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RESUMO

O objetivo do presente projeto de mestrado foi a producdo um biocatalisador
enzimatico capaz de sintetizar diésteres com propriedades lubrificantes
(biolubricantes) pela hidroesterificacdo do 6leo de fritura. A primeira etapa deste
processo consistiu ha sequencial producéo de acidos graxos livres (AGL) por hidrélise
enzimatica do oleo de fritura catalisada pelo extrato enzimético bruto de lipase de
Candida rugosa (LCR). Completa hidrélise do 6leo foi obtida em 3 h de reacgéo
empregando razdo massica 6leo:agua de 40% m/m, 45°C, agitacdo mecéanica de 1500
rpm e concentragcdo de lipase de 3,2 g/L. Em seguida, os AGL obtidos foram
separados do meio de reacéo, lavados com agua destilada e desidratados para serem
empregados como matéria-prima na segunda etapa do processo (esterificacdo). As
reacoes de producdo dos diésteres por esterificacdo foram realizadas em sistemas
ambientalmente corretos (isentos de solventes organicos). Nesta etapa, uma
preparacdo de lipase de Thermomyces lanuginosus (Eversa® Transform 2.0)
imobilizada em particulas de poli(estireno-divinilbenzeno) foi empregada como
biocatalisador heterogéneo. A lipase foi imobilizada via adsorgédo fisica (mecanismo
de ativacao interfacial) no suporte hidrofébico empregado em tampao acetato de sédio
pH 5,0 com baixa forca iénica (5 mM), por 18 h de contato a 25°C e em agitacao
mecanica em banho termostatizado (200 rpm) e a carga enzimatica inicialmente
oferecida foi de 40 mg/g de suporte. Elevada concentracéo de proteina imobilizada da
ordem de 36 mg/g (que corresponde a um rendimento de imobilizacdo da ordem de
90%) foi obtido devido a alta area superficial e diametro de poros do suporte que
permite imobilizar alta concentracdo de lipase. ApGs a preparacao do biocatalisador
heterogéneo, foi avaliada a influéncia do tipo de glicol na sua atividade catalitica.
Neste estudo, foram empregados quatro tipos de glicois como dietieleno glicol (DEG),
propileno glicol (PG), neopentil glicol (NPG) e o etileno glicol (EG). Maxima conversao
dos AGL de 87% apds 90 min de reacéo foi observada para o EG, entdo selecionado
para estudos de 6timizacdo. O efeito de parametros relevantes na producdo dos
ésteres como temperatura de reacdo, concentracdo de biocatalisador e razdo molar
EG:AGL foi avaliado por um delineamento central composto rotacional (DCCR). Nas
condicdes oOtimas de reacéo, foi avaliado o efeito do tempo para alcancar a maxima
conversdo da reacdo. De acordo com os resultados obtidos, a converséo total dos
grupos hidroxila do EG foi alcangcada em 40 min de reacéo a 65°C empregando razao
molar EG:AGL de 1:3 e 18% m/m do biocatalisador heterogéneo preparado. Nas
mesmas condicdes, o0 extrato da lipase sollvel proporcionou uma conversao maxima
de apenas 32,5%. Esses resultados mostram claramente que o biocatalisador
preparado é altamente ativo na producao de ésteres industriais (biolubrificantes) e que
a imobilizacdo é de extrema importancia, visto que aumenta a atividade catalitica e
permite a reutilizacdo da enzima. Testes de reuso foram realizados a fim de analisar
a estabilidade do biocatalisador preparado ap0s sucessivas bateladas de
esterificacdo. Apos sete ciclos sucessivos de esterificagcdo, maxima conversao dos
acidos foi de 37%. A producéo de diésteres foi confirmada por ressonancia magnética
nuclear de préton (*H RMN). As propriedades fisicas dos diésteres de EG produzidos



como viscosidade cinematica, indice de viscosidade, e ponto de fluidez foram
determinadas por metodologias padrdes. Com base nos resultados obtidos, a
viscosidade cinematica a 40°C e 100°C dos diésteres preparados foi respectivamente
de 27,3 £ 1,6 e 5,7 £ 0,4 mm?/s. O indice de viscosidade determinado foi de 166,2 +
18,2. Os diésteres produzidos apresentam bom desempenho em baixas temperaturas,
pois o seu ponto de fluidez foi de —9 + 2°C. Suas propriedades fisicas foram similares
aos diésteres de EG obtidos a partir do 6leo de soja descritos na literatura e com
lubrificantes comerciais fornecidos pela Emery Oleochemicals (Dehylube® 4016 e
Dehylube® 4016 US) e Zschimmer & Schwarz (LEXOLUBE 3JN-310 e LUBRICIT
NGDO). Estes resultados mostram que o processo proposto pode ser uma alternativa
interessante do ponto de vista industrial devido a alta atividade catalitica do
biocatalisador em condi¢cfes brandas de reacédo. Além disso, as propriedades fisicas
dos diésteres produzidos a partir de uma matéria-prima de baixo custo obtida no
procesamento de alimentos foram similares aos biolubrificantes disponiveis
comercialmente.

Palavras-chave: Biolubrificantes, Oleo de fritura, Hidroesterificacdo, Lipase

imobilizada, Otimizacao.



ABSTRACT

The aim of this Dissertation (Master of Science) has been the production of na
enzimatic biocatalyst capable of synthesizing diesters with lubricant properties
(biolubricants) through hydroesterification of used soybean cooking oil — USCO (or
waste cooking oil). The first step consisted in FFA production via enzymatic hydrolysis
of USCO catalyzed by a crude lipase extract from Candida rugosa (CRL). Complete
hydrolysis of the oils were achieved after 3 h of reaction at 40 °C, using 3.2 g/L of CRL,
mechanical stirring frequency of 1500 rpm and oil:water mass ratio of 40% m/m. Next,
the produced FFA have been separed, washed with distilled water and dehydrated to
be used as starting materials in esterification step. In this study, the esters production
has been performed in an eco-friendly process (solvent-free systems) and open
reactors to eliminate formed water molecules in the reaction. In this step, a liquid lipase
preparation from Thermomyces lanuginosus (Eversa® Transform 2.0)has been
immobilized on poly(styrene-divinylbenzene) paarticles and it has been used as
heterogeneous biocatalyst. The immobilization protocol proceeded by physical
adsorption via mechanism of interfacial activation at low ionic strenght (5 mM) buffer
sodium acetate pH 5.0 at 25°C, 18 h of contact under continuous mechanical stirring
(200 rpm) in a controlled water bath temperature using an initial protein loading of 40
mg protein/g of support. High protein loaded biocatalyst around of 36 mg/g
(immobilization of #90%) has been obtained due to high surface area and pore size of
the support. In this study, four different glycols such as ethylene glycol (EG), propylene
glycol (PG), diethylene glycol (DEG) and neopentyl glycol (NPG) were used as
reactants in diesters production via esterification of the produce FFA using immobilized
Eversa® Transform 2.0 as heterogeneous biocatalyst. Maximum OH conversion of
87% at 90 min of reaction was achieved using EG. Thus, further tests for optimizing
the enzymatic esters production using statistical tools were performed with EG. The
effect of three relevant parameters such as heterogeneous biocatalyst concentration,
reaction temperature and EG:FFA molar ratio was evaluated using a full factorial
design in a CCRD mode. Under optimal experimental conditions, the effect of contact
time on the esters production hs also been evaluated. According to results, full OH
conversion was achieved at 65 °C, EG:FFA molar ratio of 1:3, and biocatalyst
concentration of 18% m/m at 40 min of reaction. Maximum OH conversion of only
32.5% was obtained using crude lipase extract under such conditions. The biocatalyst
retained =37% of its original activity after seven successive esterification batches. The
diesters production has been confirmed by proton nuclear magnetic resonance
analysis (*H NMR). The physical properties of the produced diesters such as kinematic
viscosity, visccosity index and pour point have been determined according to standard
methods. Based on these results, kinematic viscosity values at 40°C and 100°C were
27.3+ 1.6 € 5.7 + 0.4 mm?/s. In addition, the viscosity index was of 166.2 + 18.2. They
presented good cold temperature properties, since its pour point was -9 + 2°C. The
physical properties of the produced diesters were comparable with EG diesters from
soybean oils described in literature and comercial synthetic esters from two
companies: Emery Oleochemicals (Dehylube® 4016 and Dehylube®4016 US) and



Zschimmer & Schwarz (LEXOLUBE 3JN-310 and LUBRICIT NGDO). These results
clearly show that the proposed process can be an interesting option in industrial
processes due to its high catalytic activity under mild reaction conditions (65 °C and
atmosphere pressure). Moreover, the physical properties of the produced diesters
using a low-cost oleaginous feedstock, a waste oil from the food processing, were
similar to commercial synthetic esters.

Keywords: Biolubricants, Used soybean cooking oil, Hydroesterification, Immobilized

lipase, Optimization.
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APRESENTACAO

O trabalho desenvolvido durante o mestrado aborda a producao e caracterizacao
de biocatalisadores heterogéneos preparados por imobilizacao de lipase via adsorcao
fisica em suporte hidrofébico comercial — particulas de poli(estireno-divinilbenzeno), a
fim de aplica-los na sintese de biolubrificantes por hidroesterificacdo de o6leo de
cozinha com etileno glicol. O texto apresentado nesse documento esta dividido em
trés principais partes, além da concluséo e sugestdes para trabalhos futuros.

Na introducéo desse trabalho, sdo reportadas a motivacéo e a proposta do projeto,
especificando o preparo de biocatalisadores heterogéneos a partir da imobilizacao por
adsorcao fisica de lipases, assim como sua aplicacdo na sintese de um éster com
propriedades biolubrificantes, além dos objetivos gerais e especificos do trabalho
desenvolvido.

A segunda parte aborda uma revisdo bibliografica para o desenvolvimento do
trabalho através de conceitos como biolubrificantes, 6leos residuais, modificacdes
quimicas de 6leos, tipos de catalise, lipases, métodos de imobilizacdo enzimatica e
tipos de suportes. Essa revisao justifica a escolha desse tema, bem como tras todo o
embasamento tedrico necessario para o andamento e posteriores conclusdes dessa
dissertacao.

A terceira parte consiste na compilacdo da metodologia e resultados obtidos no
decorrer do projeto em um artigo submetido para publicacao em periédico indexado.

Sédo também apresentadas a conclusdo e algumas sugestfes e recomendacdes

para trabalhos futuros.
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1. INTRODUCAO

Nos dias atuais, a sustentabilidade deixou de ser um tabu e algo fora da realidade,
passando a ser mandatoOria nos processos produtivos. A extincdo de recursos, 0S
grandes desperdicios e a intensa poluicdo foram os grandes responséveis por tal
mudanca. Com as atuais reservas de petréleo no mundo e o corrente consumo,
vislumbra-se a exaustdo do mesmo e uma instabilidade em seu abastecimento
(YOSHIDA et al., 2021). Além disso, a mudanca climética decorrente das emissées
dos gases de efeito estufa aponta uma crise ambiental gerada por mudancas na
temperatura e nas precipitagbes (CHEN et al., 2021). Esses motivos levaram 0s

diversos setores industriais a buscarem alternativas ao petréleo e seus derivados.

No setor de lubrificantes, compostos utilizados para reduzir o atrito entre superficies
moveis pela formacao de uma pelicula protetora (HO et al., 2019), a dependéncia de
insumos de origem féssil bem como o descarte incorreto desses materiais fica muito
evidente.Cerca de 50% de todo lubrificante utilizado no mundo contribui para a
poluicdo do ambiente pela perda de funcionalidade, derramamentos ou volatilizacdo
(RIOS et al., 2020).Com o intuito de contribuir com o controle da poluicdo e na
preservacao ambiental, surgem produtos ecologicamente corretos, em destaque 0s
biolubrificantes, como alternativa promissora aos lubrificantes classicos provenientes
do petroleo(BASSI et al., 2016; CECILIA et al., 2020; ZHANG et al., 2020a).

Os biolubrificantes sdo o6leos, naturais ou sintéticos, que possuem bom
desempenho de lubrificagéo, alto indice de viscosidade e boa lubrificagéo a frio (CHAN
et al.,, 2018).Entre eles destacam-se 0s 0leos vegetais, as gorduras animais, 0leos
microbianos e Oleos residuais (MCNUTT E HE, 2016; ZAINAL et al., 2018; HO et al.,
2019; ALVES et al., 2017) bem como ésteres sintéticos e polialfaolefinas (REEVES et
al., 2017).Entretanto, a aplicacdo direta de 6leos e gorduras apresenta algumas
limitacbes como baixa estabilidade termo-oxidativa e sua alta viscosidade(DA SILVA
et al., 2015; SYAHIR et al., 2017). Com o intuito de superar estas limitagdes, algumas
estratégias tém sido propostas como, por exemplo, modificacbes quimicas dos
mesmos (KARMAKAR et al., 2017; REEVES et al., 2017; FERNANDES et al., 2018;
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KUMAR E PAL, 2021). Entre as rotas de modificacdo quimica de 6leos destacam-se
a esterificacdo, transesterificacdo, hidroesterificacdo e epoxidacdo empregando
catalisadores quimicos classicos e enzimas (CECILIA et al., 2020). Como exemplo de
catalisadores quimicos utilizados nesses processos tem-se o0s catalisadores
homogéneos acidos (HCI, H2SO4 e H3PO4) e basicos (NaOH e KOH). Como exemplo
de catalisadores heterogéneos tem-se as resinas catibnicas, oOxidos e bases
(ANGULO et al., 2020). A utilizacdo desses catalisadores, por sua vez, apresenta
adversidades devido a necessidade de condi¢Bes reacionais intensas (temperaturas
elevadas na faixa de 120 a 180°C) para a obtencdo de elevados rendimentos ou
conversdo (IVAN-TAN et al.,, 2017; SABOYA et al., 2016; SABOYA et al., 2017a).
Dessa maneira, as lipases surgem como uma alternativa mais sustentavel e

ambientalmente correta em relagdo aos catalisadores quimicos (BOLINA et al., 2021).

As lipases (triacilglicerol acilhidrolases E.C. 3.1.1.3) sdo um grupo de enzimas
capazes de catalisar a hidrélise de triacilglicer6is em meio aquoso e reacdes de
esterificacdo, transesterificacéo e interesterificacdo em meio ndo aquoso (JAVED et
al., 2018; THANGARAJ et al.,, 2019; CHANDRA et al., 2020). Entre as lipases
utilizadas em ambito industrial pode-se destacar a LCR (lipase de Candida rugosa),
TLL (lipase de Themomyces lanuginosus), LBC (lipase de Burkholderia cepacia) entre
outras (LAGE et al., 2016; DA SILVA et al., 2020; CAVALCANTI et al., 2018). A
utilizaco das lipases em sua forma livre (extratos enzimaticos brutos na forma liquida
ou em pd) ndo € viavel do ponto de vista industrial devido as dificuldades de
recuperacao, baixa estabilidade térmica e baixa atividade catalitica em reacfes em
meio organico (CAVALCANTI et al., 2018; THANGARAJ et al., 2019; ZHONG et al.,
2020).Dessa maneira, torna-se necessario realizar a imobilizacdo dessas enzimas por
diferentes protocolos para que as lipases possam ser recuperadas e reutilizadas por
diversos ciclos, reduzindo o custo do processo e prevenindo a contaminagédo do
produto final. Além disso, em alguns casos 0s processos de imobilizagdo podem
aumentar a estabilidade catalitica, tornando o catalisador mais robusto (GRECO-
DUARTE et al., 2017; REIS et al., 2019; BILAL et al., 2018).

Diversos métodos de imobilizacdo de enzimas podem ser utilizados para as
lipases. Protocolos como adsorcdo fisica, encapsulacdo, ligagdo covalente e

reticulacdo. A simplicidade e o baixo custo do processo tornam a imobilizagdo por
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adsorcao fisica em suportes hidrofobicos a mais utilizada (MULINARI et al., 2020;
ZHAO et al.,2019; CARVALHO et al., 2020). Nesse protocolo, € possivel alcancar a
estabilizacdo da lipase e um aumento expressivo da sua atividade catalitica
(RODRIGUES et al., 2019). Além disso, as lipases apresentam um mecanismo
especifico de acdo denominado ativacao interfacial, o que favorece esse protocolo de
imobilizacdo (BOLINA et al., 2021).

