas areas geograficas correspondentes as
regides Sudeste e Centro-Oeste do territorio brasileiro. O fruto da macauba é rico em
Oleo, o qual se concentra tanto na polpa quanto no carogo (semente) do fruto. Esta
planta apresenta elevada produtividade, isso devido aos seus frutos capazes de gerar
mais de 5.000 Kg de 6leo por hectare anualmente. O d6leo proveniente do fruto da
macauba, possui aplicagbes em diversas industrias, incluindo alimenticia,
farmacéutica e cosmética. Além disso, apresenta-se como uma alternativa viavel para
a producéao de biodiesel (Del Rio et al., 2016). Outra vantagem € a possibilidade de
utilizar todas as partes do fruto — exocarpo (casca), mesocarpo (polpa), endocarpo
(noz) e semente (carogo) — para produgao de coprodutos que possuem um grande
valor econémico (Castro et al., 2017). Toda a sua biomassa pode ser utilizada para
varias finalidades, incluindo bioenergia, alimentagdo e uma infinidade de outros

produtos. Os residuos solidos, oriundos da etapa de extracao do 6leo, podem fornecer
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tortas de proteinas e fibras, briquetes (lenha ecoldégica proveniente de residuos),
carvao vegetal e, conforme ja mencionado, ser utilizado como um potencial suporte
para a imobilizacdo de enzimas (Castro et al., 2017; Bijoy et al., 2022; Da Costa Lima
Pires et al., 2023; Girelli; Chiappini, 2023).

Desta forma, o objetivo deste estudo foi desenvolver um processo sustentavel
para produgao de ésteres de solketila, um potencial bioplastificante, a partir de éleo
de soja usado (OSU) por meio de um processo de duas etapas(hidroesterificagao).
Este processo compreendeu a etapa inicial de hidrolise do OSU para obtencéo de
acidos graxos livres (AGL), seguida pela esterificagdo dos AGL com solketal
comercial. Na etapa de hidrdlise, empregou-se um sistema isento de emulsificantes e
tampdo, fazendo uso da lipase nédo especifica de Candida rugosa. Na etapa de
esterificagdo a lipase Eversa® Transform (ET2.0) foi imobilizada em particulas de
epicarpo de macauba, as quais foram submetidas a dois pré-tratamentos acidos e dois
tratamentos com etanol 70% antes da imobilizagédo. Um planejamento experimental
foi conduzido para as reagdes de esterificagao entre acidos graxos de OSU e solketal.
Foram investigadas as variaveis temperatura, concentragdo de catalisador e razéo
molar entre o solketal e o acido graxo. Ademais, estudou-se o efeito do tempo nas
condi¢bes otimizadas para avaliar a eficiéncia catalitica do biocatalisador heterogéneo
preparado na sintese dos ésteres de solketila. Testes de reuso foram realizados a fim
de analisar a estabilidade do biocatalisador preparado apds sucessivas bateladas de

esterificacao.
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2 OBJETIVOS

O objetivo deste trabalho foi o desenvolvimento de um processo sustentavel e
ecologicamente correto para a produgdo de ésteres de solketila, um éster com
potencial aplicagdo como bioplastificante, a partir do 6leo de soja usado (OSU) e
solketal. O objetivo geral desse trabalho foi alcangcado mediante a execugcédo dos
seguintes objetivos especificos descritos a seguir:

a) utilizar particulas do epicarpo de Macauba como suporte para imobilizacédo
de enzimas, em especifico a lipase de Thermomyces lanuginosus produzido
por uma cepa geneticamente modificada de Aspergillus oryzae (Eversa®
Transform 2.0 — ET2.0);

b) produzir AGL a partir da hidrolise enzimatica do OSU catalisada pela lipase
de Candida rugosa (LCR);

c) aplicar o biocatalisador heterogéneo preparado para a esterificagcdo do AGL
com solketal, em reator aberto em meio isento de solventes;

d) avaliar a influéncia de fatores como razdo molar AGL: Solketal, concentragao
do catalisador e temperatura na producdo de ésteres de solketila, por
delineamento composto central rotacional (DCCR) em 40 minutos de reacéo;

e) avaliar o efeito do tempo de reagao na producgao de ésteres de solketila nas
condigbes otimizadas;

f) estudar o reuso do biocatalisador nas condigdes otimizadas.
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3 REVISAO BIBLIOGRAFICA

3.1 OLEO VEGETAL USADO

Os 6leos vegetais desempenham um grande papel na industria quimica, isso,
em virtude a sua intrinseca biodegradabilidade, acessibilidade e modificagdes
versateis. Ainda mais, sua importancia esta associada a questdes ambientais e pela
crescente escassez de fontes de petréleo (Wai et al., 2019). Nos anos de 2022 e 2023
a producao de o6leo vegetal alcangou cerca de 210,3 milhdes de toneladas métricas
em todo o mundo, logo, prevé-se que sua produgao resulte em mais de 217 milhdes
de toneladas métricas na campanha de comercializagédo entre 2023 e 2024 (Statista,
2024a). Os dleos vegetais e as gorduras animais constituem as principais matérias-
primas utilizadas na industria oleoquimica e sdo amplamente utilizados na fabricagao
de uma ampla variedade de derivados. Os 6leos sao predominantemente constituidos
por triacilglicerois, que possuem diferentes comprimentos de cadeia e caracteristicas
quimicas. Sua concentracao e natureza sdo determinadas principalmente pela fonte
bioldgica correspondente (Noor Armylisas et al., 2017; Baena et al., 2022; Mannu et
al., 2019).

Por sua vez, no Brasil, a soja destaca-se como uma das culturas mais
relevantes na agricultura, representando mais de um tergo do valor total da produgéo
do setor em 2022. Em ambito global, o Brasil ultrapassou os Estados Unidos na safra
2019/2020, rompendo anos de vice-lideranga para se tornar o maior produtor dessa
oleaginosa. De acordo com previsdes, a produgao de soja no Brasil deve continuar
crescendo na proxima década, alcangando aproximadamente 154 milhdes de
toneladas até 2032 (Statista, 2024b). O consumo de 6leo de soja no Brasil aumentou
mais de 40% ao longo de uma década, alcancando cerca de 7,8 milhdes de toneladas
em 2022/23 (Statista, 2022). Além do setor agricola e alimenticio, o 6leo de soja é a
principal matéria-prima utilizada na produgéo de biodiesel no Brasil (Statista, 2024b).

O dleo vegetal usado (OVU) emerge como uma fonte importante de residuos
oleosos, sendo representado por cerca de 50 kg de produgao anual per capita em
paises desenvolvidos. No mundo todo, sdo gerados cerca de 29 milhdes de toneladas
de residuos lipidicos, no qual grande parte deste volume ¢€ descartado
convencionalmente com os residuos sélidos urbanos em aterros sanitarios ou na rede
de esgoto (Gaur et al., 2022; Hosseinzadeh-Bandbafha; Nizami et al., 2022). O
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descarte de oOleos usados em aterros pode ocasionar na poluicdo dos recursos
hidricos e do solo e, consequentemente, perturbar o ecossistema. Ja nas redes de
esgotos, pode haver redugcdo do didmetro das tubulagbes e consequentemente
obstrucdes, levando a prejuizos econbmicos e ambientais. Além disso, os OVUs
possuem baixa solubilidade na agua, acarretando de modo negativo a flora e fauna
aquaticas, reduzindo o teor de oxigénio dissolvido e restringindo a penetragéo da luz
solar na agua (Hosseinzadeh-Bandbafha; Nizami et al., 2022). As refinarias e as
industrias de alimentos representam uma fonte relevante desses residuos, o que
ainda podem ser utilizados como um substrato de alto valor (Gaur et al., 2022).

Apesar da crescente adogao de recursos de base bioloégica e renovaveis terem
alcangado uma utilizagdo significativa na industria quimica, é fundamental ter
consciéncia dos impactos relacionados ao ciclo de vida das matérias-primas de base
agricola. Uma melhor percepg¢ao do nexo entre agua, energia e seguranga alimentar
redirecionou a atengao para a recuperagao e aproveitamento de residuos de base
bioldgica (Baena et al., 2022).

Com o inicio das biorrefinarias, revelou-se uma abordagem mais promissora e
mais viavel para os problemas existentes decorrentes da acumulagao de residuos néo
tratados no meio ambiente (Gaur et al., 2022). A possibilidade de transformar o 6leo
vegetal usado (OVU) em compostos de alto valor, associada a necessidade de evitar
a sua dispersao no meio ambiente e a sua disponibilidade em quantidades muito
grandes, levou muitas industrias a direcionarem investimentos para o processamento
de OVUs. As aplicagdes mais comuns desses 6leos reciclados estdo na producao de
biolubrificantes, emprego como ragao animal e sua utilizagao na producao de energia
(seja a queima direta ou como ingrediente combustivel (biodiesel)). Além disso,
algumas aplicagbes de OVUs envolvem a produgdo de solventes biodegradaveis,
assim como aditivos para bioasfaltos e bioconcreto (Mannu; Ferro; Dugoni et al.,
2019).

Os OVUs sao constituidos principalmente de triacilgliceréis (TAG),
monoacilglicerdis e diacilglicerdis, acompanhados de quantidades variaveis de acidos
graxos livres (AGL) (5% a 20% m/m) gerados durante o processo de fritura. Os
triacilglicer6is possuem na sua composicdo, majoritariamente, acidos graxos
saturados e insaturados, os quais possuem o potencial para ser utilizados como
precursores quimicos para a fabricagao de produtos de valor agregado em diversos

segmentos da industria (Mannu; Ferro; Di Pietro et al.,, 2019). A maioria das
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transformacgdes quimicas classicas e bem estabelecidas utilizando acidos graxos e
seus derivados ocorrem no grupo carboxila terminal. Como exemplo, reacbes de
esterificacdo, amidagdo e aminagao para gerar ésteres, amidas e aminas, o que,
respectivamente, sdo usados como precursores quimicos (Noor Armylisas et al.,
2017).

