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RESUMO 

 

A imobilização de enzimas em membranas inorgânicas é uma tarefa desafiadora que 
geralmente necessita várias etapas, usa produtos químicos tóxicos e é feita ex situ 
(fora do sistema de filtração por membrana). O desenvolvimento de um método de 
imobilização in situ é essencial para facilitar a ampliação do processo. Assim, esse 
estudo desenvolveu um método in situ de apenas uma etapa para imobilizar a lipase 
Eversa Transform 2.0 (ET2) em uma membrana de α-alumina e também avaliou o 
controle de incrustação de óleo e a capacidade de autolimpeza da membrana após 
filtração de efluente oleoso. Primeiramente, a tradicional imobilização enzimática em 
cerâmica por silanização com 3-aminopropiltrietoxisilano (APTES) foi comparada à 
técnica inovadora de revestimento com polidopamina (PDA). Nesses testes iniciais, a 
modificação foi feita por imersão da membrana nas soluções (imobilização ex situ). 
Uma vez que o uso de PDA resultou na maior atividade hidrolítica da membrana em 
relação a óleo de soja (1845 ± 283 µmol·min-1·m-2), a abordagem convencional de 
duas etapas (polimerização de PDA seguida de imobilização enzimática) foi 
comparada a um método de apenas uma etapa (polimerização e imobilização 
simultâneas). A estratégia de uma etapa alcançou carga enzimática (3,1 ± 0,1 g·m-2), 
atividade hidrolítica (1986 ± 40 µmol·min-1·m-2) e atividade específica da enzima (641 
± 18 µmol·min-1·g-1) semelhantes às do método de duas etapas. O método de uma 
etapa reduziu o tempo de imobilização em 33%, o consumo de produtos químicos em 
25% e a geração de efluentes em 50% em comparação com o método de duas etapas. 
Usando a abordagem de uma etapa, a ET2 foi imobilizada na membrana in situ, ou 
seja, através da recirculação da solução de modificação pelo sistema de filtração. A 
imobilização in situ mostrou-se viável, e otimizando a concentração de cloridrato de 
dopamina (DA) e ET2 na solução para 0,3 mg·mL-1 e 4 mg·mL-1, respectivamente, a 
membrana modificada atingiu uma carga enzimática de 10 g·m-2 o que resultou em 
maior hidrofilicidade e na maior atividade hidrolítica obtida (38 mmol·min-1·m-2). O 
controle de incrustação foi avaliado pela filtração de uma emulsão de óleo de soja, e 
a membrana modificada mostrou uma forte resistência à incrustação (redução da 
permeância à água pura de 43% após a filtração) em comparação com a membrana 
sem modificação (redução de 83%), o que se deve, principalmente, à maior 
hidrofilicidade após a imobilização da enzima. Depois da filtração, a capacidade de 
autolimpeza da membrana foi avaliada usando diferentes soluções, temperaturas e 
tempo. Água deionizada a 40 °C por 6 h resultou em uma recuperação da permeância 
à água pura de 97%, principalmente devido à hidrólise do óleo incrustado pela ET2 
imobilizada. Depois de algum tempo, as enzimas perdem sua atividade e precisam 
ser substituídas, e como uma das principais vantagens do uso de membranas 
cerâmicas é sua reusabilidade e resistência química, testou-se também a regeneração 
da membrana por calcinação e limpeza química. Os resultados mostraram que, após 
cinco ciclos de modificação-regeneração, não foram observadas alterações 
morfológicas ou químicas na superfície da membrana. A imobilização enzimática in 
situ e a regeneração química são grandes vantagens que podem facilitar o aumento 
de escala do processo. A reutilização da membrana juntamente com a modificação de 
uma etapa usando PDA pode reduzir custos e tornar o processo mais sustentável. 

 
Palavras-chave: Eversa Transform 2.0; imobilização de enzima; membrana cerâmica; 
polidopamina; imobilização em uma etapa; imobilização in situ. 
 



RESUMO EXPANDIDO 

 

Introdução 
Um grande volume de efluentes líquidos oleosos é gerado por diversas indústrias e 
diferentes técnicas tradicionais podem ser utilizadas para remoção do óleo. Contudo, 
esses métodos apresentam limitações para emulsões com gotas de óleo ≤ 20 µm de 
diâmetro. Nesses casos, processos de separação por membranas têm se mostrado 
uma boa alternativa. No caso de efluentes oleosos, membranas de materiais 
hidrofílicos, como cerâmicas, são geralmente menos suscetíveis à incrustação que 
materiais hidrofóbicos. Além de maior hidrofilicidade, membranas cerâmicas possuem 
alta estabilidade térmica e química, e permitem o reuso. Para melhorar ainda mais a 
performance das membranas cerâmicas na filtração de efluente oleoso, diversos 
processos de modificação superficial podem ser feitos. Entre eles, a imobilização de 
enzimas ainda é pouco explorada. No tratamento de efluentes oleosos, a imobilização 
da enzima lipase (triacilglicerol hidrolase, EC 3.1.1.3) pode ser uma opção para 
diminuir a incrustação de óleo e dar à membrana capacidade de autolimpeza. As 
lipases imobilizadas na membrana catalisam a hidrólise do óleo, podendo ser uma 
alternativa ao uso de produtos químicos durante a limpeza da membrana, tornando o 
processo mais ambientalmente correto. A imobilização de enzimas em membranas 
inorgânicas é uma tarefa desafiadora que geralmente necessita várias etapas, usa 
produtos químicos tóxicos e é feita ex situ (fora do sistema de filtração por membrana). 
O desenvolvimento de um método de imobilização simples e in situ é essencial para 
facilitar a ampliação do processo. Recentemente, a modificação de superfícies com 
polidopamina (PDA) tem chamado a atenção já que esse polímero natural consegue 
facilmente aderir a uma ampla gama de materiais orgânicos e inorgânicos, além de 
ser menos tóxico que os reagentes normalmente utilizados para imobilização 
enzimática. Geralmente, a imobilização de enzimas utilizando PDA é feita em duas 
etapas: polimerização da dopamina no suporte formando um revestimento de PDA 
seguida pela imobilização da enzima. No entanto, alguns estudos demonstraram que 
é possível realizar o processo em apenas uma etapa, na qual a polimerização e a 
imobilização ocorrem simultaneamente. A imobilização em apenas uma etapa pode 
diminuir o tempo do processo, o consumo de produtos químicos e a geração de 
efluentes. 
 
Objetivos 
O objetivo geral dessa tese foi desenvolver um método in situ de apenas uma etapa 
para imobilizar a enzima lipase em uma membrana de α-alumina e avaliar o controle 
de incrustação de óleo e a capacidade de autolimpeza da membrana após filtração de 
efluente oleoso. Os objetivos específicos foram: comparar a tradicional imobilização 
enzimática em cerâmica por silanização com a técnica inovadora de revestimento com 
PDA; comparar os métodos de imobilização em duas etapas e em uma etapa 
utilizando PDA; avaliar a imobilização in situ da lipase utilizando o método de uma 
etapa; otimizar o processo de imobilização visando aumentar a atividade hidrolítica da 
membrana; avaliar a capacidade de controle de incrustação e de autolimpeza das 
membranas modificadas na filtração de efluente oleoso. 
 
Metodologia 
Primeiramente, testou-se três lipases na hidrólise de óleo de soja e a Eversa 
Transform 2.0 (ET2) foi escolhida para ser imobilizada na membrana devido à sua alta 



atividade hidrolítica. Membranas tubulares comerciais de α-alumina foram utilizadas 
em todos os testes. Inicialmente, a técnica convencional de imobilização enzimática 
em cerâmica por silanização com 3-aminopropiltrietoxisilano (APTES) seguida de 
ativação com glutaraldeído foi comparada ao revestimento com PDA utilizando uma 
solução alcalina de cloridrato de dopamina (DA). Avaliou-se a quantidade de enzima 
imobilizada, a atividade hidrolítica da membrana em relação ao óleo de soja, e a 
atividade específica das enzimas imobilizadas. Uma vez que o uso de PDA resultou 
na maior atividade hidrolítica, a abordagem convencional de duas etapas 
(polimerização de PDA seguida de imobilização enzimática) foi comparada a um 
método de apenas uma etapa (polimerização e imobilização simultâneas). Nesses 
testes iniciais, a modificação foi feita por imersão da membrana nas soluções 
(imobilização ex-situ) utilizando 2 mg·mL-1 de DA e 2 mg·mL-1 de ET2. Usando a 
abordagem de uma etapa, a ET2 foi imobilizada na membrana de forma in situ, ou 
seja, através da recirculação da solução de modificação pelo sistema de filtração. A 
atividade hidrolítica da membrana foi otimizada avaliando-se as concentrações iniciais 
de DA e ET2 na solução de modificação. O controle de incrustação das membranas 
foi avaliado pela filtração de uma emulsão de óleo de soja, analisando-se a diferença 
da permeância à água pura antes e após a filtração. Depois da filtração, a capacidade 
de autolimpeza da membrana foi avaliada usando diferentes soluções (tampão fosfato 
de sódio 100 mM pH 7 e água deionizada), temperaturas (40 °C e 24 °C) e tempo (3 

a 12 h). As membranas foram reutilizadas por três ciclos consecutivos de filtração e 
limpeza para avaliar a estabilidade da ET2 imobilizada. E, por fim, avaliou-se a 
possibilidade de regeneração das membranas por calcinação e limpeza química para 
que uma nova modificação pudesse ser feita quando as enzimas imobilizadas 
perdessem sua atividade. As membranas foram caracterizadas em relação à 
hidrofilicidade por adsorção de vapor de água e n-heptano, morfologia superficial por 
microscopia eletrônica de varredura (MEV), e química superficial por espectroscopia 
de energia dispersiva de raio-X (EDX), espectroscopia no infravermelho por 
transformada de Fourier (FTIR) e espectroscopia de fotoelétrons excitados por raios-
X (XPS). 
 
Resultados e Discussão 
Ao comparar-se a silanização e o uso de PDA em duas etapas para imobilização da 
lipase, o revestimento com PDA resultou em maior atividade hidrolítica da membrana 
em relação ao óleo de soja (1845 ± 283 µmol·min-1·m-2) com carga enzimática de 3,2 ± 
0,4 g·m-2 e, portanto, atividade especifica da enzima imobilizada de 
571 ± 23 µmol·min-1·g-1. O uso de PDA é uma técnica mais simples e mais sustentável 
quando comparada a técnicas tradicionais de imobilização já que usa menos 
reagentes de menor toxicidade. 
A imobilização da enzima utilizando PDA em uma etapa alcançou carga enzimática 
(3,1 ± 0,1 g·m-2), atividade hidrolítica (1986 ± 40 µmol·min-1·m-2) e atividade específica 
da enzima (641 ± 18 µmol·min-1·g-1) semelhantes às do método de duas etapas. O 
método de uma etapa reduziu o tempo de imobilização em 33%, o consumo de 
produtos químicos em 25% e a geração de efluentes em 50% em comparação com o 
método de duas etapas. Além disso, a enzima imobilizada em uma etapa apresentou 
maior estabilidade ao longo do tempo de reação e em maiores temperaturas (50-60 
°C).  

A imobilização in situ utilizando o método de uma etapa mostrou-se viável, resultando 
em uma carga enzimática de 2,5 ± 0,2 g·m-2, atividade hidrolítica de 
7200 ± 300 µmol·min-1·m-2, e atividade específica da enzima imobilizada de 



2900 ± 300 µmol·min-1·g-1. É importante ressaltar que o método para medir a atividade 
hidrolítica para os ensaios in situ foi modificado em relação ao método utilizado nos 
ensaios anteriores, por isso a grande diferença entre os valores. A possibilidade de 
modificar a membrana in situ representa uma grande vantagem para o aumento de 
escala do processo. 
Depois de verificar a viabilidade da imobilização in situ, otimizou-se a concentração 
de DA e ET2 na solução para 0,3 mg·mL-1 e 4 mg·mL-1, respectivamente. Utilizando 
essas concentrações, a membrana modificada atingiu uma carga enzimática de 
10 g·m-2, o que resultou em maior hidrofilicidade e na maior atividade hidrolítica obtida 
(38 mmol·min-1·m-2). Com a membrana modificada pelo método otimizado, realizaram-
se ensaios de filtração de emulsão de óleo de soja a fim de avaliar a resistência à 
incrustação e a capacidade de autolimpeza. A membrana modificada mostrou uma 
forte resistência à incrustação (redução da permeância à água pura de 43% após a 
filtração) em comparação com a membrana sem modificação (redução de 83%), o que 
se deve, principalmente, à maior hidrofilicidade após a imobilização da enzima. Os 
ensaios de limpeza da membrana mostraram que o uso de água deionizada a 40 °C 
por 6 h resultou em uma recuperação da permeância à água pura de 97%, 
principalmente devido à hidrólise do óleo incrustado pela ET2 imobilizada. O teste de 
reuso da mesma membrana por diversos ciclos de filtração e limpeza mostraram que, 
após três ciclos, a permeância à agua pura da membrana sem modificação reduziu 
91% enquanto a da membrana modificada reduziu apenas 17%. A possibilidade de 
utilizar água como solvente durante a limpeza da membrana representa um grande 
avanço que, além de facilitar o aumento de escala do processo, também evita o uso 
de produtos químicos poluentes durante essa etapa. 
Os ensaios de regeneração da membrana, tanto por calcinação quanto por limpeza 
química in situ, mostraram que após cinco ciclos de modificação-regeneração, não 
foram observadas alterações morfológicas ou químicas na superfície da membrana. 
Além disso, a permeância à água pura e a atividade hidrolítica da enzima imobilizada 
se mantiveram as mesmas após cada regeneração. Esses resultados demonstram 
que a mesma membrana pode ser reutilizada por diversos ciclos após a perda de 
atividade da enzima. Além disso, a possibilidade de regeneração in situ juntamente 
com a imobilização in situ favorecem o uso do processo em escalas maiores. 
 
Considerações Finais 
Esse trabalho apresenta um método mais simples e sustentável para a imobilização 
de enzimas em membranas inorgânicas. A utilização de PDA provou-se uma técnica 
competitiva aos métodos tradicionais de imobilização já que resultou em maior carga 
enzimática e maior atividade hidrolítica da membrana, além de ser mais simples e 
mais ambientalmente correta. A estratégia de imobilização em apenas uma etapa 
mostrou-se uma excelente alternativa ao método de duas etapas, aumentou a 
estabilidade da enzima imobilizada, é mais rápida, usa menos produtos químicos e 
gera menos efluente, diminuindo custos e tornando o processo mais sustentável. Além 
disso, a viabilidade da imobilização enzimática in situ e da regeneração química in situ 
demonstram que a reutilização da membrana é possível, o que é uma grande 
vantagem que pode facilitar o aumento de escala do processo e torná-lo ainda mais 
barato.  
 
Palavras-chave: Eversa Transform 2.0; imobilização de enzima; membrana 
cerâmica; polidopamina; imobilização em uma etapa; imobilização in situ. 
 



 
ABSTRACT 

 
Enzyme immobilization on inorganic membranes is a challenging task that generally is 
multi-step, time-consuming, uses toxic chemicals, and is done ex-situ (outside the 
membrane filtration system). Developing an in-situ immobilization method is essential 
to facilitate the scale-up of the process. Therefore, this study aimed to develop a one-
step in-situ method to immobilize the lipase Eversa Transform 2.0 (ET2) on an α-
alumina membrane and evaluate the membrane oil fouling control and self-cleaning 
capacity after oil-water emulsion filtration. First, the traditional enzyme immobilization 
on ceramics by silanization using 3-aminopropyltriethoxysilane (APTES) was 
compared to the innovative and greener technique of polydopamine coating (PDA). In 
these first tests, the modification was done by immersing the membrane in the 
solutions (ex-situ immobilization). Since the use of PDA resulted in the highest 
membrane hydrolytic activity toward soybean oil (1845 ± 283 µmol·min-1·m-2), the 
conventional two-step approach (PDA polymerization followed by enzyme 
immobilization) was compared to a one-step method (simultaneous polymerization and 
immobilization). The one-step strategy achieved similar enzyme loading (3.1 ± 0.1 g· 
m-2), membrane hydrolytic activity (1986 ± 40 µmol·min-1·m-2), and enzyme-specific 
activity (641 ± 18 µmol·min-1·g-1) to those of the two-step method. The one-step 
method reduced the immobilization time by 33%, the chemical consumption by 25%, 
and the wastewater generation by 50% compared to the two-step method. Using the 
one-step approach, ET2 was immobilized on the membrane in situ, i.e., by recirculating 
the modification solution in the filtration system. The in-situ immobilization proved to 
be feasible, and by optimizing the dopamine hydrochloride (DA) and ET2 concentration 
in the solution to 0.3 mg·mL-1 and 4 mg·mL-1, respectively, the modified membrane 
reached an enzyme loading of 10 g·m-2 which resulted in an improved water affinity 
and in the highest membrane hydrolytic activity (38 mmol·min-1·m-2). The membrane 
fouling control was evaluated by the filtration of a soybean oil in water emulsion, and 
the modified membrane showed a strong fouling resistance (pure water permeance 
reduction of 43% after the emulsion filtration) compared to the pristine membrane 
(reduction of 83%), which is mainly due to the higher hydrophilicity after enzyme 
immobilization. After oil-water emulsion filtration, the membrane’s self-cleaning 
capacity was evaluated using different cleaning solutions, temperatures, and time. 
Cleaning with deionized water at 40 °C for 6 h resulted in a pure water permeance 
recovery of 97%, mainly due to the fouled oil hydrolysis by the immobilized ET2. After 
some time, the enzymes eventually lose their activity and need to be replaced, and 
since one of the main advantages of using ceramic membranes is their reusability and 
chemical resistance, membrane regeneration by calcination and chemical cleaning 
was also tested. The results showed that, after five modification-regeneration cycles, 
no morphological or chemical changes were observed in the membrane surface. The 
in-situ enzyme immobilization and chemical regeneration are huge advantages that 
can facilitate the scale-up of the process. Reusing the membrane coupled with the one-
step modification using PDA can reduce costs and make the process more 
environmentally friendly. 

 
Keywords: Eversa Transform 2.0; enzyme immobilization; ceramic membrane; 
polydopamine; one-step immobilization; in-situ immobilization. 
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CONCEPTUAL DIAGRAM OF THIS STUDY 

 

 

 

 

 

Lipase immobilization on α-alumina membrane for oil fouling control and 

self-cleaning properties 

 
➢ Enzymes are an environmentally friendly functionalization 
➢ Lipases can catalyze oil hydrolysis 
➢ Control of membrane fouling during oil-water separation process 
➢ Lower cleaning frequency 
➢ Reduction of the consumption of chemicals during membrane cleaning 
➢ Improved process performance and lower operational costs 

Why? 

 
➢ No reports were found in the literature about Eversa Transform 2.0 lipase 

immobilization on inorganic supports or membranes 
➢ There are just few reports about immobilized lipases as antifouling and self-

cleaning agents, all of them using polymeric membranes 

Who already did it? 

 
➢ Is it possible to efficiently immobilize lipase on ceramic supports? 
➢ Can the lipase activity and stability be maintained after the immobilization? 
➢ Can the immobilized lipase efficiently act as a fouling-reducing and self-cleaning 

agent during oil-water separation processes using membranes? 

Research hypotheses 

 
➢ Lipase immobilization on α-alumina tubular membrane using polydopamine 

(PDA) 
➢ One-step lipase immobilization on the membrane using PDA as bonding agent; 
➢ In situ enzyme immobilization on the membrane 
➢ Characterization of the control and functionalized membranes by different 

techniques 
➢ Evaluation of the functionalized membrane during oil-water separation in relation 

to fouling formation and self-cleaning capacity 
➢ Evaluation of membrane reusability during several filtration steps 
➢ Evaluation of membrane regeneration by thermal and chemical treatments 

Method 



 
 

 

 

 
➢ PDA coating method can be an alternative to traditional enzyme immobilization 

methods on ceramics 
➢ A one-step immobilization protocol can replace the conventional two-step 

method using PDA 
➢ In-situ immobilization (membrane on the filtration system) is feasible and can 

replace the ex-situ immobilization 
➢ Enzymatically active membrane has a better performance than the pristine 

membrane during an oil emulsion filtration in relation to fouling and self-cleaning 
capacity 

➢ Reusability of the modified membrane during several filtration and cleaning 
steps 

➢ The membrane can be regenerated using a thermal and a chemical treatment 
and be recoated by the enzyme and PDA 

Main outcomes 
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 INTRODUCTION 

 

Several industries, such as food processing, metallurgical, petrochemical, and 

cosmetics, generate oily wastewater in large volumes. When the system is not 

emulsified, the hydrophobic compounds can be separated using physical methods 

such as gravity settling, coalescence, skimming, centrifugation, or air flotation. When 

it is the form of an emulsion, chemical techniques are required (flocculation and 

coagulation, for example). However, these methods have limitations for emulsions with 

oil droplets of 20 µm or lower in diameter since the addition of chemicals is necessary 

to break the emulsion, which requires close control to determine the type and quantity 

of chemicals in order to achieve an optimal removal (CHERYAN; RAJAGOPALAN, 

1998; PORNEA et al., 2020; ZHU et al., 2014). Membrane separation processes have 

proven to be a good alternative in these cases, presenting advantages such as high 

oil removal efficiencies, no need for chemical additives, and compact facilities that can 

be fully automated (ABBASI et al., 2012; KHOUNI et al., 2020). 

Even though membrane systems are widely studied, the applicability of these 

processes in the wastewater treatment still has limitations, mainly related to fouling 

issues. Fouling causes a permeate flux decline, consequently decreasing the system 

efficiency, increasing the energy consumption and the frequency of membrane 

cleaning procedures, which in turn can decrease the membrane lifespan and increase 

the process costs (TANUDJAJA et al., 2019). Hydrophilic membranes are generally 

less susceptible to oil fouling than hydrophobic ones. In this sense, ceramic 

membranes have some advantages since they generally are highly hydrophilic, very 

stable at high temperatures and pressures, can reach high water fluxes, and have 

excellent chemical stability, lifespan, reusability, and mechanical resistance during 

filtration (ABBASI et al., 2012; JEONG et al., 2018). However, although the costs of 

ceramic membranes have been decreasing over the years with the development of 

new technologies, it is still a limitation to their use in environmental applications 

(ISSAOUI; LIMOUSY, 2019). Besides the production costs, fouling also increases the 

operational expenses of membrane systems, restricting the use of ceramic 

membranes in low-profit applications even more. 

Several strategies were developed, and new ones have been studied to 

minimize fouling. Lately, polydopamine (PDA) coating has attracted considerable 

attention for surface modification since it can firmly adhere to a wide range of organic 
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and inorganic materials (GAO; FAN; XU, 2020; GUO et al., 2020). Surface coating with 

PDA occurs through the polymerization of dopamine (natural monometer inspired by 

the adhesive capacity of marine mussels) in a slightly alkaline environment. PDA 

coating itself can improve the antifouling capacity of the membranes in oil-water 

emulsions by increasing its hydrophilicity (KASEMSET et al., 2016; LI et al., 2018; 

ZARGHAMI; MOHAMMADI; SADRZADEH, 2019). Moreover, due to the presence of 

different reactive groups in the PDA (such as amine, imine, quinone, and catechol), 

this technique can be used to bond different materials and molecules to the membrane, 

which can contribute to the enhancement of the fouling control property (CUI et al., 

2019; GAO; XU, 2019; MARQUES et al., 2020; PRONER et al., 2020; YANG et al., 

2014; ZIN et al., 2019).  

Among the molecules that PDA coatings can bind are enzymes (CHEN et al., 

2019b; CHENG et al., 2018; LUO et al., 2014; MORTHENSEN et al., 2017; MULINARI 

et al., 2022; TOUQEER et al., 2019; WANG et al., 2021). The immobilization of 

enzymes on membranes can aim at the synthesis of products of interest through 

enzymatic catalysis (LUO et al., 2014; MORTHENSEN et al., 2017; SULAIMAN et al., 

2019) and the improvement of the membrane’s fouling control property by degrading 

the fouling layer during the filtration process (KOLESNYK et al., 2019; KOSEOGLU-

IMER; DIZGE; KOYUNCU, 2012; NG; WRIGHT; SEAH, 2011). The immobilized 

enzymes can also promote the hydrolysis of the fouling layer during the cleaning 

procedure through a simple activation by adjusting the reaction conditions, such as pH 

and temperature (SCHMIDT et al., 2018; SCHULZE et al., 2017; VANANGAMUDI et 

al., 2018a). Thus, the immobilized enzymes provide the membrane with a self-cleaning 

capacity, decreasing or even avoiding chemical cleaning, which makes the process 

greener and more sustainable.   

In the treatment of oily wastewater, the immobilization of the enzyme lipase 

(triacylglycerol hydrolases, EC 3.1.1.3) on the membrane could be an alternative to 

improve the fouling control and self-cleaning capacity of the membrane since lipase 

can catalyze oil hydrolysis. Lipase is one of the most used enzymes due to its high 

versatility, tolerance to organic solvents, and thermal stability (GOLUNSKI et al., 2017; 

ITTRAT et al., 2014; JIANG et al., 2017). They can be employed in a variety of 

applications, such as biodiesel production (SANTIN et al., 2017; WANCURA et al., 

2019), as well as in agrochemical (BOROWIECKI; DRANKA, 2019), pharmaceutical 

(ALMEIDA et al., 2019), cosmetics (HOLZ et al., 2018) and food industries (DE 
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MENESES et al., 2019), fine chemistry (AGUILLÓN et al., 2019) and oily effluent 

treatment (MULINARI et al., 2017). In membrane separation processes of oil-water 

emulsions, lipase immobilized in the membrane can hydrolyze the triacylglycerols of 

the oil into fatty acids and glycerol, degrading the oil fouling. 

The covalent immobilization of enzymes on membranes is a challenging task 

that generally requires several steps and the use of toxic chemicals, is time-consuming 

and done ex situ (outside the filtration system, normally by immersing the membranes 

in the modification solution) (AGHABABAIE et al., 2016; BRISOLA et al., 2022; 

VASCONCELOS et al., 2020). Few studies have done the modification in situ 

(membrane inside the filtration module), which can facilitate the scale-up of the process 

(CHEN et al., 2019b; GUO et al., 2018; MARPANI et al., 2015). Moreover, the enzymes 

lose their activity after some time and must be replaced. In an in-situ immobilization, to 

reuse the membrane, both cleaning and modification steps could be performed directly 

in the filtration setup, so the membrane would not have to be removed and replaced in 

the system. Therefore, in-situ immobilization can save time and decrease operational 

costs. 

Thus, this study aims to immobilize the enzyme lipase on a ceramic membrane 

using PDA coating. The main goal is to provide fouling-controlling and self-cleaning 

properties to the membrane for the treatment of oily wastewater. To the best of our 

knowledge, there is no previous study in the literature about lipase immobilization in 

ceramic membranes using PDA coating. Moreover, there are very few studies 

concerning immobilized enzymes as fouling-controlling and self-cleaning agents on 

membranes, and only a few using an in-situ immobilization method. 

