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RESUMO

FERNANDES, Raquel Nunes, D.Sc., Universidade Federal de Vigosa, abril de 2022. Esteres
de sacarose: Sintese enzimitica e avalia¢io de suas propriedades tensoativas. Orientador:
Luis Antonio Minim. Coorientadores: Andréa Alves Simiqueli, Valéria Monteze Guimaries e
Valéria Paula Rodrigues Minim.

O presente trabalho objetivou estudar a produgiio enzimatica de ésteres de sacarose e suas
propriedades tensoativas. Lipase comercial de Candida antarctica B (CALB) imobilizada em
resina acrilica foi utilizada em produgdes em batelada. A maior conversdo do acido estedrico
(53,4%) em ésteres de sacarose foi obtida usando 2-metil-2-butanol e propor¢éo molar de 1:3
(sacarose: dcido estedrico), ap6s 72 h a 65 °C. A sintese foi confirmada por cromatografia em
camada delgada (CCD) e espectroscopia de infravermelho (FTIR). A tensio superficial de
equilibrio (yeq) € a concentragdo micelar critica (CMC) foram obtidas, e seus valores (45 +1
mN/m e 10 mg/L, respectivamente) eram caracteristicos de um surfactante nio idénico. As
propriedades interfaciais de misturas de ésteres de sacarose e goma guar ou goma xantana, na
interface 6leo-agua foram determinadas. Observou-se que a adi¢éo dos polissacarideos no meio
aumentou a tensdo na interface. Estudos de viscoelasticidade interfacial mostraram que todos
os filmes produzidos eram predominantemente elasticos. Verificou-se ainda, que emulsdes
produzidas com ésteres de sacarose apresentaram excelente estabilidade ao longo de 28 dias.
Posteriormente, foi desenvolvido um biorreator enzimatico para a sintese de ésteres de sacarose
em modo continuo. Lipase de Candida rugosa (CRL) foi imobilizada em criogel de
poliacrilamida. A metodologia de superficie de resposta, com base em um delineamento
composto central rotacional, foi utilizada para otimizar a produgio enzimética de ésteres de
sacarose. A porcentagem maxima de esterificagdo prevista foi de 93,01% utilizando uma razio
molar de 1:3,13 (sacarose: acido estedrico), temperatura de 55,8 °C e proporg¢do de 7,44:92.56
(DMSO: tert-butanol). O modelo ajustado foi validado experimentalmente nas condigdes
6timas. Novamente, a sintese de ésteres de sacarose foi confirmada por CCD e FTIR ¢ a tenséo
superficial de equilibrio ¢ a CMC foram determinadas (44 + 1 mN/m e 14,5 mg/L,
respectivamente). Ap6s 10 ciclos sucessivos, o biorreator manteve uma alta taxa de conversio.
Assim, este trabalho apresenta contribui¢des significativas para o avango da tecnologia
enzimatica para sintese de ésteres de sacarose, que devido aos baixos valores de tensio

interfacial tém potencial aplicagio como emulsificantes para a industria.

Palavras-chave: Surfactante. Lipases. Otimizagdo. Emulsdes. Dinamica interfacial.



ABSTRACT

FERNANDES, Raquel Nunes, D.Sc., Universidade Federal de Vigosa, April 2022. Sucrose
esters: Enzymatic synthesis and evaluation of their surfactant properties. Advisor: Luis
Antonio Minim. Co-advisors: Andréa Alves Simiqueli, Valéria Monteze Guimarées and Valéria
Paula Rodrigues Minim.

The present work aimed to study the enzymatic production of sucrose esters and their surfactant
properties. Commercial lipase from Candida antarctica B (CALB) immobilized on acrylic resin
was used in batch productions. The highest conversion of stearic acid (53.4%) to sucrose esters
was obtained using 2-methyl-2-butanol and a molar ratio of 1:3 (sucrose: stearic acid), after 72
h at 65 °C. The synthesis was confirmed by thin layer chromatography (TLC) and infrared
spectroscopy (FTIR). Equilibrium surface tension (yeq) and critical micelle concentration
(CMC) were obtained, and their values (45 + 1 mN/m and 10 mg/L, respectively) were
characteristic of a non-ionic surfactant. The interfacial properties of mixtures of sucrose esters
and guar gum or xanthan gum at the oil-water interface were determined. It was observed that
the addition of polysaccharides in the medium increased the tension at the interface. Interfacial
viscoelasticity studies showed that all films produced were predominantly elastic. It was also
verified that emulsions produced with sucrose esters showed excellent stability over 28 days.
Subsequently, an enzymatic bioreactor was developed for the synthesis of sucrose esters in
continuous mode. Candida rugosa lipase (CRL) was immobilized on polyacrylamide cryogel.
The response surface methodology, based on a central composite rotational design, was used to
optimize the enzymatic production of sucrose esters. The maximum percentage of esterification
predicted was 93.01% using a molar ratio of 1:3.13 (sucrose: stearic acid), temperature of 55.8
°C and proportion of 7.44:92.56 (DMSO: zert-butanol). The fitted model was experimentally
validated under optimal conditions. Again, the synthesis of sucrose esters was confirmed by
TLC and FTIR and the equilibrium surface tension and CMC were determined (44 + 1 mN/m
and 14.5 mg/L, respectively). After 10 successive cycles, the bioreactor maintained a high
conversion rate. Thus, this work presents significant contributions to the advancement of
enzymatic technology for the synthesis of sucrose esters, which, due to their low interfacial

tension values, have potential application as emulsifiers for industry.