3.2 SOLKETAL

Atualmente, a manufatura do biodiesel provém na sua maior parte da reagao
de transesterificacdo entre um 6leo e um alcool (como o metanol). A reagdo de
transesterificacdo fornece dois produtos principais: os ésteres metilicos/etilicos dos
acidos graxos, ou seja, o proprio biodiesel, e um valoroso subproduto: o glicerol. Cerca
de 68% do suprimento de glicerol provém da industria de biodiesel e o crescimento
esperado na oferta dessa commodity acompanha a industria de biocombustiveis,
estimando-se uma taxa de crescimento de 5,2% até 2027 (Corréa; Faria; Rodrigues,
2021). Estima-se que para cada 100 kg de biodiesel produzido sejam gerados
aproximadamente 10 kg de glicerol bruto (Rodrigues et al., 2021). Portanto, faz-se
necessario desenvolver novas formas que sejam economicamente viaveis para a
utilizac&o do glicerol bruto visando aumentar o seu valor e reforgar a sustentabilidade

das industrias de biodiesel (Nanda et al., 2016).

Dentre os produtos quimicos de interesse obtidos a partir do glicerol esta o
solketal ((2,2-dimetil-1,3-dioxolano-4-il) metanol) ou 1,2-isopropilideneglicerol, um
cetal ciclico oxigenado com dois grupos metil. O solketal pode ser utilizado como
aditivo de combustivel para melhorar as propriedades de fluxo em baixa temperatura,
bem como, agente aromatizante, base para producao de surfactantes, solvente para
aplicagbes médicas e intermediario para manipulagdes quimicas (Khodadadl et al.,
2021; Sedghi et al., 2022; Sulistyo et al., 2020).

Considerando que o biodiesel esta incorporado a matriz energética brasileira,
o Conselho Nacional de Politica Energética (CNPE) planeja aumentar anualmente o
teor de biodiesel no diesel proveniente do petréleo. Em 2024, o percentual subira para
13%; em 2025, atingira 14%; e em 2026, chegara a 15% (Brasil, 2024). Como
resultado, o volume de glicerol gerado pela industria de biodiesel nacional aumentara,

podendo levar a uma maior produgao de solketal.
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Em 2020, o mercado global do solketal foi cerca de US$ 19 milhdes (Khodadadi
et al.,, 2021). Estimativas mostram que até 2026, o mercado do solketal alcance
aproximadamente US$ 13 milhdes, com uma taxa de crescimento anual de 6,5% ao
longo desse periodo (Khodadadi et al., 2021). Em geral, o solketal € produzido pela
acetalizagdo do glicerol com acetona na presenga de um catalisador acido, tendo a
agua como subproduto, como mostrado na Figura 1. Uma série de catalisadores
acidos homogéneos, incluindo acidos minerais (H2SO4, HCI, H3POa4), acido orgénico
como o p-toluenossulfénico, sais metalicos (FeCls, SnCl2), sdo reportados na literatura
para a producao do solketal (Corréa; Faria; Rodrigues, 2021; Khodadadi et al., 2021).
Com o éxito da acetalizagao do glicerol, houve também um aumento do interesse na

producao de “solketal” como solvente e plastificante (Shirani; Ghaziaskar; Xu, 2014).

Figura 1 - Representacédo da reagdo de acetalizacdo do glicerol com acetona para

sintese do solketal.
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Fonte: Do autor.

A existéncia do grupo hidroxila (-OH) na estrutura molecular do solketal
possibilita sua utilizacdo como uma fonte de alcool na sintese de ésteres, dentre eles
ésteres graxos de solketila (EGS). Em uma abordagem alternativa, a obtencao de
EGSs também pode ser efetuada por meio da esterificagdo entre acidos graxos e
solketal, utilizando lipases imobilizadas e acido p-toluenossulfénico. O EGS obtido
revela-se passivel de aplicacdo em diversos setores, tais como aditivos para
combustiveis, lubrificantes, solventes, agentes aromatizantes, plastificantes, entre
outros (Zahid et al., 2020).
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3.3 LIPASES E IMOBILIZAGAO ENZIMATICA

A biotecnologia industrial ganhou destaque pela ampla utilizagdo de enzimas
como catalisadores. Estima-se que o mercado de enzimas, cujo valor estimado estava
em 9,9 bilhdes de dolares no ano de 2019, tenha um crescimento com uma taxa anual
de 7,1% no periodo entre 2020 e 2027 (Almeida et al., 2021). Lipases (EC 3.1.1.3)
s&o enzimas capazes de catalisar a hidrolise de triacilglicerois (TAG) em glicerol e
acidos graxos livres (AGL)(Melani; Tambourgi; Silveira, 2020). Entre as enzimas com
grande interesse industrial, as lipases ocupam a primeira posi¢cao (Monteiro et al.,
2023; Rodrigues et al., 2019). Evidentemente, as lipases representam as enzimas
mais utilizadas em processos de biotransformacgdes, isto devido a sua ampla
especificidade de substrato, acessibilidade comercial, independéncia de cofatores e
capacidade de operar em altas concentragdes de substrato, ndo apenas em seu
ambiente natural (solugdes aquosas), mas também em solventes organicos (Melani et
al., 2020; Rodrigues et al., 2019). Embora sejam as mais usadas em reagdes de
hidrolise e esterificagdo de dleos, as lipases podem catalisar uma ampla gama de
reagoes, incluindo transesterificagdo, interesterificacdo, acidolise, alcoodlise e
aminolise. A multifuncionalidade das lipases possibilita sua aplicagdo em diversos
setores, incluindo alimentos, cosméticos, bebidas, biossensores, producdo de

biodiesel, entre outras (Almeida et al., 2021).

As lipases, de modo geral, apresentam uma cadeia polipeptidica amplamente
denominada de “tampa”, conforme ilustrado na Figura 2. Essa estrutura possui uma
face interna hidrofébica e face externa hidrofilica. Na conformacado fechada das
lipases, a area hidrofébica da tampa interage com as areas hidrofébicas que
circundam o centro ativo, isolando-o do meio reacional. Ao se interagir com o substrato
(hidrofébico), a tampa se movimenta promovendo a exposi¢ao do sitio catalitico, o
qual se configura como a conformagao aberta da lipase. Este mecanismo é chamado
de “ativacgéao interfacial”’. O sitio ativo das lipases € geralmente caracterizado por uma
triade de aminoacidos composta por serina, histidina e aspartato ou glutamato
(Melani; Tambourgi; Silveira, 2020; Parandi et al., 2022; Rodrigues et al., 2019;
Sarmah et al., 2018).
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Figura 2 - Representacdo da “tampa” da lipase de Thermomyces lanuginosus na
forma fechada (PDB: 1DT3) e forma aberta (PDB: 1EIN).
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Fonte: Do autor.

Apesar da ampla versatilidade das enzimas, sua implementagdo em larga
escala pode apresentar desafios. Algumas limitagdes associadas ao uso de enzimas
soluveis em processos industriais incluem custos elevados, baixa estabilidade
operacional e dificuldades na recuperagcdo. Contudo, as enzimas oferecem a
vantagem do potencial reutilizagédo, o qual necessita da sua recuperagao do processo
para uma posterior reutilizagao, contribuindo assim, para a viabilidade econémica do
processo. A recuperacao de enzimas livres no meio reacional pode ser dificil e uma
alternativa que facilita a sua recuperacao é a utilizagcdo de enzimas imobilizadas
(Goncgalves Filho; Silva; Guidini, 2019; Thangaraj; Solomon, 2019; Zahirinejad et al.,
2021). Atualmente, a etapa de imobilizagdo enzimatica demonstrou ser uma
ferramenta atrativa para aprimorar diversas caracteristicas das enzimas. Uma
imobilizacdo eficiente busca melhorar as limitagbes enzimaticas, como sua
estabilidade, atividade, seletividade, especificidade, ou resisténcia a inibidores (Liu et
al., 2018; Miguel Junior et al., 2022; Rodrigues et al., 2019)

Com base nessas vantagens, as enzimas imobilizadas tém sido amplamente
aplicadas em diversos campos, como na industria alimenticia, industria farmacéutica,
tratamento de aguas residuais, industria téxtil e assim por diante (Liu et al., 2018).
Diversas técnicas tém sido extensivamente estudadas para imobilizacdo enzimatica,
incluindo adsorgédo fisica, ligagdo covalente, encapsulamento, reticulagdo e
aprisionamento (Gongalves Filho; Silva; Guidini, 2019). Neste contexto, a imobilizagao

enzimatica pelo método de adsorcao fisica destaca-se pela sua simplicidade,
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facilidade e menor custo em comparagao a outros métodos (Rodrigues et al., 2019).

As lipases, quando em contato com superficies hidrofébicas, levam a exposi¢cao
do seu sitio ativo, devido a mudanga da enzima para a conformacao aberta. Assim,
tém-se a sua adsorgéo na superficie, levando a fixagcdo de uma estrutura aberta na
qual o sitio ativo fica totalmente exposto. Em outras palavras, a presenca de
superficies hidrofobicas induz o movimento da tampa das lipases, permitindo com que
a mesma permanec¢a na conformagao aberta durante o processo de adsorcéo,
promovendo um aumento da sua atividade catalitica (Figura 3). Muitos pesquisadores
tém explorado com sucesso essas estratégias para imobilizar lipases em suportes
hidrofébicos. Isso elimina a necessidade de abertura da lipase por outras interfaces
externas, garantindo a imobilizagdo das lipases na forma monomérica e aberta
(Mattos et al., 2023; Miguel Junior et al., 2022; Parandi et al., 2022; Rodrigues et al.,
2019).

Figura 3 - Esquema de imobilizacao por ativagao interfacial em suporte hidrofébico.
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Fonte: Do autor.

Em certos casos, as lipases imobilizadas podem exibir uma atividade catalitica
superior quando comparadas com sua forma livre (Rodrigues et al., 2019). Um dos
aspectos vantajosos das reagdes de sintese de ésteres catalisadas por lipases
imobilizadas, € a capacidade de conduzi-las em sistemas livres de solventes
organicos. Essa abordagem oferece beneficios significativos em relagdo aos sistemas
que utilizam esses solventes (Mattos et al., 2023; Miguel Junior et al., 2022). Além

disso, ésteres produzidos por rotas biocataliticas podem ser rotulados como produtos
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verdes, com as vantagens que isso tem na sua comercializagdo e possivel prego
(Miguel Junior et al., 2022).