A maioria das lipases possui uma cadeia polipeptidica, denominada tampa ou
aba (lid), que tem uma face hidrofilica e uma face hidrofébica. Na conformacéo
fechada das lipases, a area hidrofébica da lid interage com as areas hidrofébicas no
entorno do sitio ativo, tornando-se inacessivel as moléculas de substrato. Na presenca
de uma interface hidrofébica, como suportes ou goticulas de 6leo, essa tampa € capaz
de se mover, expondo o sitio ativo e a sua regido hidrofébica para o meio
(conformacdo aberta). Em meios com alta concentracdo de ions, as lipases
encontram-se preferencialmente na conformacao fechada devido a forte agregacéo
destas enzimas — formacédo de agregados bimoleculares. Dessa maneira, utiliza-se
um meio de baixa forca idnica no processo de imobilizacdo via ativacdo interfacial em
suportes hidrofébicos a fim de deslocar o equilibrio conformacédo fechada/aberta e
evitar a sua agregacao (MANOEL et al., 2015; RODRIGUES et al., 2019; MACHADO
et al., 2019).

Para realizar o processo de imobilizacdo sdo necessarios suportes, que devem
apresentar alta area especifica e tamanho de poros para garantir um biocatalisador
com alta atividade catalitica e minimizar as limitagdes difusionais (MANOEL et al.,
2015; BASSI et al., 2016; MULINARI et al., 2020).Entre os suportes mais utilizados
figuram os organicos — resinas acrilicas e hidrogéis de quitosana- e 0s inorganicos —
silicas, zedlitas e aluminas (BEZERRA et al., 2015;MANOEL et al., 2015; ZUCCA et
al., 2014; VERMA et al., 2019; MULINARI et al., 2020).

No que diz respeito a imobilizacdo via adsorcdo fisica, diversos suportes
hidrofébicos tem sido investigados, como poli-metracrilato, silica funcionalizada,
particulas magnéticas, poli-hidroxibutirato, carbono ativado e resina de poli(estireno-
divinilbenzeno) (ALVES et al.,, 2017). O poli(estireno-divinilbenzeno) vem sendo

bastante estudado e considerado promissor para a imobilizagdo de lipases. A alta
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capacidade de adsorcéo deste suporte se deve a sua elevada area especifica (500
m?/g) e aos grandes didametros de poros (250 A) (ALVES et al., 2017; BENTO et al.,
2017; CORREA et al., 2021).

Neste contexto, o objetivo da presente dissertacdo de mestrado consistiu no
desenvimento de um processo sustentavel e ecologicamente correto de producao de
ésteres lubrificantes por hidroesterificacao de 6leo residual de fritura. Os ésteres foram
produzidos por um processo sequencial de producédo de AGL por hidrélise enzimatica
do éleo residual de fritura, seguido de esterificagdo enzimética dos acidos graxos
livres com etileno glicol em meios isentos de solventes organicos. A aplicacdo do
extrato enzimatico bruto de lipase de Candida Rugosa, uma lipase microbiana nao-
especifica, como biocatalisador na producdo de AGL é devida a sua versatilidade e
alta atividade catalitica na hidrélise completa de diferentes 6leos (BARBOSA et al.,
2019). Na etapa de esterificacdo, foi empregada a preparacdo enzimatica comercial
Eversa®Transform 2.0, nas formas sollvel e imobilizada por adsorcdo fisica em
particulas de poli(estireno-divinilbenzeno), como biocatalisador. Esta preparacao
enzimatica é disponivel na forma liquida e € uma variante da lipase de Thermomyces
lanuginosus expressa em Aspergillus oryzae fornecida pela Novozymes desde 2014
(MONTEIRO et al., 2020). A Eversa® Transform 2.0 tem sido amplamente empregada
na producdo de biodiesel a partir de diferentes matérias-primas — 6leos vegetais e
residuais (MONTEIRO et al., 2020). Entretanto, a sua aplicacdo na producédo de
biolubrificantes ainda é escassa. Em consulta a Base de Dados Scopus, foi
encontrado apenas um recente estudo de aplicacdo desta preparacdo de lipase na
forma imobilizada por reticulacdo (Cross-linked Enzyme Aggregates) para
transesterificacdo de 6leo residual de fritura com &lcool isoamilico (GUIMARAES et
al., 2021). O caréter diferencial desta proposta é a aplicacdo de Eversa® Transform
2.0 imobilizada por adsorcéo fisica em particulas de poli(estireno-divinilbenzeno).
Além disso, foi empregado EG devido as excelentes propriedades dos biolubrificantes
obtidos como alta biodegradabilidade, boa estabilidade térmica, alto ponto de fulgor e
baixa volatilidade (SHABA et al., 2018; SUKIRNO & FARHANDIKA, 2020).

O objetivo geral desse trabalho foi alcancado mediante a execucéo dos objetivos

especificos descritos a seguir.
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Producéo de AGL a partir da hidrélise enzimatica do 6leo de fritura catalisada
por LCR;

Imobilizacdo da preparacdo enzimatica Eversa® Transform 2.0 por adsorcédo
fisica em particulas de poli (estireno-divinilbenzeno);

Determinacéo dos parametros de imobilizacdo em termos de concentracéo de
proteina imobilizada e atividade na hidrélise da emulséo de azeite de oliva;
Aplicacdo do biocatalisador heterogéneo preparado na producdo de
biolubrificantes por esterificacdo de AGL e diferentes glicois em meios isentos
de solventes;

Avaliacao da influéncia de fatores como razao molar EG:AGL, concentracdo do
catalisador e temperatura por delineamento composto central rotacional
(DCCR).

Avaliacdo do tempo de reacdo na producdo de ésteres nas condicdes
otimizadas;

Realizacdo de testes de reuso apOs sucessivas bateladas de reacdo nas
condicBes experimentais otimizadas previamente selecionadas.

Identificacéo dos diésteres produzidos por ressonancia magnética nuclear
Caracterizacao de suas propriedades fisicas (viscosidade cinematica, indice de
viscosidade, densidade e ponto de fluidez) de acordo com metodologias

padrao.
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2. REVISAO BIBLIOGRAFICA

2.1LUBRIFICANTES

Os lubrificantes sdo compostos organicos utilizados para lubrificar pecas de
maquinas, a fim de reduzir o atrito entre elas e consequentemente aumentando
sua vida util (KARMAKAR et al., 2017). Esses materiais sdo amplamente
utilizados no meio industrial e automotivo, destacando-se os fluidos e dleos
utilizados em motores, turbinas, engrenagens, compressores e ferramentas
pneumaticas (SINGH et al.,2019).

Para que uma substancia seja considerada um bom lubrificante, ela deve
apresentar algumas caracteristicas como alto indice de viscosidade e fluidez em
uma ampla faixa de temperatura. Além disso, a eficiéncia de lubrificacdo também
esta associada a estabilidade térmica, & capacidade de prevencdo a corroséo e
a resisténcia a oxidacdo (PANCHAL et al.,2017).

Segundo a Grand View Research Inc (2020), o mercado mundial de
lubrificantes gerou receita de $126.5 bilhdes no ano de 2019. Além disso, estima-
se que a producdo desses compostos sera de cerca de 43.87 milhdes de
toneladas em 2022, valor esse que representa uma taxa de crescimento de 2,4%
do mercado. Em 2019, a China liderou o mercado de lubrificantes, seguida pelos
Estados Unidos, india, Jap&o, Russia, Brasil e Alemanha (STATISTA, 2020). Na
Figura 1, pode-se observar a produgdo mundial de lubrificantes em 2019,

segmentada pelos paises produtores.

Figura 1- Produgéo mundial de lubrificantes em 2019 segmentada pelos paises produtores.
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Fonte: Do autor.
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Um grande problema, relacionado aos lubrificantes, se encontra no seu
descarte inadequado no meio ambiente. Estima-se que 40 a 55% de todo
lubrificante consumido mundialmente € descartado de maneira incorreta no
ambiente aquatico, no solo e na atmosfera (SYAHIR et al.,2017). Outro fator
alarmante € que mais de 95% desses lubrificantes sdo de origem foéssil,
causando sérios problemas aos ecossistemas devido a alta toxicidade e baixa
biodegradabilidade (REEVES et al., 2017)

O esgotamento progressivo dos combustiveis fésseis bem como a crescente
preocupac¢do com o impacto negativo desses combustiveis no meio ambiente
levou a necessidade critica de explorar fontes alternativas de energia (ZAINAL,
2018). Surge entdo o interesse por compostos de origem renovavel como

lubrificantes ecologicamente corretos chamados de biolubrificantes.

2.2BIOLUBRIFICANTES

O termo “biolubrificante” aplica-se a todos os lubrificantes que sejam
biodegradaveis e produzidos por fontes renovaveis e sustentaveis, de maneira
que seja garantida a reinsercdo da sua matéria organica no ciclo natural do
carbono, causando assim um baixo impacto ao meio ambiente (REEVES et al.,
2017).

Os biolubrificantes podem ser divididos em duas categorias — 0s 6leos
naturais e os 6leos sintéticos. Os 0leos naturais, também conhecidos como
ésteres naturais ou triacilgliceréis (TAG), séo representados pelos 6leos vegetais
ou microbianos (comestiveis ou ndo), gorduras animais, acidos graxos livres
(AGL) e oleos residuais (CHAN et al.,2018). Ja os 0leos sintéticos compreendem
as polialfaolefinas, ésteres sintéticos, polialquilenoglicéis, silicones, entre outros
(KARMAKAR et al., 2017).
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2.2.1 Oleos vegetais

Uma atencdo maior é dada aos 0Oleos vegetais, devido a sua extensa gama
de origens bem como sua ampla producdo. Esses 6leos apresentam regifes
polares e apolares em suas estruturas, sendo a regido polar responsavel pela
adsorcdo ou adesdo na superficie deslizante, enquanto a regido apolar &
responsavel pela resisténcia e oleosidade do fluido lubrificante (ZAINAL et al.,
2018).

A utilizacdo direta dos 6leos vegetais como lubrificantes apresenta certas
desvantagens, como por exemplo, sua instabilidade termo-oxidativa e hidrolitica,
sua alta viscosidade e sua baixa compatibilidade com tintas e selantes
(MOBARAK et al., 2014; DA SILVA et al.,2015; SYAHIR et al., 2017; ZAINAL et
al., 2018; FERNANDES et al., 2018). Dessa maneira, tem-se que o uso direto
de Oleos vegetais como lubrificantes ndo é apropriado. Para serem utilizados
para esse proposito eles devem ser primeiramente modificados quimicamente
(KARMAKAR et al.,2017; REEVES et al.,, 2017; FERNANDES et al., 2018;
KUMAR E PAL, 2021).

2.2.1.1 Oleo de soja

A soja é uma das principais fontes na producdo mundial de 6leos vegetais,
representando 60% desse mercado. Em 2018, essa producédo excedeu as 56
milhdes de toneladas (XU et al., 2020). Essa alta representatividade da soja se
deve as suas caracteristicas de mercado e a qualidade do 6leo fornecido
(SUBROTO et al., 2020). O gréo de soja tem como principal componente a
proteina vegetal (40%), porém a presenca de Oleos nesses grdos é muito
significativa, podendo variar de 18 a 22% (SUBROTO e QONIT, 2020).

O oleo de soja consiste em cerca de 90 a 95% de triacilglicerois, mas também
contém componentes como fosfatideos, esterois, tocoferdis e outros compostos
soltveis em gordura. No que diz respeito ao perfil graxo, sua composicéo se

baseia em &acido linoléico (54,17%), acido oléico (24,77%) e acido palmitico
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(11,67%) (DORNI et al., 2018).Na Figura 2, observa-se as estruturas dos acidos

graxos componentes do 6leo de soja.

Além da sua ampla producéo, o 0leo de soja apresenta algumas vantagens
quando comparado a outros 6leos vegetais, incluindo alto conteddo de acidos
graxos poli-insaturados (65%), mantendo-o liquido a temperaturas mais baixas
e a possibilidade de serem hidrogenados de forma seletiva (SUBROTO et al.,
2020).

Figura 2- Estrutura quimica dos acidos graxos componentesdo 6leo de soja.
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Fonte: Do autor.

2.2.1.2 Modificacdo quimica dos 0leos vegetais

Existem diversos métodos para a modificacdo quimica de diferentes
triacilglicerois, de modo a torna-los aptos a serem utilizados como lubrificantes.
Entre eles encontram-se a transesterificacéo, esterificacéo, hidroesterificacao, e
epoxidacéo seguido de ruptura do anel epoxi (CECILIA et al., 2020; BOLINA et
al., 2021).

Entre os processos de modificagcdo quimica dos Oleos vegetais destaca-se a
hidroesterificacdo, responsavel pela modificagdo quimica de qualquer matéria-
prima graxa (gordura animal, 6leo vegetal, 0leo de fritura usado, borras acidas
de refino de Oleos vegetais, entre outros) para obtencédo de biolubrificantes
(BRESSANI et al., 2015; POURZOLFAGHAR et al., 2016). Nesse processo,
primeiramente as matérias graxas séo convertidas em acidos graxos livres (AGL)

e glicerol por reacdo de hidrolise. Em seguida, os acidos graxos livres sao
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extraidos do meio reacional e convertidos em ésteres por esterificacdo direta em
meio organico (BRESSANI et al., 2015; CAVALCANTI et al., 2018; SARNO et
al., 2019). Esse processo tem como vantagem o fato de ndo produzir sabdes,
subprodutos obtidos pela reacdo de catalisadores alcalinos com os &cidos
graxos, que normalmente sdo produzidos nas reacdes de transesterificacdo (DE
LACERDA et al., 2019). Além disso, o processo de transestrificacdo direta,
apesar de possuir apenas uma etapa, possui problemas de transferéncia de
massa devido a alta viscosidade do 6leo base, sendo necesséario um grande
tempo reacional (DA SILVA et al., 2015). Por fim, o processo de
hidroesterificacdo produz glicerol com alta pureza, caracteristica essa muito
importante para propositos farmacéuticos, cosméticos e alimenticios
(POURZOLFAGHAR et al.,2016).

2.2.1.3 Vantagens e Desvantagens dos 0leos vegetais

Os biolubrificantes produzidos de 6leos vegetais séo alternativas promissoras
aos lubrificantes de origem mineral devido as suas altas performances de
lubrificacdo, alto indice de viscosidade, alto ponto de fulgor, baixo ponto de
fluidez e baixas perdas por volatilizacao (HO et al.,2019). As desvantagens se
concentram no custo dos mesmos. A utilizacdo de 6leos vegetais refinados para
a producéao de lubrificantes € um grande desafio econémico, visto que compete
com a industria de alimentos (XIE E WAN, 2020). Neste sentido, a utilizacdo de
Oleos ndo comestiveis ou residuais pode reduzir o custo de producdo dos
lubrificantes em cerca de 80% (SARNO et al., 2019). Essa discussédo pde em
evidéncia a utilizacao de 6leos residuais como uma opc¢ao atrativa dos pontos de

vista ambiental e econdmico para esta finalidade.

2.2.2 Oleos residuais

A producéo anual global de oOleos residuais de fritura ultrapassa 16 milhdes
de toneladas (LINYUN et al.,, 2021). Esses 0leos e gorduras, utilizados

repetidamente em frituras, sofrem alteragGes significativas em suas
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propriedades, devido a degradacao térmica dos triacilgicerdis por oxidacédo e
hidrolise (DI PIETRO et al., 2020).

Dentre essa grande producéo de 6Oleos residuais, a maior parte é descartada
de maneira inadequada na natureza. Aproximadamente 15 milhdes de toneladas
de Oleos processados em todo o mundo séo lancados anualmente sem nenhum
tipo de tratamento no meio ambiente (MANSIR et al., 2018).Esses 6leos sao
grandes poluidores de cursos d’agua, o que pode ser confirmado pelo fato de
gue apenas um litro de Oleo de fritura € capaz de esgotar o oxigénio dissolvido
de até 20 mil litros de agua, formando, em poucos dias, uma fina camada sobre
uma superficie de 100 m? que blogueia a passagem de ar e luz e,
consequentemente, impede a respiracao e a fotossintese (BIOCOLETA, 2013).