Keywords: Surfactant. Lipases. Optimization. Emulsions. Interfacial dynamics.
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INTRODUCAO GERAL

O uso de surfactantes sintéticos derivados do petroleo tem sido relacionado a varios
riscos a saude humana, incluindo reagdes alérgicas, irritagdes nos olhos e na pele, distirbios
intestinais e cancer (FLOYD; ZAROGIANNIS; FOX, 2006). Por outro lado. ésteres de acidos
graxos de agucar, ou simplesmente ésteres de agucar, sdo surfactantes seguros tanto para
humanos quanto para o meio ambiente, uma vez que sdo compostos nio toxicos, ndo irritantes,
insipidos, inodoros, biodegradaveis e biocompativeis, além de possuirem alta seletividade e
eficiéncia em condigdes extremas de temperatura e concentragio de sais, 0 que os tornam
adequados para uma variedade de aplicagdes industriais (ABDULMALEK; HAMIDON;
ABDUL RAHMAN, 2016; PAPPALARDO et al., 2017; ZAGO et al., 2021).

Os ésteres de aglicar sio moléculas anfifilicas baseadas em uma fragio de aguicar
hidrofilica e uma cauda de 4cido graxo hidrofébica. No geral, ésteres de agticar sdo considerados
surfactantes nfio idnicos e suas propriedades incluem formagdo de espuma, emulsificagdo,
estabilizagao e alto poder de dispersio (COELHO; ORLANDELLI, 2021; ZAGO et al., 2021).
Devido, principalmente, as suas propriedades tensoativas, ésteres de aguicar podem ser
utilizados na industria alimenticia, farmacéutica, cosmética e quimica (ZAGO et al., 2021). Tais
propriedades estdo associadas, especialmente, a estrutura molecular dos ésteres, como
comprimento da cadeia carbonica e tamanho da fragdo hidrofilica do agticar (AN et al., 2019;
ZAGO et al., 2021).

Dentre esta classe de surfactantes a base de carboidratos, estdo os ésteres de sacarose
que tém se destacado comercialmente (INPRAKHON et al., 2017; MENG et al., 2014). Esteres
de sacarose sdo obtidos de sacarose e 4cidos graxos derivados de gorduras e Oleos
comestiveis. Como a molécula de sacarose possui oito grupos hidroxila livres, ela pode ser
esterificada com até oito 4cidos graxos para formar ésteres que variam de monoésteres a
octaésteres. Como resultado, estes surfactantes podem fornecer vérias propriedades hidrofilico-
lipofilicas com valores de balango hidrofilico-lipofilico (BHL) variando de 1 a 16
(CHANSANROJ; BETZ, 2010) que podem atender a necessidades especificas de uma
variedade de produtos industriais.

Esteres de agticar podem ser extraidos naturalmente de plantas ou sintetizados por rota
quimica ou enzimitica (MORA VARGAS et al., 2020). O método quimico apresenta baixa
seletividade, requer mais energia, o uso de catalisadores quimicos e altas temperaturas
(PAPPALARDO et al., 2017). A combinagdo de alta temperatura e catalisador alcalino, muito

utilizada em processos quimicos, leva a formagéo de subprodutos que sio dificeis de remover,
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acarretando em custos adicionais que sdo indesejaveis para a industria. Alguns destes
subprodutos séo toxicos, alergénicos e possivelmente cancerigenos (GUMEL et al., 2011). Em
contrapartida, o método enzimatico ¢ uma alternativa ecolégica que requer condigdes
operacionais mais brandas, além de oferecer alta especificidade e regiosseletividade da reagio
(AN et al., 2019). Reagdes catalisadas por enzimas para a sintese de ésteres sdo conduzidas em
temperaturas mais amenas e baixa pressdo, proporcionam bons rendimentos e produtos com
maior pureza (AN et al., 2019; PAPPALARDO et al., 2017; ZAGO et al., 2021).

Dessa forma, a sintese catalisada por enzimas tem sido a opgéo preferida para a produgio
de ésteres de acidos graxos de agucar. Porém, diferentes fatores podem afetar as reagdes
enziméticas e impactar o rendimento do processo de esterificagdio (GUMEL et al., 2011;
NGUYEN et al., 2021). Dentre esses fatores, a solubilidade dos substratos desempenha um
papel fundamental, por isso a escolha do solvente na sintese de ésteres de aguicar é um fator
determinante (ZAGO et al., 2021). O uso de solvente orgénico com alta polaridade aumenta a
solubilidade do agucar, mas por outro lado pode resultar em baixa solubilidade do 4cido graxo,
diminuir a atividade da enzima e favorecer reagdes secundérias indesejadas, como a hidrélise
(AN et al., 2019). Por sua vez, a utilizagdo de solventes orgénicos com baixa polaridade
aumenta a solubilidade dos dcidos graxos, mas acarreta em baixa solubilidade do agticar e pode
induzir a secagem da camada de hidratagiio da enzima e, consequentemente, reduzir seu poder
catalitico e sua estabilidade (GUMEL et al., 2011; SALEM et al., 2010).

Assim, para garantir uma sintese bem sucedida de ésteres de agucar, o solvente deve
proporcionar uma boa solubilizagdo dos dois substratos (agticar e dcido graxo), mantendo
inalterada a atividade enzimatica e evitando a hidrélise dos produtos (AN et al., 201 9). Contudo,
a maioria dos solventes organicos apolares, como n-hexano e n-heptano, tém uma boa
solubilidade de 4cidos graxos, mas muito baixa solubilidade de agiicares, e nio sdo apropriados
para reagoes nas quais os dois substratos diferem muito em termos de polaridade. Solventes
com maior polaridade, que podem dissolver agtcares e lipidios incluem dimetilsulfoxido.
piridina e dimetilformamida, mas esses solventes geralmente inativam a enzima e sdo
incompativeis com aplicagdes em alimentos (GANSKE; BORNSCHEUER, 2005; JIA et al.,
2010).