3.4 HIDROESTERIFICACAO

O processo de hidroesterificagdo € um processo que pode ser realizado em
duas etapas, a primeira € a hidrélise dos TAGs seguido da esterificagdo dos AGLs
com um alcool de interesse. Essa técnica tem se demonstrado vantajosa para
producao de ésteres industriais, visto que a transesterificagcdo enzimatica direta de
triacilglicerois requer tempos de reagao longos ou altas temperaturas para alcangar
altos rendimentos (Guedes Junior et al., 2022; Mattos et al., 2023). Atualmente, os
AGLs industriais sdo predominantemente produzidos através da hidrolise de 6leos e
gorduras utilizando condi¢gdes operacionais extremas, isso mediante a processos que
requerem um elevado consumo energético (como por exemplo, os processos Colgate-
Emery e Eisenlohr). Esses processos envolvem altas temperaturas e pressoes
(aproximadamente 250 °C e 50 bar), e tais condigbes s&o indispensaveis para
promover a miscibilidade entre 6leo e agua, para reduzir a viscosidade do dleo,
superar limitagdes do equilibrio e alcangar uma cinética reacional mais rapida (Baena
et al., 2022; Tavares et al., 2021). Ademais, esses processos demandam a utilizagao
de equipamentos caros e resultam em altas despesas operacionais, assim como,

desencadeiam reagdes secundarias indesejaveis (Baena et al., 2022).

Catalisadores enzimaticos tém atraido um grande interesse recentemente
devido a sua notavel atividade em condigdes mais brandas, bem como a sua elevada
regioseletividade e especificidade em relagdo ao substrato (Baena et al., 2022). Os
acidos graxos livres, por exemplo, podem ser produzidos por meio do processo de

hidrélise enzimatica de 6leos (Souza et al., 2020), como demonstrado na Figura 4.
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Figura 4 - Representagao geral da reagao de hidrolise de triacilglicerois catalisada
por lipases.
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Fonte: Do autor.

A aplicagdo de enzimas comparado aos métodos convencionais, apresenta a

vantagem de ser realizado sob condicbes amenas de pressao e temperatura,

viabilizando a reducdo de custos relacionados a energia e aos equipamentos.

Ademais, ha também uma redugao nos procedimentos de tratamento de residuos

associados a esse método (Tavares et al., 2021). Os AGLs, produzidos pela hidrolise

enzimatica de oleos, sdo empregados como matéria-prima em uma ampla gama de

aplicagdes nos processos industriais, como na produgcdo de oleoquimicos, aminas,

alcoois e ésteres (Souza et al., 2020). A reacao de esterificacdo trata-se de um

processo de obtencéo de ésteres a partir de AGL e um alcool de interesse, no qual se

tém a formagao de agua como subproduto, podendo este ser catalisado por bases,

acidos ou enzimas (Figura 5) (Kim et al., 2004).

Figura 5 - Representacao da reacao de esterificagao.
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A esterificagdo enzimatica € um processo que engloba varios fatores
importantes. A reagcdo € controlada termodinamicamente e as lipases podem ser
inibidas ou inativadas por reagentes, produtos ou variagdes de temperatura. Assim, a
quantidade de agua é um dos fatores que controla a reagéo de esterificagdo. Quando
em excesso, pode ocorrer um deslocamento do equilibrio quimico e favorecer a
hidrolise dos ésteres. Contudo, é necessaria uma certa quantidade de agua no meio
(denominada agua de hidratag&o) para manter a estrutura tridimensional da lipase (Fu;
Vasudevan, 2009; Sousa et al., 2021). O principal desafio na utilizacdo de lipases
imobilizadas para reacbes de esterificacdo € o acumulo de agua no interior do
biocatalisador. Uma estratégia viavel para superar esse problema é utilizacdo de
suportes hidrofobicos, evitando a adsorgéo de agua no biocatalisador, assim como as
limitagbes difusionais para substratos hidrofébicos (Mendoza-Ortiz et al., 2020;
(Molina-Gutiérrez et al., 2021).

3.5 MACAUBA: UMA PROPOSTA DE SUPORTE NA IMOBILIZAGCAO DE LIPASES

A biocatélise heterogénea é um aspecto muito importante da Grande
Biotecnologia, o qual possui interesse cientifico significativo e potencial pratico para
aplicagdes industriais, sobretudo na conversdao de matérias-primas renovaveis em
produtos de alto valor agregado (Kovalenko; Perminova; Beklemishev, 2021). A
selecao do suporte a ser utilizado depende principalmente da natureza da enzima em
questao, do método de imobilizagdo e da aplicagao industrial final. Contudo, algumas
caracteristicas essenciais devem ser consideradas para suportes enzimaticos, tais
como: sua disponibilidade, estabilidade, biodegradabilidade, baixo custo, auséncia de
toxicidade, estrutura altamente porosa, elevada area superficial, compatibilidade

enzimatica e possibilidade de sofrer modificagées quimicas (Costa-Silva et al., 2021).

Grandes quantidades de residuos agroindustriais sdo geradas a partir de
atividades de produgao primaria. A biomassa lignocelulésica é caracterizada como o
recurso biolégico mais abundantemente disponivel, o qual possui um rendimento
global de até 1,3 bilhdes de toneladas por ano (Najera-Martinez et al., 2022). Esses
residuos sao gerados principalmente pela industria agricola ou pelos residuos

domésticos. Infelizmente, a eliminagdo inadequada desses residuos € um grande
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problema e grande parte da biomassa lignocelulésica é frequentemente eliminada por
meio da queima. Este procedimento pode gerar amoénia, metano e didéxido de carbono,
ambos contribuindo com o efeito estufa, o que acarreta sérios problemas de poluicédo
ambiental. Recentemente, as biomassas lignocelulésicas ganharam um crescente
interesse de pesquisa, em especial a sua natureza renovavel. Portanto, as imensas
quantidades desses residuos possuem o potencial de serem convertidas em diversos
produtos de alto valor, incluindo biocombustiveis, produtos quimicos de alto valor
agregado e fontes de energia acessiveis para uso em processos de fermentagao
microbiana, produg¢ao de enzimas e como suporte enzimatico (Costa-Silva et al., 2021;
Girelli; Astolfi; Scuto, 2020; Najera-Martinez et al., 2022).

A macauba (Acrocomia aculeata) € uma palmeira tropical da familia Arecaceae,
nativa da América do Sul. Esta palmeira tem sido considerada uma cultura energética
promissora devido ao seu alto potencial na produgao de bioenergia a partir de seus
frutos, bem como a possibilidade de integragdo em sistemas agricolas envolvendo
lavoura-pecuaria e floresta-agro (Rencoret et al., 2018). No Brasil, as macaubas sao
mais abundantes nas regides Sudeste e Centro-Oeste, e desempenham fungdes
ecoldgicas vitais, especialmente na restauracado de areas degradadas e no sequestro
de carbono. Notavelmente, para fins industriais, apenas os frutos precisam ser
colhidos, permitindo assim que o carbono permanega armazenado nas estruturas
vegetativas (raizes, caules e folhas). Isto diferencia a macauba de outras culturas
arboreas utilizadas para bioenergia, as quais exigem frequentemente a remogéo ou
corte das estruturas vegetativas, liberando assim o carbono armazenado (Moreira et
al., 2020). O fruto da macauba possui um alto teor de 6leo, o que o torna favoravel
para a producdo de biodiesel. Essas frutas, de alto teor oleaginoso, possuem
aplicagbes em varios setores industriais, incluindo alimentos, cosméticos, produtos de
higiene pessoal e fontes de bioenergia, como biodiesel e bioquerosene (Da Costa
Lima Pires et al., 2023; Rencoret et al., 2018).

O fruto da macauba é uma drupa comestivel, medindo cerca de 3,0 a 5,0 cm
de didmetro e possui formato globoso. Ele possui um mesocarpo fibroso mucilaginoso
de coloragao variada e sabor adocicado. O endocarpo esta aderido fortemente ao
mesocarpo, € a semente possui um grande endosperma, que pode ter até quatro
sementes por fruto. Quando maduro, o fruto possui aroma caracteristico e a sua casca

separa-se facilmente da polpa. Os frutos da macauba s&o compostos
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aproximadamente por 20% de casca, 40% de polpa, 33% de endocarpo e 7% de
caroco (Mittaine, 2018). Do ponto de vista do consumo humano, os frutos da macauba
fornecem quantidades significativas de lipidios, fibras, minerais e proteinas de alta
qualidade. Estes frutos produzem dois tipos de 6leo: um extraido da polpa e outro do
carogo. O Oleo derivado da polpa é rico em acidos graxos monoinsaturados,
principalmente acido oleico, enquanto o 6leo extraido da améndoa é caracterizado por
acidos graxos saturados, principalmente acido laurico. Além disso, existem variagbes
na composi¢cao e propor¢ao de triglicerideos, diglicerideos, acidos graxos livres e

compostos em menor escala (Da Costa Lima Pires et al., 2023).

A cada quilograma do fruto de macauba submetida a extragcdo de o6leo
(hidraulica), sado gerados cerca 500 gramas de biomassa residual. Nesta biomassa,
estdo incluidos as fibras, lipidios e proteinas, o qual também podem ser utilizados
como uma alimentagdo alternativa para animais. Ademais, a torta de macauba
resultante do processo tem sido empregada tanto na alimentagcdo de animais
ruminantes quanto ndo ruminantes. O carbono proveniente do endocarpo possui
densidade aparente de 1,29 (g/cm?®) e um poder calorifico de 8.045,56 (kcal/kg),
devido a sua elevada concentragao de lignina (Colombo et al., 2017). Este subproduto
de carbono é empregado em diversas areas, incluindo siderurgia, metalurgia,
artesanato e na produgao de carvao ativado (Da Costa Lima Pires et al., 2023).
Considerando a quantidade de residuo resultante do processo extrativo do dleo, a
macauba é uma alternativa viavel e sustentavel para a utilizagcdo dos seus residuos

como potenciais suportes para imobilizagao enzimatica.