 

1.1 OBJECTIVES 

 

1.1.1 General objective 

 

The general objective of this work is the immobilization of lipase on α-alumina 

tubular membranes aiming at fouling-controlling and self-cleaning properties for 

application in oil-water emulsion filtration. 
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1.1.2 Specific objectives 

 

• Select a lipase with high hydrolytic activity toward soybean oil; 

• Compare the lipase immobilization using PDA coating with traditional 

immobilization methods on ceramic materials in terms of enzyme loading, 

membrane hydrolytic activity, and specific immobilized enzyme activity; 

• Develop a simple one-step immobilization strategy using the PDA coating and 

compare it to the conventional two-step method; 

• Determine if an in-situ immobilization is viable by comparing it with the ex-situ 

immobilization; 

• Optimize the lipase and dopamine concentrations during the immobilization, 

considering the membrane hydrolytic activity; 

• Evaluate the operational stability of the immobilized lipase to pH, temperature, and 

reaction time; 

• Evaluate the performance of the modified membrane in the process of oil-water 

emulsion separation in terms of permeate flux and oil retention; 

• Evaluate the fouling control and self-cleaning properties of the modified membrane 

in the filtration of an oil-water emulsion; 

• Evaluate the reusability of the modified membrane during several steps of oil-water 

emulsion filtration and cleaning; 

• Assess the regeneration of the membrane by a thermal and a chemical method and 

evaluate the recoating of the regenerated membrane in terms of pure water 

permeance and membrane hydrolytic activity for several regeneration-recoating 

steps. 
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 LITERATURE REVIEW 

 

This chapter presents a brief literature review on the relevant topics to this 

work. Firstly, the main information on oily wastewater generation, potential 

environmental impacts, and traditional treatment techniques are approached. Then, 

important aspects of membrane processes for oil-water separation, membrane fouling, 

fouling reduction techniques and membrane cleaning methods are described with a 

special emphasis on ceramic membranes. Finally, the main enzyme immobilization 

techniques are discussed highlighting lipase immobilization on ceramic materials. 

Lastly, the use of immobilized enzymes as antifouling and self-cleaning agents is 

addressed. 

Part of this chapter was published in Biotechnology Advances as “Lipase 

immobilization on ceramic supports: an overview on techniques and materials”1. 

Another part was published by Elsevier as the chapter “Catalytic membranes for the 

treatment of oily wastewater” in the book “Membrane-based hybrid processes for 

wastewater treatment” edited by Maulin P. Shah and Susane R. Couto2. 

 

2.1  OILY WASTEWATERS 

 

Oily wastewater is generated in large volumes by different sources such as 

food processing (slaughterhouse, dairy industries, bakeries, seafood, cooked foods, 

edible oil processing, animal feed industries), oil and gas, metallurgical, petrochemical, 

pharmaceutical and cosmetics industries (PADAKI et al., 2015). These wastewaters 

contain varying concentrations of oil and grease. The discharge of untreated oily 

wastewater can cause severe environmental and public health issues, and affect entire 

aquatic ecosystems, since the oil film or droplets can block sunlight, compromising 

photosynthesis and gaseous exchange. When discharged in the soil, the oil enhances 

its impermeabilization, hindering water flow and oxygenation (SANTOS; MARANHO, 

2018). Additionally, when discarded in the public sewage system, the oil can cause 

pipe blockage and increase the costs of the treatment since more chemicals are 

needed (WALLACE et al., 2017). Thus, inadequate treatment of the oily wastewaters 

 
1 https://doi.org/10.1016/j.biotechadv.2020.107581  
2 https://doi.org/10.1016/B978-0-12-823804-2.00026-4  

https://doi.org/10.1016/j.biotechadv.2020.107581
https://doi.org/10.1016/B978-0-12-823804-2.00026-4
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can compromise drinking water availability, agriculture production, and sewage 

treatment efficiency. 

There are several ways for purifying oily wastewater, including conventional 

physical, chemical, and biological methods. The degree of dispersion and the stability 

of the oil droplets in the wastewater are the most important factors regarding the choice 

of the most suitable technique. These characteristics are governed by the diameter of 

the droplets: free oil (> 150 µm), dispersed oil (20-150 µm), emulsified oil (< 20 µm) 

and soluble oil (< 5 µm) (PINTOR et al., 2016). Physical methods (gravity settling and 

air flotation, for example) are generally used when the oil is not in an emulsion (WANG 

et al., 2019). When the oil is emulsified, chemical techniques (coagulation and 

flocculation, for example) are necessary; however, these methods have limitations in 

treating emulsions with finely dispersed oil droplets. Biological treatment includes 

activated sludge, biofilter, and stabilization ponds and are generally used in 

combination with other methods (ALMASI et al., 2019; YU; HAN; HE, 2017).  

The conventional techniques have drawbacks such as high cost, use of toxic 

compounds, large installation facilities, and generation of secondary pollutants (HE et 

al., 2019; YU; HAN; HE, 2017). Moreover, they cannot efficiently remove oil when it is 

emulsified, especially when the size of the oil droplets is below 20 µm (PORNEA et al., 

2020). The addition of chemicals is necessary to break these fine stable emulsions, 

which requires close control to determine the type and quantity of chemicals in order 

to achieve an optimal removal, making the operation very challenging (CHERYAN; 

RAJAGOPALAN, 1998; ZHU et al., 2014). In these cases, membrane technology has 

shown great performance, presenting some advantages as high oil removal, compact 

facilities, low energy consumption, and no need for chemical additives (KHOUNI et al., 

2020). Section 2.2 approaches the use of membrane processes as alternatives to 

traditional techniques for oil-water separation. 

 

2.2  MEMBRANE PROCESSES FOR OIL-WATER SEPARATION 

 

The use of membrane-based processes for the separation of oil-water 

emulsions has been reported in the literature for decades (SCHNABEL; VAULONT, 

1977; JEONG; IHM; WON, 1987; YAO; FANE; POPE, 1997; PAN et al., 2007; CAI et 

al., 2017; XIE et al., 2023). When studying the use of membranes for the oil removal 

from wastewaters, some parameters must be carefully analyzed, including permeate 
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flux, fouling resistance, and rejection coefficient (ABBASI et al., 2012). Microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) can be 

considered the main membrane separation processes with a pressure-based driving 

force and are usually classified in terms of their pore size range, which defines their 

applications (BAKER, 2012). UF, and sometimes MF, are the most effective in treating 

oily wastewater due to their pore size range that can separate oil even from surfactant 

stabilized emulsions (MASOUDNIA et al., 2015; ZHU et al., 2014).  

Different configurations have been used for oil-water separation, such as flat 

sheet, tubular, hollow fiber, spiral wound, and capillary membranes, with the flat sheet 

and tubular being more commonly applied (TANUDJAJA et al., 2019). Flat sheet 

configurations are mainly used for research purposes at bench-scale experiments 

since they require relatively simple modules and are of easy operation and control. 

However, the membrane area per unit of module volume (packing density) is low, 

which hinders the use of flat sheet membranes at an industrial scale due to the large 

space required. Hence, flat sheets can be stacked with spacers, rolled and placed 

inside a cylindrical case, forming a spiral wound membrane module, which offers a 

much larger membrane area for filtration. However, spiral wound configuration does 

not allow backflush, while tubular-shaped modules do (FRANK et al., 2001). Tubular, 

capillary, and hollow fiber membranes have a similar shape but different diameters. 

There is no consensus in the literature about the tube diameter ranges of the different 

configurations; the most used ranges were proposed by Mulder (2000): tubular 

membranes have diameters greater than 10 mm, capillary membranes from 0.5 to 

10 mm, and hollow fiber lower than 0.5 mm.  

Membrane systems can operate in a dead-end (perpendicular flow) or a cross-

flow (tangential flow) mode. Most dead-end filtrations are carried out in batch systems 

since the membrane fouling causes flux decline and, thus, more frequent membrane 

cleaning or replacement is necessary, decreasing the membrane lifespan 

(TANUDJAJA et al., 2019). Batch processing is used mainly when the goal is to recover 

certain products from the oily wastewater, which means that the retentate is the 

valuable fraction. Hence, the lower feed volume used in batch systems in comparison 

to continuous processing allows better control of the retentate quality (TANUDJAJA et 

al., 2019). Continuous operating mode is more adequate than batch mode when 

dealing with large quantities of oily wastewater, and the main goal is to discharge this 

wastewater into water bodies in compliance with environmental regulations. 
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Continuous systems usually operate under crossflow mode. Besides accepting higher 

wastewater flow rates, the cross-flow generates a tangential shear at the membrane 

surface, which helps to decrease membrane fouling, prolonging the lifespan of the 

membrane (TANUDJAJA et al., 2019).  

Regarding the membrane material, polymers, ceramics, and mixed matrices 

have been studied for oil-water separation. Among the polymers, the most common 

are polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), polyethersulfone (PES), 

polyurethane (PU), polystyrene (PS), polyvinyl chloride (PVC), and cellulose acetate 

(CA) (AL-HUSAINI et al., 2019; DIAO et al., 2017; KIM et al., 2019; NADJAFI; 

REYHANI; AL ARNI, 2018; PENG et al., 2017; WANG et al., 2020; YANG et al., 2020). 

Polymeric membranes have shown high efficiency and low energy requirements to 

remove dispersed and emulsified oil, having a lower cost than ceramic membranes 

(PADAKI et al., 2015). However, due to the hydrophobic character of most of the 

polymeric materials, polymeric membranes are more susceptible to fouling, particularly 

when treating oily wastewater, which results in flux decline and, consequently, short 

operation times and low lifespan (ZUO et al., 2018). Consequently, surface 

modification, polymer-blending, and incorporation of nanoparticles are strategies being 

developed to improve the membrane hydrophilicity (IKHSAN et al., 2018; ZIN et al., 

2019; ZUO et al., 2018).  

Due to the high chemical resistance, the ceramic membranes have presented 

longer operation times and lifespan. Also, they have greater resistance to high 

concentrations of oil and good antifouling capacity since they are more hydrophilic than 

most of the polymeric membranes. Alumina (Al2O3), zirconia (ZrO2), titania (TiO2) and 

silicon carbide (SiC) are examples of materials being used in the fabrication of the 

ceramic membranes (FRAGA et al., 2017; ŠEREŠ et al., 2016; WESCHENFELDER; 

BORGES; CAMPOS, 2015; ZHANG et al., 2018a). Although presenting advantages 

over polymeric membranes, the high cost of manufacturing and materials used to 

produce ceramic membranes have limited their utilization in environmental 

applications, including wastewater treatment. Cheaper precursors such as mullite, 

bentonite, kaolinite and inorganic waste materials may be an alternative to produce 

ceramic membranes (ABBASI et al., 2012; EOM et al., 2015; KUMAR; GHOSHAL; 

PUGAZHENTHI, 2015; ZHU et al., 2016; ZHU; CHEN, 2017). Even though ceramic 

materials are more hydrophilic than the polymeric, ceramic membranes are still 

susceptible to fouling and, thus, surface modifications and different formulations have 
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been tested to improve the membranes’ antifouling capacity (FARD et al., 2018; HU et 

al., 2015; ZHANG et al., 2018a). Therefore, there are still many possibilities to improve 

the characteristics of ceramic membranes, reduce manufacturing costs, and refine the 

ability to treat wastewater, including oily effluents. 

Mixed-matrix membranes are made of two or more materials of different classes 

(CHEN et al., 2019c; IKHSAN et al., 2018; QADIR; MUKHTAR; KEONG, 2017). The 

goal is to combine the advantages of the materials, developing better membranes in 

terms of performance, fouling, permeate quality, and longevity (ISMAIL et al., 2020; 

QADIR; MUKHTAR; KEONG, 2017). Generally, mixed-matrix membranes are made 

of a continuous phase (usually polymeric) filled with a dispersed phase (ceramic, 

zeolite, carbon, etc.). Thus, the resulting membrane can have the physicochemical 

stability of ceramic material and the ease of manufacture of polymers. According to 

Qadir et al. (2017), the polymer matrix has a major influence on permeability, whereas 

the inorganic filler controls the selectivity of the membrane.  

Several combinations of membrane materials, configurations and operation 

modes can be used. Each application requires different characteristics. The membrane 

process for the treatment of oily wastewater depends on the oil concentration, oil form 

(free, dispersed, or in an emulsion), effluent volume, and presence of salts and other 

contaminants. Commercial membranes are already available for oil-water separation 

processes. Table 1 presents some of the membranes offered in the market. 

Although membranes are already being used for many applications, including 

oil-water separations, some problems still hinder their use in environmental 

applications. Among these issues, membrane fouling is a major drawback that 

compromises performance and increases operational costs of membrane separation 

processes. Section 2.3 describes the main consequences of fouling on the membrane 

process performance and some strategies developed to minimize fouling formation. 

 

 

 

 

 

 

 



31 
 

Table 1 - Examples of commercially available membranes designed for oil-water 
separation applications, including oily wastewater treatment 

Manufacturer Material 
Filtration 

type 

Nominal 
pore size / 

MWCO1 
Configuration 

Membrane 
area per 

element (m2) 

Osmonics 
(USA) 

Modified 
PAN 

UF 10 nm Spiral wound 24 

Filtration 
Solution, Inc. 

(USA) 

Modified 
PAN 

UF 10 nm Spiral wound 26 

Pall (USA) PVDF MF 100 nm Hollow fiber - 

Pall (USA) α-alumina MF 100-1400 nm Tubular 0.24-0.47 

Pall (USA) Zirconia UF 20-100 nm Tubular 0.24-0.47 

Clean Water 
Tech PTE, Ltd 

(Singapore) 

Hydrophilic 
PAN 

UF 10-100 nm Hollow fiber 30 

TriTech 
(China) 

PVDF, PS, 
PVC, PAN 

UF 10-80 nm Hollow fiber 8-48 

Koch (USA) Polysulfone UF 50 kDa Hollow fiber 25 

Veolia Water 
Technologies 

(France) 
Al2O3/TiO2 UF 100 nm Tubular 10.7 

Hydranautics 
(USA) 

Composite 
polyamide 

RO - Spiral wound 37 

1MWCO: Molecular weight cutoff. 
Source: Adapted from Tanudjaja et al. (2019) and Yu et al. (2020) 

 

2.3  MEMBRANE FOULING: FORMATION AND MINIMIZATION STRATEGIES 

 

A decrease in the permeate flux over the filtration time is a characteristic 

behavior in membrane separation processes, representing one of the main limitations 

of its use at a large scale. In theory, the flux is the driving force (in the case of oil-water 

separation, transmembrane pressure) divided by the fluid viscosity and the total 

resistance that the fluid faces when passing through the membrane (MULDER, 2000). 

The total resistance is composed of a series of resistances, as shown in Figure 1.  
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Figure 1 – Schematic representation of the various resistances towards mass 
transport across a membrane in pressure-driven systems 

 
Note: yellow spheres represent the solute to be retained and blue spheres represent the permeate. 

Source: adapted from Mulder (2000) 

 

In ideal cases, the only resistance faced by the fluid is the intrinsic resistance 

of the membrane (Rm). However, in real cases, due to solute retention, there is an 

accumulation of solutes close to the membrane surface, resulting in a highly 

concentrated layer that ends up offering a resistance to the flow, which is the resistance 

due to the concentration polarization (Rpc) (MULDER, 2000). The concentration of the 

accumulated solutes can become so high that some of them can form a gel layer that 

will also offer resistance to flow (Rg). Besides, some solutes may penetrate the pores 

of the membrane, blocking them, leading to a resistance caused by the clogging of the 

pores (Rp). Moreover, certain components of the solution can adsorb to both the 

surface and the pores of the membrane, giving rise to a resistance caused by 

adsorption (Ra) (MULDER, 2000). 

The concentration polarization is a reversible phenomenon that can be 

minimized by increasing the flow rate and the turbulence by using a crossflow system. 

According to Huang et al. (2018), in water-oil separation systems, the oil droplets 

forming the cake layer are thermodynamically unstable and tend to coalesce, forming 

larger oil droplets that are easier removed by cross-flow. Thus, both tangential shear 

and coalescence of the oil droplets help to decrease membrane fouling in crossflow 

systems.  
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The other resistances form what is known as fouling, which is defined as the 

deposition of particles, colloids, emulsions, suspensions, macromolecules, salts, 

among others on the membrane surface and pores by physical and chemical 

interactions or mechanical action (LIU et al., 2019; MULDER, 2000). Fouling is one of 

the main problems that prevent a broader application of membrane processes, since, 

by causing a decrease in permeate flux over time, it consequently decreases the 

efficiency of the process, increasing energy consumption and the required frequency 

of membrane cleaning, which can reduce the durability of the membrane and ends up 

increasing the overall costs of the process (AL-AMOUDI; LOVITT, 2007). According to 

Lin and Rutledge (2018), in dead-end filtration, the fouling occurs mainly due to 

electrostatic interactions between membrane and oil droplets. In contrast, in crossflow 

filtration, the adsorption of surfactant molecules at the membrane interface by 

hydrophobic/hydrophilic interactions is the principal factor influencing fouling. 

There are several methods to minimize fouling, such as the pretreatment of 

the feed solution, changes in membrane properties, and changes in process 

conditions. Some pre-treatment methods include heat treatment, pH adjustment 

(especially for protein fouling), the addition of complexing agents, such as 

ethylenediaminetetraacetic acid (EDTA) for example, chlorination (mainly for 

biofouling), among others (MULDER, 2000). 

Another strategy that has been widely studied is the change in membrane 

properties that affect the interaction with the solute, such as hydrophilicity and surface 

charge. Several studies have been carried out with the objective of making 

membranes, mainly polymeric ones, more hydrophilic to reduce the fouling of proteins, 

oils, biopolymers, etc. (SHAHKARAMIPOUR et al., 2017). For this, membranes have 

been grafted or coated with some key hydrophilic materials, such as poly(ethylene 

glycol) (PEG) (ILYAS et al., 2019), polyethyleneimine (PEI) (ZIN et al., 2019) and 

zwitterions (LEE et al., 2019b). Together with hydrophilicity, the surface charge of the 

membrane can also be modified to cause repulsion of solutes that cause fouling since 

it plays a significant role in controlling the surface tension as demonstrated by Wang 

et al. (2016). 

Recently, membrane modification using compounds inspired by the adhesive 

secretions of marine mussels has attracted great attention. These secretions can form 

a strong adhesive layer in different substrates, permitting mussels to adhere to several 

materials such as rocks and ships (BURZIO; WAITE, 2000; YAN et al., 2020). 
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According to Dalsin et al. (2003), L-3,4-dihydroxyphenylalanine (L-DOPA) and its 

derivative dopamine (DA) are critical compounds for the adhesive capacity of the 

mussel secretions. Thus, DA has been successfully used for the modification of several 

organic and inorganic materials by forming thin polydopamine (PDA) layers (GAO; XU, 

2019; KASEMSET et al., 2016; LI et al., 2018; XIANG; LIU; XUE, 2015). The adhesion 

mechanism is not clearly elucidated yet, but it has been generally accepted that the 

presence of catechol and amino groups is critical to the strong adhesion of PDA. PDA 

can be used to co-deposit several compounds in the material surface through co-

polymerization or can be used as an interface layer for post-modification through 

hydrogen bonds, electrostatic attraction and covalent bonds (WANG et al., 2019b; YAN 

et al., 2020). The functional groups present in the PDA layer (such as quinone, 

catechol, and amino groups) allow the deposition of several compounds on the 

functionalized material. Compounds containing thiols and amines, for example, can 

covalently react with the PDA layer via Michael addition or Schiff base reaction 

(HUANG et al., 2015). These reactions are simple and do not require any harsh 

conditions or complicated instruments (YAN et al., 2020).  

PDA has been used to modify membranes by co-polymerization with 

hydrophilic compounds such as PEI (PRONER et al., 2020; ZIN et al., 2019), 

diglycolamine (DGA) (GAO; FAN; XU, 2020), tetraethoxysilane (TEOS) (WANG et al., 

2015), poly(sulfobetaine methacrylate) (PSBMA) (ZHOU et al., 2014), PEG (AN et al., 

2020), etc. Post-modifications of PDA-coated membranes have also been evaluated, 

such as grafting polymeric membranes with inorganic nanoparticles (CUI et al., 2019; 

GUO et al., 2020) or hydrophilic polymers (HE et al., 2017; LI et al., 2014). Generally, 

the goal is to increase membrane hydrophilicity and decrease fouling formation. 

Although fouling minimization methods reduce it to a certain extent, cleaning 

the membrane will always be necessary after a period of operation so that the 

membrane regains most of its permeability. This cleaning can be done physically 

through backwashing, ultrasound, electric fields, pneumatic cleaning or mechanical 

processes, for example, and/or chemically, which is the most used method for reducing 

fouling (LIN; LEE; HUANG, 2010). For chemical cleaning, several products can be 

used depending on the type of fouling, such as acids (phosphoric acid, citric acid), 

bases (NaOH), detergents, enzymes, complexing agents (EDTA), disinfectants (H2O2), 

among others (CHARCOSSET, 2012). Chemical cleaning must effectively remove or 

dissolve the fouling without compromising the mechanical strength and chemical 
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characteristics of the membrane. The cleaning step has a significant impact on the 

commercial viability of membrane processes as it greatly influences the performance 

and costs of the process (CHARCOSSET, 2012). 

A relatively new technique is the development of “active” membranes, which, 

while promoting the separation of components from the solution, also degrade the 

fouling formed during the process, besides presenting self-cleaning properties. For this 

purpose, catalysts are generally incorporated on the membrane surface, such as 

photocatalysts (in this case, a UV light source is necessary for the activation of the 

membrane) or enzymes that degrade the fouling component when the system operates 

under conditions that promote their catalytic activity, mainly pH and temperature. 

Section 2.4 summarizes the main applied techniques to immobilize enzymes on solid 

supports, such as membrane surfaces. 

 

2.4  ENZYME IMMOBILIZATION TECHNIQUES 

 

Immobilized enzymes can be defined as enzymes that are physically confined 

in a certain region or bonded to an inert or insoluble support matrix (BILAL et al., 2018). 

The main goal of enzyme immobilization is to develop a stable biocatalyst that can be 

reused several times with little loss of activity (FACIN et al., 2019). Several 

immobilization techniques have arisen, and many benefits have been reported as 

higher stability, selectivity, specificity and/or activity, as well as the improvement of 

performance and feasibility of industrial processes (BARBOSA et al., 2015; BILAL et 

al., 2018).  

Enzymes can be immobilized by physical or chemical methods, as 

summarized in Figure 2. Physical methods include adsorption, entrapment, and 

encapsulation, in which the enzyme is confined within the support or there are weak 

interactions between support and enzyme, such as hydrogen bonds, van der Waals 

forces, hydrophobic interactions, ionic bonding or affinity binding (MOHAMAD et al., 

2015). Chemical immobilization can be achieved by covalent bonding between enzyme 

and support or cross-linking. More than one technique can be used in combination to 

improve the characteristics of the immobilized enzyme.  
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Figure 2 – Most used enzyme immobilization techniques 

 
Source: Author 

 

Physical adsorption (or physisorption) is the simplest and less expensive 

immobilization method. It generally occurs due to non-specific weak forces, such as 

van der Waals forces, hydrogen bonds, electrostatic or hydrophobic interactions 

(CHAKRABORTY et al., 2016; FACIN et al., 2019). Because this method relies on a 

weak interaction between the enzyme and the support, the biocatalyst can easily 

desorb during the reaction due to changes in pH, ionic strength, temperature, pressure, 

etc. However, the weak interactions generally do not alter the native structure of the 

enzyme, preserving the active sites and, thus, maintaining its catalytic activity 

(JESIONOWSKI; ZDARTA; KRAJEWSKA, 2014).  

The entrapment and the encapsulation techniques are based on the 

irreversible immobilization of the enzyme inside the support material by physical 

confinement. Generally, there is no chemical interaction between the enzyme and the 

support, so the enzyme structure is not modified. However, sometimes the contact 

between the enzyme and the substrate becomes more difficult due to mass transfer 

limitations (CHAKRABORTY et al., 2016; MOHAMAD et al., 2015). Nevertheless, 

entrapment and encapsulation techniques generally improve mechanical stability and 

prevent the enzyme leakage (DATTA; CHRISTENA; RAJARAM, 2013; MOHAMAD et 

al., 2015. 

The covalent bonding technique is used when strong interactions between the 

enzyme and the support are required (AN et al., 2015; FACIN et al., 2019). Generally, 

enzyme side-chain amino acids (lysine, cysteine, aspartic acid, glutamic acid) play a 

key role in the covalent interactions, as well as several functional groups (carboxyl, 

sulfhydryl, hydroxyl, imidazole, amino, epoxy, indole, thiol, and phenolic groups) 

(CHAKRABORTY et al., 2016; FACIN et al., 2019). Covalent immobilization generally 
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results in improvements in enzyme stability and reusability, when compared to other 

methods, since it promotes a strong link between enzyme and support, preventing 

enzyme leakage (BERNAL; RODRÍGUEZ; MARTÍNEZ, 2018). Covalent bonding 

causes chemical modifications in the enzyme, which can be both beneficial and 

detrimental to catalytic activity. The catalytic activity can be maintained or improved if 

the amino acid residues involved in the covalent bond do not integrate the active site 

or substrate-binding site of the enzyme (ELDIN et al., 2011). In this case, beneficial 

conformational changes that specifically modify the enzyme specificity and selectivity 

can occur, increasing the catalytic activity (ANTINK et al., 2019). However, covalent 

immobilization can also cause denaturation, loss of enzyme motility, detrimental 

conformational changes, blockage of the active site, and/or mass transfer limitations. 

Therefore, some studies report increases (KUMAR et al., 2019; LI et al., 2019) while 

others point decreases in the catalytic activity when a covalent bonding method is 

applied (AGHABABAIE et al., 2016; VILA-COSTA et al., 2017). Although sometimes 

there is a loss in the enzymatic activity, the gains on reusability and thermal, chemical, 

and mechanical stability can compensate it and should be taken into account to 

establish the feasibility of the method. 

The cross-linking technique uses a bi- or multifunctional agent to make 

intermolecular bonds between enzymes or between enzymes and support 

(MOHAMAD et al., 2015; SHELDON; VAN PELT, 2013). This method is usually applied 

in combination with other methods, such as adsorption, to minimize enzyme leakage 

(FACIN et al., 2019). The extensively used Novozym® 435, for example, consists of 

lipase immobilized by hydrophobic interactions on a macroporous polymer based on 

butyl and methyl methacrylic esters with divinylbenzene as a cross-linking agent to 

minimize the desorption (PÄIVIÖ; PERKIÖ; KANERVA, 2012). The main advantage of 

cross-linking is that, since covalent bonds are formed during cross-linking, enzymes 

are tightly immobilized, which considerably improves its stability and reusability (LIU; 

CHEN; SHI, 2018). However, there is the possibility of activity losses due to mass 

transfer limitations and/or modifications in the enzyme conformation and in the active 

site during the cross-linking process (CUI; JIA, 2015).  