No estudo de Jia et al. (2010), foi avaliada a sintese enzimatica de dilauroil maltose em
meio organico. Os autores observaram que em sistemas tnicos de solventes altamente apolares
ou solventes altamente polares néio ocorreu esterificagio. Por outro lado, ao testarem sistemas
mistos, verificaram que um solvente com alta solubilidade de maltose, como acetona, e outro

que confere boa estabilidade 4 enzima como, n-hexano, resultavam em uma sintese enzimatica
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seletiva de ésteres de agticar, com uma melhor taxa de conversio. Portanto, também € possivel
escolher misturas adequadas de dois ou mais solventes para reagdes de esterificagdes catalisadas
por enzimas, que ndo alteram a atividade enzimética e proporcionam boa solubilidade dos
substratos.

O uso de substrato em excesso também pode influeciar no rendimento da reagdo, uma
vez que ¢ capaz de deslocar seu equilibrio para a sintese do produto de esterificagio (AN et al.,
2019). Abdulmalek et al. (2016) testaram diferentes razdes molares de agucar e acido graxo na
sintese enzimatica de um éster de agicar (caproato de xilose). Os autores verificaram que uma
razao equimolar era menos eficiente na conversdo de acido graxo (45%) do que o uso de um
excesso de trés equivalentes molares de acido caproico (64%). Em outro estudo, a razio molar
do substrato variou de 1:1 a 1:5 (galactose: 4cido oleico) e observou-se que a maior conversdo
(87%) foi alcangada para a razdo molar 1:3. Porém, quando a razio molar aumentou até 1:5, a
conversdo caiu. Os autores concluiram que isso pode ter ocorrido devido as maiores quantidades
de écido oleico limitarem a transferéncia de massa e reduzirem a concentracdo de agucar
dissolvido (ABDULMALEK et al., 2012). Portanto, geralmente, a taxa de conversio de
esterificagdo pode ser melhorada fornecendo um excesso de acido graxo. Porém, deve-se
considerar que uma concentra¢do muito alta de 4cido graxo pode resultar em diminui¢do da
solubilidade do agtcar, ao afetar a polaridade do meio de reagdo (GUMEL et al., 2011).

A temperatura é também um pardmetro importante que interfere no equilibrio da reagdo,
bem como na solubilidade do substrato e na atividade da enzima. Apesar de altas temperaturas
melhorarem a transferéncia de massa no meio, enzimas podem ser termossensiveis e geralmente
apresentam atividade em uma faixa de temperatura especifica (ZAGO et al., 2021). Arcens et
al. (2018) mostraram o efeito de diferentes valores de temperatura (20°C, 30 °C, 45 °C. 60 °C
e 70 °C) na sintese de palmitato de 6-O-glicose. Estes autores observaram que as taxas de
conversdo foram maiores em temperaturas mais altas e que o aquecimento a 60 °C reduziu
significativamente o tempo de reagdo, ja que 94% de conversio foram alcangados em apenas
20 h, enquanto a 45 °C precisou-se de um tempo de reag@o de 40 h para atingir a mesma taxa
de conversdo. Ja Zaidan et al. (2012) estudaram o efeito da temperatura na sintese de caprato
de lactose catalisada por lipases e verificaram que as conversdes de dcidos graxos foram cerca
de 20% maiores com o aumento da temperatura de 45 °C para 55 °C, devido, provavelmente,
a0 aumento da frequéncia de contato das moléculas no meio reacional ocasionado pela
aplicagdo de maiores niveis de energia ao sistema. Contudo, na temperatura de 60 °C foi
observada uma diminui¢do da taxa de conversio. em consequéncia da perda de atividade da

enzima livre, devido a desnaturago térmica.
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Lipases, proteases e esterases sio os tipos de enzimas que catalisam eficientemente as
reagdes de esterificagdo em meio orgénico (VAN DEN BROEK; BOERIU, 2013: ZAGO et
al., 2021). Todas essas enzimas apresentam em comum a triade catalitica serina-histidina-acido
aspartico no sitio ativo, onde ocorrem as reagdes enzimaticas. No entanto, para a selegdo de
biocatalisadores que catalisam a formagdo de ligagdes éster entre o receptor (carboidrato) e o
doador (4cido graxo) de acil, as lipases (triacilglicerol acil hidrolases, EC 3.1.1.3) sd@o as mais
amplamente utilizadas em razio de sua alta especificidade de substrato (NGUYEN et al., 2021;
NIETO et al., 2021; PAPPALARDO et al., 2017; VAN DEN BROEK; BOERIU, 2013).
Atributos como eficiéncia catalitica, versatilidade e alta estabilidade explicam o papel central
das lipases nas industrias alimenticia, quimica e farmacéutica. Atualmente, a maioria das lipases
que dominam o mercado e sdo utilizadas para pesquisas e processos industriais ¢ de origem
microbiana (CASTIGLIONI et al., 2020).