Para serem suportes eficientes, os suportes devem apresentar boas
propriedades mecanicas, assim como tamanho adequado de particulas e poros. Suas
propriedades mecanicas devem ser compativeis com o reator de trabalho, sendo
capazes de resistir a pressao e ao estresse mecanico causado pela agitagao (Najera-
Martinez et al., 2022). O tamanho das particulas desempenha um papel fundamental
para a recuperacgao do biocatalisador e no seu manuseio em ambiente industrial, além
de influenciar a area superficial disponivel para interagdo com a enzima. Particulas
grandes podem levar a problemas de difusdo, por isso, € importante considerar as
condicdes ideais para cada enzima. Para a imobilizacdo de lipases, por exemplo, €
preferivel um tamanho de particula maior, a fim de melhorar a interagcdo entre a

interface agua/dleo. O tamanho dos poros do suporte também é um importante onde
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a capacidade de carga do suporte é diretamente afetada pela quantidade de enzima
que pode entrar nos poros. Logo, quanto maior a capacidade de carga de um suporte,
melhor sera o desempenho do biocatalisador (De et al., 2015; Najera-Martinez et al.,
2022; Rencoret et al., 2018)

Cada residuo lignoceluldsico possui sua propria composi¢ao, entretanto, de
modo geral, a biomassa lignoceluldsica é formada principalmente por 35-45% de
celulose, 20-30% de hemicelulose, 10-30% de lignina e pequenas quantidades de
extrativos e proteinas (Najera-Martinez et al.,, 2022). A celulose, um polimero
composto de mondmeros de glicose, e a hemicelulose, um polimero de pentoses e
hexoses, representam os principais elementos estruturais presentes nas paredes
celulares das plantas, desempenhando um papel fundamental na resisténcia
mecanica destas estruturas. Ja a lignina que contém trés alcoois aromaticos (alcool
coniferilico, alcool sinapilico e alcool p-cumarilico) atua como um selo protetor em
torno dos outros dois componentes (Girelli; Astolfi; Scuto, 2020). Para explorar um
potencial desenvolvimento de biocatalisadores a partir de residuos agroindustriais,
como fibras de coco, palha de arroz, restos de milho e graos de cerveja, a realizagao
de pré-tratamentos se torna crucial (Liu, Shan et al., 2019; Najera-Martinez et al.,
2022).

Os pré-tratamentos visam desestruturar as fortes ligagdes presentes nas
paredes celulares vegetais, viabilizando uma maior superficie de interagdo das
enzimas na matriz vegetal (Liu, Shan et al., 2019; Ngjera-Martinez et al., 2022). Os
pré-tratamentos fisicos sao realizados a fim de reduzir o tamanho de particula,
lavagem e esterilizacdo simples, empregando temperaturas e pressdes elevadas para
a remocao impurezas. Por outro lado, os tratamentos quimicos envolvem o uso de
reagentes como hidroxido de sédio, acido sulfurico, acido cloridrico, perdxido de
hidrogénio, entre outros. O tratamento com &acido cloridrico (HCI) é geralmente
utilizado para ativar a superficie do suporte, removendo a cera e degradando a
hemicelulose. Efetivamente, a utilizagdo destes tratamentos torna o suporte mais
poroso € aumenta a sua area superficial, o qual estabelece um ambiente propicio para

otimizar o processo de imobilizagao (Rodriguez-Restrepo; Orrego, 2020).

Sendo assim, o estudo tem como finalidade avaliar o potencial da utilizagao de
particulas do epicarpo do fruto da macauba como suporte para a imobilizagao de

lipase via adsorcao fisica, para posterior utilizacdo na producao de ésteres de
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solketila. Os resultados obtidos nesse trabalho demonstram a eficiéncia do catalisador
heterogéneo, em reacdes de esterificagdo para a obtengdo de ésteres de solketila
com um excelente rendimento, utilizando matérias-primas renovaveis e de baixo
custo. Desta forma, esta metodologia contribui para o progresso de investigagdes
direcionadas ao estudo da viabilidade da utilizacdo de residuos provenientes da
agroindustria na sintese de compostos de valor agregado com uma ampla gama de

aplicagdes.
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ABSTRACT

This study describes the enzymatic production of solketal esters from used soybean
cooking oil (USCO) by hydroesterification. This process comprises a complete
hydrolysis of USCO into free fatty acids (FFAs) catalyzed by a non-specific lipase
extract from Candida rugosa (CRL). The resulting FFAs were used as raw material for
esters production by esterification with solketal in a solvent-free system. For such a
purpose, a low-cost lipase (Eversa® Transform 2.0 — ET2.0) was immobilized via
physical adsorption on treated epicarp particles from Acrocomia aculeata (macauba),
a lignocellulosic biomass waste. A protein loading of 25.2 + 1.3 mg.g™* of support and
immobilization yield of 64.8 £+ 2.5% was achieved by offering 40 mg of protein/g of
support. The esterification reaction was optimized by a central composite rotatable
design (CCRD) achieving a FFAs conversion of 72.5 £ 0.8% after 150 min of reaction
at 46 °C using a biocatalyst concentration of 20% m.m* and FFAs:solketal molar ratio
of 1:1.6. The biocatalyst retained 70% of its original activity after ten esterification
batches. This paper shows the conversion of two agro-industrial wastes into valuable
materials (enzyme immobilization support and solketal esters).

Keywords: Solketal esters, Hydroesterification, Lipase, Agro-industrial wastes,

Valorization.

1. Introduction

Solketal (DL-1,2—isopropylideneglycerol or 2,2-dimethyl-1,3-dioxolane-4-
methanol) is a valuable chiral compound produced by the acetalization of glycerol, a
byproduct from the biodiesel production (Olson et al., 2023), with acetone (Olson et
al., 2023; Talebian-Kiakalaieh et al., 2018). It has been extensively utilized as a fuel
additive by blending it with gasoline or biodiesel and it is also a pharmaceutical
intermediate (Talebian-Kiakalaieh et al., 2018). It has also been used in cosmetics and
personal care products, food and beverage industry, pharmaceutical industry, paints
and coatings, and chemical manufacturing (Data Bridge Market Research, 2020). One
of its main application consists in the production of esters from a wide range of
carboxylic acids (Barbosa et al., 2019; Data Bridge Market Research, 2020; Lee et al.,
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2023; Mariam et al., 2022; Mendoza-Ortiz et al., 2020; Villa et al., 2020; Yang et al.,
2014). These synthetic solketal esters are used as dietary supplements (Villa et al.,
2020), antimicrobial agents (Mendoza-Ortiz et al., 2020), oxygenated fuel additives
(Barbosa et al., 2019; Mariam et al., 2022), plasticizing agents (Lee et al., 2023), and
monomers for polyurethane production (Yang et al., 2014).

Solketal esters are conventionally produced by esterification and/or
transesterification reactions catalyzed by acid or basic homogeneous catalysts such
as sodium methoxide (Kenar and Knothe, 2008), potassium methoxide (Neamtu et al.,
2019), sodium carbonate (Mariam et al., 2022), p-toluenesulfonic acid (Perosa et al.,
2016; Yang et al., 2014), or a mixture of triphenylphosphine/iodine/imidazole
(Sultanova et al., 2023). Moreover, amorphous sulfonated silica (Barbosa et al., 2019)
and oxides derived from calcium-rich natural materials (Sankaranarayanan et al.,
2017) have also been utilized as acid or basic heterogeneous catalysts of this
esterification reaction, respectively. In general, these reaction systems require the
utilization of high temperatures — from 90 to 150 °C (Barbosa et al., 2019; Kenar and
Knothe, 2008; Mariam et al., 2022; Neamtu et al., 2019; Yang et al., 2014). Moreover,
complex reaction schemes using high amounts of hazardous organic solvents or ionic
liquids to improve the miscibility of the raw materials are required. Additionally, these
studies require inert atmospheres using dry nitrogen to avoid undesirable byproducts
formation, caused by different reactions such as oxidation, polymerization and other
ones, in order to produce solketal esters with high yields and purities (Barbosa et al.,
2019; Kenar and Knothe, 2008; Neamtu et al., 2019; Sultanova et al., 2023).

In this context, the enzymatic production of these compounds using lipases
poses great interest and, therefore, it has been extensively studied due to the
advantages of biocatalysis over traditional chemical routes such as milder
experimental conditions, which reduce energy demand, and their high specificity,
enantioselectivity and mainly, selectivity, which reduces the formation of undesirable
byproducts that, thus, minimizes the generation of wastes and simplify the purification
steps (Sousa et al., 2021; Stergiou et al., 2013).

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are a class of enzymes that
catalyzes the hydrolysis of triacylglycerols to glycerol and free fatty acids (FFAS)
(Schmid and Verger, 1998; Verger, 1997). They have been utilized as biocatalysts in
solketal esters production in their free forms (lyophilized crude extracts (Mine et al.,

2005; Zniszczol and Walczak, 2014), and also as whole cells — lyophilized mold
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mycelia (Da Silva Junior et al., 2020; Romano et al., 2006; Torregrosa et al., 2016)),
and immobilized mycelia or lipases on different support materials (Boncel et al., 2013;
Itabaiana et al., 2014; Johny et al., 2019; Junior et al., 2012; Lozano et al., 2016;
Mendoza-Ortiz et al., 2020; Rocha et al., 2020; Villa et al., 2020). These studies have
also been preferentially conducted in solvent systems by using hazardous classical
organic solvents (Boncel et al., 2013; Mendoza-Ortiz et al., 2020; Mine et al., 2005;
Rocha et al., 2020; Romano et al., 2006), ionic liquids (Lozano et al., 2016) or
supercritical CO2 (Villa et al., 2020). In a previous study performed in our group, a
saturated solketal ester was produced via enzymatic esterification conducted in a
solvent system (heptane) utilizing commercial palmitic acid as raw material (Mendoza-
Ortiz et al., 2020). However, the use of solvent-free reaction systems in the enzymatic
production of several chemicals, including solketal esters, has attracted great attention
in order to establish environmental-friendly processes of industrial interest by avoiding
the use of any additional organic solvent, although these systems have their own
drawbacks (Sousa et al., 2021).