Table 2 summarizes the pros and cons of each immobilization method 

discussed above. The selection of an adequate technique is a crucial step in the 

immobilization process as it has a huge influence on the activity and stability of the 

immobilized enzyme. A wrong choice can lead to structural transformations in the 
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enzyme and block its active site, causing great losses in the catalytic activity and even 

the inactivation of the enzyme. Physical methods are indicated when the principal 

purposes of the immobilization are to maintain the catalytic activity and permit easy 

separation of the enzyme at the end of the process. Chemical methods, on the other 

hand, should be used when enhanced stability and reusability are the main goals. The 

combination of physical and chemical methods (adsorption and cross-linking, for 

example) can be an interesting strategy to produce immobilized enzymes with both 

high catalytic activity and stability (LIU; CHEN; SHI, 2018) (LIU; CHEN; SHI, 2018). 

 

Table 2 – Comparison between the most used immobilization techniques 
Immobilization 
technique 

Interaction 
nature 

Advantages Disadvantages 

Adsorption Weak bonds •  Simple and easy 
•  Little or no loss of activity 

•  Desorption 
•  Non-specific 

adsorption 

Entrapment/ 
encapsulation 

Incorporation 
of the enzyme 
inside the 
support 

•  No chemical modifications 
in the enzyme 

•  Support production and 
enzyme immobilization in 
a single step 

•  Little or no desorption 

•  Diffusion barrier 
•  Irreversible 

Covalent 
bonding 

Strong 
chemical 
bonds 

•  Little or no desorption 
•  Good reusability 
•  No diffusion barrier 

•  Irreversible (in most 
cases) 

•  Can cause chemical 
modification in the 
enzyme 

Cross-linking Intramolecular 
bonds 

•  Simple 
•  Little or no desorption 

•  High enzyme activity 
loss 

•  Diffusion barrier 
•  Irreversible 

Source: Author 

 

Several support materials from different origins can be used for enzyme 

immobilization. An adequate material should preserve the three-dimensional structure 

of the enzyme when unfavorable reaction conditions occur, maintaining or promoting 

the catalytic activity and stability, as well as preventing enzyme leakage (BILAL et al., 

2018). Support materials can be organic or inorganic. Although organic materials have 

a better affinity with enzymes since they naturally have reactive groups in their surfaces 

which facilitate the immobilization, inorganic materials have important advantages, 

such as better thermal, chemical and mechanical resistances and increased reusability 

(SIGURDARDÓTTIR et al., 2018; ZUCCA; SANJUST, 2014). Additionally, inorganic 
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support rigidity ensures that no variance in pore diameter or pore volume will occur 

during the process (ZUCCA; SANJUST, 2014). Zeolites, metals, and ceramic oxides 

have already been successfully used as supports for enzyme immobilization 

(HOLLERMANN et al., 2017). Among inorganic materials, ceramics have a relatively 

long service life and are relatively less expensive (GOLDSTEIN; MANECKE, 1976; 

SIGURDARDÓTTIR et al., 2018). Moreover, ceramic membranes are the most used 

ones among inorganic membranes for oil-water emulsion separation processes. Based 

on this, the use of ceramic materials for lipase immobilization is highlighted in Section 

2.5. 

 

2.5  LIPASE IMMOBILIZATION ON CERAMIC MATERIALS 

 

Lipases are hydrolytic enzymes whose natural function is to hydrolyze the 

ester bonds present in triacylglycerols (ADLERCREUTZ, 2013). They are very 

chemoselective, regioselective and stereoselective enzymes that can catalyze a wide 

range of reactions, including hydrolysis and synthesis by esterification or 

transesterification (interesterification, alcoholysis, and acidolysis) (GUPTA; 

BHATTACHARYA; MURTHY, 2013). Lipases can be produced from plants, animals, 

and microorganisms. Microbial lipases are the most used ones since they can be easily 

extracted in high yields (JOSHI; SHARMA; KUILA, 2019; PEREIRA; FONTES-

SANT’ANA; AMARAL, 2019; TREICHEL et al., 2016).  

Lipases have α-β hydrolase fold and a catalytic triad formed by the amino acids 

serine, histidine, and aspartic acid/glutamic acid. The lipase structure contains four 

substrate-binding pockets: an oxyanion hole and three pockets. The pockets are used 

to hold the fatty acids of the substrate at sn-1, sn-2, and sn-3 positions. The active site 

is protected by an amphiphilic α-helix peptide sequence lid structure (KAPOOR; 

GUPTA, 2012). When in contact with a hydrophobic surface, hydrophobic residues are 

exposed and hydrophilic ones are hidden inside, forming an electrophilic region 

(oxyanion hole) around the serine residues. As can be seen in Figure 3, carboxylic side 

chains are located at the periphery of the external hydrophobic region. When near a 

hydrophobic surface, the lid opens, and the catalytic triad becomes accessible for the 

substrate, which is known as lipase interfacial activation (GUPTA; BHATTACHARYA; 

MURTHY, 2013).  
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Because of the interfacial activation of lipases, hydrophobic materials are the 

most applied for lipase immobilization since they can improve the catalytic activity by 

rearranging the enzyme conformational structure to its open form (AGHABABAIE et 

al., 2016). Therefore, when working with ceramic supports for lipase immobilization, it 

may be necessary to modify the material surface to obtain a suitable hydrophobicity to 

favor physical adsorption of the enzyme by hydrophobic interactions. The use of silane 

coupling agents containing hydrophobic groups, the promotion of phenyl (GAMA et al., 

2019; GAO et al., 2018), octadecyl (JIN et al., 2018) and octyl (MACHADO et al., 2019; 

VESCOVI et al., 2016) groups, for example, can be strategies to enhance the support 

hydrophobicity, favoring the physical adsorption of the lipases. 

 

Figure 3 – Schematic representation of the closed and the open form of a lipase 

 
Source: Author 

 

However, the low wettability of hydrophobic materials may hinder the contact 

between substrate and enzyme and, in the case of oil-water separation, can decrease 

the oil rejection coefficient of the membrane (AGHABABAIE et al., 2016). Thus, it is 

possible to use hydrophilic supports promoting covalent bonds between the enzyme 

and the material. The use of hydrophilic inorganic surfaces can be advantageous 

since, according to Adlercreutz (2013), it might be interesting to perform lipase 

immobilization under conditions favoring its closed form to protect the active site and 

then, after immobilization, change it to its open form.  

When using a hydrophilic material, the support surface must have reactive 

groups able to bond with the lipase. Different from most inorganic surfaces, which 

naturally present a high degree of hydroxylation, ceramic materials commonly need 
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activation and functionalization before the immobilization itself (SIGURDARDÓTTIR et 

al., 2018). Common functionalizing agents are organic compounds such as carbon or 

silicon-based polymers. Polymers are generally used to coat the support material 

(instead of forming covalent bonds with it) to promote amino groups. The most 

commonly used carbon-based polymers are gelatin (AMEUR et al., 2014), PEI (KHAN 

et al., 2019b; KHOOBI et al., 2015) and PEG (YANG et al., 2010). Recently, PDA 

coating has also been studied for enzyme immobilization on inorganic materials such 

as Fe3O4 nanoparticles (REN et al., 2011), halloysite nanotubes (CHAO et al., 2013), 

TiO2 nanoparticles (CHENG et al., 2018) and monolithic macroporous SiO2 (CHENG 

et al., 2019). The amino groups located at the side chain amino acids of the enzyme 

can react with the quinone groups of the PDA coating through Michael addition or Schiff 

base reaction, covalently bonding the enzyme to the inorganic surfaces, as shown in 

Figure 4.  

 

Figure 4 – Examples of enzyme immobilization on ceramic materials through PDA 
coating: (a) halloysite nanotubes, (b) silica monolith, and (c) Fe3O4 nanoparticles 

 
Source: Chao et al. (2013), Cheng et al. (2019) and Touqeer et al. (2019) 

 

Silicon-based polymers, such as organosilanes, usually functionalize the 

support material by forming covalent bonds between the surface and the silanes, 

letting an organic functional group extending into the liquid media (SIGURDARDÓTTIR 

et al., 2018). 3-aminopropyltriethoxysilane (APTES) (CHEN et al., 2019a; FATHI et al., 



42 
 

2018), TEOS (GUSTAFSSON et al., 2012) and 3-mercaptopropyltrimethoxysilane 

(MPTMS) (THANGARAJ et al., 2019) are examples of organosilanes used for enzyme 

immobilization. One possible strategy is to add amino groups on the material surface 

and then treat it with glutaraldehyde, generating aldehyde groups that will also bond 

with the amino groups of the enzyme (LYU et al., 2019; MIAO et al., 2018). For 

example, APTES can be used to create amino groups in the ceramic material (the 

silane group bonds to the hydroxyl groups of the support leaving an amino group free) 

and then glutaraldehyde is used to bond both support and enzyme amino groups, as 

shown on Figure 5. The use of APTES and glutaraldehyde is the most common 

technique to covalently immobilize enzymes on ceramic materials 

(SIGURDARDÓTTIR et al., 2018; ZHOU et al., 2019). Table 3 shows examples of 

ceramic supports (mostly membranes) used for lipase immobilization, summarizing 

some information about the material physical properties and immobilization 

techniques.  

 

Figure 5 – Lipase immobilization on ceramic support using APTES and 
glutaraldehyde as functionalizing agents: (a) hydroxylation, (b) silanization, (c) 

binding between glutaraldehyde and amino-group of silanized support; (d) enzyme 
covalent binding 

 
Source: Ranieri et al. (2016)



43 

Table 3 – Examples of ceramic materials used for lipase immobilization, as reported in literature 

Material Physical properties Enzyme 
Immobilization 
method 

Functionalizing 
agents 

Application Reference 

SiO2 spheres Surface area: 157.6 m2/g 
Pore volume: 0.08 cm3/g 
Pore size: 2.42 nm 

Thermomyces 
lanuginosus 
lipase (TLL) 

Physical 
adsorption 

PEI Hydrolysis of p-
nitrophenyl butyrate 
and synthesis of 
ethyl and methyl 
valerate 

Khoobi et 
al. (2014) 

SiO2 spheres Surface area: 157.6 m2/g 
Pore volume: 0.08 cm3/g 
Pore size: 2.42 nm 

TLL Covalent 
bonding 

PEI and 
glutaraldehyde 
(GLU) 

Hydrolysis and 
synthesis of ethyl 
and methyl valerate 

Khoobi et 
al. (2014) 

SiO2 monolith Pore volume: 5.25 cm3/g 
Pore diameter: 0.34 µm 

Candida rugosa 
lipase (CRL) 

Covalent 
bonding 

Polydopamine 
(PDA) 

Hydrolysis of p-
nitrophenyl laurate 

Cheng et al. 
(2019) 

Al2O3 
macroporous 
material 

Surface area: 338.1 m2/g 
Pore size: 4.8 nm 
Pore volume: 0.40 cm3/g 

Candida 
antarctica 
lipase B (CALB) 

Covalent 
bonding 

APTES and 
GLU 

Synthesis of 
palmitic acid 

Zhou et al. 
(2019) 

Al2O3 tubular 
membrane 

Pore size: 0.8 µm 
Hydraulic diameter: 7×10-3 m 
Effective surface: 2.86×10-3 m2 

CALB Covalent 
bonding 

Gelatin and 
GLU 

Hydrolysis of butyl 
acetate 

Ameur et al. 
(2014) 

Al2O3 hollow 
fiber 
membrane 

Outer diameter: 1830 µm 
Internal diameter: 920 µm 
Pore volume: 0.34 cm3/g 

CRL Covalent 
bonding 

APTES and 
GLU 

Hydrolysis of olive 
oil 

Ranieri et 
al. (2016) 

Fe3O4 
nanoparticles 

Particle size: 24.18 nm Aspergillus 
terreus lipase 

Covalent 
bonding 

PDA Biodiesel 
production 

Touqeer et 
al. (2019) 

Fe3O4 and SiO2 
nanocomposite 
membranes 

Roughness: 62 nm 
Nanoparticles size: 40 nm 

CRL Covalent 
bonding 

APTES and 
GLU 

Hydrolysis Aghababaie 
et al. (2016) 

TiO2 tubular 
membrane 

Pore size: 0.8 µm 
Hydraulic diameter: 2×10-3 m 
Effective surface: 6.5×10-3 m2 
Length: 0.13 m 

CALB Covalent 
bonding 

Gelatin and 
GLU 

Hydrolysis of butyl 
acetate 

Ameur et al. 
(2014) 
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2.6  IMMOBILIZED ENZYMES AS ANTIFOULING AND SELF-CLEANING 

AGENTS  

 

As aforementioned, enzymes can be used as catalysts on “active” membranes 

and are also used in the cleaning solutions of membranes. The use of enzymatic 

solutions to clean organic fouling of membranes is a well-known environmentally 

friendly and effective technique introduced in 1996 by Muñoz-Aguado, Wiley and Fane 

(1996) and Maartens, Swart and Jacobs (1996) that is still in use. However, a great 

amount of highly active enzymes is wasted at the end of each cleaning step. Thus, the 

enzyme immobilization on the membrane itself is a way of reuse these enzymes, 

lowering resource consumption and, also, improving enzyme stability (SCHMIDT et al., 

2018). Besides the self-cleaning capacity, the immobilization of certain enzymes in the 

membrane also provides antifouling ability against some compounds. According to 

Schmidt et al. (2018), the immobilization of digestive enzymes (proteases, lipases, and 

amylases, for example) on the membrane surface allows the contact between 

enzymes and fouling substances adsorbed on the surface during filtration. Therefore, 

the fouling layer can be degraded by the enzymes during the filtration (antifouling 

property) or by activating the enzymes through the adjustment of ambient conditions, 

such as pH and temperature, during the cleaning procedure (self-cleaning capacity), 

as schematized in Figure 6. The main goal is to reduce the costs of membrane 

separation processes, making them more attractive to the industry, mainly for low-profit 

applications such as wastewater treatments. 

Although there are several studies in the literature regarding enzyme 

immobilization on membranes for the synthesis of valuable compounds (CHEN et al., 

2019b; RANIERI et al., 2016; YUJUN et al., 2008; ZARE et al., 2019), there is just a 

few focusing on the use of immobilized enzymes for enhancing the performance of 

membrane separation processes. The first studied found on the literature after 

searching Portal de Periódicos CAPES (which includes several databases such as 

Science Direct, Scopus, Web of Science, Scielo, among many others) regarding the 

use of immobilized enzymes as antifouling and self-cleaning agents in membranes is 

from 1977 and approaches the use of immobilized proteases in polysulfone membrane 

used for the ultrafiltration of cheddar cheese whey (VELICANGIL; HOWELL, 1977). 

The authors noticed a lower flux decline when the active membranes were used. Six 

more works were published in the ‘80s after that: four using proteases to minimize 
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protein fouling in polymeric ultrafiltration membranes used in food industry processes 

(HOWELL; VELICANGIL, 1980, 1982; VELICANGIL; HOWELL, 1981; WANG et al., 

1980), one using pectolytic enzymes and proteases for the ultrafiltration of raw sewage 

(first to focus on wastewater treatment) (JENQ; WANG; DAVIDSON, 1980), and one 

using immobilized pectinase in a metallic membrane as an antifouling agent in the 

clarification of apple juice (first using an inorganic membrane) (THOMAS; MCKAMY; 

SPENCER, 1989).  

 

Figure 6 – Schematic degradation of the fouling layer by the enzymatic membrane 
during filtration (a) and cleaning (b) 

  
Source: Author 

 
Until 1998, only proteases and pectinases had been evaluated as antifouling 

agents, mainly in food industry processes (CHEN; WANG; ZHU, 1992; SZANIAWSKI; 

SPENCER, 1996, 1997; WANG et al., 1994). But then came the work of Giorno et al. 

(1998) who immobilized commercial enzyme mixtures (containing pectinase, cellulase 

and hemicellulase) in polyamide capillary membranes for apple juice clarification. The 

authors noticed that the permeate flux was higher when the enzymes were immobilized 

on the membrane when compared to the use of free enzymes directly added to the 

feed. In 2002, Edwards, Leukes and Bezuidenhout (2002) published the second study 

approaching immobilized enzymes in membranes as antifouling and self-cleaning 

agents for wastewater treatment. They immobilized peroxidase and laccase on 

polysulfone membranes for the treatment of petrochemical industry wastewater by 

ultrafiltration. They achieved a 25% increase in flow when using the membrane with 

the immobilized enzymes. In 2009, a study was published with urease immobilization 

on cellulose acetate membranes for use in hemodialysis (MAHLICLI; ALTINKAYA, 
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2009). The immobilization of urease improved the mass transfer and the 

biocompatibility of the membrane, demonstrating the diversity of applications in which 

enzymes can be used as antifouling agents.  

From then on, several enzymes were evaluated as antifouling and self-

cleaning agents in membrane separation processes for the various purposes: acylase, 

protease, lysozyme, pectinase, lipase, and amylase to mitigate biofouling (DU 

PLESSIS et al., 2013; KEHAIL; BRIGHAM, 2018; KIM et al., 2011, 2018; LAN; 

HIEBNER; CASEY, 2021; LEE et al., 2019a; LIU et al., 2015; MEHRABI et al., 2020; 

SAEKI et al., 2013; SUN et al., 2016; VILLA et al., 2015; ZHAO et al., 2015), proteases 

for protein fouling (CHEN et al., 2021; KOSEOGLU-IMER; DIZGE; KOYUNCU, 2012; 

SCHULZE et al., 2015; SHI et al., 2011; VANANGAMUDI et al., 2018a, 2018b; 

YUREKLI, 2020), pectinase for olive mill wastewater filtration (GEBREYOHANNES et 

al., 2013), polygalacturonase for the treatment of vegetation wastewater and xylanase 

for the treatment of bio-ethanol production, brewery and bakery wastewaters 

(GEBREYOHANNES et al., 2015), proteases, lipases, and amylases for anaerobic 

membrane bioreactors (WONG; LEE; TEO, 2015), pectinase to mitigate pectin fouling 

(GEBREYOHANNES et al., 2016, 2017), alginate lyase for alginate fouling 

(MESHRAM et al., 2016), cellulolytic enzymes for glucose production from cellulose 

(GEBREYOHANNES et al., 2018), transglutaminase for the separation of proteins from 

cheese whey (WANG et al., 2018b), α-amylase for ultrafiltration of starch (KOLESNYK 

et al., 2019, 2020), laccase for dyeing wastewater treatment (ZHU et al., 2020), and 

peroxidase for the filtration of micropollutants (ZHANG et al., 2021b).   

Specifically for oil-water separation, membranes with immobilized lipases 

stand-out since lipases can catalyze triacylglycerol hydrolysis, generating free fatty 

acids and glycerol. Schulze et al. (2017) covalently immobilized pancreatin (a mixture 

of lipase, protease, and amylase) in polyethersulphone flat sheet membranes for the 

microfiltration of linseed oil solution. The “active” membrane showed 33% less 

permeance reduction than the unmodified membrane during the separation process 

and a recovery of 75% of water flux after self-cleaning (using phosphate-buffered 

saline at pH 8 and 37 ºC overnight). Schmidt et al. (2018) covalently immobilized 

Candida rugosa lipase (CRL), α-amylase and porcine pancreatin on PVDF flat sheet 

membranes for the treatment of a linseed oil emulsion, a mixture of linseed oil, alginate, 

and albumin (simulating a more complex wastewater), and real household sewage. 

Figure 7 shows the results for water permeance after fouling and self-cleaning for the 
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untreated and “active” membranes. It can be noticed that the enzyme immobilization 

on the membrane improved the performance of the separation process for all the 

simulated and real wastewater tested. Recently, the same research group immobilized 

lipases on PVDF flat sheet membranes using electron beam irradiation aiming at self-

cleaning capacity (SCHMIDT et al., 2022). The lipolytic membrane was tested in the 

filtration of olive oil emulsion and showed a 100% regeneration of filtration performance 

after 3 h of cleaning in an aqueous buffer pH 8 at 37 °C and 95% regeneration after 

three consecutive filtration steps. 

 

Figure 7 – Results obtained by Schmidt et al. (2018) when using lipase, α-amylase 
and pancreatin immobilized on a PVDF membrane as antifouling and self-cleaning 

agents for the filtration of (a) linseed oil emulsion, (b) linseed oil, alginate and 
albumin mixture, and (c) household sewage (pristine membrane in black and 

enzymatic membrane in blue) 

  
Source: adapted from Schmidt et al. (2018) 

 

So far, most of the studies focused on biofouling control or protease 

immobilization for protein fouling mitigation, flat sheet polymeric membranes are the 

most evaluated, and food industry processes are the most studied. Thus, it is noted 

that the use of enzymes as antifouling and self-cleaning agents in membranes is a 

relatively unexplored area due to the huge variety of enzymes, membranes, and 

membrane separation processes that can be improved using immobilized enzymes. 

These processes can be both the synthesis of commercial products and the treatment 
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of wastewaters, whether industrial or domestic and even the treatment of drinking 

water. The use of enzymes as antifouling and self-cleaning agents is a technology that 

can offer several economic, operational, and environmental advantages, mainly due 

to the increase in membrane lifespan and the reduction in the use of chemicals. 

 

2.7  CLOSING REMARKS 

 

The development of self-cleaning and antifouling membranes through enzyme 

immobilization can be an efficient and environmentally friendly alternative to be used 

in wastewater treatment. The immobilized enzymes can improve the membrane 

permeation performance by reducing fouling and, consequently, decreasing the 

frequency of cleaning procedures. When the cleaning is necessary, the immobilized 

enzymes can degrade the fouling by just immersing the membrane in a buffer solution 

with adequate pH and temperature, avoiding extensive chemical cleaning steps. This 

can increase the membrane lifespan, besides reducing waste generation and energy 

consumption, turning the process more sustainable.  

However, to be used at an industrial level (especially for low-profit applications 

such as wastewater treatment), this technology requires a breakthrough, mainly 

related to the reduction of the biocatalysts’ costs, membrane lifespan and 

immobilization protocols. Regarding lifespan, ceramic membranes are promising 

alternatives due to their high resistance to chemicals, temperature, pH and mechanical 

stress, as well as the ease of being regenerated and reused. As discussed, lipases 

can be successfully immobilized on ceramic materials using different techniques. A 

successful immobilization protocol must guarantee a good enzymatic activity and 

stability over the process conditions and must allow the reuse of the active membrane 

for several cycles. Thus, lipase immobilization on ceramic membranes using an 

adequate method can be a potential solution to the development of a robust antifouling 

and self-cleaning membrane to be applied in wastewater treatment. 
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 COMPARISON BETWEEN APTES AND PDA AS IMMOBILIZATION AGENTS 

 

This chapter shows the screening between different lipase immobilization 

methods using ceramics as support. The main objective was to compare the traditional 

method of silanization using 3-aminopropyltriethoxysilane (APTES) with the innovative 

technique of polydopamine coating (PDA) for lipase immobilization on α-alumina 

membranes. The activation with glutaraldehyde (GA) was also tested for both 

protocols. Three lipases were tested, and Eversa Transform 2.0 (ET2) was chosen to 

be immobilized in the membrane due to its high hydrolytic activity towards soybean oil. 

Polydopamine deposition with and without glutaraldehyde activation presented the 

highest membrane hydrolytic activities (1.55 ± 0.21 and 1.85 ± 0.28 mmol·min-1·m-2, 

respectively). The membrane without activation maintained 41.1 ± 1.7 % of the free 

enzyme activity while the one with glutaraldehyde preserved only 23.9 ± 1.0 %. When 

tested in oil-water separation using a soybean oil-water emulsion, the membranes with 

ET2 immobilized by PDA showed water permeance 2-fold higher than the nonactive 

membranes (300 ± 12 and 156 ± 4 L·h-1·m-2·bar, respectively), showing good fouling-

degrading capacity. They also presented self-cleaning properties when activated 

through the use of proper pH and temperature. The water permeance recovery for the 

pristine membrane was 34% while the membranes with immobilized ET2 by PDA and 

APTES showed recoveries of 69% and 49%, respectively. Permeance recovery for 

ET2 immobilized by silanization was similar to the PDA-coated membrane with no 

enzyme (45%). The results of this chapter were published in the paper “Lipase 

immobilization on alumina membranes using a traditional and a nature-inspired 

method for active degradation of oil fouling” at Separation and Purification 

Technology3. 

 

3.1 INTRODUCTION 

 

Many traditional physical and chemical techniques are used to remove oil from 

wastewaters, such as gravity settling, coalescence, skimming, air flotation, flocculation, 

and coagulation. However, these methods have limitations when the wastewater 

contains emulsified oil with droplet diameter of 20 µm or less (PORNEA et al., 2020). 

 
3 https://doi.org/10.1016/j.seppur.2022.120527  

https://doi.org/10.1016/j.seppur.2022.120527
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Membrane separation processes have proven to be a good alternative in such cases, 

presenting advantages such as high oil removal efficiencies, no need for chemical 

additives, and compact facilities that can be fully automated (ABBASI et al., 2012; 

KHOUNI et al., 2020). 

Even though membrane systems are widely studied, the applicability of these 

processes in the treatment of oily wastewaters still has limitations, mainly related to 

fouling issues. Fouling causes a permeate flux decline, consequently decreasing the 

system efficiency, increasing the energy consumption and the frequency of membrane 

cleaning procedures, which in turn can decrease the membrane lifespan and increase 

the process costs (TANUDJAJA et al., 2019). Membranes made of hydrophilic 

materials are generally less susceptible to oil fouling than hydrophobic ones. In this 

sense, ceramic membranes have some advantages, since they generally are highly 

hydrophilic, very stable at high temperatures and pressures, can reach high water flux, 

have great chemical stability, lifespan, reusability, and mechanical resistance during 

filtration (ABBASI et al., 2012; JEONG et al., 2018). However, even though the 

production costs of ceramic membranes have been decreasing over the years with the 

development of new technologies, they still limit the use of ceramic membranes in 

environmental applications (ISSAOUI; LIMOUSY, 2019). Besides the production costs, 

fouling is still a problem that increases the operational expenses of membrane 

systems, restricting even more the use of ceramic membranes in low-profit 

applications. 

Several strategies have continuously been developed to minimize fouling such 

as the immobilization of enzymes on the membrane surface in an attempt to develop 

an “active” membrane capable of degrading fouling during the separation process (KIM 

et al., 2021; KOLESNYK et al., 2019; KOSEOGLU-IMER; DIZGE; KOYUNCU, 2012; 

LAN; HIEBNER; CASEY, 2021; NG; WRIGHT; SEAH, 2011). Besides improving the 

membrane system performance, the immobilized enzymes can also provide the 

membrane with a self-cleaning capacity, reducing the consumption of chemicals during 

the cleaning step (SCHMIDT et al., 2018; SCHULZE et al., 2017; VANANGAMUDI et 

al., 2018a). 

The most common technique to immobilize enzymes in inorganic supports, 

such as ceramic membranes, is the silanization of the material followed by activation 

with glutaraldehyde (DOS SANTOS et al., 2021; SIGURDARDÓTTIR et al., 2018; 

ZHOU et al., 2019). Nevertheless, it is a time-consuming method since three steps are 
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required: silanization, activation, and immobilization. Moreover, the toxicity of the 

reagents used in this protocol is a concern to the environment and public health 

(BEAUCHAMP et al., 1992; NAKASHIMA et al., 1998; TAKIGAWA; ENDO, 2006; VAN 

BIRGELEN et al., 2000). Thus, the search for simple and less hazardous 

immobilization protocols is essential to develop a more economic, competitive, safer, 

and environmentally friendly process. 