Entretanto, apesar do método enzimatico possuir muitas vantagens em relagdo ao
método quimico, como visto, sdo vérios os fatores que afetam a atividade catalitica das enzimas.
Assim, as aplicagdes industriais de enzimas dependem, em sua maioria, da introdugio
de técnicas de imobilizagdo eficientes. Os principais objetivos da imobilizag@o sdo tornar as
enzimas insoliveis no meio de rea¢do, aumentar a estabilidade operacional, aumentar o controle
do processo (separagdo produto/enzima e formagdo do produto), automatizar processos
(projetar biorreatores para processos continuos), minimizar a inibi¢do alostérica de enzimas e
permitir a reutilizagdo do biocatalisador, que ¢ uma caracteristica altamente desejavel dado o
alto custo das enzimas (LINDEQUE; WOODLEY, 2019;: REMONATTO et al.,, 2022). A
estabilizagdo induzida pelo processo de imobilizagio pode conferir um maior rendimento de
reagdo, principalmente, ao melhorar o desempenho do biocatalisador em maior faixa de
temperatura e aumentar sua tolerancia a solventes organicos (DAL MAGRO et al., 2020:
PEREIRA GONCALVES et al., 2019; REMONATTO et al., 2022).

Virios protocolos de imobilizagdo de enzimas ja foram propostos, contudo, ha uma
busca constante por rotas mais simples e eficientes para a obtengdo de derivados imobilizados
para aplicagdes industriais. No geral, a imobilizagio enzimatica pode ser obtida por meio dos
métodos de aprisionamento ou encapsulagio, adsorgio e ligagdo covalente (MEENA et al.,
2021; RAFIEE; REZAEE, 2021). No caso das lipases, os métodos de imobilizagio mais comuns
sdo a adsorgdo e a ligagdo covalente. A adsorgéio ¢ uma técnica simples e rapida que geralmente
causa poucas alteragdes estruturais nas lipases, pois as interagdes formadas entre enzima e
suporte sdo fracas (FERNANDEZ-LAFUENTE et al., 1998: RODRIGUES et al., 2019). Ja na

ligagdo covalente as enzimas sdo ligadas covalentemente ao suporte por meio de grupos
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funcionais em sua superficie, assim, esta técnica reduz a possibilidade de dessor¢do enzimética
ao induzir a formagdo de fortes interagdes entre enzima e suporte (GUISAN et al., 2020:
RAFIEE; REZAEE, 2021; REMONATTO et al., 2021).

O processo de imobilizagdo de enzimas consiste basicamente no confinamento ou
ligag@io da enzima em um suporte fisico, produzindo um biocatalisador/biorreator heterogéneo.
Com isto, as propriedades das enzimas também passam a depender do material do suporte
(MONTEIRO et al., 2021). O uso de um suporte inadequado pode impactar negativamente nas
caracteristicas do biocatalisador, levando, possivelmente, a distorgio da estrutura terciaria da
enzima induzida por interagdes com o suporte, impedimento estérico causado pela orientago
da enzima apés a ligagio ao suporte, lixiviagio enzimatica, baixas cargas enzimaticas, e
limitagdes na taxa de transferéncia de massa pela difusdo de substratos e produtos
(BOUDRANT; WOODLEY; FERNANDEZ-LAFUENTE, 2020; TOMKE; RATHOD, 2020).
Desse modo, a selegdo da matriz de imobilizagio ¢ de suma relevancia tanto para o desempenho
catalitico quanto para o custo de produgdo em escala industrial. A porosidade, o tamanho dos
poros, a resisténcia mecénica e a estabilidade quimica sdo parametros cruciais para a sele¢do do
suporte, afetando diretamente sua eficiéncia para as aplicagdes desejadas (LIESE;
HILTERHAUS, 2013).

Devido a necessidade continua de otimizar as condi¢des reacionais, bem como
desenvolver novos métodos de catélise enzimatica para a produgio de ésteres de agucar, com o
intuito de aumentar o rendimento do processo de esterificagio e tornd-lo economicamente
vidvel, a utilizagdo de enzimas imobilizadas é uma alternativa apropriada para alcangar tais
finalidades. Dessa forma, o objetivo desta tese foi explorar a sintese enzimética de ésteres de
sacarose a partir de enzimas imobilizadas. Como a sintese enzimatica de ésteres de agtcar em
modo continuo foi pouco investigada até o momento, neste estudo além da utilizagdo em modo
batelada de lipase comercial de Candida antartica B imobilizada, foi produzido um biorreator
enzimatico, a partir da imobilizag@o de lipase de Candida rugosa em criogel de poliacrilamida,
para a otimizagdo da sintese continua de ésteres de sacarose.

Além disso, foram avaliadas as propriedades dilatacionais de ésteres de sacarose na
interface 6leo-agua. Investigou-se também o efeito da interagdio entre ésteres de sacarose e goma
guar ou goma xantana na interface 6leo-agua, juntamente com a estabilidade de emulsdes
produzidas a partir de solugdes mistas desses ésteres com as gomas, uma vez que
polissacarideos e surfactantes sio comumente encontrados juntos em sistemas reais e o

conhecimento sobre as interagdes potenciais de ésteres de sacarose e polissacarideos, até o

momento, € escasso e limitado.
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CAPITULO 1 - KINETIC STABILITY OF THE OIL-IN-WATER EMULSIONS AND
DYNAMIC INTERFACIAL PROPERTIES OF MIXTURES OF SUCROSE ESTERS
AND POLYSACCHARIDES