In this context, the main objective of this study was to develop a sustainable
process for the production of solketal esters from waste oils, e.g. used soybean
cooking oil (USCO), by a two-step enzymatic process known as hydroesterification.
The first step consisted in the complete hydrolysis of USCO, that we have intended to
be performed in an emulsifier-free and buffer-free system (that way, simplifying the
purification steps) catalyzed by a non-specific lipase from Candida rugosa — CRL (de
Maria et al., 2006). Subsequently, the resulting FFAs were separated from the reaction
mixture, eliminating the glycerin that can interfere in the next step of the process, and
esterified with solketal in a solvent-free system catalyzed by lipase Eversa® Transform
2.0 (ET2.0). In this reaction, a ET2.0 heterogeneous biocatalyst was prepared by
immobilization of the enzyme via physical adsorption (Bolivar et al., 2022; Rodrigues
et al., 2019) in an ecological support. This was the second objective of this research,
treated Acrocomia aculeata (macauba) epicarp particles were utilized as support for
the lipase immobilization. Macauba (Figure 1) stands out as a native palm tree of
tropical forests and savannahs in Central and South America with an oil (pulp and
kernel oils) productivity above 6 ton per hectare (Ampese et al., 2021; Cardoso et al.,
2017; Evaristo et al., 2016; Lopes et al., 2013; Silva et al., 2016).
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Figure 1. Representation of macauba palm tree (A), palm tree with fruit bunches (B),

fruits (C), and treated macauba epicarp particles (D).

This oleaginous plant has been considered a highly promising oil producer
useful for the production of biodiesel and biokerosene for aviation (Lopes et al., 2013;
Silva et al., 2016). However, its processing generates a large amount of wastes.
Therefore, recent studies have intensified the search for the utilization of these wastes
via different protocols such as thermal conversion, pyrolysis, combustion and
fermentative processes (Ampese et al., 2021; Cardoso et al., 2017). Macauba epicarp,
that corresponds to around 23% of dry weight of the fruit (Evaristo et al., 2016), can
also be utilized in the production of briquettes due to its high energy density (Costa et
al., 2019). The utilization of low-cost biomass-based materials with suitable properties
from lignocellulosic wastes has been extensively studied in recent years (Bijoy et al.,
2022; Girelli et al., 2020; Girelli and Chiappini, 2023). However, the use of macauba
epicarp as a renewable and eco-friendly support to immobilize lipases has not been
reported in the literature yet. In general, these materials require pre-treatment steps
for the development of appropriate particles features: size, specific surface, pore
diameters and introduction of functional groups to provide stable and active

biocatalysts with high enzyme retention capacity (Bijoy et al., 2022).
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This study can be a promising strategy to mitigate the deleterious and
hazardous effects of the improper disposal of waste cooking oils to the environment
that causes damages to plants, animals and marine life (Foo et al., 2021,
Hosseinzadeh-Bandbafha et al., 2022). Therefore, the production of valuable
chemicals by recycling waste cooking oils can offer several benefits such as economic,
social, environmental, and waste management. Moreover, we intend to transform an
agro-industrial waste (macauba epicarp), that nowadays is mainly disposed in Nature,
into a valuable lipase immobilization support. This study also intends to expand the
potential application of Eversa® Transform 2.0 (ET2.0), a low-cost commercial soluble
lipase derived from the lipase from Thermomyces lanuginosus and industrially
produced from genetically modified Aspergillus oryzae. This enzyme is broadly used
in industrial biodiesel production (Kim et al., 2023; Monteiro et al., 2021). This is an
original study that consists in the utilization of treated macauba epicarp particles as
lipase support material and solketal esters production using ET2.0 as potential

biocatalyst.
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Figure 2. lllustrative scheme of the enzymatic production of solketal esters from USCO

via hydroesterification process.
2. Materials and methods

2.1. Materials

Macauba fruits were manually harvested from the Cerrado biome at the Federal
University of S&o Jodo del-Rei, Campus Sete Lagoas — latitude: 19°28'32.18"S;
longitude: 44°11'44.808"W (Sete Lagoas, MG, Brazil). Lipase Eversa® Transform 2.0
— ET2.0 (liquid extract, hydrolytic activity of 19,856.7 units mL' and protein
concentration of 33 mg.mL?), lipase from Candida rugosa — CRL (powder extract,

hydrolytic activity of 16,156.8 units/g and protein content of 24.5 mg.g?) and solketal
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were acquired from Sigma-Aldrich Co. (St. Louis, MO, USA). USCO was collected after
being used once for french fries preparation in a restaurant at the Federal University
of Alfenas (Alfenas, MG, Brazil). Its fatty acid composition and properties were
described in a recent study (Sabi et al., 2022). All other chemicals and solvents were

of analytical grade acquired from Synth® (Sao Paulo, SP, Brazil).

2.2. Preparation of macauba epicarp particles

Macauba fruits were firstly washed with distilled water to remove impurities and
dried for 15 h in an oven at 60 °C to facilitate epicarp removal. Then, the epicarp was
separated, crushed in a knife-mill and the particles with a size of 75 to 120 um were
selected using vibratory sieves. Subsequently, 30 g of the material were refluxed with
400 mL of 3.5% m.m™ HCI solution at 120 °C by 2 h (Zhang et al., 2017). This
experimental procedure was conducted twice. The treated particles were collected by
filtration in a Buchner funnel under vacuum using Whatman n° 41 filter paper, washed
with deionized water and dried for 15 h in an oven at 60 °C before its use. Then, the
support material was transferred to a 500 mL closed flask with 200 mL 70% m.m
ethanol solution and immersed in a temperature-controlled water-bath under
continuous orbital stirring (200 rpm) at 25 £ 1 °C by 15 h. This procedure was also
performed twice. Finally, the treated material was collected by filtration in a Buchner
funnel under vacuum using Whatman n° 41 filter paper and dried for 15 h in an oven
at 60 °C before use. The process flow chart for the preparation of treated macauba
epicarp particles (material support) and the average mass loss after each step of the

proposed process is illustrated in Figure 6.

2.3. Support characterization

The morphology of untreated and treated macauba epicarp particles was
determined by scanning electron microscopy (SEM) in a Quanta 200 FEI equipment
under vacuum operating at 5 kV. The scanning was performed at magnification of 53x
and 20000x for untreated support and 20000x for treated support. These materials
were also analyzed by Fourier transform infrared (FT—IR) spectrometry using a Nicolet
iIS50 FT-IR — Thermo Scienfic spectrophotometer (Madison, WI, USA). The samples
were scanned between 3600 and 500 cm at a spectral resolution of 4 cm™?. X-ray

diffraction (XRD) data were collected on Empyrean Panalytical diffractometer using
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CuKa radiation (A=1.5418A) in the range of 26 of 5°-50°.
2.4. General immobilization procedure of ET2.0 on treated macauba epicarp particles

The immobilization of ET2.0 on treated macauba epicarp particles was
conducted according to the methodology reported in previous studies (Alves et al.,
2017; Machado et al., 2019). The immobilization process consisted of the preparation
of a suspension by adding 10 g of the support to 190 mL of a lipase solution prepared
with 12.1 mL of crude lipase solution and 178 mL of 5 mmol.L* sodium acetate solution
pH 5.0 that corresponds to an initial protein loading of 40 mg.g* of support. The
resulting suspensions were added to 300 mL closed flasks and immersed in a
temperature-controlled water-bath under continuous orbital stirring (200 rpm) at 25 + 1
°C for 15 h. The immobilized biocatalysts were recovered via filtration in a Buchner
funnel under vacuum using Whatman n° 41 filter paper and thoroughly washed with
distilled water to remove unbounded lipase molecules. The adsorption process was
monitored by measuring the residual protein concentration (Bradford, 1976), and
hydrolytic activity units (Alves et al., 2017; Machado et al., 2019) in the supernatant
solution. The heterogeneous biocatalysts were stored at 4 °C for 24 h prior to use. The
hydrolytic activity of ET2.0 was assessed according to the olive oil emulsion hydrolysis
method (Alves et al., 2017; Machado et al., 2019). One international unit (U) of activity
was defined as being the mass of biocatalyst necessary to produce 1 pmol of FFAs
per min at pH 8.0 (100 mmol.L* buffer sodium phosphate), 37 °C, and 200 rpm.

Immobilization yield percentage (IY) was calculated as shown in Eq. (1)
(Boudrant et al., 2020).

_ ®
Y = EA, —EA x100
EA

0

where EAo and EA¢ are the initial and residual enzymatic activity in the supernatant
immobilization (U.mL™1), respectively.
Immobilized protein loading (IP — mg.g' of support) at equilibrium was
calculated as follows — Eq. (2):
Venz X (Co -G ) (2)
m

P =
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where Ven; is the volume of enzyme solution (mL); Co and Cs are respectively the initial
and residual protein concentration in the immobilization supernatant (mg.mL1); and m

is the mass of support (g).

2.5. Enzymatic hydroesterification of USCO

The production of FFAs via hydrolysis of USCO catalyzed by a non-specific
lipase (lyophilized CRL extract) in the absence of emulsifier and buffer agents was
conducted according to the methodology described in previous reports (Carvalho et
al., 2021; Guedes Junior et al., 2022; Sabi et al., 2022). The reaction system was
prepared by mixing 20 g of waste oil and 30 g of distilled water in a closed reactor (350
mL polypropylene flask) immersed in a temperature-controlled water-bath under
continuous mechanical stirring (1500 rpm) at 40 = 1 °C. The reaction was started by
adding 50 units of hydrolytic activity of CRL per g of reaction mixture that corresponds
to 3.2 g powder CRL extract per Kg of reaction mixture. Under such experimental
conditions, a hydrolysis percentage above 98% was achieved after 3 h of reaction
(Sabi et al., 2022). The resulting FFAs were then recovered in a separation funnel,
followed by washing with distilled water at 60 °C and dehydrated by adding anhydrous
sodium sulfate to be used as raw material in esterification reaction.

The esterification of FFAs and solketal was performed in 100 mL open glass
bottles (height to diameter ratio of 2) containing 6 g of raw materials and appropriate
amounts of the immobilized lipase prepared using high protein loading (40 mg.g™? of
support). The reaction mixtures were immersed in a temperature-controlled water-bath
under fixed continuous orbital stirring (240 rpm). At regular intervals, 50 pL aliquots
from the reaction mixture were taken and suspended in 10 mL 95% m.m! ethanol
solution. The resulting solution was strongly stirred and titrated with 30 mmol.L-* NaOH
solution using phenolphthalein as indicator to calculate FFAs conversion percentage
(Y), as shown in Eqg. (5) (Machado et al., 2019; Sabi et al., 2022; Sarno et al., 2019).
In this set of experiments, all reactions were performed with two replicates and the
experimental values are represented as mean + s.d. Control assays were performed
using only macauba epicarp particles and no FFAs consumption was detected under

such conditions.
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Y(%)—(

where FFAso is the initial concentration (mol.Lt), and FFAs: is the residual

_ ()
FFAs, —FFAs, <100
FFAs,

concentration after a certain time t (mol.L1).