O d6leo de cozinha usado, bem como 6leos ndo comestiveis sdo matérias-
primas atrativas para a producédo de biodiesel, por aumentarem a viabilidade
econbmica do processo (AMBAT, 2018; MONTEIRO et al., 2020).0 biodiesel
nada mais € que um éster monoalquilico de acidos graxos de cadeia longa
oriundo da transesterificacdo de 6leos naturais, processo que se assemelha a
producédo de biolubrificantes (SINGH et al., 2019). Além disso, esses 0leos ndo
concorrem com o mercado de abastecimento de alimentos, portanto, sendo de
grande interesse (SARNO et al., 2019; ZHANG et al., 2020b).O desenvolvimento
de novos produtos eficientes e viaveis ambientalmente como os biolubrificantes
a base de 6leo de fritura acabam por reduzir a dependéncia por recursos nao
renovaveis, como o petréleo e seus derivados (REEVES et al.,2017; SARNO et
al., 2019; GUIMARAES et al., 2020).

Os processos de modificacdo quimica, para tornar viavel a utilizacdo desses
Oleos residuais como lubrificantes, requerem a utilizacdo de catalisadores,
podendo eles serem quimicos ou enzimaticos (SYAHIR et al., 2017; KARKAMAR
et al., 2017; CECILIA et al., 2020).
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2.3CATALISADORES PARA A FABRICACAO DE BIOLUBRIFICANTES

A catélise € um procedimento muito utilizado em diversos ramos industriais.
Exemplos de aplicagbes da mesma podem ser vistas na industria alimenticia,
processamento de papel e celulose, biocombustiveis, tratamento de esgoto,

farmacéutica e de quimica fina (SINGH et al.,2016).

A catalise na producéo de biolubrificantes pode ser classificada de diversas
maneiras. Dentre elas destacam-se a fase na qual se encontram os catalisadores

(homogénea e heterogénea) e a origem dos mesmos (enzimatica ou quimica).
2.3.1 Catalise Quimica: homogénea x heterogénea

De forma geral, as reacdes cataliticas podem ser classificadas em
homogéneas ou heterogéneas, sendo a principal diferenca entre elas a fase na

qual o catalisador se encontra em relacdo aos reagentes.

No que diz respeito a producédo de biolubrificantes, os catalisadores quimicos
homogéneos mais utilizados sdo os &cidos fosférico, cloridrico, p-
toluenossulfénico e sulfarico, bem como as bases — hidréxidos e alcoxidos de
sédio e potassio (ARAVIND et al., 2018; AFIFAH et al., 2019; GHAFAR et al.,
2019; ATTIA et al., 2020). As principais vantagens da utilizacéo de catalisadores
homogéneos estdo no seu baixo custo e suas altas taxas de cinética de reacdo
(DA SILVA et al., 2013; THANGARAJ et al., 2019; THANGARAJ E SOLOMON,
2019). As desvantagens, porém, desse tipo de catalisador sdo os problemas
operacionais causados devido a dificil regeneracdo do meio reacional,
dificultando o reuso do catalisador, bem como a alta demanda de 4gua e energia
NOS processos necessarios para a purificacdo dos produtos (CHUA et al., 2019;
TAN et al., 2019; FARUQUE et al., 2020; GUPTA et al., 2020).

Entre os catalisadores heterogéneos mais utilizados na sintese de
biolubrificantes destacam-se as resinas de troca idnica (SABOYA et al., 2017a),
carvles ativados sulfonados (FERREIRA et al., 2020), zircbnia sulfatada (OH et
al., 2013),silica funcionalizada com &cido sulfurico (AKERMAN et al., 2011),bem
como as bases — métdxido de magnésio, 6xido de calcio e 6xidos mistos - CaO-
SrO (IVAN-TAN et al., 2017; HUSSEIN et al., 2021; ALMASI et al., 2021).0s
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catalisadores heterogéneos tém como principal vantagem permitir uma facil
separacdo do produto obtido, facilitando assim o reuso subsequente do
catalisador e reduzindo os custos dos processos de purificacdo (GUPTA et al.,
2020). Além disso, esse tipo de catalisador provoca uma menor corrosao dos
equipamentos utilizados, se comparado aos catalisadores homogéneos. A
desvantagem da utilizacdo de catalisadores heterogéneos esta na necessidade
de condicdes reacionais como altas temperaturas para reduzir a viscosidade do
meio reacional e melhorar os processos de transferéncia de massa. As altas
temperaturas levam a degradacéo térmica de acidos graxos e triacilglicerais,
sendo necessario assim realizar etapas posteriores de purificagdo, aumentando
a geracao de residuos (SABOYA et al., 2017b; IVAN-TAN et al., 2017; FATTAH
et al., 2020; ZHANG et al., 2020b). A Tabela 1 fornece um comparativo entre as

caracteristicas de ambas as catdlises.

Tabela 1- Comparacao entre a catalise homogénea e heterogénea.
Catalise Homogénea Catalise Heterogénea

Maior contato entre substratos e catalisador Menor contato entre substratos e catalisador

Maior desempenho catalitico Menor desempenho catalitico
Permite altas seletividades N&o permite altas seletividades
Dificil separagdo do produto Facil separagéo do produto
Dificil recuperagéo do catalisador Facil recuperacéo do catalisador

Alta geracéo de efluentes para purificacdo do  Baixa geracéo de efluentes para separacéo

produto do produto

Fonte: Do Autor.

2.3.2 Catalise enzimética: Lipases

A catélise enzimética, para a producdo de biolubrificantes, vem como uma
alternativa atrativa aos catalisadores quimicos, visto que requer condicdes
reacionais moderadas de temperatura e pressao, além de apresentar alta
especificidade e alto grau de pureza dos produtos — reduzindo a geracao de
residuos e tornando os processos ambientalmente corretos (CERON et al., 2018;
PAPADAKI et al., 2019; SARNO et al., 2019; AGUIEIRAS et al., 2019;
FERNANDES et al., 2020:GUIMARAES et al., 2021; BOLINA et al., 2021)
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As lipases (éster triacilglicerol acil-hidrolases EC 3.1.1.3) sdo um importante
grupo de enzimas que podem ser obtidas de fontes animais, vegetais e
microbianas, sendo as de fontes microbianas as mais utilizadas no ambito
industrial devido a sua grande diversidade bioquimica, facil manipulagéo
genética e facil condices de cultivo (SALIHU E ALAM, 2015; JEMLI et al., 2016;
JAVED et al., 2018). Essas enzimas sao capazes de catalisar diversos tipos de
reacBes como a hidrolise dos triacilglicerdis em glicerol e 4cidos graxos livres
(ANGAJALA et al., 2016; SHUAI et al., 2017; JAVED et al., 2018; BASSO E
SERBAN, 2019), além de processos de esterificacdo, transesterificacdo e
interesterificacdio em meios n&o aquosos (ABED et al., 2018; BARSE et al., 2019;
LOFGREN et al., 2019). A Figura 3 esquematiza a versatilidade de reacdes que

podem ser catalisadas pelas lipases.

Figura 3- Diferentes rea¢fes catalisadas por lipases.

R,COOR, + H.0 Hidrolise R,COOH + R OH
Esterificacao
R,COOH + R OH R,COOR, +H,0
Interesterificacao

R,COOR_ + R COOR, RyCOOR, + R, COOR,
Aciddlise

R,COOR, + R_COOH R,COOR, + R COOH
Alcoodlise

R,COOR, + R OH R,COOR, + R OH
Amindlise

R,COOR, + R,NH, R,CONHR, + R,OH

Fonte: Do autor

Entre as aplicacbes das lipases, encontra-se a producao de biolubrificantes,
e a sua utilizacdo para este fim é bastante reportada pela literatura (BOLINA et
al., 2021). Na Tabela 2, podemos ver alguns exemplos de trabalhos relacionados

a essa tematica.
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Tabela 2-Reac0des catalisadas por lipases para producdo de biolubrificantes.

Conversao
Oleo/Acido Alcool (%) Referéncia
Acido Butirato de Todero et
Butirico Isoamilico isoamila 96.0 al(2015)
Acido Oleato de
OIemo/Agdo - cetlla/Oct?noato Machado et
- Thermomyces Oct,ar.mlco/ Cetilico de cetila/ 94.0 al(2019)
Esterificacdo . Acido Estearato de
lanuginosus L. .
Estedrico cetila
Acido Estearato de Bolina et
Estearico Butanol butila 90.0 al(2018)
Acido Decanoato de Alves et
Decandico Cetilico cetila 92.5 al(2016)
Pancreas de Oleo de Kumar e
Transesterificacio porco Ifaranja Etanol Oleato de etila 88.0 Pal(2021)
Burkholderia Oleo de Oleato de Cerdn et
cepacia Palmiste Isoamilico isoamila 99.5 al(2018)
Oleato de etila
Pseudomonas Oleo de /Linoleato de Costa et al
. L fluorecens Fritura Etanol etila 94.1 (2020)
Hidroestrificacdo Candida Oleato de n- Cavalcanti et
rugosa Oleo de Soja Neopentilglicol octila 99.0 al(2018)
Thermomyces Wancura et
lanuginosus ~ Oleo de Soja Metanol Oleato de metila 97.1 al(2019)

Fonte: Do Autor.

A aplicacédo de lipases na forma de extratos enziméticos brutos (formulagbes
em po ou liquida) é dificultada em um processo industrial, pois torna dificil a
recuperacao e reciclagem da enzima, causa custos elevados na purificacdo do
produto e leva a uma grande inativacao das lipases devido a temperatura e uso
de solventes organicos (MOHAMAD, 2015; ZHAO et al., 2015; ZHONG et al.,
2020). Dessa maneira, surge a necessidade de realizar algum procedimento, a
fim de minimizar essas complicacées industriais e permitir o reuso dessas

enzimas, procedimento este denominado imobilizacéo.

2.4IMOBILIZACAO DE LIPASES POR DIFERENTES PROTOCOLOS

A imobilizacdo enzimética permite a regeneracdo e reuso das enzimas em
diversos ciclos reacionais, previne a contaminacdo do produto final, gera
robustez devido ao aumento da estabilidade, bem como permite o

desenvolvimento de processos continuos, processos esses muito atrativos
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industrialmente. (CERON et al., 2018; ZHONG et al., 2020).0 processo de
imobilizacdo enzimatica se baseia no confinamento de enzimas em certos
materiais ativos ou por ligagdo com matrizes especificas, permitindo que as
mesmas realizem suas fun¢gdes com uma menor tendéncia a inativagéo e sendo
preservadas por um maior tempo (GIRELLI et al., 2019; SANTOS et al., 2020;
KHAN, 2021).

2.4.1 Protocolos de imobilizacdo

Existem diversos protocolos nos quais as lipases podem ser imobilizadas,
entre eles destacam-se a encapsulacao, a imobilizacao por ligagéo covalente, a
imobilizacdo por reticulacdo (Cross-linked Enzymes Aggregates — CLEAS) e a
adsorcdao fisica (idnica, hidrofébica e por ligacdo de hidrogénio).Na Figura 4,

pode-se observar um esquema desses protocolos de imobilizagao.

Figura 4- Protocolos de imobilizacdo de Lipases.

Ligacdo covalente

( )

Adsorcao hidrofébica Adsorg3o ibnica
—cO AN —

~ 1
5
O

Lipase livre

Encapsulagdo

Reticulagdo

Fonte: do autor

A escolha apropriada do método de imobilizagdo deve ser baseada em
parametros como a maxima atividade catalitica da enzima imobilizada,
estabilidade operacional, custo de imobilizacdo, toxicidade dos reagentes e
propriedades desejadas para o catalisador imobilizado (BOLINA et al., 2021).
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O processo de encapsulacao se baseia no confinamento da enzima em uma
rede polimérica porosa que permite a difusdo das moléculas de substrato para o
microambiente reacional e a difusdo de moléculas de produtos do mesmo
(MULINARI et al., 2020). Nesta técnica séo utilizados, normalmente, polimeros
naturais como quitosana, alginato e celulose, bem como os sintéticos -
poliuretano e poliacrilamida (KOUKLUKAYA et al., 2016;JI et al., 2017; PADILHA
et al., 2018; KAUSHAL et al., 2018).Como vantagens desse método, destacam-
se a estabilidade enzimética devido ao fato de ndo serem formadas ligacdes
qguimicas ou interacdes fisicas entre a enzima e o0 suporte, além da grande
guantidade de sitios de interacdo entre substrato e enzima (FENG et al., 2015).
Ja como desvantagem pode-se citar a alta resisténcia a transferéncia de massa
para o substrato e uma possivel liberagcdo de enzimas da estrutura apos

sucessivos ciclos (REIS et al., 2019).

A imobilizacdo de enzimas por ligacdes covalentes acontece pela formacgao
de ligacdes entre os residuos de aminoacidos que constituem a enzima, e que
nao sdo essenciais para sua atividade catalitica, e os grupos reativos atuais na
superficie do suporte (NADAR e RATHOD, 2018; ZHONG et al., 2019; BASHIR
et al., 2020). A vantagem deste processo € fornecer uma maior estabilidade
enzimatica em relacdo ao ambiente reacional, como variacdo de pH,
temperatura, solventes e acdo de inibidores, além de evitar a dessorcdo da
enzima do suporte (POPPE et al., 2015; ZDARTA et al., 2018; DE SOUZA et al.,
2020). As principais desvantagens dessa técnica estdo relacionadas as
condicdes rigorosas de preparo, que se utilizam de reagentes toxicos, o que
acaba por elevar os custos de obtencéo destes materiais (ABDULLA et al., 2017;
THANGARAJ E SOLOMON, 2019; DE ANDRADES et al., 2019).

No método de imobilizacdo por reticulacdo, ndo ha a presenca de suportes.
Nesse processo, a utilizagdo de solventes organicos (acetona, etanol, etc), sais
ou polimeros leva a precipitacdo das enzimas. Posteriormente, um agente
reticulante (usualmente o glutaraldeido) € adicionado, resultando na formacéao
de um agregado de enzimas (MUKHERJEE E GUPTA, 2017; SHELDON, 2019;
NAIR E CHELLAPAN, 2019). Este método é considerado de grande importancia
no preparo de biocatalisadores para serem utilizados em processos industriais
(ZHENG et al., 2018; SHELDON, 2019).
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A adsorcao fisica, por sua vez, € um método muito utilizado na imobilizacao
de lipases devido a sua simplicidade e baixo custo. Como vantagens desse
procedimento destacam-se a preservacdo da conformacéo tridimensional da
enzima, bem como um facil reuso do suporte por dessor¢cdo das enzimas
inativas, estabilizacdo enzimatica e aumento da atividade catalitica. (MIGUEZ et
al., 2018; ZHAO et al., 2019; RODRIGUES et al., 2019; OKURA et al., 2020).
Esse protocolo de imobilizacdo pode ser explicado por diferentes tipos de
interacBes como as forcas de Van der Waals, ligacdes de hidrogénio e interacdes
ibnicas e hidrofobicas. Essas interacdes irdo depender dos grupos funcionais
presentes na superficie do suporte e da composi¢do dos aminoacidos presentes
na superficie da lipase (MOHAMAD et al., 2015; REIS et al., 2019; QUAYSON
et al., 2020).

Vale ressaltar que no campo das lipases, a adsorcdo por interacées
hidrofébicas € mais comum, devido ao seu mecanismo especifico de acédo que
é denominado ativacgédo interfacial (BASSI et al., 2016). Muitas lipases possuem
uma cadeia polipeptidica, denominada aba ou tampa (lid), que possui tanto uma
regido hidrofébica, quanto uma regido hidrofilica. Quando a lipase se encontra
na chamada conformacédo fechada, a area hidrofébica da aba interage com as
areas também hidrofébicas no entorno dos sitios ativos das lipases, cobrindo-os
e consequentemente impedindo o contato dos mesmos com 0 meio reacional
(RODRIGUES et al., 2019; LIU et al., 2019). Porém, na presenca de uma
superficie hidrofobica, a cadeia polipeptidica se desloca, expondo os sitios ativos
da enzima para o meio — conformacéo aberta. Em meios na qual a for¢a ibnica
é elevada (acima de 50 mM), a conformacédo aberta da lipase torna-se instavel,
dessa maneira a mesma toma a sua conformacéo fechada. A fim de evitar uma
baixa atividade catalitica devido & conformacédo fechada, bem como reduzir a
agregacao das lipases na sua forma aberta, sdo utilizados meios com baixa forca
ibnica. (MANOEL et al., 2015; MACHADO et al., 2019). A Figura 4 mostra um

esquema da ativacao interfacial de enzimas em suportes hidrofobicos.
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Figura 5- Lipase imobilizada via ativacao interfacial em superficie hidrofébica.