Lately, polydopamine (PDA) coatings have attracted noteworthy attention for 

surface modification (GAO; FAN; XU, 2020; MAVUKKANDY et al., 2022). The 

development of PDA coatings was inspired by the secretions of marine mussels that 

can form a strong adhesive layer in different substrates (BURZIO; WAITE, 2000; YAN 

et al., 2020). According to Dalsin et al. (2003), L-3,4-dihydroxyphenylalanine (L-DOPA) 

and its derivative dopamine are critical compounds for this adhesive capacity. Thus, 

several organic and inorganic materials have been successfully modified by dopamine 

polymerization forming thin PDA layers (GAO; XU, 2019; KASEMSET et al., 2016; 

XIANG; LIU; XUE, 2015). PDA coating itself can improve the antifouling capacity of the 

membranes in oil-water emulsions by increasing its hydrophilicity (KASEMSET et al., 

2016; ZARGHAMI; MOHAMMADI; SADRZADEH, 2019; ZIN et al., 2019). Moreover, 

due to the presence of different reactive groups (such as amine, imine, and catechol) 

in the PDA layer, this technique can be used to bond several materials and molecules 

to the membrane, including enzymes (CHENG et al., 2018, 2019; LUO et al., 2014; 

MORTHENSEN et al., 2017; TOUQEER et al., 2019). 

The immobilization of lipase (triacylglycerol hydrolases, EC 3.1.1.3) in the 

membrane could be an alternative to improve the fouling-degrading and self-cleaning 

capacity of the membrane in the treatment of oily wastewater. Lipase can catalyze 

fouled oil hydrolysis, degrading the triacylglycerols of the oil into fatty acids and glycerol 

(TREICHEL et al., 2016). Moreover, the lipase present in the membrane can be an 

alternative to the use of chemicals during membrane cleaning, making the process 

more environmentally friendly. 

This study aims to immobilize the lipase Eversa Transform 2.0 (ET2) in α-

alumina tubular membranes through PDA coating and compare this technique with the 

traditional silanization protocol. The main objective is to show that it is possible to 

immobilize the enzyme in ceramic supports using simple and less hazardous 

functionalizing agents. Also, the development of an “active” ceramic membrane 

capable of degrading the oil fouling during the filtration process (decreasing the 
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frequency of cleaning) and with self-cleaning properties (decreasing the consumption 

of harsh chemicals) is evaluated. This is a first step in the development of an active 

membrane to be used in the food industry, for example, as well as in its wastewater 

treatment facilities. To the best of our knowledge, there is no study in the literature 

about lipase immobilization in ceramic membranes using PDA coatings. Only a few 

studies proposed the use of immobilized enzymes as fouling-degrading and self-

cleaning agents, but no one has tested the lipase Eversa Transform 2.0. Furthermore, 

no study was found comparing silane and PDA functionalization for enzyme 

immobilization with the same support material and under controlled reaction 

conditions. 

 

3.2 MATERIAL AND METHODS 

 

3.2.1 Chemicals and materials 

 

Three different lipases liquid solutions were supplied by Novozymes 

(Denmark): Eversa Transform 2.0 (ET2) (produced by a genetically modified strain of 

Aspergillus oryzae), Lipozyme TL 100L (produced by a Thermomyces lanuginosus 

strain), and Lipozyme CALB (produced by Candida antarctica). 

α-Alumina porous tubes were custom-made (Tecnicer, Brazil) (Figure 8). 

According to the manufacturer, the tubes were extruded and sintered at 1180 °C. Their 

dimensions are 25 cm in length, 1.2 cm of outer diameter, and 0.8 cm of inner diameter. 

The average pore size and the total porosity, determined by mercury intrusion 

porosimetry, are 290 nm and 42.65%, respectively. The pore size distribution is shown 

in Figure 9. 

The following chemicals were used: dopamine hydrochloride (DA, 

C8H11NO2.HCl, Sigma-Aldrich), glutaraldehyde 25% (GA, C5H8O2, Vetec), 3-

aminopropyltriethoxysilane 99% (APTES, C9H23NO3Si, Sigma-Aldrich), sodium 

dodecyl sulfate 90% (SDS, C12H25SO4Na, Synth), polyvinyl alcohol (PVA, (C2H4O)x, 

Neon), sodium hydroxide (NaOH, Neon), ethanol (C2H6O, Neon), and phenolphthalein 

(C20H14O4, Sigma-Aldrich). For the Tris-HCl buffer preparation, 

tris(hydroxymethyl)aminomethane (C4H11NO3, Neon) and hydrochloric acid 37% (HCl, 

Neon) were used. The sodium phosphate buffer was prepared using sodium 

phosphate monobasic (NaH2PO4, Neon) and sodium phosphate dibasic (Na2HPO4, 
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Neon). All chemicals were analytical grade and used without further purification. 

Refined soybean oil (Soya, Brazil) was purchased from a local market. 

 

Figure 8 – α-Alumina porous tubes custom-made by Tecnicer (Brazil) and used as 
membranes 

 
Source: Author 

 

Figure 9 – Pore size distribution of the α-alumina membranes 

 
Source: Author 
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3.2.2 Lipase selection 

 

The choice of the lipase to be immobilized on the membrane was based on 

the enzyme hydrolytic activity using soybean oil as substrate. For this purpose, 

soybean oil (25% v/v) was emulsified in an aqueous solution of PVA 2% (m/v) using a 

magnetic stirrer at 1500 rpm for 10 min according to the method proposed by Fu et al. 

(1995). Then, 4 mL of the emulsion was added to 5 mL of sodium phosphate buffer 

0.1 mol·L-1 pH 7.0 and 1 mL of each lipase solution (ET2, TL 100L, and CALB). After 

incubation for 30 min at 45 °C and agitation of 160 rpm, the reaction was interrupted 

through the addition of 15 mL of ethanol. The concentration of fatty acids liberated 

during the reaction was determined by titration using NaOH 0.1 mol·L-1 and 

phenolphthalein as a pH indicator. Control assays were carried out by adding ethanol 

right after the addition of the enzyme. The hydrolytic activity (HA) was calculated using 

Eq. 1. All tests were performed in triplicate. 

 

𝐻𝐴 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1 ∙ 𝑚𝐿−1) =
(𝑉𝑠−𝑉𝑐)×𝑀

𝑡×𝑉
            (1) 

 

in which Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), t is the reaction 

time (min), and V is the volume of enzymatic solution added to the reaction media (mL). 

 

3.2.3 Enzyme preparation 

 

Dialysis using sodium phosphate buffer 50 mmol·L-1 pH 6.0 for 120 h was 

performed to remove impurities and stabilizers from the commercial solution and 

concentrate the chosen lipase. After the dialysis, the purified enzyme solution was 

frozen at -20 °C and lyophilized for 48 h (Liotop model L101n). The resulting powder 

was stored at 4 °C until use. 

The hydrolytic activity of the lyophilized lipase was determined using the 

method described in Section 3.2.2 with minor modifications: 4 mL of the emulsion was 

added to 6 mL of sodium phosphate buffer 0.1 mol·L-1 pH 7.0 containing 1 mg·mL-1 of 

the lyophilized enzyme (this solution was stirred at 300 rpm for 1 h before the test). To 

compare the lipase activity before and after purification and lyophilization, the specific 



55 

hydrolytic activity (HAs) was calculated based on the total protein present in each test 

using Eq. 2. The tests were performed in triplicate. 

 

𝐻𝐴𝑠 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1 ∙ 𝑔−1) =
(𝑉𝑠−𝑉𝑐)×𝑀

𝑡×𝑉×𝑃𝐶
                              (2) 

 

in which Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), t is the reaction 

time (min), V is the volume of enzymatic solution added to the reaction media (mL), 

and PC is the protein content of the enzymatic solution (g·mL-1) determined by the 

Bradford method using bovine serum albumin as a standard (BRADFORD, 1976). 

 

3.2.4 Lipase immobilization 

 

The traditional immobilization protocol using 3-aminopropyltriethoxysilane 

(APTES) and glutaraldehyde (GA) was compared to the polydopamine (PDA) coating 

technique with and without glutaraldehyde activation. The lipase was immobilized in 

the membrane by simple adsorption as a control assay (membrane with no 

modification), and functionalization of the membrane using only glutaraldehyde was 

also evaluated. The next sections describe the immobilization methods in detail. 

Before each test, the membrane extremities were sealed with a thermoplastic 

adhesive to functionalize only the external surface. Then, they were immersed in 

ultrapure water for 2 h and dried in an air-circulation oven for 12 h at 30 °C. After the 

functionalization, the membranes were rinsed with ultrapure water to eliminate the 

excess of the solutions. Then, they were immersed in a 2 mg·mL-1 lipase solution at 

sodium phosphate buffer 100 mmol·L-1 pH 7 for 12 h at room temperature using an 

agitation table at 40 rpm (the enzymatic solution was stirred at 300 rpm for 1 h before 

the test). The membranes were then rinsed several times with sodium phosphate 

buffer 100 mmol·L-1 pH 7 for 10 min at 40 rpm to remove the weakly bound enzymes 

until no protein was detected using the Bradford method. All immobilization protocols 

were tested in triplicate. 

The amount of immobilized enzyme was determined with the Bradford method 

in the solution before and after immobilization, also considering the protein removed 

by the rinsing steps. Enzyme loading (EL) was obtained using Eq. 3. 
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𝐸𝐿 (𝑔 · 𝑚−2) =
(𝐶𝑜−𝐶𝑓)×𝑉−𝑀𝑟

𝐴
             (3) 

 

in which C0 is the initial protein content in the solution (before the immobilization) (g·mL-

1), Cf is the final protein content (after the immobilization) (g·mL-1), V is the volume of 

enzyme solution used in the test (mL), Mr is the amount of weakly bound protein 

removed by the rinsing step (g), and A is the membrane external area (m2). 

The hydrolytic activity of the immobilized lipase was evaluated by immersing 

the membrane in 50 mL of emulsion (prepared as described in item 3.2.2) and 75 mL 

of sodium phosphate buffer 0.1 mol·L-1 pH 7 using rectangular glass vessels. The 

vessels were incubated for 30 min at 40 rpm and 35 °C. Then, a homogenized sample 

of 10 mL was withdrawn from the solution and titrated with NaOH 0.1 mol·L-1 to 

determine the amount of free fatty acids liberated. A control assay was performed to 

each condition tested using a membrane with the functionalizing agents but without 

the enzyme. The membrane hydrolytic activity (MHA) was calculated according to Eq. 

4. 

 

𝑀𝐻𝐴 (𝑚𝑚𝑜𝑙 ∙ 𝑚𝑖𝑛−1 · 𝑚−2) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴
                     (4) 

 

in which Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), Vt is the total 

volume of emulsion used in the test (mL), V is the volume of the emulsion sample 

titrated (mL), t is the reaction time (min), and A is the membrane external area (m2). 

Depending on the immobilization method, the enzymatic activity can decrease, 

increase, or stay the same. Thus, the specific hydrolytic activities of the free lipase (Eq. 

2) and immobilized lipase (MHAs) (Eq. 5) were determined. Residual activity was 

calculated by Eq. 6 to estimate the effect of the immobilization protocol on the enzyme 

activity. 

 

𝑀𝐻𝐴𝑠 (𝑚𝑚𝑜𝑙 ∙ 𝑚𝑖𝑛−1 · 𝑔−1) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴×𝐸𝐿
                     (5) 

 

in which Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), Vt is the total 
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volume of emulsion used in the test (mL), V is the volume of the emulsion sample 

titrated (mL), t is the reaction time (min), A is the membrane external area (m2), and 

EL is the protein loading immobilized in the membrane (g·m-2). 

 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100 ×
𝑀𝐻𝐴𝑆

𝐻𝐴𝑆
                             (6) 

 

The statistical difference between the immobilization protocols for protein 

loading, membrane hydrolytic activity, and specific hydrolytic activity were determined 

through analysis of variance (ANOVA) followed by Tukey’s test with a confidence level 

of 95% (p < 0.05). 

 

3.2.4.1 Silanization and activation 

 

Since it is the most used method for enzyme immobilization on ceramic 

materials, APTES functionalization followed by glutaraldehyde activation was used as 

a standard procedure. The method used was adapted from Ranieri et al. (2016). A 

solution containing APTES (5% v/v), ultrapure water (5% v/v), and ethanol (90% v/v) 

was prepared and its pH was adjusted to 5.0 using acetic acid. The membrane was 

immersed in the solution and, after 6 h at 40 rpm and room temperature, the membrane 

was rinsed with ethanol and ultrapure water and used in the activation step. The 

membrane was immersed in an aqueous solution of glutaraldehyde (2.5 % v/v) for 2 h 

at 40 rpm and room temperature, based on the method used by Asmat et al. (2019). A 

membrane with no functionalization was also activated using glutaraldehyde for 

comparison. 

 

3.2.4.2 Polydopamine coating 

 

PDA deposition was performed by air oxidation, according to a method 

adapted from Proner et al. (2020) and Gao and Xu (2019). The membrane was 

immersed in a solution of dopamine hydrochloride (DA) (2 mg·mL-1) dissolved in Tris-

HCl buffer (pH 8.5, 50 mmol·mL-1) for 6 h at 40 rpm and room temperature (25 °C). 

The membrane was then rinsed with ultrapure water and used in the next 
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functionalization/immobilization steps. The PDA-coated membranes were tested with 

and without glutaraldehyde activation (described in section 3.2.4.1). 

 

3.2.5 Optimum operating temperature and pH of the free and immobilized lipase 

 

The effects of pH and temperature on the free and immobilized ET2 were 

investigated during oil hydrolysis. Both free and immobilized lipase activities were 

determined using different temperatures (20 – 60 °C) and pH values (4 – 10). Free ET2 

activity was determined as described in section 3.2.3 and immobilized ET2 activity as 

described in section 3.2.4; however, instead of phenolphthalein as an indicator, titration 

was performed until pH 11 due to the different pH values used as the method described 

by Treichel et al. (2016). 

 

3.2.6 Preliminary fouling and cleaning assays 

 

Oil-water emulsion filtration was performed using a membrane modified with 

the best immobilization procedure (the one that resulted in the higher membrane 

hydrolytic activity) to assess if the immobilized lipase could resist a pressure-driven 

filtration and act as a fouling-degrading and self-cleaning agent. The membrane 

without modification and the functionalized membranes with and without the enzyme 

were tested in triplicate. 

An emulsion of 1 g·L-1 of refined soybean oil in an aqueous solution of SDS 

2 mmol·L-1 (emulsifier) was prepared and used as feed in the separation system. A 

coarse emulsion was prepared by magnetic stirring at 1000 rpm for 5 min, followed by 

probe sonication (DES5000, Unique) at 100 W for 5 min. The emulsion pH was 

6.3 ± 0.5. The size of the oil droplets was determined by dynamic light scattering 

(Zetasizer Nano ZS3600, Malvern). 

Fouling experiments were conducted based on the procedures described by 

Schmidt et al. (2018) and Proner et al. (2020). Firstly, distilled water was filtered to 

determine the initial water permeance. Then, two filtration steps using the oil-water 

emulsion were performed. Every 15 min, approximately 5 mL of the permeate was 

collected and weighed in a semi-analytical balance to calculate the permeate flux. The 

oil concentration in the sample was measured using a UV–visible spectrophotometer 

at a wavelength of 240 nm (Q898U2M5, Quimis) (ZIN et al., 2019). At the end of each 
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filtration step, a backwash was carried out using distilled water to remove weakly bound 

fouling layers. After the final backwash, water permeance was determined again to 

evaluate the residual degree of fouling. The experiments were performed using a 

stainless-steel single-channel module (15 mm of internal diameter) in crossflow and 

total reflux operating mode as represented in Figure 10. A transmembrane pressure of 

1 bar, a retentate flow rate of 1 L·min-1, and a crossflow velocity of 0.20 m·s-1 were 

used. Sealing rings were fixated after 1 cm in length in both extremities of the 

membrane, providing a useful membrane length of 23 cm and a flow area of 79.5 cm2. 

All the tests were performed at room temperature (23 ºC). 

After the fouling experiments, the self-cleaning capacity of the membranes was 

evaluated and expressed as the increase in pure water permeance after cleaning (Eq. 

8). The membranes were immersed in sodium phosphate buffer 100 mmol·L-1 pH 7 for 

12 h at 40 rpm and 40 °C to activate the enzymes. Finally, the membranes were 

washed with distilled water and the water permeance was measured.  

 

Figure 10 – Schematic representation of the crossflow permeation system used in 
the fouling experiments 

 
Source: Author 

 

To investigate the reusability of membranes in long-term applications, 

repetitive cycles of filtration and cleaning were performed (cycles 1–3). The number of 

filtration steps within each cycle was two. The emulsion was prepared as described 

above as well as the filtration and self-cleaning experiments. 
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3.2.7 Membrane characterization 

 

Membrane microstructure was characterized by Scanning Electron 

Microscopy (SEM, TM 3030, Hitachi) at 15 kV coupled with Electron Dispersion X-ray 

(EDX, Quantax 70, Bruker) for a qualitative analysis of the chemical elements present 

in the membrane surface. EDX was performed in three regions of 26.4 µm2 for each of 

the scanned images. The crystallinity of the α-alumina membranes was determined 

using X-ray Diffractometry (XRD, MiniFlex600, Rigaku) in the 2θ range of 10° to 140°, 

speed of 2.4°·min-1 and a step size of 0.02°. The crystallinity index (CI, Eq. 7) of the 

membrane surfaces was calculated according to Navarro-Pardo et al. (2013) and Khan 

et al. (2019a) since the presence of the functionalizing agents and the enzyme can 

cause a loss of crystallinity in the material’s surface and then be detected by the XRD 

analysis. 

 

𝐶𝐼 (%) =
𝐴𝑐

𝐴𝑐 + 𝐴𝑎
× 100                        (7) 

 

where Ac is the integrated area underneath the crystalline peaks and Aa is the 

integrated area of the amorphous phase. 

Membrane wettability was investigated using water and n-heptane vapor 

adsorption measurements which were performed by placing glass vessels with 

approximately 0.2 g of crushed membrane samples (with particle size ≤ 300 µm) inside 

closed Erlenmeyer flasks containing water or n-heptane at 23 °C (NISHIHORA et al., 

2018; PRENZEL et al., 2014). The samples were weighed at the beginning of the test 

and after 24 h to determine the vapor uptake. The analysis was performed in triplicate. 

Apparent density, apparent porosity, and water absorption were determined by the 

Archimedes principle using distilled water, according to ASTM C20 (2000). The total 

density of the pristine membrane was also determined by helium pycnometry. The 

apparent density determined by the Archimedes principle was used to calculate the 

total porosity and the closed porosity of the membrane. The surface chemistry of the 

pristine and modified membranes were characterized by X-ray Photoelectron 

Spectroscopy (XPS, PHI Quantera, MN, USA) using monochromatic Al Kα X-rays. The 

membranes and the lyophilized ET2 were also analyzed by attenuated total reflectance 
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Fourier transform infrared spectroscopy (ATR-FTIR, Cary 660, Agilent Technologies, 

CA, USA). 

 

3.3 RESULTS AND DISCUSSION 

 

3.3.1 Lipase selection and preparation 

 

Figure 11 shows the hydrolytic activity of lipases CALB, ET2, and TL 100L 

towards soybean oil. The lipase ET2 showed the highest activity 

(0.046 ± 0.002 mmol·min-1·mL-1) and therefore was selected to be immobilized on the 

membrane. 

  

Figure 11 – Hydrolytic activity of the lipases CALB, ET2, and TL 100L towards 
soybean oil at 45ºC, pH 7, and 160 rpm for 30 min (1 mL of enzyme solution in 4 mL 

of 25% v/v oil-water emulsion and 5 mL of sodium phosphate buffer pH 7) 

 
Source: Author 

 

Arana-Peña et al. (2018) compared the hydrolytic activity of CALB and ET2 

towards p-nitrophenyl butyrate (p-NPB), and ET2 showed an activity more than six 

times higher than CALB at pH 7. Bresolin et al. (2020) also reported an activity nine 

times higher for the hydrolysis of p-nitrophenyl palmitate (p-NPP) using ET2 when 
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compared to CALB. Furthermore, Martínez-Sanchez et al. (2020) obtained a hydrolytic 

activity almost two times higher for the lipase ET2 when compared to TL 100 L in the 

hydrolysis of p-NPB, and slightly higher activity of ET2 in the hydrolysis of triacetin. 

These results corroborate with the ones found in this work, indicating that ET2 has 

greater performance in the hydrolysis of triacylglycerols. 

The soluble ET2 was dialyzed and lyophilized to remove stabilizers and 

possible impurities of the crude enzyme solution and concentrate the enzyme. The 

protein content of the crude solution was 28.6 ± 0.3 mg·g-1 while the lyophilized 

enzyme presented a protein content of 425.0 ± 1.6 mg·g-1 (which means purity of 

approximately 42%), showing that the concentration was successful. The specific 

hydrolytic activities of the soluble and lyophilized ET2 were 1.32 ± 0.01 mmol·min-1·g-

1 and 1.39 ± 0.01 mmol·min-1·g-1, which shows that the dialysis and lyophilization 

processes did not cause any inhibition or deactivation of the enzyme.  

 

3.3.2 Lipase immobilization 

 

Table 4 summarizes the results obtained for enzyme loading (EL), membrane 

hydrolytic activity (MHA), specific hydrolytic activity of the immobilized lipase (MHAs), 

and residual activity considering that the free ET2 has a specific activity of 

1.39 ± 0.01 mmol·min-1·g-1. 

The immobilization by adsorption (i.e., using the membrane with no 

functionalization or activating agent) provided a low protein loading in the membrane 

(0.9 g·m-2), which resulted in a low membrane hydrolytic activity (0.69 mmol·min-1·m-

2) when compared to the other immobilization protocols used. As expected, the specific 

activity (0.72 mmol·min-1·g-1) was the highest since the immobilization by adsorption 

does not cause changes in the native structure of the enzyme, preserving the active 

sites (JESIONOWSKI; ZDARTA; KRAJEWSKA, 2014). However, because of the weak 

forces involved, the biocatalyst can easily desorb from the membrane during the 

separation process due to changes in pH, ionic strength, pressure, etc. Despite having 

the highest residual activity among the tests, the activity maintained by the adsorption 

method was only around 52% when compared to the free enzyme, which may be due 

to problems of mass transfer during the hydrolysis reaction. 

The use of glutaraldehyde alone increased the protein loading of the 

membrane (1.8 g·m-2) when compared to the adsorption method (0.9 g·m-2) but 
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decreased the specific activity of the immobilized lipase from 0.72 mmol·min-1·g-1 

(adsorption) to 0.25 mmol·min-1·g-1, reducing the overall membrane hydrolytic activity 

from 0.69 to 0.45 mmol·min-1·m-2. This behavior can be due to the nature of the 

bonding formed between the aldehyde group and the enzyme (represented in Figure 

12a), which may have made the active site less accessible to the substrate or may 

have caused changes in the enzyme conformation, maintaining only 18% of the free 

enzyme specific activity (SIGURDARDÓTTIR et al., 2018; ZHOU et al., 2019). 

 

Table 4 – Enzyme loadings and hydrolytic activities of the α-alumina membranes with 
ET2 immobilized by the different protocols 

Immobilization 
method 

EL 
(g·m-2) 

MHA  
(mmol·min-1·m-2) 

MHAs  
(mmol·min-1·g-1) 

Residual 
activity (%) 

Adsorption 0.9 ± 0.2a 0.69 ± 0.13a 0.72 ± 0.02a 52.1 ± 1.5 

GA 1.8 ± 0.3a 0.45 ± 0.05a 0.25 ± 0.02b 18.0 ± 1.2 

APTES + GA 3.1 ± 0.5b 0.38 ± 0.10a 0.13 ± 0.01c  9.0 ± 0.7 

PDA 3.2 ± 0.4b 1.85 ± 0.28b 0.57 ± 0.02d 41.1 ± 1.7 

PDA+GA 4.7 ± 0.6c 1.55 ± 0.21b 0.33 ± 0.01e 23.9 ± 1.0 

The values are means of triplicates and their respective standard deviations. Different superscript 
letters in the same column indicate statistically significant differences according to Tukey’s test 

(p < 0.05). 
Source: Author 

 

The use of APTES as functionalizing agent and glutaraldehyde as an 

activating agent was also tested since there are several reports on the literature 

demonstrating the effectiveness of this method in the immobilization of other enzymes 

on ceramic supports (AGHABABAIE et al., 2016; RANIERI et al., 2016; YI et al., 2017; 

ZHOU et al., 2019). However, the results obtained in the present study show that, 

although the protein loading (3.1 g·m-2) increased in relation to adsorption (0.9 g·m-2) 

and glutaraldehyde activation (1.8 g·m-2), the hydrolytic activity of the immobilized 

lipases by APTES+GA decreased in comparison to the use of glutaraldehyde alone, 

providing a low specific activity. Massive changes in the enzyme structure, enzyme 

deactivation, blockage of the active site, and decreased mobility due to the formation 

of covalent bonds can be possible explanations for this result (Figure 12b) 

(SIGURDARDÓTTIR et al., 2018). Furthermore, the higher enzyme loading using 

APTES+GA could have caused some protein-protein interactions, inhibiting the flexible 

stretching of enzyme conformation, which could have resulted in steric hindrance. With 

that, the enzyme would have difficulty modulating its most suitable conformation for 
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catching the substrate and releasing the product (HU et al., 2009; ZHANG; YUWEN; 

PENG, 2013). Similar behavior was observed by Aghababaie et al. (2016) when 

comparing adsorption with covalent bonding (also using APTES and glutaraldehyde) 

for the immobilization of Candida rugosa lipase in composite membranes. The authors 

noticed that the immobilization by covalent bonding provided a higher enzyme loading 

but a lower specific activity when compared to the adsorption method. 

The use of polydopamine (PDA) as a functionalizing agent is a relatively new 

technique for enzyme immobilization. The presence of catechol, quinone, primary 

amines and secondary amines in the PDA coating allows the immobilization of 

molecules containing thiols or amino groups (such as enzymes) via Michael addition 

or Schiff base reaction (Figure 12c) (REN et al., 2011; TOUQEER et al., 2019; YAN et 

al., 2020). Table 4 shows that PDA as functionalizing agent increased the protein 

loading in the membrane to a similar value to that found using APTES and 

glutaraldehyde. Furthermore, the membrane hydrolytic activity was significantly higher, 

demonstrating that the specific activity of the enzyme was less affected by the 

immobilization protocol (a residual activity of 41.1% was achieved).  

The immobilization protocol using polydopamine and glutaraldehyde showed 

the highest protein loading in the membrane (4.7 g·m-2). The glutaraldehyde forms 

covalent bonds between the amino groups of the polydopamine and the amino groups 

present in the enzyme (as represented in Figure 12d) (ASMAT; ANWER; HUSAIN, 

2019). However, the higher amount of immobilized protein did not significantly increase 

the membrane hydrolytic activity compared to the tests using PDA functionalization 

with and without glutaraldehyde activation. The covalent bonds formed between the 

aldehyde and the amino groups of the enzyme possibly changed the enzyme's 3D 

structure or partially blocked the active site, resulting in lower specific activity. Similar 

results were found by Zhang et al. (2018b) when immobilizing lipase in a polymeric 

membrane using PDA coating and glutaraldehyde: the enzyme loading was higher but 

the catalytic activity was lower than electrostatic attraction and hydrophobic adsorption. 