The scheme of sequential enzymatic hydrolysis of trilinolein, the most abundant
triacylglycerol presents in soybean oil (Li et al.,, 2014; Park et al., 2011), and
esterification of the resulting FFAs with solketal in a solvent-free system is shown in

Figure 2.
2.6. CCRD optimization of solketal esters production via esterification reaction

A full CCRD with three independent variables such as FFAs:solketal molar ratio
(from 1:1 to 1:4), reaction temperature (from 40 to 70 °C) and biocatalyst concentration
(from 5 to 20% m.m*) was proposed to optimize the enzymatic production of solketal
esters. The levels of each independent variable were based on previous studies
performed in our research group (Carvalho et al., 2021; Guedes Junior et al., 2022;
Mendoza-Ortiz et al., 2020). The statistical approach consisted of eighteen runs — eight
factorial points, six axial points and four center points. The reactions were performed
in a random order to reduce possible systematic errors using fixed initial mass of raw
materials (6 g), continuous orbital stirring (240 rpm), and reaction time (40 min). The
dependent variable (response) was FFAs conversion percentage. The experimental
data were analyzed at 95% confidence level using software Protimiza Experimental

Design (https://experimental-design.protimiza.com.br) to obtain 3D response surface

and contour plots. The relation between coded independent variables and their
interactions and response was described by a quadratic polynomial equation (Eq. (6)).
In this study, the empirical model was developed considering only with the statistically

significant parameters (p-value < 0.05).
n n 5 n-1 n

Y(%)=a,+ > ax; +> a;X +> > aXX;+e (6)
i=1 i=1 i=1 j=i+1

where Y is the predicted FFAs conversion percentage; n is the number of independent
variables (3), xi and x; are coded independent variables; ao, a;, ai, and a;j are the

regression coefficients of intercept, linear, quadratic, and interaction terms,


https://experimental-design.protimiza.com.br/
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respectively; i and j are index numbers of each independent variable and e is random
error.

The effects of the main variables and their interactions were estimated by
variance analysis (ANOVA). The adequacy of the quadratic model was evaluated by
the coefficient of determination (R?), probability (p-value), lack of fit and Fischer’s “F”
test. 3D response surface and contour plots were used to determine the optimal
experimental conditions. The experimental model was validated by performing solketal
esters production under the conditions predicted by the quadratic model. The

experimental results were compared with predicted values according to Eq. (6).

2.7. Effect of reaction time on enzymatic solketal esters production

The effect of reaction time on solketal esters production was conducted under
the optimal conditions obtained from the analysis of 3D response surface and contour
plots (FFAs:solketal molar ratio of 1:1.6, 46 °C and biocatalyst concentration of 20%
m.m that corresponds to an immobilized protein concentration of 5.05 mg.g* of

reaction mixture).

2.8. Operational stability tests of the immobilized ET.2.0

These tests were conducted under optimal experimental conditions
(FFAs:solketal molar ratio of 1:1.6, 46 °C and biocatalyst concentration of 20% m.m-)
after 150 min of reaction (time requited to achieve maximum FFAs conversion
percentage). At the end of each esterification batch, the heterogeneous biocatalyst
was recovered from the reaction mixture via filtration in a Buchner funnel under
vacuum, and washed with cold hexane to remove any compound retained on its
surface. The biocatalyst was stored overnight at 4 °C under static conditions. Finally,
the recovered biocatalyst was resuspended in a fresh reaction mixture to start a new

esterification batch.

2.9. Separation of the esters

Firstly, the heterogeneous biocatalyst was recovered from the reaction mixture
via filtration in a Buchner funnel under vacuum. The resulting reaction mixture was then
transferred to a 500 mL separation funnel, followed by adding 200 mL distilled water

at 60 °C. The bottom phase (washing water) was eliminated and the upper phase was
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three-times washed following this protocol. Finally, 20% m.m* anhydrous sodium
sulfate, dried in a muffle furnace at 250 °C for 24 h, was added to the esters and kept

overnight under static conditions at 25 °C to remove water traces.

2.10. Identification by FT-IR and NMR analyses

FT-IR spectra for raw materials (FFAs and solketal) and product (solketal
esters) were recorded on a Spectrum GX FT-IR spectrometer (Perkin Elmer, USA).
These spectra were acquired after 32 scans between 4000 and 400 cm™* with spectral
resolution of 4 cm™ using KBr as a matrix. *H (300 MHz) and *3C (75 MHz) nuclear
magnetic resonance (NMR) spectra of solketal esters were recorded on a Bruker AC
300 equipment (Bruker BioSpin, Germany). The signals of deuterated water (solvent)

and tetramethylsilane (internal standard) were suppressed from the spectra.

3. Results and discussion

3.1. Macauba epicarp particles characterization

In this study, preliminary tests were conducted by using untreated macauba
epicarp particles as a support material to immobilize ET2.0. However, a very low
amount of adsorbed enzyme (IP < 5 mgprotein.g™* of support) by offering a high lipase
loading (40 mg.g* of support) was obtained due to release of components (extractives)
of this material in the immobilization supernatant that resulted in a strong turbidity
(milky appearance). Therefore, the use of macauba epicarp particles as a lipase
immobilization support requires efficient pre-treatment technologies to remove
extractives, hemicellulose and/or lignin fractions to provide a material with better
features (Bijoy et al., 2022; Girelli and Chiappini, 2023). A series of pre-treatment
methods based on recent reports was proposed such as acid pre-treatment and
solvent extraction processes (Mankar et al., 2021; Parchami et al., 2022; Wu et al.,
2022). In this study, the influence of pre-treatment techniques on the properties of
macauba epicarp particles was evaluated by FT-IR, XRD and SEM analyses and

compared with its untreated form.
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Figure 3. FT-IR spectra of untreated (A) and treated (B) macauba epicarp
particles.

FT-IR analysis was conducted to identify changes in functional groups of
untreated and treated macauba epicarp particles within the interval of 3600—-500 cm™.
According to Figure 3, both untreated and treated samples exhibited a broad band at
3329 cm related to O—-H stretching vibrations that corresponds to the presence of
alcoholic and phenolic hydroxyl groups in their structures. On the other hand, a sharp
decrease of intensity of the band between 2922 cm and 2852 cm™ assigned to
stretching vibration of C-H bonds of methyl and methylene groups and the
disappearance of the band associated with the stretching vibration of C=0 bond at
1710 cm™ of carbonyl groups after treatment processes can be observed. This
disappearance of this characteristic band suggests possible cleavage in acetyl and
uronic esters, and/or ester bonds of ferulic and p-coumaric acids existent in the
structure of lignocellulosic materials (Chawla and Goyal, 2023). These results indicate
partial removal of hemicellulose and lignin fractions during the treatment process (Du
et al., 2016). Moreover, an increase in the intensity of the characteristic band at 1028
cm? related to C—OH stretching vibration was also observed, which suggests an
increase of percentage of cellulose content in the chemical composition of treated
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support material (Du et al., 2016; Qureshi et al., 2023). These results confirm changes

in the chemical composition of macauba epicarp after the treatment processes.

(A) Untreated support
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Figure 4. X-ray patterns of untreated (A) and treated (B) macauba epicarp patrticles.

The X-ray diffraction patterns for untreated and treated macauba epicarp
particles are illustrated in Figure 4. A sharp typical peak for untreated support material
at 20 values between 16 and 25°, which is characteristic of crystalline cellulose, was
observed. After treatment process, an increase in the intensity of this peak, with
concomitant appearance of a peak at 26 value around of 34°, was detected. This X-
ray diffractogram reveals loss of amorphous components such as lignin, hemicellulose
and extractive fractions after sequential treatment process (Du et al., 2016; Kim et al.,

2016), which corroborates with FT—IR analysis.
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Figure 5. SEM images of untreated — magnification of 53x (A) and 20000x (B), and

treated — magnification of 20000x (C) macauba epicarp particles.

SEM analysis was performed in order to know the changes in the morphology
of the macauba epicarp particles after the treatment process (Figure 5). Untreated
macauba epicarp particles have an irregular structure (Figure 5(A)) and a smooth and
highly ordered surface structure that confirms its non-porous structure (Figure 5(B)),
and, thus, low capacity to adsorb ET2.0. After the treatment process, the material
presented a porous structure that resulted in exposure of its internal surface (Figure
5(C)). These images show that the rigid structure of native material was disarranged
due to cleavage and/or partial removal of hemicellulose and/or lignin fractions and
extractives, in accordance with FT-IR and XRD analyses. Moreover, the mass balance
shown in Figure 6 shows also that a mass loss of around 54% (from 19.1 £ 0.7 g to
8.88 £ 0.4 g) was observed after the combined treatment processes that resulted in
the formation of a porous structure. This can improve its specific area, and that way

perhaps its enzyme adsorption capacity.

Manual fruits » Fruits washing ‘ Epicarp extraction » Milling

harvesting (water—25°C) (knife-mill)
30g
(100%) ‘
Drying Classification 19.1:07g
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Figure 6. Process flow chart for the preparation of the support from macauba epicarp

particles.
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3.2. Characterization of the heterogeneous biocatalyst prepared via physical
adsorption

The support material produced in this study was used in the physical adsorption
of ET2.0 and its properties were compared with its soluble form (liquid lipase extract).
Initially, the stability of the soluble lipase was evaluated under the immobilization
conditions (5 mmol.L* buffer sodium acetate pH 5.0 at 25 °C and 15 h). Under such
conditions, ET2.0 fully retained its original hydrolytic activity. According to our results,
25.2 + 1.3 mg protein.g™* of support was immobilized (almost five-times higher than
that untreated support material), and this corresponds to 62.5% of the initially offered
protein. This value was very similar to immobilization yield (Y| value of 64.8 + 2.5%),
based on the units of hydrolytic activity that disappeared in the supernatant
immobilization at equilibrium, thus showing that ET2.0 formulation has a very low
amount of contaminant proteins (Martinez-Sanchez et al., 2020). This demonstrates
that the capacity of treated macauba epicarp particles to immobilize lipase was very
similar or even higher than that of other supports such as silica-alumina supports —
Siral 20 and Siral 40 (Pedro et al., 2023), functionalized rice husk silica (Sabi et al.,
2022), metal-organic frameworks (Shomal et al., 2022), and commercial Purolite®
supports (Tacias-Pascacio et al., 2016). In this study, the prepared biocatalyst was

then utilized in the optimized production of solketal esters in a solvent-free system.