ABSTRACT

Sucrose esters were enzymatically synthesized using immobilized Candida antarctica lipase B
in different organic solvents and substrate molar ratios. The results showed that 2-methyl-2-
butanol and the 1:3 molar ratio (sucrose: stearic acid) provided the best yields. The esters
purified by solvent extraction were identified by thin layer chromatography and infrared
spectroscopy. The critical micellar concentration for the biosurfactant was determined to be
approximately 10 mg/L and the equilibrium surface tension was 45 mN/m. The effect of
interaction between sucrose esters and polysaccharides (guar gum or xanthan gum) on
interfacial characteristics and emulsion properties were investigated. It was observed an
increase in the equilibrium interfacial tension when the polymers were added to the medium,
probably due to complex formation in the bulk. Nevertheless, emulsified systems in the
presence or absence of polysaccharides, presented great kinetic stability along 28 days, due to

the predominance of the elastic character of the interfacial region.,

Keywords: Sugar ester; Biosurfactants; Interfacial properties; Interaction; Emulsion.
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1. Introduction

Traditionally, food industries have been using synthetic oil-derived surfactants in the
areas of baking, confectionery and dairy products. As a result of increased consumer interest in
environmental and health issues, the focus on product development has shifted steadily towards
the use of safe and biodegradable raw materials. Sugar esters are products with surfactant
properties derived from cheap renewable raw materials (sugars and fatty acids). Its use for
emulsion, foam and dispersion applications has received considerable attention due to the
advantages over traditional surfactants, such as biodegradability, low toxicity, biocompatibility,
and good efficacy under extreme temperature and pH conditions (FOLEY et al., 2012: YIN et
al., 2009).

Among various sugar esters, sucrose esters are non-ionic surfactants formed from
sucrose (acyl acceptor) and fatty acids (acyl donor). Since sucrose contains eight hydroxyl
groups, compounds with varying degrees of esterification ranging from mono to octa esters can
be produced. These surfactants can be obtained by either chemical or enzymatic esterification.
In the enzymatic process, the reactions are conducted at lower temperatures as compared to the
chemical process. In addition, enzymatic reactions are quite selective, with fewer by-products
(GUMEL et al., 2011; VAN KEMPEN et al., 2013). Sucrose esters have great applicability and
are mainly used as emulsifiers. For some applications, these sugar esters still have some
advantages over surfactants synthesized by chemical route from petroleum derivatives, due to
their antibacterial and crystallization inhibiting properties (CHANSANROJ; BETZ, 2010:;
CHOl et al., 2011).

Understanding the association of surfactants and polysaccharides in fluid interfaces is
an important issue for many fundamental studies and technological applications of common
industrial processes where they can be employed, such as foaming and emulsification
(GUZMAN et al., 2016; MCCLEMENTS, 2016). In general, surfactants and polymers can
interact through various mechanisms, with hydrophobic and electrostatic interactions being the
most frequent (SINGH; NILSSON, 1999). The properties of these mixed systems are dependent
on various factors, such as polymer and surfactant charge, polymer structure, surfactant chain
length, and surfactant and polymer concentrations (GODDARD, 2002; NEGM et al., 2015). In
most applications, surfactants and polymers are added to products for rheological behavior
control, kinetic stabilization or modification of their adsorption on surfaces.

Although enzymatic synthesis of sugar esters is well understood and mixed surfactant

and polymer systems have been the subject of researches (CAO et al., 2013; GUZMAN et al.,
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2016; KRSTONOSIC; MILANOVIC; DOKIC, 2019; SOHRABI et al., 2013), until the present
moment studies on the effect of sugar ester and polysaccharide interactions on fluid interfaces
are scarce. Furthermore, studies of dynamic interfacial properties are essential for
understanding emulsification (KARBASCHI et al., 2014).

In this study, sucrose esters were synthesized by enzymatic esterification of sucrose and
stearic acid using immobilized Candida antarctica lipase B (CALB) and purified by solvent
extraction. Our hypothesis is that the surfactant-polymer interactions at the oil-water interface
can impact the interfacial film properties and, thus, affect the stability of emulsified systems.
Therefore, mixtures of sucrose esters and polysaccharides (guar and xanthan gums) were
prepared and the dynamic interfacial properties were determined. Qil-in-water (O/W) emulsions

containing these mixtures were also prepared and kinetic stability were analyzed along the 28

days.

2. Materials and methods

2.1. Materials

Candida antarctica lipase B (CALB) immobilized on acrylic resin (> 5000 units (U)
propyl laurate per gram enzyme) was purchased from Sigma-Aldrich (Saint Louis, USA) along
with the reagents: acetone, acetic acid, stearic acid, chloroform, absolute ethanol, sucrose,
sodium hydroxide, molecular sieve (4 A), methanol, 2-methyl-2-butanol (2M2B). Guar gum
extracted from the seeds of Cyamopsis tetragonoloba (CAS No. 9000-30-0) is a non-ionic
polysaccharide and Xanthan gum from Xanthomonas campestris (CAS No. 11138-66-2) is an
anionic polysaccharide, both gums were also purchased of Sigma-Aldrich (Saint Louis, USA).
Acetonitrile was purchased from Merck (Darmstadt, Germany). Sodium azide and
phenolphthalein were purchased from Synth (Diadema, Brazil). All chemical reagents used
were of analytical grade. Activated charcoal and sunflower oil were obtained from local market.

Solutions were prepared using deionized water (Milli Q - Merck Millipore, Germany).

2.2. Enzymatic esterification reactions

Sucrose (1.5 mM) and stearic acid (CisH340;) at different molar ratios (il 120 103)
were added to glass vials containing 5 mL of solvent (acetone, acetonitrile or 2M2B) previously
dehydrated in activated molecular sieves 4 A (20% w/v) for 24 h before use. Esterification
reactions were initiated by adding 60 mg of immobilized CALB to the vials, keeping them under

constant agitation at 150 rpm in an orbital oven at 65 °C for 72 h. To prevent solvent
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evaporation, the vials were sealed with screw caps. Control experiments were performed, where
only sucrose, stearic acid and solvent were incubated under the respective evaluated

experimental conditions.