 

 

 

 

 

 



65 

Figure 12 – Possible immobilization mechanisms for the tested protocols: (a) GA, (b) 
APTES and GA, (c) PDA, and (d) PDA and GA 

 
Source: Author 
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The immobilization protocol using PDA as the functionalizing agent was then 

selected to test the lipase ET2 performance as a fouling-degrading and self-cleaning 

agent in oil-water emulsion filtration. The results are promising and are consistent with 

the search for simple immobilization methods. The use of dopamine as a 

functionalizing agent requires the coating and the immobilizations steps, while the 

traditional silanization method needs one more step for activation. Moreover, the use 

of PDA represents a more environmentally friendly immobilization technique since 

dopamine presents lower toxicity than APTES and glutaraldehyde according to 

available literature data (APTES, glutaraldehyde, and dopamine average lethal doses 

– LD50 – are shown in Table 5) (KISO TO RINSHO, 1974; LEWIS, 2004; SMYTH et 

al., 1962). APTES and glutaraldehyde present the lowest average lethal doses (LD50), 

which means they are the most toxic compounds for the tested organism (rats). 

 

Table 5 – Literature data for the toxicity of the functionalizing agents used in this work 
applied by oral route in rats 

Functionalizing 
agent 

LD50 
(mg·kg-1) 

Reference 

APTES 1780 (Smyth et al., 1962) 

GA 134 - 2390 (Lewis, 2004) 

DA 2859 (Kiso to Rinsho, 1974) 

Source: Author 

 

3.3.3 Optimum operating temperature and pH of the free and immobilized ET2 

 

Optimum temperature and pH of free and immobilized ET2 by PDA coating 

were evaluated (Figure 13). The immobilization did not change the enzyme optimal 

operating temperature range (around 40 °C) but increased the lipase activity over other 

temperatures, mainly at higher temperatures (Figure 13a). This improved 

thermostability can be due to the covalent bonding between the enzyme and the PDA 

layer, which may have resulted in a more stable enzyme conformation with higher 

resistance to increased temperatures when compared to the free enzyme 

(BAHARFAR; MOHAJER, 2016; TOUQEER et al., 2019).  
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Figure 13 – Optimum operating temperature (a) and pH (b) of the free and 
immobilized ET2 by PDA coating 

 
Source: Author 

 

As shown in Figure 13b, the immobilization of ET2 by PDA coating changed 

the enzyme optimum operating pH to more alkaline ones: from pH 6 for the free 

enzyme to pH 9 for the PDA-immobilized enzymes. It can be noticed that the 

immobilization decreased the enzyme activity at lower pH values (4 - 7) and pH 10, 

while increasing it over slightly alkali pH (8 - 9). The same behavior was observed by 

Touqeer et al. (2019) after immobilization of Aspergillus terreus lipase in PDA-coated 

iron oxide nanoparticles and Cheng et al. (2019) after immobilization of Candida 

rugosa lipase in PDA-coated silica monoliths: the maximum enzyme activities were 

obtained with more alkaline pH values after immobilization. 

 

3.3.4 Membrane characterization 

 

Figure 14 shows the SEM images of the membrane before (Figure 14a) and 

after ET2 immobilization (Figures 14c and 14d). The presence of some clusters on the 

membrane surface can be noticed for both APTES + glutaraldehyde immobilization 

method and PDA coating. However, the PDA-coated membrane presents larger 

clusters along the surface, which suggests a more effective functionalization. The 

occurrence of agglomeration can be attributed to the formation of PDA aggregates on 

top of the uniform PDA layer, as reported by Ding et al. (2014) and Teng et al. (2021). 

Figure 14b shows a cross-section of the membrane, which reveals a symmetric porous 

structure. As expected, EDX analysis showed an increase in the carbon content of the 
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membrane surface for both immobilization protocols and an increase in oxygen content 

for the membranes with ET2 immobilized by PDA coating. The silicon present in the 

membrane surface treated with APTES+GA indicates a successful modification of the 

membrane with APTES. 

 

Figure 14 – SEM images and EDX analysis of the (a) pristine membrane external 
surface and (b) cross-section, (c) membrane with ET2 immobilized by APTES and 

GA, and (d) membrane with ET2 immobilized by PDA coating 

 
Source: Author 

 

The pristine membrane apparent porosity, water absorption ratio, and 

apparent density were 39.9 ± 3.1 vol%, 17.4 ± 2.4 wt%, and 2.3 ± 0.1 g·cm-3, 

respectively. These parameters for the modified membranes were not significantly 

different from the pristine according to the Tukey test (p < 0.05) (Table 6), 

demonstrating that the enzyme immobilization on the membrane did not affect these 

physical characteristics. Based on the apparent density and considering the total 

density determined by helium pycnometry (3.99 ± 0.01 g·cm-3), it was possible to 

estimate the total porosity of the membrane as 42.5 ± 3.2 vol% and, thus, a closed 
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porosity of approximately 2.6 ± 0.1 vol%. The porosity determined by the Archimedes 

principle and the helium pycnometry analysis is similar to the one obtained by mercury 

intrusion (42.65%). 

 

Table 6 – Water absorption, apparent porosity, apparent density, total porosity and 
closed porosity determined by the Archimedes method 

Membrane 
Water 

absorption 
(wt%) 

Apparent 
porosity 
(vol%) 

Apparent 
density 
(g·cm-3) 

Total 
porosity 
(vol%) 

Closed 
porosity 
(vol%) 

Pristine 17.4 ± 2.4 39.9 ± 3.1 2.3 ± 0.1 42.5 ± 3.2 6.47 ± 0.2 

Adsorption 16.8 ± 1.3 38.6 ± 2.0 2.3 ± 0.1 42.5 ± 1.6 10.1 ± 2.5 

GLU 16.8 ± 1.4 39.0 ± 1.9 2.3 ± 0.1 41.9 ± 2.1 7.4 ± 0.3 

GLU+ET2 15.7 ± 0.4 37.0 ± 0.8 2.3 ± 0.1 41.0 ± 0.7 10.8 ± 2.3 

APTES+GLU 16.6 ± 1.7 38.5 ± 2.4 2.3 ± 0.1 41.7 ± 2.2 8.5 ± 1.3 

APTES+GLU+ET2 15.6 ± 0.5 37.2 ± 0.8 2.4 ± 0.1 40.3 ± 0.5 8.5 ± 1.2 

PDA 16.4 ± 1.1 37.9 ± 2.1 2.3 ± 0.1 42.2 ± 1.9 7.1 ± 1.1 

PDA+ET2 16.8 ± 0.2 39.1 ± 0.2 2.3 ± 0.1 41.8 ± 0.7 6.9 ± 1.6 

PDA+GLU 16.6 ± 1.7 38.0 ± 2.2 2.3 ± 0.1 42.6 ± 2.8 11.9 ± 3.7 

PDA+GLU+ET2 17.0 ± 1.0 39.2 ± 1.2 2.3 ± 0.1 42.5 ± 1.6 8.3 ± 0.9 

Source: Author 

 

Well-defined peaks of typical α-alumina (ICDD 00-010-0173) can be identified 

in the XRD spectrogram of the pristine membrane (Figure 15). Interestingly, the 

membranes with immobilized ET2 show peaks with lower intensities than the 

functionalized membranes with no enzyme, which is indicative that the enzyme covers 

the membrane surface, decreasing the crystallinity detected by the method. The 

crystallinity indexes also show the loss of crystalline structure after membrane 

functionalization with both APTES+GA and PDA. The loss of crystallinity was more 

intense when PDA was used, which is in accordance with the SEM results shown in 

Figure 14. Similar results were obtained by Khan et al. (2019b) when immobilizing 

lipase on ZnO nanoparticles. PDA-modified membranes also present a broad XRD 

reflection peak at 22.1°, which can be attributed to the diffraction of amorphous PDA 

layers. The same broad peak was also identified by Luo et al. (2015) when using PDA 

to modify ceramic surfaces. According to Yeroslavsky et al. (2013) and Han et al. 

(2019), this diffraction peak can be ascribed to π-stacked structures of PDA. 
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Figure 15 – XRD spectra and crystallinity index (CI) of the pristine and modified 
membranes 

 
Source: Author 

 

Figure 16 shows the hydrophilic and hydrophobic characteristics of the 

membranes analyzed through the vapor adsorption of a polar (water) and a non-polar 

(n-heptane) solvent. As expected, water vapor is adsorbed more efficiently than n-

heptane vapor in the pristine membrane due to the hydrophilic nature of alumina. All 

modified membranes showed this characteristic but with some changes in the quantity 

of adsorbed vapor. The activation of the membrane with GA and the functionalization 

with PDA+GA did not significantly change the hydrophilicity of the membrane, while 

the silanization followed by activation with glutaraldehyde (APTES+GA) decreased the 

adsorption of water vapor. Some researches show that the silanization of ceramic 

surfaces using APTES can increase the hydrophobicity of the surface due to the 

introduction of propyl groups and reduction of free hydroxyl groups (BOURKAIB et al., 

2021; SHAH et al., 2008; XIE et al., 2021). The PDA-coated membrane showed a 

decrease in the adsorption of both water and n-heptane vapor. The decline of n-

heptane vapor uptake was more intense than water, yielding a higher water/n-heptane 

ratio. The decrease in n-heptane adsorption was expected since polydopamine coating 

contains several hydrophilic groups such as amine and hydroxyl (WANG et al., 2018a; 

ZARGHAMI; MOHAMMADI; SADRZADEH, 2019). 
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The enzyme immobilization significantly increased the adsorption of both water 

and n-heptane vapor in the membrane, though water vapor uptake was more 

pronounced. Kujawa et al. (2021) also reported increased hydrophilicity of 

functionalized alumina supports after CALB immobilization using different 

functionalization agents. The amphiphilic character of the enzyme, which has both 

hydrophobic and hydrophilic regions, can be a possible explanation for the increased 

adsorption of both water and n-heptane (KAPOOR; GUPTA, 2012). 

 

Figure 16 – Water and n-heptane vapor adsorption at 23 °C (left axis) and the ratio of 
water and n-heptane adsorption (right axis) for the pristine membrane, functionalized 

membranes (GA, APTES+GA, PDA, and PDA+GA) and membranes with 
immobilized lipase ET2  

 
The values are means of triplicates and their respective standard deviations. Bars with different letters 

are significantly different according to Tukey’s test (p < 0.05) 
Source: Author 

 

The pristine and PDA-modified membranes as well as the free and 

immobilized ET2 were characterized by FTIR (Figure 17a). In the free lyophilized ET2 

spectra, it is possible to observe broad peaks at 3440 cm−1 (O–H stretching from 

hydroxyls), 3380 cm−1 (primary amine –NH2– aliphatic stretching), and 3131 cm−1 (O-

H stretching from carboxylic acid functional groups). Other peaks centered at around 

1540 cm−1 can correspond to C=O stretching of secondary amides and the signal 

around 1660 cm−1 is characteristic of the α-helix secondary assignment, common in 
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the secondary structure of proteins (BRESOLIN et al., 2020; KONG; YU, 2007). Peaks 

at 1069 and 1190 cm-1 can correspond to C-N stretching of amines, and the peak at 

1260 cm-1 can be due to C-N stretching or N-H bending of tertiary amides (KONG; YU, 

2007). The PDA-modified membrane shows peaks at 1650 cm-1 (overlap of C=C 

stretching from the aromatic rings and the N-H bending of the amines), 1510 cm-1 (C=O 

from amide groups), and 1084 cm-1 (C-N stretching from amines) as well as a broad 

band between 3100 and 3500 cm-1 that corresponds to the stretching vibrations of –

NH and –OH (CHEN et al., 2015; DONG et al., 2018; YANG; DUAN; RAN, 2017). The 

membrane with immobilized ET2, besides the peaks corresponding to the PDA layer 

(1650 and 1084 cm-1) also presents peaks suggesting the presence of ET2 (1540 and 

1260 cm-1). The spectra also show peaks at 3276 cm-1 (O-H stretching), around 2920 

cm-1 (combination of N-H stretching from amine groups and C-H stretching from 

alkenes), 1089 cm-1 (C-N stretching from amines and/or C-O stretching), and 795 cm-

1 (C=C bending from alkenes). This indicates the successful immobilization of the 

lipase in the PDA-coated membranes. 

Figure 17b shows the membranes' surface chemical composition obtained by 

XPS analysis. The pristine membrane shows only O, C, and Al peaks. The small 

amount of carbon present in the pristine sample must be due to organic impurities from 

the environment. In the PDA-coated membrane, an N peak appears and the C peak 

intensifies while the Al peaks decrease, confirming the deposition of PDA in the 

membrane surface. Similar results were obtained by Gao and Xu (2019) after 

modifying an alumina membrane with PDA. The intensity of the N peak in the 

membrane with immobilized ET2 increases considerably in comparison to the PDA-

coated membrane. Table 7 summarizes the relative abundance of the elements 

detected. The N/C atomic ratio of the PDA-coated membrane was 0.12, which is similar 

to the theoretical ratio (0.125) of dopamine and other PDA coatings reported in the 

literature (BI et al., 2017; ZIN et al., 2019). After ET2 immobilization, the N/C atomic 

ratio increased to 0.18, proving the presence of the enzyme on the membrane surface. 
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Figure 17 – (a) ATR-FTIR of the lyophilized ET2, pristine membrane, and 
membranes modified by PDA and PDA+ET2 and (b) XPS spectra of the pristine and 

modified membranes 

 
Source: Author 

 

Table 7 – Elemental composition and atomic ratio of the pristine membrane, PDA 
modified membrane, and membrane with immobilized ET2 analyzed by XPS 

Sample 
Atomic composition (%) 

C N O Al 

Pristine 17.78 ± 3.27 - 62.83 ± 3.24 19.39 ± 0.03 
PDA 64.05 ± 3.60 7.56 ± 0.13 26.41 ± 2.60 1.99 ± 1.13 

PDA+ET2 63.94 ± 4.21 11.34 ± 1.28 24.21 ± 3.19 0.53 ± 0.26 
Source: Author 

 

3.3.5 Oil-water emulsion filtration 

  

Figure 18 shows pure water permeances before and after emulsion filtration, 

after the cleaning procedure, and the normalized permeate flux during emulsion 

filtration. The membrane functionalized with PDA presented a slight reduction (6%) in 

the initial pure water permeance compared to the pristine membrane. This reduction 

can be caused by the decreased hydrophilicity as shown in Figure 16 and a possible 

decrease in the membrane pore size due to the polymerization of PDA inside the pores. 

Proner et al. (2020) also detected pore blockage after co-polymerization of PDA and 

PEI in polyethersulphone ultrafiltration membranes. After lipase immobilization, the 

initial pure water permeance increased, possibly due to the increased membrane 

hydrophilicity (SCHMIDT et al., 2018).  This finding is consistent with the results shown 

in Figure 16. The increased hydrophilicity can also explain the increase in initial water 
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permeance observed for the silanized membrane with immobilized ET2. Generally, 

after enzyme immobilization on membranes, the water permeance decreases due to 

additional hydraulic resistance (CAO et al., 2018; ZHANG et al., 2019). However, 

based on the results, the increased hydraulic resistance caused by the PDA coating 

was mitigated by the increase in the membrane hydrophilicity caused by the enzyme 

immobilization. Rasouli et al. (2021) showed that when using high PDA-PEI deposition 

times (9 h), the higher hydrophilicity of the modified membranes can increase the water 

permeance despite the pore size reduction, which corroborates the results obtained in 

the present study. 

After the emulsion filtration and final backwash, the membranes with no 

immobilized enzyme showed stronger fouling (permeance reduction of approximately 

74% compared to the initial permeation) than the membranes with immobilized ET2 

(permeance reduction of 53% for the PDA-coated membrane and 64% for the APTES-

functionalized and GA-activated membrane). After the filtration experiments, there was 

no difference in water permeance between the pristine and the PDA-coated 

membranes, suggesting the immobilized ET2 is responsible for the lower fouling 

degree. The higher water permeance after filtration presented by both enzyme-active 

membranes can be due to the increased hydrophilicity after ET2 immobilization and to 

fouled oil hydrolysis. 

The pristine membrane showed a water permeance recovery of approximately 

39% after the cleaning procedure. On the other hand, the water permeance recovery 

for the PDA-coated, immobilized ET2 by APTES+GA, and ET2 immobilized by PDA 

membranes were 45%, 49%, and 69%, respectively.  The self-cleaning experiments 

were performed using only sodium phosphate buffer pH 7 and a temperature of 40 °C 

to activate the enzymes. Thus, no traditional cleaning agents such as acids or bases 

were used. Then, besides decreasing membrane fouling and increasing permeance 

recovery, the immobilization of ET2 in the membranes can potentially minimize the use 

of chemicals during the cleanings. 
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Figure 18 – Performance of pristine and modified α-alumina membranes in the 
filtration of soybean oil-water emulsion (1 g·L-1): (a) water permeance before the 
emulsion filtration (initial), after the final backwash (after fouling), and after the 

cleaning procedure; (b) normalized permeate flux of the oil-water emulsion filtration 

 
Source: Author 

 

The mean oil droplet diameter of the soybean oil-water emulsion used in the 

filtration tests was 240 ± 18 nm. Membrane modification of any kind did not change 

membrane oil retention (p > 0.05), which was above 90% throughout the experiments. 



76 

As shown in Figure 19, after three filtration and cleaning cycles, the pristine 

membrane showed a reduction in pure water permeance of 78%. In comparison, the 

active membrane with immobilized ET2 by PDA coating showed a reduction of water 

permeance of only 41%. The combined fouling-degrading and self-cleaning capacity 

led to a regeneration of water permeance of 84% after cycle 1 (49% for the pristine). 

After cycle 3, total self-cleaning capacity is reduced to 19%, which is possibly caused 

by the formation of a thicker fouling layer resulting in a final water permeance recovery 

of 59% compared to 22% of the pristine. 

 

Figure 19 – Results of repeated filtration and cleaning experiments for the pristine 
membrane and active membrane with immobilized ET2 by PDA coating 

 
Source: Author 

 

3.4 CONCLUSION 

 

The use of polydopamine coating for lipase immobilization on an inorganic 

membrane can be a competitive method for the broadly used silanization technique. 

The functionalization of the membrane with polydopamine resulted in enhanced 

immobilization performance in terms of protein loading and membrane hydrolytic 

activity compared to the traditional immobilization protocol. Moreover, the use of 
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dopamine represents a simple and more environmentally friendly immobilization 

technique than silanization since it does not require an activation step and has lower 

toxicity. Also, the immobilized Eversa Transform 2.0 showed potential as a fouling-

degrading and self-cleaning agent, resulting in an enzymatically active ceramic 

membrane with enhanced performance in oil-water emulsion filtration. The simple 

cleaning procedure applied resulted in good water permeance recovery for the active 

membranes and can represent an alternative to minimize the consumption of cleaning 

agents and wastewater generation. There is no report in the literature on the use of 

polydopamine to immobilize lipase on ceramic membranes. The use of Eversa 

Transform 2.0 as an antifouling and self-cleaning agent in membranes is also not 

reported. Therefore, this study may contribute to the development of technologies for 

the functionalization of inorganic membranes to minimize fouling formation and, 

consequently, improve the performance of membrane separation processes. 
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 POLYDOPAMINE-ASSISTED ONE-STEP IMMOBILIZATION 

 

Covalent enzyme immobilization is generally a time-consuming and multistep 

procedure that uses toxic solvents and requires more than one chemical, making 

industrial upscaling unattractive. Using an aqueous polydopamine (PDA) solution for 

enzyme immobilization is a greener and effective alternative to conventional methods, 

such as the use of APTES and glutaraldehyde, as shown on Chapter 3. Usually, 

enzyme immobilization using PDA is performed in two steps: dopamine polymerization 

on the material surface followed by enzyme immobilization. A few recent studies 

applied a one-step strategy by mixing dopamine and enzyme in the coating solution, 

reducing the immobilization time, chemical consumption, and wastewater generation 

(WANG et al., 2021). Therefore, this chapter compares the two-step and one-step 

approaches to immobilizing the lipase Eversa Transform 2.0 (ET2) on the α-alumina 

membrane. The one-step immobilization method achieved similar enzyme loading, 

membrane hydrolytic activity, and enzyme-specific activity to those of the two-step 

method. The ET2 immobilized using both strategies showed excellent fouling 

resistance and self-cleaning performance in oil-water emulsion filtration. The 

membrane modified by the one-step approach exhibited a lower reduction in pure 

water permeance after oil fouling (35%) and a higher permeance recovery (90%) than 

the one modified by the two-step method (40% and 74%, respectively). This better 

performance can be due to the higher hydrophilicity of the modified membrane and 

higher stability over reaction time shown by the enzyme immobilized by the one-step 

strategy. The higher stability can be attributed to more attachment points between the 

enzyme and PDA, increasing the enzyme rigidity and preventing conformational 

changes. The results of this chapter are submitted to the Chemical Engineering Journal 

as “Polydopamine-assisted one-step immobilization of lipase on α-alumina membrane 

for fouling control in the treatment of oily wastewater”. 

 

4.1 INTRODUCTION 

 

Enzymes are used in a variety of applications as catalysts (CHAPMAN; ISMAIL; 

DINU, 2018; FACIN et al., 2019). Because enzymes are water-soluble 

macromolecules, additional separation and purification processes are needed to 

recover and reuse the enzymes, which increase the complexity of the system and 
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raises the cost. One strategy is to immobilize enzymes on solid supports, allowing their 

reuse in multiple reaction cycles. Furthermore, enzyme immobilization enables 

continuous operation and, in some cases, increases enzymatic stability and activity, 

improving the process's economics (AGHABABAIE et al., 2016; BARBOSA et al., 

2013; FRAAS; FRANZREB, 2017). 

Enzymes have been immobilized on different materials. Polymeric materials are 

most often used as they possess reactive surface functional groups that can bond to 

the enzymes (RODRIGUEZ-ABETXUKO et al., 2020; ZDARTA et al., 2018). However, 

inorganic materials have important advantages as a support, including better 

mechanical, chemical, and thermal stability (SIGURDARDÓTTIR et al., 2018; ZUCCA; 

SANJUST, 2014). Among inorganic materials, ceramics stand out for their relatively 

low cost and long service life (GOLDSTEIN; MANECKE, 1976; SIGURDARDÓTTIR et 

al., 2018). 

However, ceramics lack reactive surface functional groups and must be 

functionalized to allow covalent bonding with enzymes. Silicon-based polymers, such 

as organosilanes, are typically used to functionalize the ceramic. The organosilane 

reacts with the hydroxyl functional groups on the ceramic surface, generating organic 

functional groups available for further reactions with the enzyme [8]. The most common 

chemicals used to covalently immobilize enzymes on ceramic materials are 3-

aminopropyltriethoxysilane (APTES) as a functionalization agent and glutaraldehyde 

as an activating agent (SIGURDARDÓTTIR et al., 2018; ZHOU et al., 2019). 

Nevertheless, the immobilization procedures, generally requiring various chemicals 

and multiple steps, are time-consuming and involve toxic solvents, making industrial 

upscaling unattractive. 

Therefore, simpler immobilization protocols using fewer chemicals are essential 

to make ceramic materials more competitive as enzyme supports. Polydopamine 

(PDA) can strongly adhere to different materials (GAO; FAN; XU, 2020; GUO et al., 

2020) and has therefore been used for enzyme immobilization. Due to the presence of 

a large number of reactive functional groups (e.g., amine, imine, quinone, and 

catechol), PDA coating can bond enzymes to ceramic materials (CHAO et al., 2013; 

CHENG et al., 2018, 2019; MULINARI et al., 2022; REN et al., 2011). For example, 

the amino groups located at the side chain amino acids of the enzyme can react with 

the quinone groups of the PDA coating through the Michael addition or Schiff base 

reaction, covalently bonding the enzyme to the ceramic surface. Similar to the 
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conventional method, enzyme immobilization using PDA is usually performed in two 

steps: dopamine polymerization on the material surface in an alkaline environment, 

followed by enzyme immobilization using standard buffers. Our previous study 

compared the PDA coating method on ceramic membranes with traditional enzyme 

immobilization techniques such as silanization (MULINARI et al., 2022). The PDA 

coating method resulted in a higher enzyme loading and membrane hydrolytic activity 

than the traditional salinization method. 

Although the use of nature-inspired PDA represents an environmentally friendly 

and simpler alternative to conventional immobilization agents, it is still a time-

consuming multistep method that generates a large volume of wastewater. Here, we 

adopted a one-step coating strategy to reduce the immobilization time, chemical 

usage, water consumption and wastewater generation. Therefore, if the one-step 

method using PDA proves to be a good alternative to the two-step approach, besides 

being a greener technique and easier to scale up, the costs of the immobilization 

process can be lower, making it more industrially attractive than the traditional 

immobilization protocols. Membrane industries can benefit from this technology as well 

as research institutions, since, due to the non-specificity of the PDA coating, this 

simpler immobilization technique can be used to modify a wide range of materials using 

different enzymes. 

 In the case of oily wastewater treatment, the enzyme lipase is a good candidate 

to be immobilized on the membrane since they can break the triacylglycerols of the oil 

into free fatty acids and glycerol. Therefore, when the biocatalytic membrane is used 

to filtrate oily wastewater, the immobilized lipases can degrade the oil fouling during 

the filtration and cleaning procedure. Only three studies were found in the literature 

about lipase immobilization on membranes to develop oil fouling-controlling and self-

cleaning abilities: Schulze et al. (2017), Schmidt et al. (2018), and Schmidt et al. 

(2022). The results presented by these studies are promising, with the biocatalytic 

membrane showing permeance reductions after emulsion filtration as low as 40% (the 

pristine membrane had a 60% reduction) and permeance recoveries as high as 100% 

after cleaning just using a buffer at proper pH and temperature. However, all three 

studies used polymeric flat-sheet membranes. So far, most of the works using 

immobilized enzymes to decrease membrane fouling focused on biofouling control 

(LAN; HIEBNER; CASEY, 2021; LEE et al., 2019a; MEHRABI et al., 2020) or protein 

fouling mitigation (CHEN et al., 2021; VANANGAMUDI et al., 2018a; YUREKLI, 2020). 
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Thus, it is noted that the use of enzymes as antifouling and self-cleaning agents in 

membranes is a relatively unexplored area due to the huge variety of enzymes, 

membranes, and membrane separation processes that the use of immobilized 

enzymes can improve. 

Compared to other membrane modification methods to decrease fouling, using 

immobilized enzymes is the simplest way to provide the membrane with a self-cleaning 

capacity as well. Photocatalytic membranes can also degrade the fouling during the 

cleaning; however, the performance is limited on how much light reaches the 

membrane surface. Usually, a UV light source is required since photocatalysis is 

limited under visible light, which increases the energy demand (ZHANG et al., 2021a). 