_ |

| = K = &

Lipase na forma fechada Lipase na forma aberta Lipase imobilizada em suporte
hidrofébico

Fonte: do autor

Uma das desvantagens desse método é a possibilidade de dessorcao
enzimatica da superficie do suporte devido as mudancas de temperatura, pH,
forca ibnica ou pela presenca de substancias quimicas como surfactantes, uréia
e co-solventes (FILHO et al., 2019). Além disso, a tendéncia das lipases de
adsorverem em suportes hidrofébicos pode gerar a formacédo de dimeros de
lipase, devido a agregacao de lipases em sua conformacdo aberta que nao se
encontram fixadas na superficie do suporte. As lipases também podem ser
adsorvidas em outras proteinas como algum produto gerado na reacao,
competindo assim pelo sitio ativo com o substrato, reduzindo o rendimento
reacional (MANOEL et al., 2015;ZHANG et al., 2017).

2.4.2 Suportes

As caracteristicas a serem analisadas na selecdo de um suporte para
imobilizacdo de enzimas sdo a area superficial, a permeabilidade, a capacidade
de regeneracdo, a morfologia e a composicdo, a natureza hidrofilica ou
hidrofébica, a resisténcia mecéanica, entre outras (CANTONE et al.,, 2013;
SIGURDARDOTTIR et al., 2018; SASTRE et al., 2019; MULINARI et al., 2020).

Os suportes podem ser classificados como orgéanicos e inorganicos, de acordo
com suas caracteristicas quimicas, e podem ser subdivididos em naturais ou

sintéticos. Suportes naturais possuem facilidade na degradacdo sem causar
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danos ao meio ambiente, além de possuirem baixo custo. Os suportes sintéticos,
por sua vez, podem ser combinados com uma variedade de propriedades fisicas
e quimicas de tal modo a formar um suporte ideal para uma aplicacéo especifica
(MOHAMAD et al., 2015; GHOLAMZADEH et al. 2017; VERMA et al., 2019).
Dentre os suportes organicos destacam-se os polimeros, naturais ou sintéticos,
gue sdo amplamente utilizados no campo da imobilizacdo de biocatalisadores.
Como exemplos desses suportes pode-se citar a agarose, a quitosana, resinas
acrilicas e nanomateriais (LAGE et al., 2016; BASSI et al., 2016; SOUZA et al.,
2017; ORTIZ et al., 2019). Os suportes inorganicos sdo amplamente utilizados
em aplicacfes industriais por apresentarem excelentes propriedades mecanicas,
alta relacdo area superficial/ tamanho de poro, alta estabilidade de encubacao
em solventes organicos e por serem de facil funcionalizacdo com uma variedade
de componentes (MULINARI et al., 2020). Exemplos desses suportes sdo as
silicas, as argilas, as aluminas e as zeolitas (CARVALHO et al., 2015;
GHOLAMZADEH et al., 2017; DARONCH et al., 2020).

Independente da natureza do suporte, a classificacdo do mesmo pode ser
realizada levando em consideracdo também a sua morfologia. Nessa
classificagdo 0s suportes podem ser porosos e ndo porosos. Os materiais
porosos apresentam uma grande area superficial interna disponivel para a
imobilizacdo das enzimas, protegendo-as dos efeitos de agitacfes vigorosas.
Uma limitacdo desses materiais sdo os tamanhos de poros, que devem ser
grandes o suficiente para a acomodacdo das enzimas e o0 posterior acesso das
moléculas de substrato (MOHAMAD et al, 2015; SIGURDARDOTTIR et al., 2018;
REN et al., 2020).No que diz respeito aos materiais hdo-porosos, é eliminado o
problema de transporte interno de massa, porém existe uma pequena area
superficial disponivel para que a enzima possa se ligar (SANTOS et al., 2015).A
Tabela 3 demonstra as vantagens e desvantagem da porosidade no processo

de imobilizacdo enzimatica.
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Tabela 3- Vantagens e Desvantagens da porosidade na imobilizacao.

Material Vantagens Desvantagens

Limitagcbes difusionais para o

Poroso Elevada area superficial interna o
interior dos poros

Maior interacdo catalisador-
N&o poroso subtrato devido a acomodacao Pequena area superficial

na superficie externa

Fonte: Do autor.

2.4.3 Poli (estireno-divinilbenzeno)

Dentre os diversos polimeros que podem ser utilizados como suporte para
imobilizacéo, o poli (estireno-divinilbenzeno) tem se destacado. Esses suportes
sdo obtidos através da copolimerizacdo do estireno utilizando divinilbenzeno
como agente reticulante (RODRIGUES et al.,2015). A reacdo de
copolimerizagao foi esquematizada na Figura 6.

Figura 6- Representagdo esquematica da reacdo de copolimerizagdo de estireno com
divinilbenzeno.

CH
/ 2 CH,—
C{J
—_——
HC :“‘"‘-ﬂc Hs HC=——=CH 2
Estireno Divinilbenzeno Poli (estireno-divinilbenzeno)

Fonte: do autor

7

Esse material é extremamente hidrofébico, o que permite uma facil
adsorcdo hidrofébica de enzimas. Outro fator interessante desse material se
encontra nas suas caracteristicas morfologicas. O poli (estireno-divinilbenzeno)
apresenta uma elevada area superficial e possui poros com diametros elevados,
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0 que acarreta em uma elevada capacidade de adsorcéo desse suporte (ALVES
etal., 2017; BENTO et al., 2017; CORREA et al.,2021; MARTINS et al., 2013).

2.5ALCOOIS PARA A SINTESE DE BIOLUBRIFICANTES

Como mostrado anteriormente, a producdo de biolubrificantes, em sua
maioria, se da pela modificacdo quimica de 6leos, sendo eles vegetais, animais,
residuais ou microbianos. Nos processos mais comuns, como € 0 caso da
transestericacdo e da hidroesterificacdo, é necessario a utilizacdo de alcodis
como reagentes. Entre esses alcodis se destacam o metanol, etanol e polidis
como o etileno glicol, trimetilol propano, pentaeritritol e neopentil glicol (SHABA
et al., 2018; SANNI et al., 2017; HUSSEIN et al., 2021)

2.5.1 Etileno glicol

Entre os poliois utilizados em processos de modificagdo quimica de 6leos,
o etileno glicol se destaca por possuir uma estrutura ramificada e propriedades
anti-congelantes que sdo consideradas de grande importancia para a producao
de biolubrificantes (SHABA et al., 2018). A estrutura do etileno glicol pode ser
observada na Figura 7.

Figura 7- Estrutura quimica do etileno glicol.

OH
HO™

Fonte: do autor

A utilizacdo de etileno glicol como reagente de esterificagdo, gera como
produto ésteres de etileno glicol, um biolubrificante atéxico, com boa lubricidade
devido a sua capacidade de aderéncia, protegendo assim a superficie de
desgastes sob pressao, além de boa estabilidade térmica, alto ponto de fulgor e
baixa volatilidade (SUKIRNO & FARHANDIKA, 2020). Na Tabela 4, podemos ver
alguns exemplos de trabalhos da literatura que utilizam do etileno glicol para

esse fim.
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Tabela 4- Estudos utilizando etileno glicol para producéo de biolubrificantes.

Matéria-prima Reacgdo Catalisador Condicoes de reagdo Rendimento Tempo Referéncia

6:1 6leo/alcool;

Oleo desoja  Transesterificagdo Met;x(;?; de 120°C; 0,4% 88,30% 3 horas Sannietal (2017)
catalisador m/m
. 6:1 6leo/alcool;
Oleo de palma  Transesterificacio Met;x(;?; de 120°C; 0,6% 92% 3 horas Sannietal (2017)
catalisador m/m
< e. .~ Metdxido de 3:1 6leo/élcool; o 2 horas e Shaba et al
Oleo de palma Transesterificacdo Sdio 135°C 81,48% 48 min (2018)
Oleo de palma o a Catalisador 3,5:1 bleo/ alcool; SUkImO.&
de grau Transesterificacao basico 170°C 93% 3 horas Farhandika
industrial (2020)
< . 6:1 6leo/ alcool;
éﬁiccllgodgcl?rfgi:o Esterificagdo N0\;o325yme 23°C; 5% catalisador 90% 24 horas  Yao et al (2014)
m/m
B} . L. 3,5:1 Sleo/alcool; .
Oleo de fritura I Oxido de e 1 oy 0 lhorae Hussei et al
usado Transesterificacao calcio 130°C; 1,2% 94% 30 min (2021)

catalisador m/m

Fonte: do autor

Essa dissertacdo de mestrado visa trazer como inovacao a utilizacdo da
lipase Eversa® Transform 2.0, enzima amplamente empregada na producéo de
biodiesel, na producao de biolubrificantes, aplicacdo essa que ainda € muito
escassa. Essa lipase sera imobilizada por adsorcao fisica em particulas de poli
(estireno-divinilbenzeno), devido suas caracteristicas morfolégicas e
hidrofobicidade. Além disso, sera empregado o etileno glicol, como o alcool
necessario para o processo de hidroesterificacdo. Dentre os estudos presentes
na literatura, apenas esse trabalho utilizou de catélise enzimatica (lipase) com
esse diol como reagente, sendo outro ponto diferencial. O mesmo foi selecionado
devido as excelentes propriedades dos biolubrificantes como boa estabilidade
térmica, alto ponto de fulgor e boa lubricidade obtidos com este poliol (SHABA
et al., 2018; SUKIRNO & FARHANDIKA, 2020; BILAL et al., 2013). Vale ainda
ressaltar a importancia ambiental deste trabalho, visto que o mesmo busca
reaproveitar e gerar valor agregado a subprodutos, como é o caso do 6leo de
fritura, evitando assim o desperdicio de insumos e reduzindo a geracao de

residuos.
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3. ARTIGO: Design of a sustainable process for enzymatic production of

ethylene glycol diesters from used soybean cooking oil
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Abstract

This study aimed to produce glycol diesters via hydroesterification of used
soybean cooking oil (USCO). Initially, there was free fatty acid (FFA) production
through hydrolysis and then they were catalyzed using powder lipase extract from
Candida rugosa. Afterwards, glycols and produced FFAs were esterified using
open reactors to eliminate water molecules. For such a purpose, a low-cost liquid
lipase from Thermomyces lanuginosus (Eversa® Transform 2.0) immobilized via
interfacial activation on polystyrene-divinylbenzene (PSty-DVB) beads was used
as heterogeneous biocatalyst. The prepared biocatalyst exhibited the highest
catalytic activity using ethylene glycol (EG), therefore it was selected for further
ester production optimization. The effect of relevant factors on EG diester
production were assessed through the central composite rotatable design
(CCRD). As a result, full OH conversion (100%) was achieved at 65 °C in a
EG:FFA molar ratio of 1:3 and biocatalyst concentration of 18% m/m at 40 min of
reaction. Maximum OH conversion was only 32.5% using crude lipase extract
under such conditions. The biocatalyst retained =37% of its original activity after
seven successive esterification batches. Physical properties of produced EG
diesters were similar to other EG esters produced from soybean oil in literature

and commercial synthetic neopolyol esters.

Keywords: Glycol diesters, Biolubricants, Enzymatic hydroesterification, Used

soybean cooking oil, Physical properties.
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1. Introduction

Lubricants are organic compounds responsible for reducing friction and
stress between two or more surfaces in mutual contact, which are also used for
preventing corrosion, heating or cooling surfaces, removing dirt particles or
combustion residues from filters, sealing at critical points, delivering additives to
materials and transferring forces in power steering systems [1-3]. The global
lubricant market reached $125.81 billion in 2020 and its production is expected
to grow at an annual rate of 3.7% from 2021 to 2028 [4]. Conventional lubricants
are petroleum-based products able to harm the environment as they pose
problems associated with proper disposal [2,3,5,6]. In the latest years, there has
been a growing demand for environmentally friendly products, thus there is
ample room for improvement of a large variety of biolubricants due to their low
toxicity and biodegradability, and excellent physicochemical properties such as
good contact lubrication, high viscosity index, high flash point and low volatility
[3,5]. For such purpose, several edible and non-edible oleaginous feedstocks
have been used for their production, such as vegetable oils, microbial oils, animal
fats or waste oils [2,3,5-7].

The global edible vegetable oils consumption reached around 210 million
metric tons in 2020/2021 [8], which in turn has led to the generation of large
amounts used soybean cooking oils — WCO) by the largest producing countries
[9]. A rampant disposal of waste oils has caused serious environmental,
economic and social problems [10,11]. In this context, recent technological
advances have been proposed to convert them into valuable products to be used
by oleochemical industries due to offering environmental benefits that lead to a

significant reduction in production costs [10-14].



55

The direct use of these oleaginous feedstocks as biolubricants is
inappropriate due to their low oxidative and hydrolytic stabilities and poor
performance at cold temperatures [3,6]. In order to overcome such undesirable
aspects, several chemical modification methods have been successfully
proposed, such as transesterification, hydroesterification, epoxidation and ring
opening [2,5,7]. These methods are preferentially performed using several
homogeneous or heterogeneous catalysts, such as acidic or alkaline chemical
catalysts and enzymes — lipases [3,6,7]. The enzymatic route using lipases is a
sustainable and eco-friendly process for biolubricant production, since it requires
mild reaction conditions and generates fewer by-products due to their high
selectivity, moreover, its low-cost oleaginous feedstocks containing water and
FFAs from non-edible and waste oils, e.g. waste cooking oils, can be successfully
used as raw materials [7,15,16].

A recent study about enzymatic production of biolubricants has evidenced
that researchers worldwide have been devoting their efforts on using immobilized
lipases preferably as catalysts [7].. Their use in industrial processes allows ease
of reuse in a bioreactor system, reduced operational costs, improved stability
against temperature, organic solvents or mechanical stress, and broad flexibility
of reactor configurations — batch or continuous processes [17,18]. In addition,
immobilization techniques, if properly performed, can also improve the catalytic
activity of lipases and reduce inhibitory effects [17,19-23]. Lipases have been
immobilized via several techniques such as physical adsorption, entrapment,
covalent attachment and cross-linked enzyme aggregates — CLEAs [17,24,25].
The most popular immobilization technique is the physical adsorption of lipases

on hydrophobic supports at low ionic strength — mechanism known as interfacial
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activation [19,26—29]. Some lipases have a polypeptide chain (named lid or flap)
that covers their active sites and blocks their substrate accessibility — “closed
form”. The presence of a hydrophobic surface such as hydrophobic supports or
droplets of oils shifts the lid and a large hydrophobic pocket containing their active
sites is exposed to the medium — “open form” [30-32].

Therefore, the present study aims to develop a sustainable and
environmentally friendly process of enzymatic production of glycol esters through
hydroesterification of a low-cost and non-edible oil — used soybean cooking oil
(USCO) (SWCO). It consisted in sequential enzymatic hydrolysis to produce
FFAs and esterification of the FFAs produced from USCO using glycols via
sustainable and safe processes (solvent-free systems) [33,34]. The initial step
was performed using a non-specific lipase from Candida rugosa (CRL) to
hydrolyze all ester bonds of waste cooking oil into FFAs and glycerol [35,36]. The
second step consisted in the esterification of produced FFAs with glycols
catalyzed by a commercial lipase (Eversa® Transform 2.0) obtained through
immobilization via interfacial activation on PSty-DVB beads. Eversa® Transform
2.0 is a liquid enzyme formulation launched on the market in 2016 by Novozymes
S.A. [37]. This lipase is appropriately designed for industrial biodiesel production
from several oils, including waste oils, due to its high catalytic activity and thermal
stability, in addition to its lower cost ($ 20.0 a Kg) if compared to other commercial
lipases [37—39]. However, its use as biocatalyst for biolubricants production has
not been extensively reported in literature yet [40]. It was also performed a
literature search so as to confirm that this is the first study on glycol ester

production using immobilized Eversa® Transform 2.0 as catalyst.
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Since esterification is a thermodynamically controlled process [41], adding
excess of starting materials and/or removing water molecules generated in the
reaction is required to shift reaction equilibrium towards ester production [42—44].
In fact, esterification reactions were performed in open reactors to eliminate water
molecules generated from the reaction mixture using a very simple strategy —
evaporation at atmospheric pressure. The use of hydrophobic supports can also
minimize the formation of an aqueous phase in a biocatalyst microenvironment
[45,46]. Thence, it was opted to use PSty-DVB as hydrophobic support for this
study. Moreover, it has high surface area and large pores which allows immobilize
of large amounts of lipase [27,47,48].