2.3. Quantitation of fatty acid conversion

The residual free fatty acid in the reaction mixture was determined by the volumetric
method (NETA et al., 2012; ZAIDAN et al., 2012). Thus, 0.1 g of sample of reaction mixture
was diluted in 20 mL of 0.1% (w/v) phenolphthalein solution in absolute ethanol. The mixture
was then titrated with standardized sodium hydroxide solution (0.1 M). The amount of free fatty
acid (A, in mol/g) in the sample was calculated for both, test and control samples. The

esterification yield (Y, %), expressed as equivalent to acid conversion, was calculated using

equations (1) to (3).

A, = Lxo1xso) (1)
Mg

(Vex0.1Xfc)
e (2)

Y (%) = (1- %) x 100 (3)

where V; and V. (mL) are the volumes of sodium hydroxide spent on titration of sample and
control, respectively, fc is the correction factor for the NaOH solution and its value was 0.9908,

M and M, (g) are the mass of sample and control, respectively. All measurements were

performed in triplicate.

2.4. Purification of sucrose esters by solvent extraction

Sucrose esters were produced in greater amount under conditions that presented higher
yield and were then purified according to the methodology adapted from Enayati et al. (2018).
The reaction mixture was filtered using Whatman filter paper to remove the catalyst and
molecular sieves. The filtered reaction mixture was then dried in rotary evaporator. After
solvent evaporation, ethanol-water solution (50:50, v/v) was added. The extraction of the esters

was performed for 5 hours at 55 °C, under agitation. The mixture was then centrifuged
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(Centrifuge 5804R, Eppendorf) at 1000 x g for 10 min at 25 °C and the supernatant was
reserved. The extraction process was repeated twice. Sucrose esters were obtained after the

complete evaporation of ethanol and water from the supernatant in oven at 70 °C.

2.5. Thin Layer Chromatography (TLC)

Purified sucrose esters were qualitatively identified by thin layer chromatography (TLC)
using glass plates coated with a 0.25 mm layer of silica gel (Whatman, USA). The mobile phase
used was chloroform: methanol: acetic acid: water (75:15:8:2, v/v). The esters and stearic acid
samples were prepared in chloroform and the sucrose sample in deionized water. Subsequently,
the plates were sprayed with sulfuric acid solution in 50% methanol (v/v) and heated at 110 °C

for 10 min to develop the stains of sugar, acid and sugar esters (adapted from Cao et al. (1996)).

2.6. Infrared Spectroscopy

A sample of purified sucrose esters was analyzed by infrared spectroscopy without prior
preparation, according to the adapted methodology of Bayada et al. (1995). Fourier transform
infrared attenuated total reflectance (ATR-FTIR) was recorded on an FT-IR spectrometer
(Varian 600-IR, equipped with a Pike GladiATR accessory). A sample of approximately 100
ug was deposited on the sample holder. To obtain the infrared spectra, 64 scans in the range of

4000 - 400 em™ and 4 cm™! resolution were accumulated.

2.7. Determination of the critical micellar concentration (CMC)

The CMC of purified sucrose esters was determined using a pendant drop tensiometer
(PAT-1M, SINTERFACE Tensiometer vers. 8.01, Germany), measuring the surface tension of
a series of aqueous solutions containing the esters in Varying concentrations. All solutions were
prepared 24 h before the first measurement of surface tension in order to obtain a complete
solubilization of the surfactant. For the preparation of the sucrose ester solutions, deionized
water preheated at 70 °C was used. A drop of the aqueous solution containing the esters (20
mm?) was automatically formed at the tip of the capillary and inserted into an airway space.
The image of the drop formed was captured and digitalized by the CCD camera of the
equipment and the surface tension at 25 °C was determined as a function of time (10800 s),
adjusting the Gauss-Laplace equation using the specific software of the equipment. Before all

measurements, the surface tension of deionized water at 25 °C was checked (about 72 £ 0.5
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mN/m). The measurements of all solutions were performed in triplicate and the results

expressed as mean values.

2.8. Determination of interfacial properties influenced by guar and xanthan gums
2.8.1 Purification of the sunflower oil

Sunflower oil was used as an oily phase. The oil was previously purified with extraction
of free fatty acids in an aqueous medium, followed by adsorption with activated carbon. A mass
0f250 g of oil was mixed with 50 g of deionized water and the mixture was kept under magnetic
stirring for 30 min at 25 °C. The mixture was then centrifuged (Centrifuge 5804R, Eppendorf)
at 1000 x g during 10 min at 25 °C and the aqueous phase was discarded. Subsequently,
activated carbon was added to the oil (25%, w/w) and the mixture was maintained at 35 °C
under constant agitation of 200 rpm for at least 12 h. Afterwards, the activated carbon was
removed by centrifugation at 1000 X g for 5 min at 25 °C and vacuum filtration was performed
using a 0.45 pm pore diameter filter. Sunflower oil was considered acceptable only when the
interfacial tension value between the oil and deionized water remained above 25 mN/m for 1 h
(after reaching dynamic equilibrium), since interfacial tension values between 25 to 32 mN/m

are typical for pure oil and water systems (FINGAS, 201 7).