Electrocatalysis is also an alternative in which the membrane acts as an anode or 

cathode; however, a current source is necessary, also increasing the energy demand 

(YANG et al., 2012). Fenton-like processes by immobilizing iron on the membrane are 

also possible, but they require hydrogen peroxide to achieve improved performances 

(CHEN et al., 2018). Moreover, photocatalysis, electrocatalysis, and Fenton-like 

processes are not specific and can promote several side reactions, which is not a 

problem when enzymes are used due to their high specificity (SATYAWALI; 

VANBROEKHOVEN; DEJONGHE, 2017).  

Therefore, besides developing a one-step method to immobilize the lipase on 

the membrane, this study also aimed to develop a catalytic membrane with fouling 

control and self-cleaning properties to be applied in the filtration of oily wastewater. If 

successful, the lipase-active membranes can be applied in the wastewater treatment 

of various food industries (from the production of poultry, beef, and fish, to dairy, 

cheese, edible oils, and prepared food). 

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Materials and chemicals 

 

Purified and concentrated lipase Eversa Transform 2.0 (ET2) produced by a 

genetically modified strain of Aspergillus oryzae was used (Novozymes, Denmark). 

The commercial enzymatic solution was dialyzed for 120 h using a cellulose membrane 

(12-14 kDa) and sodium phosphate buffer at 50 mmol·L-1 and pH 6.0. The buffer was 

replaced every 12 h. The purified enzyme solution was frozen at -50 °C and lyophilized 
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for 48 h (Liotop model L101n, Brazil). The resulting powder was stored at 4 °C until 

use. 

Tubular α-alumina membranes were custom-made (Tecnicer, Brazil). They are 

25 cm in length, 1.2 cm in outer diameter, and 0.8 cm in inner diameter. The total 

porosity of the membranes is 30 ± 2 % and it was calculated using the apparent density 

(2.8 ± 0.1 g·cm-3) determined by Archimedes’ principle using deionized water (ASTM, 

2000) and the absolute density (4.0 ± 0.1 g·cm-3) determined by helium pycnometry 

(Quantachrome Ultra pycnometer 1000, USA). It is important to highlight that the 

membranes used in this chapter are from a different batch than the membranes used 

in chapter 3 and, although produced using the same method, they present a lower 

porosity and, therefore, lower permeances. 

Analytical grade dopamine hydrochloride (DA, 98%, C8H11NO2.HCl, Sigma-

Aldrich, USA), sodium dodecyl sulfate (SDS, ≥90%, C12H25SO4Na, Synth, Brazil), 

polyvinyl alcohol (PVA, 98%, (C2H4O)n, Mw = 104.5 kg/mol, NEON, Brazil), sodium 

hydroxide (≥97%, NaOH, NEON, Brazil), ethanol (99.5%, C2H6O, NEON, Brazil), and 

phenolphthalein (99%, C20H14O4, Sigma-Aldrich, USA) were used as purchased. 

Tris(hydroxymethyl)aminomethane (≥99.5%, C4H11NO3, NEON, Brazil) and 

hydrochloric acid (37%, HCl, NEON, Brazil) were used to prepare the 50 mM Tris-HCl 

buffer (pH 8.5) and 100 mM Tris-HCl buffers (pH 9 and 10). The 100 mM sodium 

phosphate buffers (pH 6, 7, and 8) were prepared using sodium phosphate monobasic 

(98%, NaH2PO4, NEON, Brazil) and sodium phosphate dibasic (P.A., Na2HPO4, 

NEON, Brazil). The 100 mM potassium acetate buffers (pH 4 and 5) were prepared 

using glacial acetic acid (99.8%, CH3CO2H, NEON, Brazil) and potassium acetate 

(≥98.5%, CH3CO2K, NEON, Brazil). Refined soybean oil (Soya®) was purchased from 

a local market. 

 

4.2.2 ET2 hydrolytic activity 

 

The ET2 hydrolytic activity was determined using soybean oil as the substrate. 

Soybean oil in water emulsion (25% v·v-1) was prepared immediately before each 

experiment by emulsifying soybean oil in a 2% (m·m-1) aqueous solution of PVA using 

a magnetic stirrer at 1500 rpm for 10 min according to the method proposed by Fu et 

al. (1995). Then, 4 mL of the soybean emulsion was added to 6 mL of sodium 

phosphate buffer (100 mmol·L-1, pH 7) with 1 mg·mL-1 of the lyophilized ET2 (volume 
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ratio soybean oil emulsion:buffer of 2:3, resulting in a soybean oil concentration of 

90 g·L-1). The buffer solution with ET2 was stirred at 300 rpm for 1 h before being 

mixed with the soybean oil emulsion. After incubation for 30 min at 40 °C and agitation 

at 160 rpm, the reaction was interrupted by adding 15 mL of ethanol. The quantity of 

fatty acids liberated during the reaction was determined by titration using NaOH 0.05 

mol·L-1 and phenolphthalein. Control assays were carried out by adding ethanol right 

before the addition of the enzyme. The specific hydrolytic activity (HAS) was calculated 

using Eq. 8. All tests were performed in triplicate. 

 

𝐻𝐴𝑆 (𝑚𝑚𝑜𝑙 ∙ 𝑚𝑖𝑛−1. 𝑔−1) =
(𝑉𝑠−𝑉𝑐)×𝑀

𝑡×𝑉×𝑃𝐶
             (8) 

 

where Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), t is the reaction 

time (min), V is the volume of enzymatic solution added to the reaction media (mL), 

and PC is the protein content of the enzymatic solution (g·mL-1) determined by the 

Bradford method using bovine serum albumin as a standard (BRADFORD, 1976). 

 

4.2.3 ET2 immobilization 

 

Before each test, the ends of each membrane were sealed with a thermoplastic 

adhesive to prevent the solution from entering the inside of the tubular membrane. 

PDA deposition was performed by air oxidation (GAO; XU, 2019; MULINARI et al., 

2022; PRONER et al., 2020). For the two-step approach (Figure 20a), the membrane 

was immersed in a solution of dopamine hydrochloride (DA) (2 mg·mL-1) in Tris-HCl 

buffer (pH 8.5, 50 mmol·L-1) for 6 h at room temperature with gentle stirring at 40 rpm. 

Then, the membrane was rinsed with deionized water and immersed in a 2 mg·mL-1 

ET2 solution in Tris-HCl buffer (pH 8.5, 50 mmol·L-1) at 40 rpm for 12 h. Before the 

immobilization, the ET2 solution was stirred for 1 h at 300 rpm to break possible 

enzyme agglomerates. For the one-step strategy (Figure 20b), a solution of 2 mg·mL-

1 of ET2 in Tris-HCl buffer (50 mmol·L-1 pH 8.5) was stirred for 1 h, and then 2 mg·mL-

1 of DA was added to the solution. The membrane was immersed in the DA/ET2 

solution for 12 h at 40 rpm. Adsorption of ET2 on a pristine membrane (Figure 20c) 

was also tested by immersing the membrane in a 2 mg·mL-1 ET2 solution in Tris-HCl 
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buffer for 12 h. After all the immobilization procedures, the membranes were washed 

with sodium phosphate buffer (100 mmol·L-1 pH 7) to remove loosely bound enzymes 

until no protein was detected using the Bradford method. Triplicate samples were 

prepared using each immobilization method. 

 

Figure 20 – Schematic representation of the immobilization methods tested in this 

study: (a) two-step immobilization, (b) one-step immobilization, and (c) adsorption 

 

 

The amount of enzyme immobilized on the membrane was determined by the 

change in ET2 concentration in the solution before and after the immobilization, as 

measured by the Bradford method, also accounting for the enzyme removed during 

the rinsing step. Enzyme loading (EL) was calculated according to Eq. 9. 
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𝐸𝐿 (𝑔 · 𝑚−2) =
(𝐶𝑜−𝐶𝑓)×𝑉−𝑀𝑟

𝐴
           (9) 

 

where C0 is the initial enzyme concentration in the solution (before the immobilization) 

(g·mL-1), Cf is the final protein content (after the immobilization) (g·mL-1), V is the 

volume of enzyme solution used in the test (mL), Mr is the amount of loosely bound 

enzyme removed by the rinsing step (g), and A is the membrane projected external 

area (m2). 

The hydrolytic activity of the immobilized ET2 was evaluated by the same 

method used to determine the free ET2 activity. For this, a test solution was prepared 

using the same soybean oil emulsion:buffer volume ratio of 2:3 and final soybean oil 

concentration of 90 g·L-1 (specifically, 50 mL of soybean emulsion was mixed with 

75 mL of sodium phosphate buffer (100 mmol·L-1 pH 7)). The membranes were 

immersed in the test solution and incubated at 40 °C for 30 min with gentle mixing at 

40 rpm. Then, a homogenized sample of 10 mL was withdrawn from the solution and 

titrated with 0.05 mol·L-1 NaOH to determine the amount of free fatty acids formed from 

the hydrolysis reactions. Control assays were performed under the same conditions 

using membranes subjected to the same immobilization protocols but without the ET2 

enzyme. The membrane hydrolytic activity (MHA) and the specific hydrolytic activity of 

the immobilized ET2 (MHAS) were determined according to Eq. 10 and 11, 

respectively.  

 

𝑀𝐻𝐴 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1. 𝑚−2) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴
        (10) 

 

𝑀𝐻𝐴𝑆 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1. 𝑔−1) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴×𝐸𝐿
        (11) 

 

where Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), Vt is the total 

volume of emulsion used in the test (mL), V is the volume of the emulsion sample 

titrated (mL), t is the reaction time (min), A is the membrane projected external area 

(m2), and EL is the enzyme loading on the membrane (g·m-2). 

Residual activity, as defined by Eq. 12, was used to estimate the effect of 

immobilization on enzyme activity. 
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𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100 ×
𝑀𝐻𝐴𝑆

𝐻𝐴𝑆
         (12) 

 

Analysis of variance (ANOVA) and Tukey’s test (p < 0.05) were performed on 

enzyme loading, membrane hydrolytic activity, and specific hydrolytic activity. Table 8 

compares the two-step and one-step immobilization methods regarding immobilization 

time, consumption of chemicals, and wastewater generation per membrane area. If 

successful, the one-step strategy can be less time-consuming (-33%) and have a lower 

generation of wastewater (-50%) and consumption of chemicals (-25%). 

 

Table 8 – Comparative of the two-step and the one-step methods for ET2 
immobilization on the ceramic membrane using PDA (approximate values based on 

the modification methods used in this study) 

Method 
Modification 

time (h) 

Chemicals usage Wastewater 
generation 

(L·m-2) 
DA (g· m-2) 

 
Tris-HCl 100 mM 

pH 8.5 (L· m-2) 

Two-step 18 30 30 30 

One-step 12 30 15 15 

Source: Author 

 

4.2.4 Operational stability of the immobilized and free ET2 

 

The effects of pH, temperature and reaction time on the free and immobilized 

ET2 were investigated during oil hydrolysis. Both free and immobilized ET2 activities 

were determined at different temperatures (20 – 60 °C) and pH (4 – 10). The hydrolysis 

activity was then evaluated for 24 h using the optimal temperature and pH. Free and 

immobilized ET2 activities were determined as described in sections 4.2.2 and 4.2.3, 

respectively; however, due to the different pH values used, instead of phenolphthalein 

as an indicator, titration was performed until pH 11, and control assays were performed 

for each pH (TREICHEL et al., 2016). The effect of pH, temperature, and reaction time 

were evaluated according to a relative activity (%), calculated by normalizing the 

obtained activities by the highest one. 
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4.2.5 Membrane characterization 

 

The surface morphology and elemental composition of the pristine and modified 

membranes were characterized by Scanning Electron Microscopy (SEM, FEI Helios 

NanoLab 660 Dual, USA) coupled with Electron Dispersion X-ray (EDX). Membrane 

hydrophilicity/hydrophobicity was determined using water and n-heptane vapor 

adsorption measurements as described by Mulinari et al. (2022) and adapted from 

Nishihora et al. (2018) and Prenzel et al. (2014). Membrane surface chemistry was 

characterized by X-ray Photoelectron Spectroscopy (XPS, PHI Quantera, MN, USA) 

using monochromatic Al Kα X-rays. Since alumina is an insulating material, the spectra 

of all samples were charged correctly by shifting all peaks to the adventitious C 1s 

spectral component (C-C, C-H) at 284.8 eV. The membranes and the lyophilized ET2 

were also analyzed by attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR, Cary 660, Agilent Technologies, CA, USA). 

 

4.2.6 Oil-water emulsion filtration tests 

 

The ET2-immobilized membranes were tested for their fouling resistance and 

self-cleaning function in the filtration of a soybean oil in water emulsion following 

previously reported protocols (MULINARI et al., 2022; PRONER et al., 2020; 

SCHMIDT et al., 2018). Since the immobilization was carried out on the membrane’s 

outer surface, the filtration was performed outside-in. To prepare the test solution, 

soybean oil (1 g·L-1) was emulsified in a 2 mmol·L-1 SDS aqueous solution by magnetic 

stirring at 1000 rpm for 5 min followed by probe sonication (Unique® model DES5000, 

Brazil) at 100 W for 5 min. In the filtration experiment, deionized water was first filtered 

at 1 bar and 1 L·min-1 of retentate flow rate to determine the initial pure water 

permeance of the membrane (p1). Then, two filtration steps of 2 h each were performed 

using the soybean oil emulsion. At the end of each filtration step, a backwash was 

carried out for 5 min at 1 bar and 1 L·min-1 of retentate flow rate using deionized water. 

After the final backwash, pure water permeance (p2) was measured again to evaluate 

the degree of fouling calculated by the decrease in pure water permeance (Eq. 13). All 

the steps of the experiment were performed in crossflow mode with complete 

recirculation of the retentate back to the feed reservoir. The transmembrane pressure 

used was 1 bar, the retentate flow rate was 1 L·min-1, and the crossflow velocity was 
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0.20 m·s-1. Sealing rings were fixed at 1 cm from each end of the membrane, resulting 

in an effective membrane length of 23 cm with an effective area of 79.5 cm2. After the 

filtration experiments, the membranes were immersed in sodium phosphate buffer 

(100 mmol·L-1 pH 7) for 12 h at 40 °C with stirring at 40 rpm to evaluate the 

membrane’s self-cleaning capacity. Finally, the membranes were rinsed with deionized 

water, and the water permeance (p3) was measured again. The overall permeance 

recovery was calculated by Eq. 14. The pristine membrane and membranes 

functionalized with and without the enzyme were tested in triplicate. Oil concentration 

in the feed and permeate was monitored throughout the experiment using a UV-visible 

spectrophotometer (Shimadzu model UV-2550, Japan) at a wavelength of 240 nm. 

 

𝑃𝑊𝑃 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) = 100 ×
(𝑝1−𝑝2)

𝑝1
                     (13) 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑃𝑊𝑃 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
𝑝3

𝑝1
                    (14) 

  

where p1 is the initial pure water permeance (L·h-1·m-2·bar-1), p2 is the pure water 

permeance after emulsion filtrations and final backwash (L·h-1·m-2·bar-1), and p3 is the 

pure water permeance after cleaning (L·h-1·m-2·bar-1). 

Three cycles of filtration and cleaning were performed using the same 

membrane to investigate their reusability in long-term applications. The number of 

filtration steps within each cycle was two. The emulsion was prepared as described 

above as well as the filtration and self-cleaning experiments. 

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 ET2 immobilization 

 

The lyophilized ET2 was immobilized by PDA coating using the two-step and 

one-step methods and by simple adsorption in the membrane for comparison. Table 9 

shows the results of enzyme loading, membrane hydrolytic activity, specific hydrolytic 

activity, and residual activity. The residual activities were calculated based on the 

specific activity of free lyophilized ET2: 1.39 ± 0.01 mmol·min-1·g-1. 
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Immobilization by simple adsorption (using the membrane with no 

functionalization) resulted in a very low enzyme loading on the membrane 

(0.9 ± 0.2 g·m-2) and, consequently, a low membrane hydrolytic activity 

(0.69 ± 0.08 mmol·min-1·m-2). The use of PDA greatly increased the enzyme loading 

on the membrane for both the two-step (3.1 ± 0.2 g·m-2) and the one-step 

(3.1 ± 0.1 g·m-2) approaches, which resulted in higher membrane hydrolytic activities. 

Similar results were obtained by Ren et al. (2011) when comparing adsorption with a 

two-step PDA method for immobilization of Candida rugosa lipase type VII on iron 

oxide nanoparticles: the use of PDA tripled the enzyme loading. However, the 

formation of covalent bonds between ET2 and PDA decreased the specific activity of 

the immobilized ET2 compared to the adsorption method, as evident in the lower 

residual enzyme activity resulting from the two PDA immobilization methods. This is 

attributed to structural changes or denaturing of the enzyme as well as blockage of 

active sites by PDA. Adsorption, on the other hand, involves weaker, non-specific 

interactions, causing fewer or no changes in the enzyme structure (FACIN et al., 2019; 

MOHAMAD et al., 2015). Nevertheless, all immobilization methods caused a large 

drop in enzyme activity compared to the free enzyme, as indicated by the low residual 

activity. 

 

Table 9 – Enzyme loadings (EL) and hydrolytic activities of the ET2 immobilized on 
the α-alumina membranes by different protocols 

Immobilization 
strategy 

EL (g·m-2) 
MHA 

(mmol·min-1·m-2) 
MHAS 

(mmol·min-1·g-1) 
Residual 

activity (%) 

Adsorption 0.91 ± 0.16a 0.69 ± 0.08a 0.76 ± 0.05a 54.3 ± 3.4a 

Two-step PDA 3.12 ± 0.23b 1.82 ± 0.08b 0.59 ± 0.06b 42.3 ± 4.3b 

One-step PDA 3.10 ± 0.10b 1.99 ± 0.04b 0.64 ± 0.02b 46.1 ± 1.3b 

All values are averages of triplicate tests and their respective standard deviations. Values in the same 
column with different superscripts indicate statistically significant differences according to Tukey’s test 

(p < 0.05). 
Source: Author 

 

When using the one-step strategy, there was a concern that the PDA might 

cover the enzyme and make the active site less accessible to the reactant. However, 

our results show that the two methods resulted in similar protein loading and hydrolytic 

activity; the Tukey test did not show a statistically significant difference between the 

two approaches. 
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4.3.2 Free and immobilized ET2 optimum operating pH and temperature 

 

The stability of enzymes as a function of temperature, pH, and operating time is 

an important factor in determining their suitability for applications that may encounter 

fluctuation of temperature and solution pH, and require a long lifetime of the enzyme. 

Figure 21 shows the activity of free and immobilized ET2 as a function of temperature, 

pH, and time. Regardless of the method used, immobilization did not alter the enzyme’s 

optimal operating temperature (around 40 °C), but it increased ET2 activity at other 

temperatures, especially at temperatures higher than the optimal one (Figure 21a). In 

the temperature range of 40 to 60 ºC, the one-step immobilization method yielded 

significantly higher enzyme activity than the two-step approach. This improved 

thermostability can be attributed to a larger number of attachment points between the 

enzyme and PDA (as schematized on Figure 25b). As the enzyme moieties involved 

in the immobilization reaction are fixed in location, they increase the enzyme rigidity 

and hinder conformational changes when temperature increases (BARBOSA et al., 

2013; CHENG et al., 2019). 

Figure 21b shows that ET2 immobilization using PDA coating increased the 

enzyme’s optimum operating pH from pH 6 for the free enzyme to pH 7 and 9 for the 

one-step and two-step PDA-immobilized enzymes, respectively. The immobilization 

resulted in lower enzyme activity at pH < 7 as well as pH 10 but increased its activity 

in the pH range of 7 to 9. Touqeer et al. (2019) observed a similar change after 

immobilizing Aspergillus terreus lipase on PDA-coated iron oxide nanoparticles: the 

maximum enzyme activities were obtained at more alkaline pH values after 

immobilization. 

The lipase immobilized by the one-step method showed higher activities than 

the one immobilized by the two-step method for all the pH values tested except pH 9. 

It is hard to determine exactly why this happened. It is an agreement in the literature 

that immobilization can help to improve stability in the microenvironment near the 

immobilized enzyme (KLIBANOV, 1979). So, in this case, although both methods used 

PDA as a bonding agent, they resulted in slightly different coatings, as demonstrated 

by the XPS analysis (Figure 24), which can indicate some variances in the 

microenvironment near the enzyme and, therefore, different behaviors at the same pH 

values. 
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Figure 21c shows the enzyme stability over time for the free and immobilized 

ET2. Both immobilization methods increased the operational stability of the enzyme, 

showing superior relative activity over 4 hours of the hydrolysis reaction. The free and 

immobilized ET2 had similar relative activities in the first two hours, consistent with the 

MHA results reported in Table 9 for 30 min of reaction. After 2 h, the relative activity of 

free ET2 dropped much faster than those immobilized by either method. The enzyme 

immobilized by the one-step strategy showed the highest stability, which is consistent 

with the larger number of attachment points and, therefore, higher rigidity of the 

enzyme. 

 

Figure 21 – Relative activity as a function of (a) temperature, (b) pH, and (c) 
operational time of the free and immobilized ET2 by the two-step and one-step 

approaches using PDA 

 
Source: Author 

 

4.3.3 Membrane Characterization 

 

Figure 22 shows the SEM images of the pristine membrane as well as 

membranes after different coating steps. Analyzing the SEM images, the membrane 

modified by the one-step strategy (Figure 22g) showed a more uniform coating than 

the one modified by the two-step method (Figure 22e), which can be a result of different 

PDA polymerization times (6 h of polymerization for the two-step modified membrane 

and 12 h of simultaneous polymerization and immobilization for the one-step modified 

membrane). EDX analysis (Table 10) showed an increase in the carbon content of the 

membrane surface after enzyme immobilization: from 20% for the PDA-coated 

membrane to 24% and 28% for the membranes with ET2 immobilized by the two-step 

and one-step method, respectively. The EDX mapping for each membrane (Figure 

22b, 22d, 22f and 22h) shows a homogeneous distribution of carbon and oxygen on 

the membrane surface, suggesting that the coating was uniform. 
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Figure 22 – SEM images and EDX mapping (aluminum in blue, carbon in red, and 
oxygen in green) of the surface of the (a,b) pristine membrane, (c,d) PDA-coated 

membrane, (e,f) membrane with ET2 immobilized by the two-step method, and (g,h) 
membrane with ET2 immobilized by the one-step method 

 
Source: Author 
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Table 10 – Elemental analyses of the membranes’ surfaces by EDX 

Element 

Atomic composition (%) 

Pristine PDA 
PDA+ET2 
(two-step) 

PDA+ET2 
(one-step) 

C 0.1 ± 0.7 20.4 ± 0.7 23.6 ± 1.0 27.7 ± 0.9 
O 68.7 ± 1.2 55.5 ± 1.1 50.2 ± 1.3 48.3 ± 1.2 
Al 31.3 ± 0.9 24.1 ± 0.8 26.2 ± 0.8 23.9 ± 0.7 

Source: Author 

 

ATR-FTIR analyses (Figure 23) show no significant difference in surface 

chemistry of the ET2 immobilized membranes obtained using the two-step and one-

step methods, which corroborates the similar hydrolytic activities obtained using these 

membranes. The membranes with immobilized ET2 also presented similar functional 

groups found in the free lipase sample: O-H stretching (3280 cm-1), a combination of 

N-H stretching from amine groups, and C-H stretching from alkenes (2920 cm-1), C=O 

stretching of primary amides from the α-helix secondary assignment, common in the 

secondary structure of proteins (1650 cm−1), and N-H bending of secondary amides 

(1540 cm−1) (BRESOLIN et al., 2020; KONG; YU, 2007). It also showed a signal at 

1050 cm-1, corresponding to C-N stretching from amines, present at both enzyme and 

PDA coating (CAO et al., 2018; DONG et al., 2018). The intensity of C=O and C-N 

peaks were higher for the membrane modified by the two-step method compared to 

the one-step method, suggesting that part of the enzymes can be covered by the PDA 

coating when the one-step strategy was applied. 
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Figure 23 – ATR-FTIR of the pristine membrane, PDA-coated membrane, 
membranes with immobilized ET2 by the two-step and one-step methods, and 

lyophilized ET2 

 
Source: Author 

 

Figure 24 and Table 11 show the surface chemical composition of the 

membranes and the free ET2 characterized by XPS analysis. Almost no aluminum was 

detected after the membrane modification while the carbon content increased, 

indicating a successful modification of the membrane surface. Moreover, nitrogen 

peaks appeared after PDA coating and increased after ET2 immobilization. Table 11 

shows the relative amounts of the elements detected by the XPS analysis. After ET2 

immobilization, the N/C atomic ratio increased from 0.12 ± 0.01 (PDA-coated 

membrane) to 0.20 ± 0.01 for the two-step method and 0.19 ± 0.03 for the one-step 

approach, which corroborates the similar results for enzyme loading in both 

membranes. 

Figure 24b shows the fitted carbon spectra of the modified membranes. The 

ET2-immobilized membranes exhibit an increase in the content of C=O or C=N and a 

decrease in C-H and C-C contents, suggesting a Schiff base reaction between the 

quinone groups of PDA and the amino groups of ET2, as schematized on Figure 25a. 

It may also be attributed to the oxidation of the remaining PDA catechol groups to 

quinone groups in the alkali environment (pH 8.5) as describe by Lu and Yu (2018) 

and the condensation reaction of the carboxyl groups in the enzyme with the amino 

groups of the PDA (Figure 25a). Wang et al. (2021b) also noticed an increase in C=O 
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after immobilizing perhydrolase on the PDA coating and attributed it to the formation 

of protein-PDA complexes. 

The N 1s spectrum (Figure 24c) shows a considerable increase in the intensity 

of R2NH binding energy when ET2 was immobilized on the membrane, suggesting that 

the amino groups of the enzyme could have bonded to the quinone groups of the 

polydopamine not only by Schiff base reaction but also by Michael addition (Figure 

25a). The N 1s spectra for the membrane modified by both two-step and one-step 

methods show a decrease in RNH2 intensity, which can be due to the condensation 

reaction between PDA’s amino groups and enzymes’ carboxylic groups (Figure 25a). 