The prepared heterogeneous biocatalyst was used to catalyze the
esterification of the FFAs produced using four different glycols — ethylene glycol
(EG), propylene glycol (PG), diethylene glycol (DEG) and neopentyl glycol (NPG).
The immobilized lipase underwent initial tests in order to identify the glycol
exhibiting the highest catalytic activity. Afterwards, the effect of relevant factors
on the esterification reaction were evaluated using a central composite rotatable
design (CCRD), i.e. a statistical tool extensively used for optimizing enzymatic
production of industrial esters, including biolubricants [22,48-52]. The effect of
contact time on diesters production was also studied so as to determine the
reaction time required to achieve maximum conversion. Under optimal
conditions, there were operational stability tests after several esterification
batches. The physical properties of produced diesters were in accordance with

standard methods.
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2. Materials and methods
2.1. Materials

Lipase from Thermomyces lanuginosus — Eversa® Transform 2.0
(hydrolytic activity of =20,000 units/mL and protein concentration of 35.8 mg/mL)
and Candida rugosa — CRL (hydrolytic activity of =16,000 units/g and protein
concentration of 24.5 mg/g) were acquired from Novozymes S.A. (Araucéria, PR,
Brazil) and Sigma-Aldrich Co. (St. Louis, MO, USA), respectively. Used soybean
cooking oil (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 (% m/m) is as follows: 10.7% palmitic, 3.0%
stearic, 24.0% oleic, 56.7% linoleic, 5.4% linolenic and 0.1% arachidic acids [53],
and its average molecular mass is 278.6 g/mol. Neopentyl glycol (NPG) was
acquired from Sigma-Aldrich Co. Ethylene glycol (EG) was purchased from
Dinamica Quimica Contemporanea (Indaiatuba, SP, Brazil). Diethylene glycol
(DEG) and propylene glycol (PG) were acquired from Isofar Industria e Comércio
de Produtos Quimicos Ltda (Duque de Caxias, RJ, Brazil). All other chemical
reagents and organic solvents were of analytical grade and acquired from Synth®

Ltd.

2.2. Immobilization of Eversa® Transform 2.0 via interfacial activation

Eversa® Transform 2.0 was immobilized on PSty-DVB beads at low ionic
strength in accordance with previous studies [28,29,47,54]. An enzyme solution
was prepared by mixing 1.12 mL crude lipase extract with 17.9 mL of 5 mM
sodium acetate buffer at pH 5.0. The prepared solution was placed into 100 mL

closed glass flasks and 1 g of wetted PSty-DVB beads [47] was added using a
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fixed protein loading of 40 mg/g of support [29,54]. The suspension was stirred
at 200 rpm in a thermostatic water bath at 25 °C. After 18 h of contact, the
heterogeneous biocatalyst was filtered using a Buchner funnel under vacuum,
which was then washed with distilled water and stored at 4 °C for 24 h before
use. Immobilized protein concentration of 36 mg/g of support in equilibrium was

determined according to Bradford's method [55].

2.3. General procedure of enzymatic ester production via hydroesterification

It was used a two-step process (hydroesterification) herein in order to
produce glycol diesters through FFA production from USCO hydrolysis, which
was in turn catalyzed by CRL and FFA esterification using glycols in solvent-free
systems using immobilized Eversa® Transform 2.0 as heterogeneous biocatalyst.

The hydrolysis step occurred in batch mode using a closed 350 mL-plastic
flask immersed in thermostatic water bath. The reaction system consists of a
mixture of USCO:water at 40% m/m which was stirred using a mechanical
agitator equipped with a three-blade-helix impeller made of 2 mm thick stainless
steel sheet with 6 cm in diameter. Experimental conditions for a full hydrolysis
were set as follows: 40 °C, 3.2 g/L of CRL, at 1500 rpm of stirring frequency and
3 h of contact time. Afterwards, the mixture was transferred to a separation
funnel, the aqueous phase (bottom layer) was separated by decantation and the
FFA phase (upper layer) was washed threefold with distilled water. Finally, 20%
m/v anhydrous sodium sulfate that had been previously dried in a muffle furnace
at 250 °C for 4 h was added to the produced FFA and kept overnight under static

conditions at 25 °C so as to remove water traces.
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The second step involved esterification of FFAs produced from USCO and
glycols in solvent-free systems using 100 mL open glass bottles (height of 10 cm
and external diameter of =5.5 cm) containing 6 g of reaction mixture. As follows,
there was an addition of the prepared heterogeneous biocatalyst to reaction
mixtures, and then were immersed in a thermostatic water bath at fixed
mechanical stirring (240 rpm). Samples (0.1 mL) were periodically collected from
the reaction mixture, diluted in 10 ml of ethanol solution at 70% (m/m), and titrated
with a 40 mM NaOH solution using phenolphthalein as pH indicator so as to
determine the reaction progress in terms of OH conversion percentage (Y), as
shown in Eq. (1) [34]. Control runs were performed by adding PSty-DVB beads
to reaction mixtures, and there was no FFA consumption under such
experimental conditions. In this study, all runs were performed in duplicate.
Experimental data were analyzed using the software OriginPro version 5.0
(OriginLab Corporation, Northampton, MA, USA).

_ 1)
Y(%)—(FFAF"FAFF’A‘t Jx(g/ﬁjxlOO
0

where: FFAo and FFA; are initial and residual FFA concentrations, respectively,
at a given time t of reaction (mol/L), MR is the EG:FFA molar ratio and OH is the

number of hydroxyl groups in glycol structures (2).

2.3.1. Effect of glycol type on esters production

The effect of glycol type on the esterification reaction using immobilized
Eversa® Transform 2.0 as heterogeneous biocatalyst was initially evaluated.
Reactions were conducted at 50 °C under continuous mechanical stirring at 240

rpm and biocatalyst concentration of 10% m/m (or 3.6 mg of immobilized protein/g
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of reaction mixture) in a stoichiometric glycol:FFA molar ratio of 1:2. Such
configuration corresponds to a) 0.6 g EG (9.7 mmol) + 5.4 g FFA (19.4 mmol); b)
0.72 g PG (9.5 mmol) + 5.25 g FFA (19.0 mmol); ¢) 0.94 g of NPG (9.1 mmol) +

5.06 g FFA (18.2 mmol); and d) 0.96 g DEG (9.0 mmol) + 5.04 g FFA (18 mmol).

2.3.2. Reaction optimization using the CCRD

A central composed rotatable design (CCRD) was used to assess the
effect of three independent variables on esterification reactions using the
selected glycol (ethylene glycol — EG). Selected variables were biocatalyst
concentration (5-25% m/m), reaction temperature (20-70 °C), and EG:FFA
molar ratio (1:1 to 1:4). The levels of each independent variable were established
in preliminary runs (data not shown). The dependent variable (response) was OH
conversion percentage. The proposed experimental design consisted of eight
factorial runs (coded factor levels: —1 and +1) with six central points (coded factor
level: 0) and six axial points (coded factor levels: —1.68 and +1.68), totaling twenty
runs. In this set of experiments, reactions were performed under fixed
experimental conditions: 6 g of reaction mixture, 240 rpm of mechanical stirring
frequency and 30 min contact time.

The obtained experimental data were analyzed at 95% confidence level
using the software Statistica 5.0 (StatSoft Inc., Tulsa, OK, USA) to develop three-
dimensional (3D) surfaces, and the quadratic model was applied for calculating
the mathematical relationships between independent and dependent variables,
as shown in Eq. (2):

n n n-1 n
Y(%)=a,+> aX; +> a;X, +>. > a;X;X; +e @)
i=1 i=1

i=1 j=i+l
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where Y is the predicted OH conversion percentage; n is the number of factors,
xj and x; are the coded independent variables; ao, ai, ai, and aj are the regression
coefficients of intercept, linear, quadratic, and interaction terms, respectively; i
and j are the index numbers for each variable; and e is the error identified by the
proposed model.

In this study, the significance of regression coefficients was determined
using Student’s t-test. The statistical significance of the designed quadratic model
(Eqg. (2)) was analyzed by Fisher’s F-test. The analysis of variance (ANOVA) and
determination coefficient (R2) were used to evaluate the proposed model fitting.
Contour plots and 3D response surfaces were plotted and used to determine
optimal experimental conditions for model validation by performing esterification
reactions under such conditions. These experimental data were compared to

theoretical values predicted by the developed model, as in EqQ. (2).

2.7. Effect of contact time on EG esters production

The effect of contact time on an enzymatic production of EG esters was
assessed under optimal experimental conditions previously determined by the
response surface methodology. Such conditions were esterification reactions in
open glass reactors at 65 °C, mechanical stirring frequency of 240 rpom, EG:FFA
molar ratio of 1:3 (0.41 g EG — 6.6 mmol + 5.59 g FFA — 19.8 mmol) and
biocatalyst concentration of 18% m/m (or 6.48 mg of immobilized protein/g of
reaction mixture). In this set of experiments, there was also an esterification
reaction using free lipase (liquid enzymatic extract) under such conditions using
the same protein loading (1.1 mL of crude enzymatic extract that corresponds to

6.48 mg of soluble protein/g of reaction mixture).
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2.7. Operational stability tests

These tests were conducted in open glass reactors containing 6 g of reaction
mixture under optimal esterification conditions, i.e. 65 °C, mechanical stirring
frequency of 240 rpm, EG:FFA molar ratio of 1:3, biocatalyst concentration of
18% m/m and 40 min of contact time. At the end of each esterification batch, the
prepared heterogeneous biocatalyst was recovered from the reaction mixture via
filtration using a Buchner funnel under vacuum, then washed with cold hexane to
remove any starting material molecules retained in the biocatalyst
microenvironment and stored overnight in a freezer at 4 °C under static conditions
SO as to remove water traces. The recovered biocatalyst was resuspended in a
fresh reaction mixture in order to start a new reaction cycle. OH conversion

percentage (Y) was determined at the end of each batch according to Eq. (1).

2.8. Esters separation procedure

The biocatalyst was removed from the reaction mixture via filtration using
a Buchner funnel under vacuum. The produced esters were separated from the
residual FFA in a glass column (5.2 x 28 cm) packed with activated silica gel (60
— 120 mesh) using hexane:ethyl acetate in different polarity gradients (9:1, 8:2,
7:3, and 1:1 v/v) as eluent. The fractions of esters were collected and organic
solvents were evaporated using a rotary evaporator under vacuum at 50 °C.
Afterwards, 20% m/v anhydrous sodium sulfate dried in a muffle furnace at 250
°C for 24 h was added to the separated EG esters and kept overnight under static

conditions at 25 °C so as to remove water traces.
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2.9. NMR analysis

'H NMR (300 MHz) spectra were recorded using a Bruker AC 300
equipment (Bruker BioSpin, Germany). In this study, samples from the reaction
mixture conducted under optimal experimental conditions were collected at
different times (0, 10, 20 and 40 min). These samples (ca. 30 mg each) were
dissolved in deuterated chloroform and transferred to 5 mm NMR tubes.
Tetramethylsilane was used as internal standard. Residual starting materials and
products (esters) were identified by interpreting specific signals for hydrogen

atoms in their chemical structures.

2.10. EG esters characterization

Physical properties of EG esters were determined based on the American
Society for Testing and Materials (ASTM) standard methods. Kinematic
viscosities at 40 °C and 100 °C were determined using a LVDV-II cone and plate
spindle Brookfield viscometer (Brookfield Viscosimeters Ltd., Harlow, UK)
according to ASTM D445. Viscosity index was determined by taking into account
kinematic viscosity values at 40 °C and 100 °C in accordance with ASTM D2270.
Density at 20 °C was determined in accordance with ASTM D7022. Pour point

was measured based on ASTM D97 method.
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3.1. Effect of alcohol type on enzymatic glycol ester production
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In this study, four different glycols, i.e. ethylene glycol (EG), propylene

glycol (PG), diethylene glycol (DEG) and neopentyl glycol (NPG), were used as

reactants for ester production via esterification to generate FFAs using

immobilized Eversa® Transform 2.0 as heterogeneous biocatalyst.

A

representative scheme of the enzymatic production of different glycol esters is

shown in Fig. 1.
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Figure 1- Representative scheme of the enzymatic production of the different glycol esters via

esterification.

The effect of reaction time on glycol ester production is displayed in Fig.



66

100
80 -
S
S 60
[
o
=
O 40
O
I
O / —a&— NPG
201 g —0— PG
—e— DEG
0 —0— EG
T T T T T T T T T T
0 50 100 150 200 250

Reaction time (min)

Figure 2- Effect of reaction time on the esterification of different glycols with FFA from USCO in
solvent-free systems catalyzed by Eversa® Transform 2.0 immobilized on PSty-DVB beads. The
reactions were performed using a stoichiometric glycol:FFA molar ratio (1:2), 40°C, 240 rom and
biocatalyst concentration of 10% m/m.

A linear profile of OH consumption for all reaction systems during the
initial 45 min of reaction was observed (4 trial points). After this period, different
reaction courses can be observed due to possible different product inhibition
profiles on the three dimensional structure of the enzyme and/or rheological
properties of each reaction mixture that could have influenced the access of
starting materials and intermediate product (glycol monoesters) molecules to
their active sites. For the reaction performed using PG as glycol, there was 45%
OH conversion at 45 min of reaction and maximum OH conversion of only 49%
was attained at 90 min of reaction. Similar OH conversion percentage of 77—79%
was achieved for ester production using NPG and DEG, although equilibrium was
only reached at 120 and 180 min of reaction, respectively. Maximum OH

conversion of 87% at 90 min of reaction was achieved using EG. Thus, further
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tests for optimizing enzymatic ester production using statistical tools were

performed with EG.

3.2. Optimization of enzymatic production of EG esters from USCO

To optimize enzymatic EG ester production, the effect of three relevant
parameters, i.e. heterogeneous biocatalyst concentration (B), reaction
temperature (T) and EG:FFA molar ratio (M), was evaluated using a full factorial
CCRD. Coded and actual values of parameters and the response variable (OH
conversion percentage) of 20 runs are shown in Table 1. Results reveal that
experimental OH conversion percentage values ranged from 28.6 (run #1) to
97.3% (run #8) at 30 min of reaction. These values were very close to predicted
values, which indicates that the proposed model is fit for describing this enzymatic

process.
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Table 1- CCRD matrix for the analysis of the effect of independents variables on the enzymatic
production of EG esters.

Runs Independent variables OH conversion

Coded (actual) (%)

Biocatalyst Reaction EG:FFA Experimental Predicted?®

(% m/m) temperature molar

(°C) ratio
1 -1 (9) -1 (30) -1(1:1.6) 28.6 27.9
2 +1 (21) -1 (30) -1(1:1.6) 40.3 44.9
3 -1 (9) +1 (60) -1(1:1.6) 46.5 48.6
4 +1 (21) +1 (60) -1(1:1.6) 63.6 65.5
5 -1 (9) -1 (30) +1(1:3.4) 64.7 60.9
6 +1 (21) -1 (30) +1 (1:3.4) 74.8 77.8
7 -1 (9) +1 (60) +1(1:3.4) 89.0 81.5
8 +1 (21) +1 (60) +1(1:3.4) 97.3 98.5
9 -1.68 (5) 0 (45) 0(1:25) 375 43.3
10 +1.68 (25) 0 (45) 0(1:25) 784 71.9
11 0 (15) -1.68 (20) 0(1:25) 62.6 57.6
12 0 (15) +1.68 (70) 0(1:25) 94.2 92.4
13 0 (15) 0 (45) -1.68 (1:1) 35.5 31.0
14 0 (15) 0 (45) +1.68 81.9 86.4
(1:4)

15 0 (15) 0 (45) 0(1:25) 77.8 75.0
16 0 (15) 0 (45) 0(1:25) 73.8 75.0
17 0 (15) 0 (45) 0(1:25) 68.6 75.0
18 0 (15) 0 (45) 0(1:25) 67.1 75.0
19 0 (15) 0 (45) 0(1:25) 78.2 75.0
20 0 (15) 0 (45) 0(1:25) 77.6 75.0

@ values calculated according to Eq. (3).