2.8.2  Preparation of sucrose esters and sucrose esters-polysaccharides solutions

Aqueous stock solutions of guar gum (0.5% w/w) and xanthan gum (0.5% w/w) were
previously prepared by dissolving the appropriate mass of each gum in deionized water. In order
to promote complete hydration of the biopolymers, the solutions were prepared at least 12 h
before starting the experiments. Sodium azide (0.02%, w/w) was added as a preservative. The
final composition of the treatments was obtained by .diluting the stock solutions of the gums in
aqueous solution containing the purified sucrose esters (10 mg/L). Solutions of pure sucrose
esters (E) were prepared by dissolving the esters in deionized water preheated at 70 °C. All
solutions were equilibrated 30 min before use.

The biopolymer concentration values evaluated were chosen based on the apparent
viscosity values of their solutions measured at 100 s’ using a HAAKE MARS rheometer
(Modular Advanced Reometer System, Thermo Electron Corp., Germany) equipped with a
thermostatic bath (Phoenix 2C30P, Thermo Electron Corp., Germany) at 25 °C. It was intended
to evaluate usual concentrations of gums in food emulsions. For the purpose of comparison

between the two different polysaccharides, concentrations of both gums that provide the same
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viscosity were chosen. Thus, for the apparent viscosity values of 0.02 and 0.04 Pa.s, the
concentrations of guar gum were 0.31% w/w (G31) and 0.35% w/w (G35) and the
concentrations of xanthan gum were 0.20% w/w (X20) and 0.25% w/w (X25), respectively.

2.8.3 Measurement of dynamic interfacial properties

The dynamic interfacial properties between the aqueous solution (containing sucrose
esters and whether or not containing the polysaccharides) and purified oil were determined by
drop profile analysis tensiometry (PAT-1M, SINTERFACE Tensiometer vers. 8.01, Germany)
at 25 °C, as described by Simiqueli et al. (2019a), with modifications. A drop of aqueous
solution (20 mm?®) was automatically formed at the tip of the capillary inserted into the purified
oil. The droplet image was captured and digitized by a CCD camera and the interfacial tension
was determined by analyzing the droplet profile and adjusting to it the Gauss-Laplace equation
using the specific software of the equipment. Measurements were performed up to the dynamic
equilibrium condition (approximately 5400 s). After this time, sinusoidal oscillations were
applied to the drop volume with a 3% amplitude to remain within the linear viscoelastic region,
and the frequency ranged from 0.0025 to 0.02 Hz (NEUMANN et al., 2018). Dilatational
parameters were calculated using a Fourier transform algorithm implemented in the software
package. Thus, it was possible to obtain the elastic modulus (E’) and viscous modulus (E") and
the phase angle (¢), calculated by tan ¢ = E" / E'. Lower values of ¢ (<45°) indicate a
predominantly elastic interface region and greater ¢ values (>45°) a predominantly viscous

interface. All measurements were made in triplicate.

2.9. Preparation of emulsions

The oily and aqueous phases were prepared similarly to the solutions off the interfacial
experiments. Oil-in-water (O/W) emulsions were prepared by dispersing purified sunflower oil
(20%, w/w) in aqueous solution of sucrose esters (0.5%, w/w) containing different
concentrations of polysaccharides, the same concentrations described in section 2.8.2. Pre-
emulsions were prepared using a high-speed homogenizer (Omni Macro ES Digital
Programmable Homogenizer, Kennesaw, USA) at 15000 rpm for 3 min at room temperature.
Subsequently, the pre-emulsions were subjected to 6 homogenization cycles in a high-pressure
homogenizer (Emulsiflex-C5, 39 Avestin, Ottawa, Canada) operating at 15000 psi. The pH of
the emulsions was measured and, if necessary, adjusted to pH 7 using HCI] and/or NaOH (1 M).
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2.10. Instrumental analysis of emulsified systems
2.10.1 Rheological properties

The rheological properties were determined using a HAAKE MARS oscillating
dynamic rheometer (Modular Advanced Reometer System, Thermo Electron Corp., Germany),
equipped with a thermostatic bath (Phoenix 2C30P, Thermo Electron Corp., Germany) at 25
°C. The coaxial cylinder sensor (DG41) was used with strain rate ranging from 0.1 to 200 s~
(ascending, descending and ascending ramp) during 6 min (Steffe, 1996).

Characterization of viscoelasticity was obtained by means of the oscillatory dynamic
test. Measurements were performed with the cone and plate geometry sensor (cone angle = 1°,
diameter = 60 mm, gap = 0.051 mm) (C60/1). First, the region of linear viscoelasticity was
determined by submitting the samples to the shear sweep test (1 to 1000 mPa, 1.0 Hz). Next,
the solutions were submitted to the frequency sweep test (0.1 to 10.0 Hz, 20.0 mPa) to obtain

the parameters of the elastic (G') and viscous (G") modules.

2.10.2 Zeta Potential, Particle Diameter and Emulsion Polydispersity Index (PDI)

The zeta potential (or { potential) was obtained based on measurements of the
electrophoretic mobility of the oil droplets, which move under the action of an electric field.
The average diameter and polydispersity index were determined by the dynamic light scattering
(DLS) technique. All measurements were performed using ZetasizerNano-ZS equipment
(Malvern Instruments Inc., Southborough, MA). Samples were diluted in deionized water (1:10"
*) and measurements were taken at 25 °C and pH 7. Measurements were made with at least 3
sequential readings immediately after preparation and also over the storage period (28 days) in

order to characterize the systems and evaluate the kinetic stability of the emulsions.

2.10.3 Microstructure and macroscopic stability

The microstructure of the emulsions was analyzed by a light microscope (OLYMPUS
BX-60), with a magnification of 1000 x. Emulsion aliquots without prior preparation were
placed on slides and carefully covered with glass coverslips.