Also, for the membrane modified by the two-step method, there is a shift in the RNH2 

binding energy, suggesting a change in the environment near the nitrogen. For the 

membrane modified by the one-step method, no shift was detected, indicating that 

PDA can cover part of the enzyme structure (Figure 25b). 
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Figure 24 – (a) XPS spectra of the pristine membrane, modified membranes, and 
free ET2, (b) fitted carbon (C 1s), and (c) nitrogen (N 1s) spectra for the membranes 
with PDA coating and with immobilized ET2 by the two-step and one-step methods 

 
Source: Author 
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Table 11 – Elemental composition of free ET2 and pristine, PDA modified, and ET2-
immobilized membranes analyzed by XPS 

Sample 
Atomic composition (%) 

C N O Al 

Pristine 17.78 ± 3.27 - 62.83 ± 3.24 19.39 ± 0.03 
PDA 64.05 ± 3.60 7.56 ± 0.13 26.41 ± 2.60 1.99 ± 1.13 

PDA+ET2 (two-step) 60.45 ± 0.46 11.86 ± 0.41 25.12 ± 0.48 0.96 ± 0.29 
PDA+ET2 (one-step) 58.71 ± 1.54 12.68 ± 1.94 27.15 ± 0.25 - 

ET2 57.10 ± 0.91 6.80 ± 0.73 32.25 ± 1.84 - 
Source: Author 

 

Figure 25 – (a) Proposed immobilization mechanism for both two-step and one-step 

methods: Schiff base reaction, Michael addition and condensation reaction; (b) 

multipoint attachment occurring during the one-step modification and partial covering 

of PDA on the enzyme surface 

 

Source: Author. 
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Figure 26 compares the hydrophilicity/hydrophobicity of the membranes. As 

expected, water vapor adsorption by all the membranes was much greater than n-

heptane vapor adsorption due to the hydrophilic nature of alumina. Consistent with our 

previous observation, PDA coating reduced both water and n-heptane vapor 

adsorption, which can be a result of pore blockage. Due to the hydrophilic character of 

PDA, the decline of n-heptane vapor uptake by the PDA-coated membrane was more 

intense than that of water, resulting in a higher water/n-heptane ratio. On the contrary, 

the addition of ET2 to the membrane surface greatly increased the adsorption of both 

vapors, which can be attributed to the enzyme’s amphiphilic nature (KAPOOR; 

GUPTA, 2012). The results also show that the water vapor adsorption is consistent 

with the enzyme loading on the membrane since the membranes with ET2 immobilized 

through PDA coating showed higher values. The slightly higher water vapor uptake 

presented by the membrane modified by the one-step method can be a consequence 

of a higher quantity of polar covalent bonds on the membrane surface, such as C-OH, 

C-N, and R2-NH, as shown in the XPS analysis (Figure 24). 

 
Figure 26 – Water and n-heptane vapor adsorption at 23 °C (left axis) and the ratio of 
water and n-heptane adsorption (right axis) for the pristine membrane, PDA-coated 
membrane, and membranes with immobilized ET2 by simple adsorption, two-step, 

and one-step PDA coating 

 
The values are means of triplicates and their respective standard deviations. Bars with different letters are 

significantly different according to Tukey’s test (p < 0.05). 

Source: Author 
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4.3.4 Fouling-reducing and self-cleaning capacities of the membranes 

 

Oil-water emulsion filtration experiments were performed to determine the 

potential of the immobilized lipase ET2 for fouling reduction and membrane cleaning 

by degrading the oil attached to the membrane surface. Membrane permeate flux was 

monitored during the filtration experiments (Figure 27b), and pure water permeance 

was evaluated by pure water filtration before and after emulsion filtration, and after 

cleaning in 100 mM SPB at pH 7 and 40 ºC (optimal conditions for ET2 activity) (Figure 

27a). 

Pure water filtration experiments showed that the PDA coating reduced 

membrane permeance for water slightly (6%), presumably due to the penetration of 

PDA into membrane pores, which also decreased the water vapor adsorption as shown 

in Figure 26 and so, the water affinity of the membrane. Immobilization of ET2 on the 

PDA coating (i.e., the two-step method), on the other hand, slightly increased 

membrane permeance, which can be attributed to the increase in membrane surface 

hydrophilicity due to the presence of hydrophilic groups in the immobilized enzyme 

structure. Although the membrane modified by the one-step ET2 coating strategy was 

the most hydrophilic (Figure 26), it showed initial water permeance similar to the PDA-

coated membrane. This may be the result of the longer polymerization time used (12 h) 

compared with that in the two-step method (6 h) and, hence, higher PDA loading. 

During filtration of the oil-water emulsion, the oil content caused severe fouling 

of the uncoated membrane, resulting in a 62 ± 2 % reduction in membrane pure water 

permeance. The pristine membrane also showed lower permeate flux during the oil-

water emulsion filtration (Figure 27b). The PDA coating did not have a measurable 

impact on the pure water permeance loss of the membrane after the two filtration 

cycles (Figure 27a and Table 12); however, it resulted in increased permeate flux 

during most of the oil-water emulsion filtration experiment, as it can be seen on Figure 

27b. The immobilization of ET2 on the membrane surface, however, significantly 

reduced membrane fouling by the oil: pure water permeance reduction was limited to 

40.2 ± 0.8 % and 35 ± 2 % for membranes modified by the two-step and one-step 

method, respectively. This may be attributed to the reduced adsorption of oil molecules 

on the ET2-immobilized membranes due to their higher hydrophilicity (Figure 26) as 

well as the hydrolysis of adsorbed oil molecules. The membrane with immobilized ET2 

by the one-step approach also presented higher permeate fluxes throughout the 
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experiment than the other membranes (Figure 27b). The better performance of the 

one-step modified membrane can be attributed to the increased hydrophilicity (Figure 

26) and the enhanced stability over reaction time (Figure 21). 

The results show that two-step and one-step immobilization led to similar pure 

water permeances (Figure 27a) after the emulsion filtration, demonstrating that the 

one-step or one-pot ET2 immobilization with PDA can be used as an alternative to the 

conventional two-step procedure. Therefore, simultaneous dopamine polymerization 

and ET2 immobilization can be used to develop fouling-reducing enzymatic 

membranes using fewer chemicals in a shorter time. 

Interestingly, the one-step ET2-immobilization method resulted in superior self-

cleaning performance than the two-step method. As shown in Figure 27a and Table 

12, the pristine membrane recovered 48.0 ± 0.8 % of its pure water permeance after 

the cleaning procedure, while the permeance of the PDA-coated, two-step, and one-

step ET2-immobilized membranes resumed to 53.8 ± 1.4, 73.5 ± 0.7, and 89.7 ± 2.7 % 

of their initial permeance, respectively. Therefore, besides decreasing membrane 

fouling during emulsion filtration in a similar way as the two-step approach, the enzyme 

immobilization by the one-step procedure had a superior performance in terms of 

permeance recovery after cleaning, which can be a result of both increased water 

affinity (Figure 26) and increased stability over reaction time as described in Figure 

21c. 
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Figure 27 – Performance of pristine and enzyme-active α-alumina membranes in the 
filtration of soybean oil in water emulsion (1 g·L-1): (a) water permeance before the 

emulsion filtration (initial), after the final backwash (after filtration), and after the 
cleaning procedure; and (b) normalized permeate flux during the oil-water emulsion 

filtration 

 
Source: Author 
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Table 12 – Summary of pure water permeance changes for the emulsion filtration 
test as shown in Figure 27 for the pristine and enzymatically active membranes 

Membrane 

Change in water permeance (%) 

Reduction after emulsion 
filtration 

Permeance recovery after 
cleaning 

Pristine 61.5 ± 1.6 48.0 ± 0.8 
PDA 60.1 ± 1.7 53.8 ± 1.4 

PDA+ET2 (two-step) 40.2 ± 0.8 73.5 ± 0.7 
PDA+ET2 (one-step) 35.1 ± 2.0 89.7 ± 2.7 

Source: Author 

 

The oil fouling control capacity (evaluated by pure water permeance reduction 

after filtration and backwash) of the membrane developed in this study was superior to 

those found in the literature for membranes with immobilized lipases (Table 13). This 

can be attributed to several factors, including the higher membrane hydrolytic activity, 

the crossflow filtration mode (which contributes to decreasing the fouling) instead of 

dead-end filtration, fewer filtration cycles, and also higher hydrophilicity since a ceramic 

membrane was used instead of a polymeric membrane. The self-cleaning capacity 

(evaluated by permeance recovery after cleaning) was also superior to most of the 

studies, which can also be a consequence of the higher membrane hydrolytic activity. 

The membrane retention did not change considerably throughout the 

experiments. The pristine membrane had an oil retention of 90.6 ± 1.7 %, the PDA 

coated membrane 87.8 ± 3.0 %, the two-step modified membrane 93.1 ± 2.8 %, and 

the one-step modified membrane 96.1 ± 2.6 %. The same tendency of the water vapor 

adsorption (Figure 26) can be noticed here, showing that the increased hydrophilicity 

of the modified membranes can also help to increase the membrane oil retention. 
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Table 13 – Comparison of pure water permeance changes between this study and literature using lipase-immobilized membranes 

Membrane 
configuration 
and material 

Lipase Immobilizatio
n agent 

MHA1 
 

Feed Filtration 
conditions 

Cleaning 
conditions 

Changes in water 
permeance (%) 

Ref. 

Reduction 
after 

filtration 

Recovery 
after 

cleaning 

 

Tubular α-alumina ET2 PDA 1986 1 g·L-1 soybean 
oil in aqueous 
SDS solution 

Cross-flow, 
1 bar, 1 L·min-1  
of retentate flow 
rate, 2 cycles of 

2 h each 

SPB 100 mM 
pH 7, 12 h, 

40 °C 

35 90 This 
work 

Flat sheet 
polyethersulphone 

(PES) 

Pancreatin2 EDC3 + NHS4 Not 
informed 

0.5 g·L-1 linseed 
oil in aqueous 
SDS solution 

Dead-end, 6 
cycles filtrating 

400 mL 

PBS5 pH 8, 
12 h, 37 °C 

40 75 Shulze et 
al. 

(2017) 
Flat sheet 

polyvinylidene 
fluoride (PVDF) 

PPL6 II and 
Candida 

rugosa lipase 

EDC + NHS 828 1 g·L-1 linseed 
oil in aqueous 
SDS solution 

Dead-end, 7-8 
cycles filtrating 

200 mL 

PBS pH 8, 
12 h, 37 °C 

58 72 Schmidt 
et al. 

(2018) 
Flat sheet PVDF Thermomyces 

lanuginosus 
lipase 

Electron beam 
irradiation 

823 1 g·L-1 olive oil 
in aqueous SDS 

solution 

Dead-end, 4 
cycles filtrating 

500 mL 

PBS pH 8, 
3 h, 37 °C 

68 100 Schmidt 
et al. 

(2022) 
1µmol·min-1·m-2; 2Mixture of lipase, protease and amylase; 31-ethyl-3-(3-dimethylaminopropyl) carbodiimide; 4N-hydroxysuccinimid; 5phosphate buffered saline; 
6porcine pancreatin lipase. 
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As presented in Figure 28, after three filtration and cleaning cycles, the pristine 

membrane had a reduction in pure water permeance of 91%. In contrast, the 

membrane with ET2 immobilized by the two-step method had a reduction of 69% and 

the membrane modified by the one-step strategy had a reduction of only 38%. After 

the first cycle, the pristine, two-step and one-step modified membranes recovered 

48%, 73% and 90% of their initial pure water permeance, which decreased to 43%, 

68%, and 86% after the second cycle, and 415, 61%, and 81% after the third cycle, 

respectively. Even though decreasing over the filtration and cleaning cycles, the 

permeance recovery showed by the membranes with immobilized ET2 was still 

significantly higher than the one shown by the pristine membrane. The improved 

stability of the enzymes immobilized by the one-step method (Figure 21) results in 

increased reusability over multiple filtration and cleaning cycles compared to the two-

step immobilized lipase. These results can also be a consequence of increased rigidity 

of the ET2 immobilized by the one-step approach since more enzyme moieties were 

possibly used for the immobilization. 

 

Figure 28 – Results of repeated filtration and cleaning experiments for the pristine, 
two-step and one-step modified membrane with PDA and ET2 

 
Source: Author 
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4.4 CONCLUSION 

 

In this study, we demonstrated that one-step lipase ET2 immobilization using 

polydopamine as the bonding agent was an excellent alternative to the two-step 

approach. Not only did it achieve an enzyme loading and a membrane hydrolytic 

activity similar to the conventional two-step method, but it also enhanced the stability 

of the immobilized enzyme. ET2 immobilization using both the one-step and two-step 

methods rendered the membrane strong fouling resistance (reduction in pure water 

permeance of 35% and 40% after oil fouling, respectively) and self-cleaning capability, 

with the one-step immobilization method outperforming the two-step method (90% and 

74% of permeance recovery, respectively). Furthermore, the one-step enzyme 

immobilization method using PDA is faster, uses fewer chemicals, consumes less 

water, and produces less wastewater, making it a lower-cost and more environmentally 

friendly approach. For being a simpler method, the one-step immobilization can be 

easier to scale up, which, combined to the advantages described above, make it more 

attractive to industry and research institutions.   
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 IN-SITU ONE-STEP IMMOBILIZATION 

 

Enzyme immobilization on membranes, mainly inorganic ones, is a challenging 

task that generally is multi-step, time-consuming, uses toxic chemicals, and is done 

ex-situ (outside the membrane filtration system). Developing an in-situ immobilization 

method is essential to facilitate the scale-up of the process. Therefore, the goal of this 

chapter was to develop a one-step in-situ method to immobilize the lipase Eversa 

Transform 2.0 (ET2) on the α-alumina membrane using polydopamine (PDA) as the 

bonding agent. The in-situ immobilization proved to be feasible, and by optimizing the 

dopamine hydrochloride (DA) and ET2 concentration in the immobilization solution to 

0.3 mg·mL-1 and 4 mg·mL-1, respectively, the modified membrane reached an enzyme 

loading of 10 g·m-2 which resulted in an improved water affinity and membrane 

hydrolytic activity (38 mmol·min-1·m-2). Thereafter, the modified membrane showed a 

strong fouling resistance (pure water permeance reduction limited to 43% after oil-

water emulsion filtration) and self-cleaning capacity (pure water permeance recovery 

of 97% after cleaning with deionized water at 40 °C for 6 h). The membrane 

regeneration by calcination and in-situ chemical cleaning was also tested to evaluate 

the reusability of the membrane after it was no longer active. The results showed that, 

after 5 cycles of modification-regeneration, no morphological or chemical changes 

were observed at the membrane surface. The in-situ enzyme immobilization and 

chemical regeneration are huge advantages that can facilitate the scale-up of the 

process. The reuse of the membrane coupled with the one-step modification using 

PDA can reduce costs and make the process more environmentally friendly. 

 

5.1 INTRODUCTION 

 

The development of biocatalytic membranes through the immobilization of 

enzymes can aim at producing target products (CHEN et al., 2019b; RANIERI et al., 

2016; ZARE et al., 2019) or forming a fouling control and self-cleaning coating 

(KOLESNYK et al., 2019; SCHMIDT et al., 2018; SCHULZE et al., 2017). Most of the 

enzyme immobilization in membranes is done ex-situ, which means the membrane is 

modified outside the filtration module, generally by immersing it in the enzymatic 

solution (AGHABABAIE et al., 2016; BRISOLA et al., 2022; VASCONCELOS et al., 

2020). Few studies have done the modification in situ (membrane inside the filtration 
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module), which can facilitate the scale-up of the process and the reuse of the 

membrane (CHEN et al., 2019b; GUO et al., 2018; MARPANI et al., 2015). 

After some time, the enzymes lose their activity and must be replaced. In an in-

situ immobilization, to reuse the membrane, both cleaning and modification steps could 

be performed directly in the filtration setup, so the membrane would not have to be 

removed and replaced in the system. This way, in situ immobilization, can save time 

and decrease operational costs. 

For the filtration of oily wastewater, the immobilization of the enzyme lipase 

(triacylglycerol hydrolases, EC 3.1.1.3) in the membrane could be an alternative to 

improve the antifouling and self-cleaning capacity of the membrane. The immobilized 

lipase can degrade the triacylglycerols of the oil into fatty acids and glycerol, which can 

increase permeate flux during the filtration and avoid the use of chemicals during the 

cleaning (MULINARI et al., 2022; SCHMIDT et al., 2018; SCHULZE et al., 2017). 

In this work, the enzyme lipase Eversa Transform 2.0 was immobilized on the 

surface of an α-alumina membrane using polydopamine as a bonding agent. The 

immobilization was performed in one step (dopamine polymerization and enzyme 

immobilization simultaneously) as described in the previous chapter by an in-situ 

method. The immobilization conditions, such as lipase concentration and dopamine 

concentration in the initial solution, were evaluated. Oil-water emulsion was filtered 

through the membrane to assess its fouling resistance and cleaning properties. 

 

5.2 MATERIAL AND METHODS 

 

5.2.1 Material and chemicals 

 

Purified and concentrated lipase Eversa Transform 2.0 (ET2) produced by a 

genetically modified strain of Aspergillus oryzae was used (Novozymes, Denmark). 

The commercial enzymatic solution was dialyzed for 120 h using a cellulose membrane 

(12-14 KDa) and sodium phosphate buffer at 50 mmol·L-1 and pH 6.0. The buffer was 

replaced every 12 h. The purified enzyme solution was frozen at -50 °C and lyophilized 

for 48 h (Liotop model L101n). The resulting powder was stored at 4 °C until use. 

Tubular α-alumina membranes were custom-made (Tecnicer, Brazil). They are 

25 cm in length, 1.2 cm in outer diameter, and 0.8 cm in inner diameter. The total 

porosity of the membranes is 30 ± 2 %, and it was calculated using the apparent density 
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(2.8 ± 0.1 g·cm-3) determined by the Archimedes’ principle using distilled water (ASTM 

C20, 2000) and the absolute density (4.0 ± 0.1 g·cm-3) determined by helium 

pycnometry.  

Analytical grade dopamine hydrochloride (DA, 98%, C8H11NO2.HCl, Sigma-

Aldrich, USA), sodium dodecyl sulfate (SDS, ≥99%, C12H25SO4Na, Sigma-Aldrich, 

USA), sodium hydroxide (95%, NaOH, Spectrum, USA), and ethanol (99,5%, C2H6O, 

Fisher Scientific, USA) were used as purchased. Tris(hydroxymethyl)aminomethane 

hydrochloride buffer 1 M at pH 8.5 (Tris-HCl, Teknova, USA) was used to prepare the 

50 mM Tris-HCl buffer at pH 8.5. The 100 mM sodium phosphate buffer at pH 7 was 

prepared using sodium phosphate monobasic (99%, NaH2PO4, Thermo Scientific, 

USA) and sodium phosphate dibasic (≥99%, Na2HPO4, Sigma-Aldrich, USA). Refined 

soybean oil (Happy Belly®) was used to prepare the oil-water emulsion.  

 

5.2.2 ET2 hydrolytic activity 

 

The ET2 hydrolytic activity was determined using soybean oil as the substrate. 

Soybean oil emulsion (25% g·g-1) was prepared immediately before each experiment 

by emulsifying soybean oil in a 2 mM aqueous solution of SDS using a magnetic stirrer 

at 1000 rpm for 10 min. Then, 1 mL of a 10 mg/mL ET2 solution in sodium phosphate 

buffer 100 mM pH 7 (stirred at 300 rpm for 1 h before the test to break enzyme 

aggregates) was added to 9 mL of the soybean emulsion, resulting in a soybean oil 

concentration of 225 g/L. After incubation for 30 min at 40 °C and agitation at 300 rpm, 

the reaction was interrupted by adding 15 mL of ethanol. The amount of fatty acids 

liberated during the reaction was determined by titration using NaOH 0.05 mol·L-1 until 

pH 11. Control assays were carried out by adding ethanol right before the addition of 

the enzyme. The specific hydrolytic activity (HAS) was calculated using Eq. 15. All tests 

were performed in triplicate. It is important to noticed that the hydrolytic activity 

measurement method used in this chapter (with SDS as emulsifier) is different from 

the method used in the previous chapters (with PVA as emulsifier). 

 

𝐻𝐴𝑆 (𝑚𝑚𝑜𝑙/𝑚𝑖𝑛. 𝑔) =
(𝑉𝑠−𝑉𝑐)×𝑀

𝑡×𝑉×𝑃𝐶
                   (15) 
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where Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), t is the reaction 

time (min), V is the volume of enzymatic solution added to the reaction media (mL), 

and PC is the protein content of the enzymatic solution (g·mL-1) determined by the 

Bradford method using bovine serum albumin as a standard (Bradford, 1976). 

 

5.2.3 ET2 immobilization 

 

The in-situ enzyme immobilization was performed using the setup described in 

Figure 29 with no applied pressure and a 1.5 GPH (0.09 L·min-1) flow rate. Differently 

from the previous studies, the inner side of the membrane was modified during the in-

situ modification. A solution containing ET2 and dopamine was prepared by mixing the 

desired concentration of ET2 in the Tris-HCl buffer at 50 mM pH 8.5 for 1 h and then 

adding dopamine. A central composite rotatable design 22 was performed by varying 

the ET2 concentration (0.6-3.6 mg·mL-1) and dopamine concentration (0.6-3.6 mg·mL-

1) in the solution. Further tests were performed using higher concentrations of ET2 

(4.0-5.0 mg·mL-1) and lower concentrations of dopamine (0.1-0.3 mg·mL-1). Moreover, 

since our previous studies showed an increase in membrane hydrophilicity after ET2 

immobilization (MULINARI et al., 2022), a control test was performed to check the 

contributions of the increased hydrophilicity and the oil hydrolysis during oil-water 

emulsion filtration and membrane cleaning. For that, active (with hydrolytic activity) and 

denatured (without hydrolytic activity) ET2 were immobilized and the performance of 

each membrane in the oil-water emulsion filtration and cleaning was performed. The 

lipase ET2 was denatured by boiling it for 10 min and its hydrolytic activity was 

determined to check if it was indeed denatured.  

The enzymatic dopamine solution recirculated in the inner part of the membrane 

for 12 h at room temperature with stirring at 300 rpm. After the immobilization, sodium 

phosphate buffer 100 mmol·L-1 at pH 7 was passed through the membrane to remove 

loosely bounded enzymes until no protein was detected by the Bradford method. The 

tests were performed in triplicate. 
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Figure 29 – In-situ immobilization setup (0.09 L·min-1, no applied pressure, total 
recirculation, module at vertical position) 

 
Source: Author 

 

The amount of enzyme immobilized on the membrane was determined by the 

change in ET2 concentration in the solution before and after the immobilization, as 

measured by the Bradford method, also accounting for the enzyme removed during 

the rinsing step. Enzyme loading (EL) was calculated according to Eq. 16. 

 

𝐸𝐿 (𝑔 · 𝑚−2) =
(𝐶𝑜−𝐶𝑓)×𝑉−𝑀𝑟

𝐴
                       (16) 

 

where C0 is the initial enzyme concentration in the solution (before the immobilization) 

(g·mL-1), Cf is the final protein content (after the immobilization) (g·mL-1), V is the 

volume of enzyme solution used in the test (mL), Mr is the amount of loosely bound 

enzyme removed by the rinsing step (g), and A is the membrane projected internal 

area (m2). 

The hydrolytic activity of the immobilized ET2 was evaluated using the same 

soybean oil emulsion used to determine the free ET2 activity. The soybean oil emulsion 

(225 g·L-1) was kept at 40 °C and 300 rpm and was recirculated at 1.5 GPH 

(0.09 L·min-1) in the inner part of the membrane for 1 h with no applied pressure as 

described in Figure 29. Then, a sample of 10 mL was withdrawn from the solution and 

titrated with 0.05 mol·L-1 NaOH until pH 11 to determine the amount of free fatty acids 

formed from the hydrolysis reactions. Control assays were performed under the same 
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conditions using membranes subjected to the same immobilization protocols but 

without the ET2 enzyme. The membrane hydrolytic activity (MHA) and the specific 

hydrolytic activity of the immobilized ET2 (MHAS) were determined according to Eq. 17 

and 18, respectively.  

 

𝑀𝐻𝐴 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1. 𝑚−2) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴
                (17) 

 

𝑀𝐻𝐴𝑆 (𝑚𝑚𝑜𝑙 · 𝑚𝑖𝑛−1. 𝑔−1) =
(𝑉𝑠−𝑉𝑐)×𝑀×(𝑉𝑡/𝑉)

𝑡×𝐴×𝐸𝐿
            (18) 

 

where Vs is the NaOH volume used to titrate the sample (mL), Vc is the NaOH volume 

used to titrate the control assay (mL), M is NaOH molarity (mol·L-1), Vt is the total 

volume of emulsion used in the test (mL), V is the volume of the emulsion sample 

titrated (mL), t is the reaction time (min), A is the membrane projected internal area 

(m2), and EL is the enzyme loading in the membrane (g·m-2). 

Relative activity, as defined by E. 19, was used to estimate the effect of 

immobilization on enzyme activity. 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100 ×
𝑀𝐻𝐴𝑆

𝐻𝐴𝑆
          (19) 

 

Analysis of variance (ANOVA) and Tukey’s test (p < 0.05) were performed on 

enzyme loading, membrane hydrolytic activity, and specific hydrolytic activity. 

 

5.2.4 Membrane characterization 

 

The surface morphology and elemental composition of the pristine and the 

membrane modified by the best condition were characterized by Scanning Electron 

Microscopy (SEM, FEI Helios NanoLab 660 Dual) coupled with Electron Dispersion X-

ray (EDX). Membrane hydrophilicity/hydrophobicity was determined using water and 

n-heptane vapor adsorption measurements as described by Mulinari (2022) and 

adapted from Nishihora et al. (2018) and Prenzel et al. (2014). Membrane surface 

chemistry was characterized by X-ray Photoelectron Spectroscopy (XPS, PHI 

Quantera, MN, USA) using monochromatic Al Kα X-rays. Since alumina is an insulating 

material, the spectra of all samples were charged correctly by shifting all peaks to the 
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adventitious C 1s spectral component (C-C, C-H) at 284.8 eV. The membranes and 

the lyophilized ET2 were also analyzed by attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR, Cary 660, Agilent Technologies, CA, 

USA). 

 

5.2.5 Oil-water emulsion filtration and membrane cleaning tests 

 

The ET2-immobilized membranes were tested for their fouling resistance and 

self-cleaning function in a soybean oil in water emulsion filtration according to 

previously reported protocols (Mulinari et al., 2022; Schmidt et al., 2018; Proner et al., 

2020). Since the immobilization was carried out on the membrane’s inner surface, 

filtration was performed inside-out. To prepare the test solution, soybean oil (1 g·L-1) 

was emulsified in a 2 mmol·L-1 SDS aqueous solution by magnetic stirring at 1500 rpm 

for 10 min, generating an emulsion of oil droplets with an average diameter of 

320 ± 21 µm. In the filtration experiment, deionized water was first filtered at 0.7 bar 

and 0.44 L·min-1 of retentate flow rate to determine the initial pure water permeance of 

the membrane (p1). Then, two filtration steps of 2 h each were performed using the 

soybean oil emulsion in crossflow mode with complete recirculation of the retentate 

and permeate back to the feed reservoir. At the end of each filtration step, a backwash 

was carried out for 5 min at 0.7 bar and 0.44 L·min-1 of retentate flow rate using distilled 

water. After the final backwash, pure water permeance (p2) was measured again to 

evaluate the degree of fouling expressed as the reduction in pure water permeance 

(PWP) calculated by E. 20. Sealing rings were fixed at 1 cm from each end of the 

membrane, resulting in an effective membrane length of 23 cm with an effective area 

of 57.8 cm2.  

 

𝑃𝑊𝑃 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) = 100 ×
(𝑝1−𝑝2)

𝑝1
        (20) 

 

After the filtration experiments, the membranes were cleaned by recirculating 

the cleaning solution as schematized in Figure 29 using 1.5 GPH (0.09 L·min-1). The 

cleaning solution, temperature, and time were evaluated. Sodium phosphate buffer 

100 mmol·L-1 at pH 7 and deionized water were tested for 12 h at both 40 °C and room 

temperature (24 °C). The pH 7 and 40 °C were chosen since they resulted in the 
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highest hydrolytic activity for the immobilized ET2, as reported in our previous study. 