The effect of parameters and their interactions on the response variable were

found by Student’s t-test, as shown in Table 2.
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(ANOVA) for the proposed model of enzymatic production of EG esters.
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Standard
Parameters Regression coefficients p-values
errors
Mean 74.97 +1.82 0.000000
M 16.46 +1.42 0.000000
M? -5.78 +1.37 0.000888
T 10.33 +1.42 0.000004
B 8.49 +1.42 0.000034
B2 —-6.04 +1.37 0.000612
ANOVA
Source of Sum of Degree of Mean square F-test
variation squares freedom
Regression 7322.14 5 1464.43 144.32
Residual 142.06 14 10.15
Lack of fit 263.78
Pure error 121.72
Total 7464.20 19

R2=0.93; Fo.05:5:14=2.96

M, T, and B represent the parameters EG:FFA molar ratio, reaction temperature and biocatalyst

concentration, respectively.

Mean, linear and quadratic terms of biocatalyst concentration (B and B?),

linear term of reaction temperature (T), and linear and quadratic terms of EG:FFA

molar ratio (M and M?) were statistically significant at 95% confidence level, since

they have achieved p-values below 0.05. On the other hand, non-significant
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parameters such as quadratic term of reaction temperature (T?), and interactions
(TxB, TxM, and MxB) were excluded from the proposed model (p-values > 0.05).
Regression coefficients of significant parameters depicted in Table 2 were used
to write a quadratic equation to explain their effects on the response variable (OH

conversion percentage — Y) in terms of coded values (Eq. (3)).
Y(%)=74.97+16.46M—5.78M? +10.33T+8.49B—6.04B° (3)

where M, T, and B represent the EG:FFA molar ratio, reaction temperature and
biocatalyst concentration, respectively.

The analysis of variance (ANOVA) shows that the proposed model was
adequate and sufficient to represent actual relationships between independent
and response variables at p-values below 0.05 (Table 2). A predicted
determination coefficient (R?) value of 0.95 is in well accordance with adjusted R2
(0.93), which evidences the high accuracy of the proposed model. According to
Table 2, Fisher's F-test also reveal some significance due to the fact that,
regarding regression, the calculated F-value (144.32) was almost 49-times
greater than the tabulated F-value at 5% significance level (2.96). Thus, it can
also be used to create and explore response surfaces aiming to find optimal
experimental conditions and maximize EG esters production.

Response surfaces and contour plots of interactions of biocatalyst
concentration/EG:FFA molar ratio, and reaction temperature/EG:FFA molar ratio

are illustrated in Fig. 3A and 3B, respectively.
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Figure 3- 3D response surfaces for enzymatic production of EG diesters. Effect of biocatalyst

concentration and EG:FFA molar ratio (A), and effect of reaction temperature and EG:FFA
molar ratio (B) on the OH conversion percentage.

Since esterification reactions are reversible processes, increased amounts
of one of the reactants (EG or FFA) shifts the chemical equilibrium towards
product formation [41], thus resulting in greater EG ester production expressed
in terms of OH conversion percentage. Theoretically, two moles of FFA are
required to produce diesters (see Fig. 1). Therefore, the effect of EG:FFA molar
ratios ranging from 1:1 to 1:4 on EG ester production was evaluated. According
to Fig. 3A, a gradual increase in OH conversion percentage by raising the amount
of FFAs in the reaction mixture was observed, as expected. In fact, maximum OH
conversion percentage values of over 90% were obtained using excess of FFA
in the reaction mixture — esterification reactions performed in EG:FFA molar ratios
ranging between 1:3 (coded value = +0.5) and 1:4 (coded value = +1.68).
Biocatalyst concentration affects the reaction rate of ester production in the
reaction mixture, in addition to prolonging contact time required to achieve

maximum ester yields [21,22,52]. On the other hand, excess of biocatalyst

amount may be inappropriate due to the adsorption of water molecules generated
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on the biocatalyst surface during the reaction [56,57]. As a consequence, the
chemical equilibrium is shifted towards the reverse reaction — hydrolysis [58]. In
this context, it is important to determine proper biocatalyst concentration in the
reactor to catalyze ester production. The effect of biocatalyst concentration from
5 to 25% m/m, in combination with EG:FFA molar ratio, was also evaluated (Fig.
3A). An increase in OH conversion percentage by raising biocatalyst
concentration in the reactor from 5% m/m (coded value = -1.68) to 18-21% m/m
(that corresponds to coded values of +0.5 and +1, respectively) was observed.
Under such conditions, OH conversion percentage of 90% was achieved at 30
min of reaction. This is due to a greater amount of active sites in the mixture
required to catalyze the reaction. A further increase in biocatalyst concentration
(highest coded level of +1.68 = 25% m/m — see Table 1) has not improved EG
ester production and optimal biocatalyst concentration was observed between
18% m/m (coded value = +0.5) and 21% m/m (coded value = +1). Their
interaction was not significant at 95% confidence level.

The effect of the interaction between reaction temperature and EG:FFA
molar ratio is illustrated in Fig. 3B. As esterification is an endothermic process,
an increase in the reaction temperature positively affects chemical equilibrium
and ester yields due to improving the solubility of starting materials and reducing
viscosity, thus facilitating mass transfer process in the reaction mixture [58].
However, high reaction temperatures can distort the three-dimensional structure
of the enzyme and result in a drastic decrease in its catalytic activity
[22,50,52,59]. Thus, optimal reaction temperature determination is a crucial step
for practical applications on enzymatic ester production, including several esters

having lubricant properties [29,48,52]. As the reaction temperature was raised
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from 20 (minimum level — coded value of —1.68) to 65—-70 °C (maximum level —
coded values of +1.34 and +1.68), ester production gradually increased, which is
expected since maximum OH conversion percentage of around 90% can be
observed at the highest temperatures (ranging from 65 to 70 °C). These results
suggest an increase in the reaction mixture viscosity by increasing the amount of
FFA (optimal EG:FFA molar ratio between 1:3 and 1:4, as described in Fig. 3A)
which requires high temperatures so as to prevent mass transfer limitations from
reducing viscosity, thus improving enzymatic ester production. Although these
two parameters are significant (see Eq. (3)), their interaction was also not
significant at 95% confidence level.

The predicted model was validated by conducting five runs under optimal
experimental conditions within the plateau regions obtained for the response
surfaces shown in Figs. 3A and 3B. These results are summarized in Table 3. As
it can be observed, the predicted values of OH conversion percentage derived
from the proposed model (Eq. (3)) were also consistent with experimental data.
As described above, maximum OH conversion percentage can be achieved at
temperatures ranging between 65-70 °C (coded values between +1.34 and
+1.68), EG:FFA molar ratio between 1:3 and 1:4 (coded values from +0.5 to
+1.68) and biocatalyst concentration from 18 to 21% m/m (coded values of +0.5

and +1).

Table 3- Validation of the developed CCRD by performing enzymatic production of EG esters
under optimal experimental conditions.

Runs Independent variables OH Conversion

Coded (actual) (%)
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Biocatalyst Reaction EG:FFA Experimental Predicted?

(% m/m) temperature molar

(°C) ratio

+1.68 91.4+7.7
1 +0.5 (18) +1.68 (70)

(1:4) 106.4

+1.68 99.3+1.0
2 +0.5 (18) +1.34 (65)

(1:4) 102.9
3 +0.5 (18) +1.34(65) +1(1:3.4) 93.2+6.8 102.2
4 +0.5 (18) +1.34 (65) +0.5(1:3) 96.5%+35 98.3
5 +1(21) +1.34 (65) +0.5(1:3) 96.2+5.3 98.1

a values calculated according to Eq. (3).

An initial reaction (run #1) was performed at biocatalyst concentration of
18% m/m (coded value = +0.5), maximum reaction temperature — 70 °C (coded
value = +1.68) and the highest EG:FFA molar ratio — 1:4 (coded value = +1.68).
Under these conditions, OH conversion percentage of 91.4+ 7.7% was achieved
at 30 min of reaction. A subsequent test (run #2) was conducted by reducing
reaction temperature to 65 °C (coded value = +1.34) through which a complete
OH conversion (99.3£1.0%) was virtually achieved. These results indicate that
some lipase molecules were thermally inactivated at maximum reaction
temperature (70 °C). Thus, subsequent tests were performed at 65 °C (optimal
reaction temperature), and then esterification at 65 °C was performed in an
EG:FFA molar ratio of 1:3.4 (coded value = +1) and fixed biocatalyst
concentration (18% m/m), thus maximum OH conversion percentage of
93.2+6.8% was observed (run #3). A fourth run was conducted in an EG:FFA

molar ratio of 1:3 (coded value = +0.5), resulting in maximum OH conversion
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percentage of 96.5+3.5% at 30 min. This value is very close to those obtained
using the highest EG:FFA molar ratio — 1:4 (see run #2 in Table 3). Based on
these results, a nearly complete OH conversion percentage can be achieved in
an EG:FFA molar ratio of 1:3, therefore being selected as optimal condition. In
order to determine optimal biocatalyst concentration, a fifth run using a biocatalyst
concentration of 21% m/m (coded value = +1) was performed under optimal
reaction temperature (65 °C) and EG:FFA molar ratio (1:3) conditions, and a
similar OH conversion percentage (96.2+5.3%) was obtained at 18% m/m at 30
min of reaction. These results clearly reveal that esterification reactions
performed using biocatalyst concentration of 18% m/m was enough to achieve
maximum OH conversion percentage. According to these results, optimal
experimental conditions to catalyze enzymatic EG esters production are 65 °C,

EG:FFA molar ratio of 1:3 and biocatalyst concentration of 18% m/m.

3.3. Effect of contact time on an enzymatic production of EG esters

The effect of contact time on ester production was evaluated under optimal
experimental conditions. In this set of experiments, esterification reactions were
performed using the prepared heterogeneous biocatalyst and its catalytic activity
was compared with soluble lipase (crude enzyme extract). Progress of the
reaction catalyzed by immobilized Eversa® Transform 2.0 is shown in Fig. 4A.

A linear profile of ester production can also be observed during the initial 20
min of reaction, thus achieving OH conversion of around 83%. A complete OH
conversion percentage was achieved at 40 min of reaction. In addition, a run
under the same experimental conditions was performed using crude enzyme

extract (homogeneous catalyst), but only 32.5% OH conversion percentage was
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obtained (data not shown). This is due to the fact that there is a high tendency of
lipases to form aggregates (dimmers of lipases) in aqueous solutions that may
result in mass transfer limitations [28,60]. These results clearly evidence that an
appropriate immobilization technique is well capable of improving enzyme
performance [21-23]. In fact, the use of a hydrophobic support, such as PSty-
DVB beads, promotes lipase immobilization in its active conformation
(monomeric form in open conformation), in addition to improving the partition of
hydrophobic substrates, i.e. FFA, from the reaction mixture to the biocatalyst

microenvironment [27,28,61], thus improving EG ester production.
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3.4. Biocatalyst operational stability tests

Since lipases must be stable enough to be reused for successive
esterification cycles, operational stability tests (seven consecutive esterification
batches of 40 min each) were performed under optimal experimental conditions.
According to Fig. 4B, the prepared heterogeneous biocatalyst retained all of its
initial activity in the first two cycles of reaction (100% OH conversion). Afterwards,
a slight decrease in its original activity can be observed and maximum OH
conversion percentage of ®90% was obtained during 3™ and 4" cycles of
reaction. Subsequently, there was a gradual decrease in the catalytic activity of
immobilized Eversa® Transform 2.0 and after the 7" reaction cycle, and OH
conversion percentage of 37% was achieved. Such decreased activity after
successive reaction cycles can be due to accumulation of oxidation products [62],
including polymerized FFAs, from the thermal processing of soybean oil that
could have blocked the pores of heterogeneous biocatalysts, thus impeding the
access of starting materials to its internal microenvironment. In addition, an
accumulation of residual starting materials and/or products retained in the
biocatalyst microenvironment can also lead to possible enzyme inactivation

and/or desorption from the support surface [50,63].

3.5. Characterization of the produced EG esters
In this study, the *H NMR analysis was used to identify chemical signal
modifications during an enzymatic EG ester production via esterification. Spectra

at different reaction times (0, 10, 20 and 40 min of reaction) are shown in Fig. 5.
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Figure 5- 1H NMR spectra of EG diesters production at different reaction times.

Characteristic signals of starting materials (reaction mixture during the
initial stage of the reaction) is shown in Fig. 5. The signal at 0.85 ppm refers to
terminal-chain hydrogens (—CHs) and an intense signal between 1.19 and 2.78
ppm is for sp® carbon hydrogens (—CH2-) in the chemical structure of FFAs. A
chemical signal between 5.24-5.38 ppm refers to hydrogens linked to sp? carbon
— olefinic (~CH=CH-) of mono- and/or polyunsaturated FFA from USCO such as
oleic, linoleic and linolenic acids (see USCO fatty acid composition in Section
2.1). Moreover, the signal at 2.76 ppm is characteristic of methylene groups (-
CH=CH-CH2>-CH=CH-) between two double bonds existing in the chemical
structures of polyunsaturated FFAs (linoleic and linolenic acids) from USCO. The
signal at 3.71 ppm is a broad signal characteristic of methylene hydrogens linked
to hydroxyl groups (-CH2—OH). It reveals the presence of EG in starting materials
(Fig 5 at 0 min). On the other hand, a gradual decrease in intensity at 3.71 ppm,
i.e. nearly inexistent at 40 min, can be observed, thus indicating nearly full OH
conversion at 40 min of reaction in accordance with the titrimetric method (see

Section 2.3 in “Materials and methods”). In fact, the appearance of an intense
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signal at 4.23 ppm can be observed by raising contact time from 10 to 40 min of
reaction. Such an intense signal is characteristic of hydrogen attached to carbon
next to the ester group oxygen (—COOCH2-), which evidences ester production.
Moreover, the spectrum summarized in Fig. 5 obtained at 40 min of reaction
clearly shows preferential EG diesters formation using the prepared biocatalyst
(see representative scheme in Fig. 1).

The physical properties of produced EG diesters were determined according
to standard methods (ASTM methods) and compared with EG esters produced
via classical chemical catalysts described in literature [12-14,64], and
commercial synthetic neopolyol esters from two companies: Emery
Oleochemicals (Dehylube® 4016 and Dehylube® 4016 US) and Zschimmer &
Schwarz (LEXOLUBE 3JN-310 and LUBRICIT NGDO). These commercial
synthetic esters were selected for this comparative study due to their promising
application as hydraulic fluids, gear oils, metal working fluids and environmentally
acceptable lubricants — EAL’s (Companies technical information) [65-68].
According to Table 4, kinematic viscosity values between 40 and 100 °C of
produced EG diesters were similar to those produced from soybean oil and
commercial synthetic esters. The viscosity index, a dimensionless parameter that
represents how viscosity of a hydraulic fluid changes as temperature does [3], of
produced EG diesters is in accordance with those reported for commercial
synthetic esters (between 150 and 200) [65-68]. Pour point of a fluid is a critical
parameter for its correct use at low temperatures. It indicates the lowest
temperature at which it loses its flow properties [3]. According to the present
results, pour point values of produced EG diesters were also very similar to those

of commercial synthetic esters from Emery Oleochemicals and EG esters from
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spent bleaching earth oil (=7 °C). Similar density values between 0.86 and 0.92
can also be observed for all lubricant esters described in Table 4. This
comparative study suggests that the produced EG diesters can be effectively
used as green lubricant due to fact that their physical properties are in
accordance with technical specifications of several commercial synthetic
neopolyol esters and EG esters produced from several oleaginous feedstocks,

especially soybean oil.