3.3. Optimization of enzymatic production of solketal esters via esterification reaction

The effect of three relevant parameters (FFAs:solketal molar ratio, reaction
temperature and biocatalyst concentration) on the esters production via esterification
of FFAs was evaluated using a full CCRD approach. The levels of each independent
variable and fixed parameters (initial mass of raw materials, mechanical stirring
intensity and reaction time) were chosen based on previous studies (Carvalho et al.,
2021; Guedes Junior et al., 2022; Mendoza-Ortiz et al., 2020), and preliminary tests.
Esterification is a thermodynamically controlled process (Sousa et al.,, 2021).
Therefore, the reactions were conducted in an open reactor for simple water removal
by evaporation at atmospheric pressure. Moreover, a molar excess of solketal was
utilized, which is more easily separated from the reaction mixture at the end of the

process (purification steps).
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Table 1. CCRD matrix for the analysis of the influence of independent variables on the

enzymatic production of solketal esters in solvent-free systems.

Runs Independent variables FFAs
Coded (actual) conversion
FFAs:solketal  Temperature Biocatalyst (%)
molar ratio (°C) concentration

(% m.mY)

1 -1 (1:1.6) —1 (46) ~1(8) 6.2+3.5

2 +1 (1:3.4) —1 (46) ~1(8) 30.2+2.8

3 -1 (1:1.6) +1 (64) -1 (8) 23.4+2.2

4 +1 (1:3.4) +1 (64) -1 (8) 246 +1.7

5 -1 (1:1.6) —1 (46) +1 (17) 445+ 0.5

6 +1 (1:3.4) —1 (46) +1 (17) 405+2.1

7 -1 (1:1.6) +1 (64) +1 (17) 43.0+0.3

8 +1 (1:3.4) +1 (64) +1 (17) 30.1+3.8

9 -1.68 (1:1) 0 (55) 0 (12.5) 21.7+1.4

10 +1.68 (1:4) 0 (55) 0 (12.5) 222+2.2

11 0 (1:2.5) —1.68 (40) 0 (12.5) 28.9+0.1

12 0 (1:2.5) +1.68 (70) 0 (12.5) 39.8+2.1

13 0 (1:2.5) 0 (55) ~1.68 (5) 19.3+0.9

14 0 (1:2.5) 0 (55) +1.68 (20) 55.7 + 2.4

15 0 (1:2.5) 0 (55) 0 (12.5) 357+1.3

16 0 (1:2.5) 0 (55) 0 (12.5) 30.2+1.3

17 0 (1:2.5) 0 (55) 0 (12.5) 315+0.3

18 0 (1:2.5) 0 (55) 0 (12.5) 33.0+22

a Experimental values obtained after 40 min of reaction.

The coded and actual values of these parameters and response (experimental

and predicted FFAs conversion percentage) are shown in Table 1. According to our

results, experimental FFAs conversion percentage values varied from 6.2 + 3.5% (Run
#1) to 55.7 £ 2.4% (Run #14) at 40 min of reaction. This large difference between

minimum and maximum response variable values clearly shows the importance of the
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optimization process proposed in this study. Experimental and predicted response

values were very similar, which shows the high adequacy of the model (See Figure 7)

50
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Figure 7. The relationship between experimental and predicted FFAs conversion

percentage values for the enzymatic production of solketal esters from USCO.

The significance of each individual parameter and their interactions on the
response variable (FFAs conversion percentage), determined by Student’s t-test, is
shown in Table 2. The analysis of variance (ANOVA) shows that the mean, quadratic
term of FFAs:solketal molar ratio (x12), linear term of biocatalyst concentration (xs), and
all interactions (x1.x2, X1.X3, and x2.x3) were statistically significant at 95% confidence
level (p-values < 0.05). On the other hand, non-significant parameters (p-values >
0.05) were linear term of FFAs:solketal molar ratio (x1), linear and quadratic terms of
reaction temperature (x2 and x22), and quadratic term of biocatalyst concentration (x3?)
were excluded from the model. The significant terms were then used to obtain the
quadratic polynomial equation to explain how these independent variables influence

the response in terms of coded values, as shown in Eq. (7).

Y(%)=32.64—4.30x +9.88x, —3.96x,.X, —5.27x,.x; —2.92x,.x, (/)

where xa, X2, and xs represent the FFAs:solketal molar ratio, reaction temperature and

biocatalyst concentration, respectively.
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Table 2. Regression coefficients, standard errors, p-values, and analysis of variance

(ANOVA) for the developed model of enzymatic production of solketal esters.

Parameters Regression coefficients  Standard errors p-values
Mean 32.64 1.68 0.0000
X1 0.66 0.91 0.4897*
X12 —-3.96 0.95 0.0031
X2 1.32 0.91 0.1875*
X22 0.43 0.95 0.6605*
X3 9.88 0.91 0.0000
X3? 1.53 0.95 0.1457*
X1.X2 -3.96 1.19 0.0106
X1.X3 -5.27 1.19 0.0022
X2.X3 -2.92 1.19 0.0400
ANOVA

Source of Sum of squares Degree of Mean square F-test
variation freedom

Regression 2,058.6732 9 228.74 20.11
Residual 90.9850 8 11.37

Lack of fit 74.0784 5 14.82 2.63
Pure error 16.9066 3 5.64

Total 2,149.6582 17

R2=0.9577; Fo0.05:9.8=3.39

X1, X2, and X3 represent the parameters FFAs:solketal molar ratio, reaction temperature

and biocatalyst concentration, respectively.

* Non-significant parameters at 95% confidence level.
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The coefficient of determination (R?) was used to demonstrate the adequacy of
the model. According to Table 2, a R? value of 0.9577 was obtained. The adequacy of
the quadratic model was also confirmed by Fisher’s F-test, as shown in Table 2. The
calculated F-value (20.11) was greater than the tabulated F-value at 5% significance
level (3.39), which clearly shows its significance. On the other hand, the calculated F-
value for lack of fit (2.63) was not significant (p-value > 0.05). Therefore, these results
show that the proposed regression model can be used to predict and explore the 3D
response surfaces and contour plots (Figure 8(A)—(B)) to determine the optimal

experimental conditions of the reaction.
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Figure 8. 3D response surface and contour plots for the enzymatic production of
solketal esters. Effect of FFAs:solketal molar ratio and biocatalyst concentration (A),
and reaction temperature and biocatalyst concentration (B) on the FFAs conversion

percentage.

3D response surface and contour plots of the effect of the independent variables
biocatalyst concentration and FFAs:solketal molar ratio on the reaction are shown in
Figure 8(A). As it is expected, an increase in FFAs conversion percentage by raising
biocatalyst concentration from 5% m.m (coded value of —1.68) to 20% m.m (coded
value of +1.68) was observed. In fact, the highest coefficient value reported in Eq. (7)
was obtained for the linear term of biocatalyst concentration (+9.88x3), thus showing

its positive and significant effect on the reaction. These results shows that maximum
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FFAs conversion percentage can be obtained using a slight excess of solketal
(FFAs:solketal molar ratio of 1:1.6; coded value of —1). Their mutual interaction was
significant at 95% confidence level with a negative effect on the reaction (—5.27x1.X3 —
see Eq. (7)). Therefore, maximum ester production can be achieved at highest
biocatalyst concentration — 20% m.m-? of reaction mixture (coded values of +1.68) and
FFAs:solketal molar ratio of 1:1.6 (coded value of —1).

The effect of reaction temperature and biocatalyst concentration is illustrated in
Figure 8(B). 3D response surface and contour plots analyses show that maximum
FFAs conversion percentage can be observed at highest biocatalyst concentration
(20% m.m; coded value of +1.68) and reaction temperature of 46 °C (coded value of
—1). The interaction between these two individual parameters was also significant at
95% confidence level with a negative coefficient value (—2.92x2.x3), see Eq. (7). This
means that a positive effect on the FFAs conversion can also be achieved using the
highest biocatalyst concentration (20% m.m™) and reaction temperature of 46 °C.

The second-order polynomial model was validated by conducting a run under
optimal conditions obtained from the analyses of 3D response surface and contour
plots — FFAs:solketal molar ratio of 1:1.6 (coded value of —1), reaction temperature of
46 °C (coded value of —1) and the highest coded level of biocatalyst concentration —
20% m.m! (coded value of +1.68). Under such experimental conditions, a maximum
FFAs conversion percentage of 50.8 £ 1.0% after 40 min of reaction was achieved,
which was consistent with the predicted value (Y = 54.7%). Therefore, further studies
such as the effect of reaction time and operational stability (reuse) tests were

conducted under such optimized conditions.

3.4. Influence of reaction time on the reaction

The influence of reaction time on the reaction was evaluated under optimal
experimental conditions established by CCRD (FFAs:solketal molar ratio of 1:1.6,
reaction temperature of 46 °C and biocatalyst concentration of 20% m.m of reaction
mixture). In this set of experiments, soluble ET2.0 was not used as biocatalyst due to
its lower stability and activity than that of its immobilized form in non-agueous media —
strong aggregation that may result in increased mass transfer limitations (Carvalho et
al., 2021; Guedes Junior et al., 2022). According to Figure 9, a linear profile of esters

production was observed during the first 50 min of reaction, thus showing satisfactory
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diffusivity of raw material molecules (FFAs and solketal) to the internal biocatalyst
microenvironment. The highest FFAs conversion percentage around 72.5 + 0.8% was
achieved after 150 min of reaction. These results clearly show that an appropriate
immobilization technique was capable of improving enzyme performance in this
process, in accordance with previous reports (Badgujar et al., 2021; Carvalho et al.,
2021; Guedes Junior et al., 2022; Martinez-Sanchez et al., 2020).
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Figure 9. Influence of reaction time on the FFAs conversion percentage catalyzed by
immobilized ET2.0. Inset is the operational stability tests after successive esterification
batches in a solvent-free system. The reactions were conducted at 46 °C using a
FFAs:solketal molar ratio of 1:1.6 and biocatalyst concentration of 20% m.m* of
reaction mixture.