With the best solution and temperature, the cleaning time was evaluated from 3 to 

12 h. After the cleaning procedure, the membranes' pure water permeance (p3) was 

measured again at 0.7 bar and 0.44 L·min-1. The performance of the cleaning 

procedures was evaluated by calculating the pure water permeance increase after 

cleaning (E. 21) and the overall permeance recovery (Eq. 22). SEM images were 

obtained to compare the membrane before and after oil fouling, and after the cleaning 

procedure. 

 

𝑃𝑊𝑃 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 (%) = 100 ×
(𝑝3−𝑝2)

𝑝1
         (21) 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑃𝑊𝑃 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 ×
𝑝3

𝑝1
           (22) 

  

Samples of the initial feed, final feed, permeate, and initial and final cleaning 

solution were compared qualitatively through liquid chromatography coupled with mass 

spectroscopy (LC-MS). LC-MS analyses were conducted using an Agilent 1290 Infinity 

II HPLC system operated at a flow rate of 0.4 mL·min-1. Mobile phase A was water with 

0.1% formic acid, and mobile phase B was acetonitrile with 0.1% formic acid. The 

analytical gradient ran from 55%B to 95%B over 12 min, followed by a column flush at 

95%B for 3 min and re-equilibration at initial conditions for 3 min. Separations were 

carried out using an Agilent Zorbax Eclipse Plus C18 column (2.1 mm ID x 50 mm; 

1.8 µm) operated at 25 oC. The LC was interfaced with an Agilent MSD-XT Single 

Quadrupole Mass Spectrometer through a standard electrospray ionization (ESI) 

source operated in the negative mode.  

Three cycles of filtration and cleaning were performed using the same 

membrane to investigate their reusability in long-term applications. The number of 

filtration steps within each cycle was two. The emulsion was prepared as described 

above as well as the filtration and self-cleaning experiments. 

 

5.2.6 Membrane regeneration 

 

Two regeneration protocols were performed to evaluate if the same membrane 

could be modified several times after the immobilized ET2 was no longer active: 
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membrane calcination and chemical cleaning. The calcination was done at 700 ºC for 

3 h to remove the organic coating. The chemical cleaning was performed using an 

aqueous solution of 15 g·L-1 of NaOH, which was recirculated through the membrane 

with a flow rate of 1.5 GPH (0.09 L·min-1) and no applied pressure, as shown in Figure 

29. Three consecutive chemical cleanings of 15 min each were carried out using new 

alkali solutions. After that, deionized water was passed through the membrane until no 

pH changes could be observed. After the regeneration, the ET2 was immobilized again 

on the membrane surface, and the pure water permeance and membrane hydrolytic 

activity were evaluated after each regeneration-modification step. The two 

regeneration protocols were tested five times using the same membrane.  

 

5.3 RESULTS AND DISCUSSION 

 

5.3.1 ET2 immobilization 

 

The lyophilized ET2 was immobilized by PDA coating using the one-step 

method under different concentrations of dopamine hydrochloride and ET2 in the 

solution. Table 14 shows the CCRD 22 results of enzyme loading, membrane hydrolytic 

activity, specific hydrolytic activity, and residual activity for each condition tested. The 

relative activities were calculated based on the specific activity of the free lyophilized 

ET2: 13.0 ± 0.6 mmol·min-1·g-1. 

According to the results, when comparing fixed concentrations of DA (for 

example, tests 1 and 3 for 1 mg·mL-1 of DA, and tests 2 and 4 for 3 mg·mL-1 of DA), 

an increase in the ET2 concentration results in an increase in the enzyme loading (EL) 

on the membrane. No significant differences can be noticed when the DA 

concentration changes (for example, tests 1 and 2 for 1 mg·mL-1 of ET2, and tests 3 

and 4 for 3 mg·mL-1 of ET2). This behavior indicates that even the lowest 

concentrations of DA used in the experiments are enough to immobilize the enzyme 

on the membrane; moreover, the increase in enzyme loading when increasing the ET2 

concentration indicates that more enzymes can be immobilized by the used amount of 

DA. 
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Table 14 – Enzyme loadings (EL) and hydrolytic activities of the ET2 immobilized on 
the α-alumina membranes by different protocols 

Test 
ET2 

(mg·mL-2) 
DA  

(mg·mL-1) 
EL 

(g·m-2) 
MHA 

(mmol·min-1·m-2) 
MHAS 

(mmol·min-1·g-1) 
Relative 

activity (%) 

1 -1 (1.0) -1 (1.0) 2.1 ± 0.3 6.3 ± 0.3 3.0 ± 0.4 22.7 ± 3.2 

2 -1 (1.0) 1 (3.0) 3.1 ± 0.7 4.6 ± 0.2  1.5 ± 0.4 11.3 ± 2.8 

3 1 (3.0) -1 (1.0) 4.6 ± 0.7 13.2 ± 0.4 2.9 ± 0.4 22.3 ± 3.5 

4 1 (3.0) 1 (3.0) 4.9 ± 0.8 6.3 ± 0.1 1.3 ± 0.2 9.8 ± 1.7 

5 -1.41 (0.6) 0 (2.0) 3.1 ± 0.4 5.0 ± 0.4 1.6 ± 0.3 12.5 ± 2.2 

6 1.41 (3.6) 0 (2.0) 3.7 ± 0.2 10.3 ± 0.4 2.8 ± 0.2 21.5 ± 1.8 

7 0 (2.0) -1.41 (0.6) 2.9 ± 0.3 8.6 ± 0.1 3.0 ± 0.3 22.7 ± 2.4 

8 0 (2.0) 1.41 (3.6) 2.8 ± 0.2 4.3 ± 0.1 1.5 ± 0.1 11.8 ± 0.9 

9 0 (2.0) 0 (2.0) 2.5 ± 0.2 7.2 ± 0.3 2.9 ± 0.3 22.1 ± 2.6 

10 0 (2.0) 0 (2.0) 2.3 ± 0.3 6.8 ± 0.3 3.0 ± 0.5 23.0 ± 3.6 

11 0 (2.0) 0 (2.0) 2.5 ± 0.4 7.4 ± 0.2 3.0 ± 0.5 23.3 ± 3.7 

All values are averages of triplicate tests and their respective standard deviations. 
Source: Author 

  

The results of the experimental design for the membrane hydrolytic activity 

were subjected to the analysis of variance (ANOVA) (Table 15) and a refined empirical 

mathematical model (Eq. 23) of the membrane hydrolytic activity as a function of 

dopamine hydrochloride and ET2 concentrations in the solution was obtained. The 

determination coefficient (R2 = 0.95) and the F-test validated the model (p < 0.05), so 

it was possible to generate the response surface of Figure 30. 

 

Table 15 – The ANOVA for the membrane hydrolytic activity (MHA) as a function of 
the lipase ET2 and the dopamine hydrochloride concentrations in the immobilization 

solution 
Source of 
variation 

Sum of 
squares 

Degrees of 
freedom 

Mean 
squares 

Fcalc Ftab 

Regression 66.1 3 22.0 49.4 4.3 

Residual 3.1 7 0.4   

Total 69.2 10    

Source: Author 
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𝑀𝐻𝐴 = 7.3 + 1.9 × 𝐸𝑇2 − 1.8 × 𝐷𝐴 − 1.3 × 𝐸𝑇2 × 𝐷𝐴        (23) 

 

where MHA is the membrane hydrolytic activity (mmol·min-1·m-2), ET2 is the lipase 

concentration (mg·mL-1) and DA is the dopamine hydrochloride concentration (mg·mL-

1) in the immobilization solution. 

 

Figure 30 – (a) Surface response and (b) surface profile for the membrane hydrolytic 
activity (MHA) as a function of the lipase ET2 and the dopamine hydrochloride 

concentrations in the immobilization solution 

 
Source: Author 

 

The experimental design suggested that higher concentrations of ET2 and lower 

concentrations of DA in the immobilization solution resulted in higher membrane 

hydrolytic activities. The concentration intervals tested in the experimental design (0.6-

3.6 mg·mL-1
 of ET2 and DA) were not enough to reach the optimized immobilization 

condition, which is why lower concentrations of DA and higher concentrations of ET2 

were tested. First, lower DA concentrations were tested using a fixed concentration of 

2 mg·mL-1 of ET2 (Figures 31a, 31c, and 31e), and then, with the best DA 

concentration (0.3 mg·mL-1), the ET2 concentration was evaluated (Figures 31b, 31d, 

and 31f). 

The additional tests showed that the membrane hydrolytic activity (MHA) 

increased with the decrease of the DA concentration (Figure 31c) until it reached 

0.3 mg·mL-1. When using less DA (0.1 mg·mL-1), the enzyme loading decreased 

significantly (Figure 31a), resulting in a lower MHA. Even though EL was the same, the 

lower MHA in higher DA concentrations (0.6 – 3.6 mg·mL-1) can be a consequence of 

polydopamine covering the enzyme and blocking the active site. This fact is 
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corroborated by the immobilized enzyme specific activity (MHAs) that decreases as the 

DA concentration increases (Figure 31e). 

 

Figure 31 – Additional tests to evaluate the (a,b) enzyme loading (EL), (c,d) 
membrane hydrolytic activity (MHA), and (e,f) specific activity (MHAs) of (a,c,e)  

lower dopamine hydrochloride (DA) concentrations and (b,d,f) higher ET2 
concentrations in the immobilization solution 

 
The values are means of triplicates and their respective standard deviations. Bars with different letters 

are significantly different according to Tukey’s test (p < 0.05). 
Source: Author 

 

By fixing DA concentration at 0.3 mg·mL-1 and increasing ET2 concentration, 

the enzyme loading on the membrane only increased until 4 mg·mL-1 of ET2 (Figure 

31b), suggesting that the available bonding sites of the polydopamine had been filled 

and adding more enzyme to the solution would not increase the amount of lipase 

immobilized. The MHA increased proportionally to the enzyme loading and reached 
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the highest value at 4 mg·mL-1 of ET2 as well (Figure 31d). The immobilized enzyme 

specific activity (MHAs) did not change significantly with the different ET2 

concentrations (Figure 31f), suggesting that even though more enzyme was 

immobilized, they did not block access to each other's active site. Therefore, the DA 

concentration of 0.3 mg·mL-1 and the ET2 concentration of 4 mg·mL-1 were used in the 

next steps. 

 

5.3.2 Membrane Characterization 

 

Figure 32 shows the SEM images of the pristine membrane, the PDA-coated 

membrane, and the membrane with immobilized ET2. The enzymatically active 

membrane (Figure 32e) showed a uniform coating, and the EDX analysis showed an 

increase in the carbon content of the membrane surface from 11% for the PDA-coated 

membrane to 30%, as well as the nitrogen content from 1% to 4%.  

Figure 33 shows the hydrophilicity/hydrophobicity of the membranes. As shown 

in our previous work, water vapor adsorption was much more considerable than n-

heptane vapor adsorption for all the membranes due to the hydrophilic nature of 

alumina. Our previous study showed a decrease in the adsorption of both vapors after 

PDA modification by 2 mg·mL-1 of DA (MULINARI et al., 2022). In this study, however, 

a lower concentration of DA was used (0.3 mg·mL-1), and the coating did not affect the 

adsorption of the vapors, suggesting that a thinner coating was formed. Similar to the 

results of previous studies (KUJAWA et al., 2021; MULINARI et al., 2022), the addition 

of ET2 significantly increased the adsorption of both vapors by the membrane, possibly 

due to the enzyme’s amphiphilic nature (KAPOOR; GUPTA, 2012).  

The ATR-FTIR analysis (Figure 34) shows that the membranes with 

immobilized ET2 presented similar functional groups found in the free lipase sample: 

C=O stretching of primary amides from the α-helix secondary assignment, common in 

the secondary structure of proteins (1650 cm−1), N-H bending of secondary amides 

(1540 cm−1), and C-N stretching from amines (1050 cm-1) (BRESOLIN et al., 2020; 

KONG; YU, 2007). The signals of the PDA coating did not appear at the membrane 

with immobilized ET2, probably due to the low concentration of DA and high 

concentration of ET2 used for the immobilization. 
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Figure 32 – SEM images and EDX mapping of the active surface of: (a,b) pristine 
membrane; (c,d) PDA-coated membrane; (e,f) membrane with ET2 immobilized by 

the optimized method (0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2); (g) elemental 
analysis of the membranes by EDX 

 
Source: Author 
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Figure 33 – Water and n-heptane vapor adsorption at 23 °C (left axis) and the ratio of 
water and n-heptane adsorption (right axis) for the pristine membrane, PDA-coated 

membrane, and membrane with immobilized ET2 by the optimized method 
(0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2) 

 
The values are means of triplicates and their respective standard deviations. Bars with different letters 

are significantly different according to Tukey’s test (p < 0.05). 
Source: Author 

 

Figure 34 – ATR-FTIR of the pristine membrane, PDA-coated membrane, membrane 
with immobilized ET2 by the optimized method (0.3 mg·mL-1 of DA and 4 mg·mL-1 of 

ET2), and free lyophilized ET2 

 
Source: Author 
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Figure 35 and Table 16 show the surface chemical composition of the 

membranes and the free ET2 characterized by XPS analysis. No aluminum was 

detected in the modified membranes, and the carbon content increased, demonstrating 

a successful modification of the membrane surface. Furthermore, nitrogen peaks 

appeared after PDA coating and increased after ET2 immobilization. Table 16 shows 

the relative amounts of the elements detected by the XPS analysis. The N/C atomic 

ratio increased from 0.15 ± 0.01 for the PDA-coated membrane to 0.21 ± 0.01 for the 

membrane with immobilized ET2. 

Figure 35b shows the fitted carbon spectra of the modified membranes. The 

ET2-immobilized membrane had a significant increase in the content of C=O or C=N 

and C-N or C-OH and a decrease in C-H and C-C contents, suggesting that the amino 

groups of the ET2 could have reacted with the quinone groups of the PDA by both 

Schiff base reaction and Michael addition (MULINARI et al., 2022; TOUQEER et al., 

2019). The increase in C=O can also be attributed to the carboxyl groups in the enzyme 

and was reported by other studies as a result of the formation of PDA-protein 

complexes (WANG et al., 2021). Moreover, a condensation reaction may have 

occurred between the carboxyl groups of the ET2 and the amino groups of the PDA. 

The N 1s spectrum (Figure 35c) shows that the intensity of R2NH binding energy 

considerably increases after ET2 immobilization on the membrane, which is another 

indication that Michael addition is occurring between the amino groups of the enzyme 

and the quinone groups of the PDA. The RNH2 peak intensity of the membrane with 

ET2 decreased and the R=NR peak disappeared. Also, there is a shift in the R2NH and 

the RNH2 binding energy, suggesting a modification in the environment near the 

nitrogen. This shift was not detected in our previous study for the one-step 

immobilization using PDA, probably because the higher DA concentration used during 

the immobilization could have covered part of the enzymes. 

 

 

 

 

 

 

 

 



122 

Figure 35 – XPS spectra of: (a) pristine membrane, modified membranes, and free 
ET2; (b) fitted carbon (C 1s) and (c) nitrogen (N 1s) spectra for the membranes with 

PDA coating and with immobilized ET2 by the optimized immobilization method 
(0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2) 

 
Source: Author 

 

Table 16 – XPS elemental composition of the pristine, PDA-coated, PDA+ET2-
immobilized membranes, and free ET2 

Sample 
Atomic composition (%) 

C N O Al 

Pristine 17.8 ± 3.3 - 62.8 ± 3.2 19.4 ± 0.1 
PDA 62.4 ± 0.4 9.5 ± 0.4 28.1 ± 0.2 - 

PDA+ET2  62.0 ± 0.4 13.6 ± 0.4 24.4 ± 0.4 - 
ET2 57.1 ± 0.9 6.8 ± 0.7 32.3 ± 1.8 - 

Source: Author 
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5.3.3 Fouling-reducing and self-cleaning capacities of the membranes 

 

Our previous studies showed that the membranes with immobilized ET2 can 

have fouling-reducing and self-cleaning properties towards oil fouling (MULINARI et 

al., 2022). Therefore, oil-water emulsion filtration experiments were performed to test 

the performance of the membrane modified by the optimized in-situ immobilization 

method. To evaluate the intensity of the oil fouling, pure water permeance was 

determined by pure water filtration before and after oil-water emulsion filtration followed 

by backwash, and after cleaning the membrane in 100 mM sodium phosphate buffer 

at pH 7 and 40 ºC (optimal conditions for ET2 activity) (Figure 36a). The membrane 

modified by the one-step in-situ optimized immobilization method (0.3 mg·mL-1 of DA 

and 4 mg·mL-1 of ET2) was compared to the membrane modified by the one-step 

method used to compare it to the two-step method in the previous chapter, in which 

2 mg·mL-1 of DA and 2 mg·mL-1 of ET2 were used in the immobilization solution. Also, 

to check if the improved performance shown by the modified membranes was a result 

of enzymatic hydrolysis or increased water affinity (Figure 33), a membrane with 

denatured ET2 was tested.  

Pure water filtration experiments showed that the membranes with immobilized 

ET2 had slightly higher initial pure water permeances (Figure 36a), which is expected 

due to the increase in membrane surface hydrophilicity (Figure 33). The oil-water 

emulsion filtration caused severe fouling of the pristine and PDA-coated membranes, 

resulting in an 83 ± 3 % and 76 ± 4 % reduction in pure water permeance, respectively 

(Figure 36b). However, the immobilization of ET2 (both denatured and active) on the 

membrane surface significantly reduced the fouling by the oil-water emulsion. The 

membranes modified by both denatured and active ET2 using 2 mg·mL-1 of DA and 

2 mg·mL-1 of ET2, as described in our previous study, had statistically similar pure 

water permeance reductions: 62 ± 7 % and 57 ± 4 %, respectively. This fact 

demonstrates that, during emulsion filtration, the improved performance of the 

membrane with immobilized ET2 is due to the higher hydrophilicity provided by the 

modification rather than the enzymatic hydrolysis. However, the increase in water 

permeance after the cleaning procedure was significantly higher for the membrane with 

the active enzyme (28 ± 4 %) in comparison to the membrane with the denatured ET2 

(6 ± 2 %), which, in turn, was similar to the pure water permeance increases of the 

membranes without ET2 (5 ± 2 % for the pristine membrane and 5 ± 1 % for the PDA-
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coated membrane). The higher increase in pure water permeance of the active 

membrane after cleaning demonstrates that, during the cleaning procedure, enzymatic 

hydrolysis plays the key role and not the higher hydrophilicity. 

The membrane modified by the in-situ one-step optimized method using 

0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2 showed a better fouling-reducing and self-

cleaning performance than the membrane modified by the previous one-step method 

using 2 mg·mL-1 of DA and 2 mg·mL-1 of ET2. The optimized membrane showed a 

higher membrane hydrolytic activity (37.8 ± 1.8 mmol·min-1·m-2 as shown in Figure 

31d) than the membrane modified using 2 mg·mL-1 of DA and 2 mg·mL-1 of ET2 

(7.2 ± 0.3 mmol·min-1·m-2 as shown in Table 14) and a higher water vapor uptake 

(3.9 ± 0.1 mmol·g-1 as shown in Figure 33) compared to the previous membrane 

(2.7 ± 0.1 mmol·g-1 as shown in Figure 26). 
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Figure 36 – Performance of pristine, PDA-coated, and ET2-immobilized α-alumina 
membranes in the filtration of soybean oil in water emulsion (1 g/L): (a) water 

permeance before the emulsion filtration (initial), after the emulsion filtration and final 
backwash, and after the cleaning procedure; and (b) summary of the pure water 

permeance changes 

 
Numbers with different letters are significantly different according to Tukey’s test (p < 0.05). 

Source: Author 
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Since only the cleaning step was affected by the hydrolytic activity of the 

immobilized enzyme, the cleaning solution, temperature, and time were further 

evaluated for the membrane modified by the in-situ one-step immobilization method 

(Figure 37). Figure 37a shows that both sodium phosphate buffer 100 mM at pH 7 and 

deionized water at 40 °C resulted in similar pure water permeance recoveries: 

97 ± 3 % and 95 ± 2 %, respectively. The fact that pure water can clean the membrane 

at the same level as the buffer is a huge advantage for industrial applications since it 

is cheaper and does not require any chemicals. Figure 37b shows the kinetics for the 

membrane cleaning using deionized water and 40 °C. After 6 h, the pure water 

permeance of the membrane did not significantly increase, suggesting that 6 h is 

enough to reach more than 97% of permeance recovery. 

 

Figure 37 – Cleaning evaluation of the membrane modified by the optimized in-situ 
one-step method (0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2): (a) evaluation of 

different cleaning solutions (sodium phosphate buffer 100 mM at pH 7 and deionized 
water) and temperatures (40 °C and room temperature of 24 °C); (b) cleaning 

kinetics using water at 40 °C 

 
The values are means of triplicates and their respective standard deviations. Bars with different letters 

are significantly different according to Tukey’s test (p < 0.05). 
Source: Author 

 

 The SEM images of the membranes after emulsion filtration and after cleaning 

(Figure 38) also shows the efficacy of the immobilized enzymes in reducing the fouling. 
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The difference after cleaning is clear in the modified membrane (Figure 38e) when 

compared to the pristine membrane (Figure 38c).  

 

Figure 38 – SEM images of the (a) pristine membrane before emulsion filtration, (b) 
after emulsion filtration, and (c) after cleaning with water at 40 °C for 6 h, and (d) 

modified membrane (0.3 mg·mL-1 DA and 4 mg·mL-1 ET2) after emulsion filtration 
and (e) after cleaning 

 
Source: Author 

 

Figure 39 shows that, after three filtration and cleaning cycles, the pure water 

permeance of the pristine membrane was reduced by 91%. In contrast, the pure water 

permeance of the membrane with ET2 immobilized by the optimized in-situ one-step 
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method was reduced by only 17%. After the first cycle, the ET2-modified membrane 

recovered 98% of its initial pure water permeance, which decreased to 94% after the 

second cycle, and 91% after the third cycle. Compared to the membrane modified by 

the ex-situ one-step method described in our previous study, the membrane modified 

by the optimized in-situ method showed improved performance over the filtration and 

cleaning cycles.  

 

Figure 39 – Results of repeated filtration and cleaning experiments for the pristine 
and modified membrane after the optimized in-situ one-step immobilization method 

(0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2) 

 
Source: Author 

 

5.3.4 Membrane regeneration 

 

Since one of the main advantages of using ceramic membranes is the possibility 

of reusing them after simple regenerations, both calcination and chemical cleaning 

were tested to check if the membranes could be reused after the immobilized enzymes 

were no longer active. Figure 40 shows the pure water permeance and membrane 

hydrolytic activity (MHA) after five cycles of membrane modification using 0.3 mg·mL-

1 of DA and 4 mg·mL-1 of ET2 followed by calcination (Figure 40a) and chemical 

cleaning (Figure 40b). No significant differences in pure water permeance and MHA 

can be noticed after five cycles for both regeneration methods. SEM images and EDX 
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elemental analysis also did not show any differences in surface morphology and 

chemistry between the pristine membrane (Figure 40c) and the membranes after 

calcination (Figure 40d) and chemical cleaning (Figure 40e). Calcination is a simple 

procedure on a lab scale; however, it is not feasible on larger scales. Therefore, in-situ 

chemical cleaning is a better alternative to scaling up the process. 

These results, coupled with the in-situ immobilization method, suggest that a 

new PDA and ET2 coating could be applied to the same membrane after the enzymes 

lose their activity. Regeneration by chemical cleaning and enzyme immobilization 

could be done in situ, which is a massive advantage in large-scale processes: the 

membrane would not have to be removed from the filtration system, saving labor hours 

and maintenance time. 

 

Figure 40 – Membrane regeneration evaluation: pure water permeance and 
membrane hydrolytic activity (MHA) after: (a) 5 cycles of calcination at 700 °C for 3 h; 

(b) 5 cycles of chemical cleaning with 15 g·L-1 of NaOH. SEM images and EDX 
elemental analysis for: (c) pristine membrane; (d) membrane after the 5th calcination 

at 700 °C; (e) membrane after the 5th chemical cleaning with 15 g·L-1 of NaOH 

 
Source: Author 



130 

5.4 CONCLUSION 

 

In this study, we demonstrated that in-situ one-step immobilization of lipase ET2 

on a ceramic membrane using PDA as the bonding agent is feasible. By optimizing the 

concentrations of ET2 and dopamine hydrochloride (DA) in the immobilization solution, 

the active membrane reached enzyme loadings up to 10 g·m-2 when using 0.3 mg·mL-

1 of DA and 4 mg·mL-1 of ET2. The higher enzyme loading resulted in a higher 

hydrolytic activity (38 mmol·min-1·m-2) and higher water affinity when compared to the 

membrane modified by the ex-situ one-step method proposed in our previous study. 

The modification of the membrane by the optimized method provided a strong oil 

fouling resistance (pure water permeance reduction limited to 43% after oil-water 

emulsion filtration) due to the increased water affinity and better self-cleaning capacity 

(pure water permeance recovery of 97% after cleaning with deionized water at 40 °C 

for 6 h) due to the higher hydrolytic activity. Moreover, regeneration tests showed that 

the same ceramic membrane could be reused by applying a new coating after the 

immobilized enzymes are no longer active. The in-situ enzyme immobilization and the 

in-situ chemical regeneration are huge advantages that can facilitate the scale-up of 

the process by saving maintenance time and labor force. The reuse of the membrane 

coupled with the one-step modification using PDA can reduce the costs of the process 

and make it more environmentally friendly. 
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 FINAL CONCLUSION 

 

This work presents a simpler and more sustainable method for the 

immobilization of enzymes in inorganic membranes. The use of PDA proved to be a 

competitive technique compared to traditional immobilization methods, such as the use 

of APTES and glutaraldehyde. It resulted in a greater enzymatic load and greater 

hydrolytic activity of the membrane, in addition to being simpler and more 

environmentally friendly. The immobilization strategy in just one step proved to be an 

excellent alternative to the two-step method, since, besides increasing the stability of 

the immobilized enzyme at higher temperatures, it is a faster and less pollutant (lower 

consumption of chemicals and lower generation of effluents) approach. The enzyme 

immobilized ex situ by PDA proved to be a good fouling-reducing modification with self-

cleaning ability in the filtration of oil-water emulsion. However, an ex-situ modification 

would not be industrially attractive. Therefore, the in-situ immobilization by PDA using 

the same one-step method was tested and proved to be viable. The immobilization 

parameters (DA and ET2 concentrations) were evaluated using the in-situ method and 

optimized concentrations (0.3 mg·mL-1 of DA and 4 mg·mL-1 of ET2) led to a higher 

enzyme loading (10 g·m-2) and membrane hydrolytic activity (38 mmol·min-1·m-2). The 

membrane modified by the optimized method showed strong fouling resistance, 

presenting a reduction of only 43% in the pure water permeance compared to 76% of 

the pristine membrane after the oil-water emulsion filtration. It also showed a strong 

self-cleaning capacity (using just water at 40 °C) due to enzymatic hydrolysis of the 

fouled oil, recovering 97% of its initial pure water permeance after the cleaning 

procedure. In addition to the in situ enzymatic immobilization, in situ chemical 

regeneration was also viable and demonstrated that membrane reuse is possible, 

which is a great advantage that can facilitate the scale-up of the process, make it 

cheaper and more sustainable. 
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