Table 4- Physical properties of the produced EG esters and comparison with other lubricant esters.
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Properties EG esters EGesters EGesters EGesters EGesters Dehylube® Dehylube® LEXOLUBE LUBRICIT
from from spent  from from WCQY from 4016f 4016 USY  3JN-310" NGDO'
USCos? bleaching soybean soybean
earth oil® oil® oil®
Kinematic 27.3+16 9.75 =22 74.74 27.643 22-27 22-27 30 24
viscosity at 40
°C (mm?/s)
Kinematic 57+0.4 - ~6.5 35.79 4.643 5.5-6.5 5.5-6.5 5.8 5.8
viscosity at
100 °C
(mm?/s)
Viscosity 166.2 + - 281 466 - >200 >200 150 200
index 18.2
Pour point (°C) -9+2 -7 -5 - -15 <-20 <-20 0 =30
Density at 20  0.8794 0.91 - 0.895 0.86 0.88-0.92 0.86-0.90 - -

°C

a: This study / b: Reference [12]

c: Reference [13] / d: Reference [14]
e: Reference [64] / f: Reference [65]
g: Reference [66] / h: Reference [67]
i: Reference [68]
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3.6. Comparison with other studies

The results obtained herein were compared with those found in literature about
EG ester production (Table 5). These previous reports were performed using
different classical chemical catalysts (homogeneous or heterogeneous base
catalysts) via two-step transesterification processes [12-14,64,69]. These
comprise sequential FAMEs production via transesterification of several
oleaginous feedstocks using methanol, followed by transesterification reactions
of FAMEs produced using EG. Reaction times required to achieve maximum
conversion/yields summarized in Table 5 are the ones obtained for EG esters
production in the second step exclusively (transesterification of FAMESs using EG
or FFA esterification using EG —present study strategy). In general, high
conversion/yields percentage (above 88%) can be observed for different
oleaginous feedstocks (edible or non-edible oils) using classical base catalysts
(methoxides or calcium oxide — CaO). However, these reaction systems require
contact times between 1.5 h and 2.5 h and temperatures from 120 to 170 °C to
achieve high conversion yields. Moreover, reuse tests using classical base
catalysts, including a heterogeneous base catalyst (CaO), have not been
performed yet. It is worth emphasizing that a much shorter reaction time (only 40
min of reaction) was enough to achieve full OH conversion under milder
conditions (reaction temperature of 65 °C and atmospheric pressure using open
reactors) in this study. Moreover, the prepared biocatalyst retained 37% of its
original catalytic activity after seven reaction cycles in a batch mode. This clearly
evidences that the prepared heterogeneous biocatalyst (Eversa® Transform 2.0
immobilized on PSty-DVB beads) is an attractive option for sustainable EG

diester production due to its high catalytic activity under
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moderate conditions, in addition to the possibility of reuse after successive

reaction cycles.



Table 5- Bibliographic survey for EG esters production using several catalysts and oleaginous feedstocks.

Oleaginous Catalyst Experimental conditions Yield/Conversion  Reaction time Reuse (residual Reference
feedstock (%) (h) activity - %)
Spent bleaching Potassium Transesterification of 93 2.5 NPP [12]
earth oil methoxide FAMEs? with EG (molar

ratio of 3.5:1, and 170 °C).
Sunflower, CaO Transesterification of 100 2 NPP [13]
soybean, FAMEs? with EG (molar
jatropha and ratio of 2:1, 150 °C, 1.2%
WCO. m/m of catalyst, under

vacuum).
Waste cooking CaO Transesterification of 100 15 NPP [14]
oil (WCO) FAMEs? with EG (molar

ratio of 3.5:1, 130 °C, 1.2%
m/m of catalyst, under

vacuum).
Palm kernel and  Sodium Transesterification of 88 (soybean oil) 2.5 NPP [64]
soybean oils methoxide FAMEs? with EG (molar and 92 (palm

ratio of 3.5:1, 120 °C, and kernel oil)
0.8% m/m of catalyst).
Palm kernel oil Sodium Transesterification of 93.08 2.48 NP® [69]
methoxide FAMEs? with EG (molar
ratio of 3:1, 135 °C, 1.2%
m/m of catalyst, under

vacuum).
USCO (WCO) Immobilized Esterification of FFA with 100 0.67 (40 min) 7 (37) This study
Eversa® EG (molar ratio of 3:1, 65

Transform 2.0  °C, 15% m/m of biocatalyst
on PSty-DVB and 240 rpm).

a: fatty acid methyl esters.
b: not performed.
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4. Conclusion

In this study, an environmentally friendly process for an enzymatic production of
glycol esters from used soybean cooking oil (USCO) has been successfully developed
via a two-step enzymatic process (hydroesterification) performed in a solvent-free
system. In the initial step, a mixture of FFA was produced via complete hydrolysis using
CRL as catalyst. FFA esterification using glycols was catalyzed by a low-cost lipase
(Eversa® Transform 2.0) immobilized on PSty-DVB beads via interfacial activation.
Four different glycols were selected as starting materials and the highest catalytic
activity was observed for ethylene glycol (EG). Optimal experimental conditions for EG
ester production were 65 °C, EG:FFA molar ratio of 1:3 and biocatalyst concentration
of 18% m/m. Under such conditions, OH conversion of 100% was achieved at 40 min
of reaction using the prepared biocatalyst, while soluble lipase exhibited only 32.5% of
OH conversion. Preferential EG diesters formation has been confirmed by the *H NMR
analysis. These results demonstrate that immobilization is an important strategy for
preparing high-performance biocatalysts for esterification reactions. The prepared
heterogeneous biocatalyst can be easily separated from the reaction mixture via a
simple process (filtration) and reused after seven successive esterification batches.
The physical properties of EG diesters such as viscosity, viscosity index, pour point
and density are in accordance with EG esters from soybean oil described in literature
and commercial synthetic neopolyol esters, thus evidencing their excellent properties
as green lubricants. This study shows a potential application of Eversa® Transform 2.0
immobilized on PSty-DVB as heterogeneous biocatalyst to produce synthetic esters
having lubricant properties via a sustainable and eco-friendly process (solvent-free
system) due to its low-cost, high catalytic activity under moderate experimental

conditions and reusability. Other edible and non-edible Brazilian oils from animal fats
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and vegetable oils should also be used as potential feedstocks in glycol diesters

production through the proposed two-step process (hydroesterification).

References
[1]  Lubrication applications - Technology transfer services,
https://www.techtransfer.com/blog/lubrication-applications/ (accessed

[2]

[3]

[4]

[5]

[6]

[7]

September 11, 2021).

A.Z. Syahir, N\W.M. Zulkifli, H.H. Masjuki, M.A. Kalam, A. Alabdulkarem, M.
Gulzar, L.S. Khuong, M.H. Harith, A review on bio-based lubricants and their
applications, J. Clean. Prod. 168 (2017) 997-1016.
https://doi.org/10.1016/J.JCLEPRO.2017.09.106.

N.A. Zainal, N.W.M. Zulkifli, M. Gulzar, H.H. Masjuki, A review on the chemistry,
production, and technological potential of bio-based lubricants, Renew. Sustain.
Energy Rev. 82 (2018) 80-102. https://doi.org/10.1016/].rser.2017.09.004.
Lubricants Market Size, Share & Trends Analysis Report By Application
(Industrial, Marine, Automotive, Aerospace), By Region (Asia Pacific, North
America, Europe, MEA), And Segment Forecasts, 2021 - 2028, (n.d.).
https://www.grandviewresearch.com/industry-analysis/lubricants-market.

C.K. Ho, K.B. McAuley, B.A. Peppley, Biolubricants through renewable
hydrocarbons: A perspective for new opportunities, Renew. Sustain. Energy
Rev. 113 (2019) 109261. https://doi.org/10.1016/j.rser.2019.109261.

T.M. Panchal, A. Patel, D.D. Chauhan, M. Thomas, J. V. Patel, A methodological
review on bio-lubricants from vegetable oil based resources, Renew. Sustain.
Energy Rev. 70 (2017) 65-70. https://doi.org/10.1016/J.RSER.2016.11.105.

I.C.A. Bolina, R.A.B. Gomes, A.A. Mendes, Biolubricant production from several



[8]

[9]

[10]

[11]

[12]

[13]

[14]

88

oleaginous feedstocks using lipases as catalysts: Current scenario and future
perspectives, BioEnergy Res. 2021. (2021) 1-19.
https://doi.org/10.1007/S12155-020-10242-4.

Global vegetable oil consumption, 2019/20 | Statista, (n.d.).
https://www.statista.com/statistics/263937/vegetable-oils-global-consumption/
(accessed September 15, 2021).

M.I. Loizides, X.l. Loizidou, D.L. Orthodoxou, D. Petsa, Circular bioeconomy in
action: Collection and recycling of domestic used cooking oil through a social,
reverse logistics system, Recycl. 2019, Vol. 4, Page 16. 4 (2019) 16.
https://doi.org/10.3390/RECYCLING4020016.

Z. Gao, Y. Ma, Y. Liu, Q. Wang, Waste cooking oil used as carbon source for
microbial lipid production: Promoter or inhibitor, Environ. Res. 203 (2022)
111881. https://doi.org/10.1016/J.ENVRES.2021.111881.

F. Fangfang, A. Alagumalai, O. Mahian, Sustainable biodiesel production from
waste cooking oil: ANN modeling and environmental factor assessment, Sustain.
Energy Technol. Assessments. 46 (2021) 101265.
https://doi.org/10.1016/J.SETA.2021.101265.

Sukirno, L. Farhandika, Synthesis and characterization of ethylene glycol ester
from spent bleaching earth oil and ethylene glycol as hydraulic lubricants, AIP
Conf. Proc. 2255 (2020) 060015. https://doi.org/10.1063/5.0021783.

N.K. Attia, S.A. El-Mekkawi, O.A. Elardy, E.A. Abdelkader, Chemical and
rheological assessment of produced biolubricants from different vegetable oils,
Fuel. 271 (2020) 117578. https://doi.org/10.1016/J.FUEL.2020.117578.

R.Z.K. Hussein, N.K. Attia, M.K. Fouad, S.T. EISheltawy, Experimental

investigation and process simulation of biolubricant production from waste



[15]

[16]

[17]

[18]

[19]

[20]

89

cooking oil, Biomass and Bioenergy. 144  (2021) 105850.
https://doi.org/10.1016/J.BIOMBIOE.2020.105850.

K.V. Fernandes, A. Papadaki, J.A.C. da Silva, R. Fernandez-Lafuente, A.A.
Koutinas, D.M.G. Freire, Enzymatic esterification of palm fatty-acid distillate for
the production of polyol esters with biolubricant properties, Ind. Crops Prod. 116
(2018) 90-96. https://doi.org/10.1016/j.indcrop.2018.02.058.

K. V. Fernandes, E.D.C. Cavalcanti, E.P. Cipolatti, E.C.G. Aguieiras, M.C.C.
Pinto, F.A. Tavares, P.R. da Silva, R. Fernandez-Lafuente, S. Arana-Pefia, J.C.
Pinto, C.L.B. Assuncéo, J.A.C. da Silva, D.M.G. Freire, Enzymatic synthesis of
biolubricants from by-product of soybean oil processing catalyzed by different
biocatalysts of Candida rugosa lipase, Catal. Today. 362 (2021) 122-129.
https://doi.org/10.1016/j.cattod.2020.03.060.

P. Adlercreutz, Immobilisation and application of lipases in organic media,
Chem. Soc. Rev. 42 (2013) 6406—-6436. https://doi.org/10.1039/c3cs35446f.

L. Zhong, Y. Feng, G. Wang, Z. Wang, M. Bilal, H. Lv, S. Jia, J. Cui, Production
and use of immobilized lipases in/on nanomaterials: A review from the waste to
biodiesel production, Int. J. Biol. Macromol. 152 (2020) 207-222.
https://doi.org/10.1016/j.ijbiomac.2020.02.258.

C. Garcia-Galan, A. Berenguer-Murcia, R. Fernandez-Lafuente, R.C. Rodrigues,
Potential of different enzyme immobilization strategies to improve enzyme
performance, Adv. Synth. Catal. 353 (2011) 2885-2904.
https://doi.org/10.1002/adsc.201100534.

R.C. Rodrigues, C. Ortiz, A. Berenguer-Murcia, R. Torres, R. Fernandez-
Lafuente, Modifying enzyme activity and selectivity by immobilization, Chem.

Soc. Rev. 42 (2013) 6290-6307. https://doi.org/10.1039/c2cs35231a.



[21]

[22]

[23]

[24]

[25]

[26]

90

V.C. Badgujar, K.C. Badgujar, P.M. Yeole, B.M. Bhanage, Investigation of effect
of ultrasound on immobilized Candida rugosa lipase: Synthesis of biomass
based furfuryl derivative and green metrics evaluation study, Enzyme Microb.
Technol. 144 (2021) 109738.
https://doi.org/10.1016/J.ENZMICTEC.2020.109738.

K.C. Badgujar, B.M. Bhanage, Immobilization of lipase on biocompatible co-
polymer of polyvinyl alcohol and chitosan for synthesis of laurate compounds in
supercritical carbon dioxide using response surface methodology, Process
Biochem. 50 (2015) 1224-1236.
https://doi.org/10.1016/J.PROCBIO.2015.04.019.

J.A. Martinez-Sanchez, S. Arana-Pefia, D. Carballares, M. Yates, C. Otero, R.
Fernandez-Lafuente, Immobilized biocatalysts of Eversa® Transform 2.0 and
lipase from Thermomyces lanuginosus: Comparison of some properties and
performance in biodiesel production, Catalysts. 10 (2020) 738.
https://doi.org/10.3390/catal10070738.

F.L.C. Almeida, M.P.J. Castro, B.M. Travélia, M.B.S. Forte, Trends in lipase
immobilization: Bibliometric review and patent analysis, Process Biochem. 110
(2021) 37-51. https://doi.org/10.1016/J.PROCBIO.2021.07.005.

M. Bilal, C.D. Fernandes, T. Mehmood, F. Nadeem, Q. Tabassam, L.F.R.
Ferreira, Immobilized lipases-based nano-biocatalytic systems — A versatile
platform with incredible biotechnological potential, Int. J. Biol. Macromol. 175
(2021) 108-122. https://doi.org/10.1016/J.13JBIOMAC.2021.02.010.

R.C. Rodrigues, J.J. Virgen-Ortiz, J.C.S. dos Santos, A. Berenguer-Murcia, A.R.
Alcantara, O. Barbosa, C. Ortiz, R. Fernandez-Lafuente, Immobilization of

lipases on hydrophobic supports: immobilization mechanism, advantages,



[27]

[28]

[29]

[30]

[31]

[32]

[33]

91

problems, and solutions, Biotechnol. Adv. 37 (2019) 746-770.
https://doi.org/10.1016/j.biotechadv.2019.04.003.

R. C. Rodrigues, K. Hernandez, O. Barbosa, N. Rueda, C. Garcia-Galan, J. C.
S. dos Santos, A. Berenguer-Murcia, R. Fernandez-Lafuente, Immobilization of
proteins in poly-styrene-divinyloenzene matrices: Functional properties and
applications, Curr. Org. Chem. 19 (2015) 1707-1718.
https://doi.org/10.2174/1385272819666150429231728.

E.A. Manoel, J.C.S. dos Santos, D.M.G. Freire, N. Rueda, R. Fernandez-
Lafuente, Immobilization of lipases on hydrophobic supports involves the open
form of the enzyme, Enzyme Microb. Technol. 71 (2015) 53-57.
https://doi.org/10.1016/J.ENZMICTEC.2015.02.001.

J.J. Bassi, L.M. Todero, F.A.P. Lage, G.l. Khedy, J.D. Ducas, A.P. Custddio,
M.A. Pinto, A.A. Mendes, Interfacial activation of lipases on hydrophobic support
and application in the synthesis of a lubricant ester, Int. J. Biol. Macromol. 92
(2016). https://doi.org/10.1016/j.ijbiomac.2016.07.097.

L. Sarda, P. Desnuelle, Action de la lipase pancréatique sur les esters en
émulsion, Biochim. Biophys. Acta. 30 (1958) 513-521.
https://doi.org/10.1016/0006-3002(58)90097-0.

R. Verger, ‘Interfacial activation’ of lipases: facts and artifacts, Trends
Biotechnol. 15 (1997) 32-38. https://doi.org/10.1016/S0167-7799(96)10064-0.
R.D. Schmid, R. Verger, Lipases: Interfacial enzymes with attractive
applications, Angew. Chemie Int. Ed. 37 (1998) 1608-1633.
https://doi.org/10.1002/(SIC1)1521-3773(19980703)37:12<1608::AlD-
ANIE1608>3.0.CO;2-V.

A.P.P. Bressani, K.C.A. Garcia, D.B. Hirata, A.A. Mendes, Production of alkyl



[34]

[35]

[36]

[37]

[38]

92

esters from macaw palm oil by a sequential hydrolysis/esterification process
using heterogeneous biocatalysts: Optimization by response surface
methodology, Bioprocess  Biosyst. Eng. 38 (2015) 287-297.
https://doi.org/10.1007/s00449-014-1267-5.