3.5. Operational stability tests of the immobilized biocatalyst

The operational stability of immobilized ET2.0 after ten successive esterification
batches under optimal experimental conditions was analyzed. According to Figure 9
(inset), the heterogeneous biocatalyst presented a decrease of its catalytic
performance after seven successive esterification batches and this value remained

unaltered until the tenth batch (FFAs conversion values around of 51% after 150 min
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of reaction). This value corresponds to 70% of its original activity (FFAs conversion of
72.5 = 0.8% at first batch). This decrease of catalytic performance could be due to
thermal inactivation (Badgujar et al.,, 2021), and/or possible accumulation of
unconverted raw materials and/or products in the support, that can alter the
microenvironment of the enzyme (Badgujar and Bhanage, 2016). These results clearly
demonstrate the satisfactory stability of ET2.0 after successive batch reactions under

moderate reactional conditions.

3.6. Identification of solketal esters by FT—IR analysis

FT—IR spectra of raw materials (solketal and FFAs) and product (solketal esters)
are shown in Figure 10. The spectrum of FFAs shows intense bands at 2922 cm and
1710 cm attributed to stretching of C—H overlapped to O—H bond and stretching
vibrational band of carbonyl group (-C=0) from the carboxylic moiety, respectively.
Solketal spectrum presents an intense band at 3429 cm™ attributed to the axial
deformation of —O—H bonds.
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Figure 10. FT—IR spectra of free fatty acids from USCO (A), solketal (B), and solketal

esters (C).
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The bands between 2991 and 2881 cm™ correspond to the vibration of
symmetrical and asymmetrical stretching of —C—H methyl and methylene groups.
Moreover, the characteristic band between 1051 and 1157 cm* corresponds to the
asymmetric vibrational of -C—O—C—-O—-C- bond presents in its structure. The spectrum
of a solketal esters mixture shows an intense band at 1740 cm™ characteristic of
carbonyl group of the ester formed after esterification and the bands at 1221 and 1160
cm to the stretching vibrational of —C(=0)O- group.

The production of solketal esters was also confirmed by NMR analysis, as
shown in Figure 11 (A,B). 13C NMR spectrum (Figure 11(B)) shows an intense signal
at 172.51 ppm that corresponds to the carbonyl group of the ester [-CH2z(C=0)OCH2—
]. *H NMR spectrum (Figure 11(A)) showed specific signals of two-hydrogen triplet at
2.32 ppm for the methylene group bound to carbonyl group from the ester moiety [—
CH2(C=0)OCH2-], and two-hydrogen triplet at 4.13 ppm for the methylene group
attached to the oxygen atom [-CH2(C=0)OCH2-]. These spectroscopy analyses
confirmed the production of solketal esters.
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Figure 11. 'H (A) NMR and *3C (B) spectra of solketal esters.
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3.7. Comparing with previous reports

The enzymatic production of solketal esters using different raw materials
(synthetic monoesters, oils and fats and their derivatives — FFA) has been reported in

previous reports, as shown in Table 3.



Table 3. Literature survey for the enzymatic production of solketal esters in batch systems.
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Lipase source Form Starting Solvent Reaction system Yield/Conversion Reuse Reference
material (%) — Reaction (residual
time activity - %)
Pseudomonas Lyophilized Enol esters Cyclopentyl Transesterification NR? NP® (Mine et al.,
cepacia crude extract methyl ether 2005)
Aspergillus Lyophilized Butyric acid Heptane Esterification 52% —24 h NPP (Romano et
oryzae MIM mycelia al., 2006)
Rhizopus Lyophilized Soybean oil Solvent-free Hydroesterification 90% —21 h (15h NP® (Torregrosa et
oryzae mycelia +6 h) al., 2016)
Lipase B from Immobilized on WCO° or Hydrophobic Esterification and  100% (6 h) 6 (=100%) (Lozano et al.,
Candida Lewatit VP OC cottonseed oil  ILs transesterification 2016)
antarctica 1600 (Novozym  with several
(CALB) 435) FFAd
Methyl Solvent-free Transesterification 273% (5 h) NPP (Johny et al.,
ricinoleate 2019)
Treated Raw fish or Supercritical Transesterification 100% (6 h) 7 (80-90%) (Villa et al.,
Novozym 435 linseed oils CO: 2020)
with IL® —
[Clgtma][Nsz]f
Stemphylium  Lyophilized Stearic acid Presence or Esterification 275% (48-72h) 6 (0%) (Rocha et al.,
lycopersici mycelia or absence of 2020)
and Sordaria  immobilized cells organic
sp. on PU9Y solvents
Thermomyces Immobilized on Palmitic acid Hexane Esterification 83% —2.5h 7 (87%) (Mendoza-
lanuginosus Octyl-SiO; from Ortiz et al.,
(Lipolase 100 rice husks 2020)
L)
Thermomyces Immobilized on FFA® from Solvent-free Esterification 72.5+0.8% — 10 (70%) This study
lanuginosus treated macauba USCO' 25h

(ET2.0"

epicarp particles

a — Not reported; b — Not performed,;

c — waste cooking oil; d — free fatty acids; e — ionic liquids; f —

Octadecyltrimethylammonium
bis(trifluoromethylsulfonyl)imide; g — polyurethane; h — Lipase Eversa® Transform 2.0; i — used soybean cooking oil.
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In general, these reaction systems require large solvent amounts and reaction
times to achieve high yield or conversion values. Solketal esters from soybean oil
(Torregrosa et al., 2016), and methyl ricinoleate (Johny et al., 2019) were produced in
solvent-free systems. However, reusability tests after successive batch reactions were
not reported in these studies (see Table 3). On the other hand, this new heterogeneous
biocatalyst demonstrated high retention of its activity after successive esterification
batches conducted in a solvent-free system. This study shows that ET2.0 immobilized
on epicarp macauba particles may provide the highest productivity and simpler
downstream processes for separation/purification of the esters. This new process can
be considered an attractive option for sustainable production of solketal esters due to

its high catalytic activity and reusability.

4. Conclusion

In this study, a new and sustainable process was developed for the production
of a valuable class of chemical compounds (solketal esters) from used soybean
cooking oil by a two-step process — hydroesterification. For such a purpose, a new and
active heterogeneous biocatalyst was prepared via immobilization by physical
adsorption of a low-cost commercial lipase (ET2.0) on an agro-industrial support
material (macauba epicarp particles). This study demonstrated that this material
required some treatment steps for providing an adequate material for lipase
immobilization, and that way to be used in the production of a heterogeneous
biocatalyst with high enzyme loading and successful catalytic performance. This could
be explained by the formation of a porous structure, which was confirmed by mass
balance for the treatment process (mass loss around of 54%), FT—IR, XRD and SEM
analyses. This generation of porosity allowed to adsorb ET2.0 molecules in its internal
surface. This study clearly showed that the resulting heterogeneous biocatalyst was
highly more active and stable in esterification reactions conducted under moderate
conditions (46 °C). This is a relevant aspect of the proposed process, since it has a
low energy demand for the production of an important class of chemicals. The
development of an efficient and sustainable process using a waste oil as raw material
and a lignocellulosic biomass waste as lipase support material can be considered a

promising field for environmental researchers. Further studies will be conducted in our
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research group aiming at the application of solketal esters as plasticizers for the
production of flexible poly(vinyl chloride) (PVC) films. Moreover, it opens new
possibilities for further studies regarding the application of the generated glycerol in
the hydrolysis step for the production of solketal.
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5 CONSIDERAGOES FINAIS

Neste estudo, foi desenvolvido um processo sustentavel para a sintese
enzimatica de ésteres de solketila a partir de 6leo de soja usado, utilizando o método
de hidroesterificagdo. Inicialmente, uma mistura de acidos graxos livres (AGL) foi
obtida por meio da completa hidrélise do OSU, utilizando como catalisador a lipase de
Candida rugosa (LCR). Na segunda etapa do processo, os AGLs resultantes da etapa
de hidrolise foram empregados na producdo enzimatica dos ésteres, em um meio
isento de solventes e utilizando reatores abertos para facilitar a evaporagédo da agua
formada durante a reagdo. Na etapa de esterificacao, foi empregado um catalisador
de baixo custo, o Eversa® Transform 2.0, imobilizada por ativagdo interfacial em
particulas pré-tratadas do epicarpo do fruto da macauba. Os resultados obtidos neste
estudo demonstraram uma excelente capacidade de adsor¢cdo da enzima,
destacando-se como uma alternativa viavel para aplicagdes industriais. Utilizando um
(DCCR), as melhores condi¢cdes experimentais para a producdo dos ésteres de
solketila foram determinadas como sendo uma temperatura de 46 °C, uma razao
molar entre AGLs: solketal de 1:1.6 e uma concentragdo de biocatalisador de 20% em
massa. Nessas condigdes, o biocatalisador imobilizado demonstrou uma conversao
de AGL de 72.5 £ 0.8% em 150 minutos. Estes resultados evidenciam que a técnica
de imobilizac&o foi uma estratégia fundamental na produgéo de biocatalisadores com
um melhor desempenho na reacao de esterificacdo. Além disso, o biocatalisador
heterogéneo desenvolvido pode ser facilmente separado da mistura reacional por
meio de um simples processo de filtracdo e reutilizado em até dez bateladas
sucessivas de esterificacido, evidenciando sua viabilidade e eficiéncia em processos
industriais. Além disso, este trabalho utiliza duas matérias-primas de extrema
relevancia: o 6leo de soja usado e o solketal. O 6leo de soja usado é uma escolha
estratégica, dado que o Brasil se destaca como o maior produtor de soja do mundo,
tornando essa matéria-prima um recurso prontamente disponivel e economicamente
viavel. Ademais, o solketal também desempenha um papel crucial no contexto deste
estudo. Sua relevancia decorre das recentes politicas brasileiras que promovem o
aumento da mistura de biodiesel, no diesel féssil, o0 que de forma direta ira resultar na
maior producao de solketal. Desta forma, este estudo contribui significativamente para
0 avango de abordagens sustentaveis e economicamente viaveis na producéo de

oleoquimicos de valor agregado e promove a criagdo de novos suportes e compostos
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com potencial para uma ampla gama de aplicagdes através do aproveitamento de

residuos agroindustriais.
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