E.D.C. Cavalcanti, E.C.G. Aguieiras, P.R. da Silva, J.G. Duarte, E.P. Cipolatti,
R. Fernandez-Lafuente, J.A.C. da Silva, D.M.G. Freire, Improved production of
biolubricants from soybean oil and different polyols via esterification reaction
catalyzed by immobilized lipase from Candida rugosa, Fuel. 215 (2018) 705—
713. https://doi.org/10.1016/j.fuel.2017.11.1109.

P. Dominguez De Maria, J.M. Sanchez-Montero, J. V. Sinisterra, A.R. Alcantara,
Understanding Candida rugosa lipases: An overview, Biotechnol. Adv. 24 (2006)
180-196. https://doi.org/10.1016/j.biotechadv.2005.09.003.

M.S. Barbosa, C.C.C. Freire, L.C. Almeida, L.S. Freitas, R.L. Souza, E.B.
Pereira, A.A. Mendes, M.M. Pereira, A.S. Lima, C.M.F. Soares, Optimization of
the enzymatic hydrolysis of Moringa oleifera Lam oil using molecular docking
analysis for fatty acid specificity, Biotechnol. Appl. Biochem. 66 (2019) 823—-832.
https://doi.org/10.1002/bab.1793.

R.R.C. Monteiro, S. Arana-Pefia, T.N. da Rocha, L.P. Miranda, A. Berenguer-
Murcia, P.W. Tardioli, J.C.S. dos Santos, R. Fernandez-Lafuente, Liquid lipase
preparations designed for industrial production of biodiesel. Is it really an optimal
solution?, Renew. Energy. 164 (2021) 1566-1587.
https://doi.org/10.1016/3.RENENE.2020.10.071.

M. Coppini, J.D. Magro, R. Martello, A. Valério, M.C. Zenevicz, D. de Oliveira, J.
V Oliveira, Production of methyl esters by enzymatic hydroesterification of

chicken fat industrial residue, Brazilian J. Chem. Eng. 36 (2019) 923-928.



[39]

[40]

[41]

[42]

[43]

[44]

93

https://doi.org/10.1590/0104-6632.20190362s20180389.

J.H.C. Wancura, A.L. Fantinel, G.A. Ugalde, F.F. Donato, J. Vladimir de Oliveira,
M. V. Tres, S.L. Jahn, Semi-continuous production of biodiesel on pilot scale via
enzymatic hydroesterification of waste material: Process and economics
considerations, J. Clean. Prod. 285 (2021) 124838.
https://doi.org/10.1016/J.JCLEPRO.2020.124838.

J.R. Guimardes, L.P. Miranda, R. Fernandez-Lafuente, P.W. Tardioli,
Immobilization of Eversa® Transform via CLEA technology converts it in a
suitable biocatalyst for biolubricant production using waste cooking oil,
Molecules. 26 (2021) 193. https://doi.org/10.3390/molecules26010193.

R.R. Sousa, A.S. Silva, R. Fernandez-Lafuente, V.S. Ferreira-Leitdo, Solvent-
free esterifications mediated by immobilized lipases: a review from
thermodynamic and kinetic perspectives, Catal. Sci. Technol. 11 (2021) 5696—
5711. https://doi.org/10.1039/D1CY00696G.

V. Kasche, Mechanism and yields in enzyme catalysed equilibrium and
kinetically controlled synthesis of B-lactam antibiotics, peptides and other
condensation products, Enzyme Microb. Technol. 8 (1986) 4-16.
https://doi.org/10.1016/0141-0229(86)90003-7.

G. Sandoval, J.S. Condoret, P. Monsan, A. Marty, Esterification by immobilized
lipase in solvent-free media: Kinetic and thermodynamic arguments, Biotechnol.
Bioeng. 78 (2002) 313-320. https://doi.org/10.1002/bit.10224.

J.-S.C. Alain Marty, Valérie Dossat, Continuous operation of lipase-catalyzed
reactions in nonaqueous solvents: Influence of the production of hydrophilic
compound, Biotechnol. Bioeng. 56 (2997) 232-237.

https://doi.org/10.1002/(SICI)1097-0290(19971020)56:2<232::AlD-



[45]

[46]

[47]

[48]

[49]

[50]

94

BIT12>3.0.CO;2-I.

E. Séverac, O. Galy, F. Turon, C.A. Pantel, J.S. Condoret, P. Monsan, A. Marty,
Selection of CalB immobilization method to be used in continuous oil
transesterification: Analysis of the economical impact, Enzyme Microb. Technol.
48 (2011) 61-70. https://doi.org/10.1016/J.ENZMICTEC.2010.09.008.

B.C. Paez, A.R. Medina, F.C. Rubio, P.G. Moreno, E.M. Grima, Modeling the
effect of free water on enzyme activity in immobilized lipase-catalyzed reactions
in organic solvents, Enzyme Microb. Technol. 33 (2003) 845-853.
https://doi.org/10.1016/S0141-0229(03)00219-9.

M.D. Alves, F.M. Aracri, E.C. Cren, A.A. Mendes, Isotherm, kinetic, mechanism
and thermodynamic studies of adsorption of a microbial lipase on a mesoporous
and hydrophobic resin, Chem. Eng. J. 311 (2017) 1-12.
https://doi.org/10.1016/j.cej.2016.11.0609.

R.N. Vilas Boas, R. de Lima, A.A. Mendes, L. Freitas, H.B.S. Bento, A.K.F. d.
Carvalho, H.F. de Castro, Batch and continuous production of biolubricant from
fusel oil and oleic acid: Lipase screening, reactor system development, and
reaction optimization, Chem. Eng. Process. 168 (2021) 108568.
https://doi.org/10.1016/J.CEP.2021.108568.

M.J. Costa, M.R.L. Silva, E.E.A. Ferreira, A.K.F. Carvalho, R.C. Basso, E.B.
Pereira, H.F. de Castro, A.A. Mendes, D.B. Hirata, Enzymatic biodiesel
production by hydroesterification using waste cooking oil as feedstock, Chem.

Eng. Process.

Process Intensif. 157 (2020) 108131.
https://doi.org/10.1016/j.cep.2020.108131.
P.A. Mendoza-Ortiz, R.S. Gama, O.C. Gomez, J.H.H. Luiz, R. Fernandez-

Lafuente, E.C. Cren, A.A. Mendes, Sustainable enzymatic synthesis of a solketal



[51]

[52]

[53]

[54]

[55]

[56]

95

ester—Process optimization and evaluation of its antimicrobial activity,
Catalysts. 10 (2020) 218. https://doi.org/10.3390/catal10020218.

M.S. Barbosa, C.C.C. Freire, L.M.S. Brandao, E.B. Pereira, A.A. Mendes, M.M.
Pereira, A.S. Lima, C.M.F. Soares, Biolubricant production under zero-waste
Moringa oleifera Lam biorefinery approach for boosting circular economy, Ind.
Crops Prod. 167 (2021) 113542.
https://doi.org/10.1016/J.INDCROP.2021.113542.

F.M.A. Manan, N. Attan, Z. Zakaria, A.S.A. Keyon, R.A. Wahab, Enzymatic
esterification of eugenol and benzoic acid by a novel chitosan-chitin
nanowhiskers supported Rhizomucor miehei lipase: Process optimization and
kinetic assessments, Enzyme Microb. Technol. 108 (2018) 42-52.
https://doi.org/10.1016/J.ENZMICTEC.2017.09.004.

M.H.M. Avelar, D.M.J. Cassimiro, K.C. Santos, R.C.C. Domingues, H.F. De
Castro, A.A. Mendes, Hydrolysis of vegetable oils catalyzed by lipase extract
powder from dormant castor bean seeds, Ind. Crops Prod. 44 (2013) 452—-458.
https://doi.org/10.1016/j.indcrop.2012.10.011.

N.B. Machado, J.P. Miguez, I.C.A. Bolina, A.B. Salviano, R.A.B. Gomes, O.L.
Tavano, J.H.H. Luiz, P.W. Tardioli, E.C. Cren, A.A. Mendes, Preparation,
functionalization and characterization of rice husk silica for lipase immobilization
via  adsorption, Enzyme Microb. Technol. 128 (2019) 9-21.
https://doi.org/10.1016/j.enzmictec.2019.05.001.

M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248-254. https://doi.org/10.1016/0003-2697(76)90527-3.

S. Colombie, R.J. Tweddell, J.-S. Condoret, A. Marty, Water activity control: A



[57]

[58]

[59]

[60]

[61]

[62]

96

way to improve the efficiency of continuous lipase esterification, Biotechnol.
Bioeng. 60 (1998) 362-368. https://doi.org/10.1002/(SICI)1097-
0290(19981105)60:3<362::AlID-BIT13>3.0.CO;2-0.

X. Xia, C. Wang, B. Yang, Y.-H. Wang, X. Wang, Water activity dependence of
lipases in non-aqueous biocatalysis, Appl. Biochem. Biotechnol. 159 (2009)
759-767. https://doi.org/10.1007/S12010-009-8618-8.

A.G. Jacob, R.A. Wahab, N.A. Mahat, Ternary  biogenic
silica/magnetite/graphene oxide composite for the hyperactivation of Candida
rugosa lipase in the esterification production of ethyl valerate, Enzyme Microb.
Technol. 148 (2021) 109807. https://doi.org/10.1016/j.enzmictec.2021.109807.
L.M. Todero, J.J. Bassi, F.A. Lage, M.C. Corradini, J.C. Barboza, D.B. Hirata,
A.A. Mendes, Enzymatic synthesis of isoamyl butyrate catalyzed by immobilized
lipase on poly-methacrylate particles: optimization, reusability and mass transfer
studies, Bioprocess Biosyst. Eng. 38 (2015) 1601-1613.
https://doi.org/10.1007/s00449-015-1402-y.

J.M. Palomo, M. Fuentes, G. Fernandez-Lorente, C. Mateo, J.M. Guisan, R.
Fernandez-Lafuente, General trend of lipase to self-assemble giving bimolecular
aggregates greatly modifies the enzyme functionality, Biomacromolecules. 4
(2003) 1-6. https://doi.org/10.1021/bm025729+.

O. Barbosa, C. Ortiz, A. Berenguer-Murcia, R. Torres, R.C. Rodrigues, R.
Fernandez-Lafuente, Strategies for the one-step immobilization-purification of
enzymes as industrial biocatalysts, Biotechnol. Adv. 33 (2015) 435-456.
https://doi.org/10.1016/j.biotechadv.2015.03.006.

R.A. Abd Razak, A.H. Ahmad Tarmizi, A. Kuntom, M. Sanny, I.S. Ismail,

Intermittent frying effect on French fries in palm olein, sunflower, soybean and



[63]

[64]

[65]

[66]

[67]

[68]

[69]

97

canola oils on quality indices, 3-monochloropropane-1,2-diol esters (3-MCPDE),
glycidyl esters (GE) and acrylamide contents, Food Control. 124 (2021) 107887.
https://doi.org/10.1016/J.FOODCONT.2021.107887.

J.J. Virgen-Ortiz, V.G. Tacias-Pascacio, D.B. Hirata, B. Torrestiana-Sanchez, A.
Rosales-Quintero, R. Fernandez-Lafuente, Relevance of substrates and
products on the desorption of lipases physically adsorbed on hydrophobic
supports, Enzyme Microb. Technol. 96 (2017) 30-35.
https://doi.org/10.1016/j.enzmictec.2016.09.010.

S.E. Sanni, E. Emetere, V.E. Efeovbokhan, J.D. Udonne, Process Optimization
of the Transesterification Processes of Palm Kernel and Soybean Oils for Lube
Oil Synthesis, Int. J. Appl. Eng. Res. 12 (2017) 4113-4129.
http://www.ripublication.com (accessed September 11, 2021).

E. Oleochemicals, S. Bhd, E.O. Gmbh, DEHYLUB ® 4016, (n.d.).
www.emeryoleo.com (accessed September 11, 2021).

E. Oleochemicals, S. Bhd, E.O. Gmbh, DEHYLUB ® 4016 US, (n.d.).
www.emeryoleo.com (accessed September 11, 2021).

Lexolube 3JN-310 - zslubes, (n.d.). https://zslubes.com/product/lexolube-3jn-
310/ (accessed March 21, 2021).

Lubricit NGDO - zslubes, (n.d.). https://zslubes.com/product/lubricit-ngdo/
(accessed September 11, 2021).

M. lbrahim Shaba, A. Mohammed, D. Solomon Musa, B. Ayuba Audu, Y. Baba
Katamba, Synthesis and optimization process of ethylene glycol-based
biolubricant from palm kernel oil (PKO), J. Renew. Energy Environ. (2018) 1-9.

https://doi.org/10.30501/JREE.2018.88495.



98



99

4. CONCLUSAO GERAL

Neste estudo, um processo ambientalmente correto para a producdo enzimatica
de ésteres lubrificantes de etileno glicol a partir de 6leo de soja processado foi
desenvolvido por hidroesterificagdo. Na primeira etapa, uma mistura de AGL foi
produzida por hidrélise completa do 6leo catalisada por LCR. Na segunda etapa do
processo, 0s AGL produzidos na etapa de hidrolise foram empregados na producéo
enzimatica de ésteres em meio isento de solventes e em reatores abertos para
favorecer a evaporacdo de agua formada na reacdo. Esta etapa foi conduzida
empregando um catalisador de baixo custo (Eversa® Transform 2.0) imobilizado via
ativacao interfacial em particulas hidrofébicas de poli (estireno-divinilbenzeno). Os
resultados obtidos demonstraram excelente capacidade de adsorcao da enzima, uma
importante opgdo para o setor industrial (preparacdo de biocatalisadores com alta
atividade catalitica). Dentre os diferentes glicéis avaliados, maxima atividade catalitica
da lipase imobilizada foi obtida para etilenoglicol (EG), selecionado para analises
posteriores. Por meio de um DCCR, as melhores condi¢cdes experimentais de
producédo dos ésteres de EG foram 65°C, razdo molar EG:AGL de 1:3 e concentracao
de biocatalisador de 18% m/m. Sob tais condi¢gbes, completa conversao dos grupos
OH de EG foi alcancada em apenas 40 min. Nestas mesmas condi¢cfes, a lipase
soltvel exibiu uma conversdo de apenas 32,5%. A formacéo de diésteres de EG foi
confirmada por andlise de *H RMN, na qual esta de acordo com o método titulométrico
empregado neste estudo para a determinacdo da conversdo. Esses resultados
demonstram que a técnica de imobilizacdo foi uma estratégia importante para a
preparacao de biocatalisadores com melhor desempenho na reacdo de esterificacao.
O biocatalisador heterogéneo preparado pode ser facilmente separado da mistura
reacional por meio de um processo simples de filtracdo e reutilizado apos sete
bateladas sucessivas de esterificacdo. As propriedades fisicas dos diésteres de EG
como viscosidade, indice de viscosidade, ponto de fluidez e densidade estdo de
acordo com as dos ésteres de EG de 0Oleo de soja descritos na literatura e os ésteres
sintétiticos comerciais de neopoliol, mostrando assim suas excelentes propriedades
como lubrificante verde. Este estudo demonstra o potencial de aplicacédo da Eversa®
Transform 2.0 imobilizada como biocatalisador heterogéneo na producdo de ésteres

sintéticos com propriedades lubrificantes por meio de um processo sustentavel e
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ecologicamente correto (sistema livre de solvente) devido ao seu baixo custo e alta
atividade catalitica em condi¢cdes experimentais moderadas e boa capacidade de
reutilizacdo. Outros Oleos brasileiros comestiveis e ndo comestiveis como gorduras
animais e Oleos vegetais também podem ser utilizados como matérias-primas na

producao de diésteres de glicol pelo processo proposto (hidroesterificacao).
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5. SUGESTOES PARA TRABALHOS FUTUROS

- Producéo continua de diésteres em reatores em modo continuo (reator de fluxo

pistonado, reator continuo de tanque agitado e reator de leito fluidizado);

- Avaliacao da producao continua em multiplos estagios empregando leitos de

adsorcao de agua produzidos (leito contendo peneira molecular ou silica);

- Aplicagdo de outros 6leos vegetais comumente encontrados em nosso Estado

como macauba, Jatropha e mamona.
- Estudos de viabilidade econbmica.

- Aplicacéo de outros procedimentos de imobilizacdo da enzima com o intuito de

aumentar a sua estabilidade apo6s sucessivas reacoes.