The extent of phase separation of the emulsions was quantified in terms of the system
creaming index. To facilitate visualization of phase separation, the oil was stained with Sudam
III prior to the homogenization step. Thus, immediately after the homogenization process, 3 mL
aliquots of the emulsions were transferred to glass tubes. Photographs of the emulsions were

taken shortly after emulsion preparation and after a twenty-eight day storage period, at 25 °C.
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2.11. Statistical analysis

The effects of substrate molar ratio (sugar: fatty acid) (X;) and organic solvent type (X2)
on the synthesis of sucrose esters were studied following a completely randomized design
(CRD) in factorial scheme 37, with 3 replications. The data obtained were evaluated by analysis
of variance (ANOVA), considering the main effect of each independent variable and the
interaction between them. The first order model was adjusted and its adequacy was judged by
the significance of the regression parameters (p < 0.05).

Comparison of the different emulsified systems was performed via the analysis of
variance, followed by the Tukey test (p < 0.05). All measurements were performed in triplicate.
Statistical analyses were performed using the SAS® software (Statistical Analysis System -

SAS), version 9.3, licensed by the Federal University of Vigosa.

3. Results and discussions
3.1. Synthesis and identification of sucrose esters

For each organic solvent used, the influence of the substrate molar ratio variable on the

yield of the esterification reaction was statistically evaluated (Table 1).

Table 1. Regression models for fatty acid conversion yield (Y) as a function of substratemolar ratio (X1)
for reactions carried out in different solvents, their coefficients of determination (R”) and probability
levels (p)

Solvent Regression models RrZ p-value
Acetone Y =15.175 - 1.6259X, 0.9600 0.0301
Acetonitrile Y =4.5744 - 0.7850 X, 0.9849 0.0291
2M2B Y =26.012 +9.3133 X, 0.9904 0.0483

The increase of substrate molar ratio provided a significant reduction (p < 0.05) in the
yield of fatty acid conversion to sucrose esters when using acetone and acetonitrile solvents
(Figure 1). However, the opposite was verified when the 2M2B solvent was employed. In
general, lipase-catalyzed conversion of fatty acids into sugar esters can be improved by
providing an excess of fatty acid, since the excess substrate in the reaction mixture can shift the
balance toward product synthesis of esterification. However, the solubility of reagents in the

reaction medium is a limiting factor of reaction progress and is dependent on the type of solvent



used (AN et al.,, 2019; GUMEL et al., 2011). It was observed that the solubilization of the
reagents using 2M2B was higher compared in relation to acetone and acetonitrile, as well as the
reaction yield, which in turn increased with the increase of substrate molar ratio. The higher
yield (53.4%) obtained in fatty acid conversion is comparable to that of other esterification

reactions for the synthesis of sucrose esters in which lipases were used as catalyst

(INPRAKHON et al., 2017; NETA et al., 2012).
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Figure 1- Fatty acid conversion yields as a function of organic solvent type for different substrate molar
ratios (1:1, 1:2 and 1:3).

The synthesis of sucrose esters was confirmed by TLC (Figure 2), which shows in the
band A a spot referring to the sucrose pattern, presenting an Rf value of 0.01, and in band B the
stearic acid pattern that followed the solvent front with an Rf of 0.9. Two intense dark spots
next to each other for the esterification product after purification were observed in range C, with
a Rf value of 0.45 and 0.50. Thus, it can be inferred from this analysis that sucrose esters were
likely produced.

Characteristic ATR-FTIR spectra of sucrose, stearic acid and purified product samples
after enzymatic esterification are shown in Figure 3. The spectrum obtained for sucrose esters
indicated a decrease in the characteristic bandwidth for the free hydroxyl group (O-H) at 3300-
3400 cm™ due to esterification of the sucrose OH groups. The intensification in the product
spectrum signals around 2915 cm™! indicated the presence of the alkyl group. The new band
around 1750 em™, corresponding to the wavelength for infrared absorption of a carbonyl ester

bond (PAVIA et al., 2008), confirms that the esterification of sucrose was successful. Intense
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signals in the 1000 to 1150 cm™ wavelength range assigned to the carbon-oxygen single bond

(-C-O-) present in sugars also indicated that the product was a sucrose ester.

Sucrose
|Stearic acid ixd

Sucrose esters

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm“)

Figure 2 - Thin layer Figure 3 - ATR-FTIR spectra of sucrose, stearic acid and
chromatography of sucrose esters sucrose esters.

synthesized in 2M2B. Lanes (A)

and (B) correspond to sucrose and

stearic acid samples, respectively.

The range (C) corresponds to the

synthesized product.

3.2. Critical Micellar Concentration (CMC)

In the graphic representation (Figure 4) of the dynamic surface tension (y) versus
logarithm of surfactant concentration (log C), there are two regions (below and above the
CMC). Below the CMC the reduction in surface tension is dependent on the increase in
surfactant concentration. On the other hand, at surfactant concentrations above CMC the surface
tension becomes almost constant. The point of intersection between the horizontal and angular
lines corresponds to the critical micellar concentration (ALLEN; TAO, 2002; GAUDIN et al.,
2018).

The sucrose esters synthesized in this study showed a low CMC (approximately 10
mg/L), characteristic of non-ionic surfactants. This result is close to that obtained by Soultani
et al. (2003) for a commercial sucrose stearate (CMC 14 mg/L). The surface tension (yemc) after
reaching the CMC obtained for sucrose esters was 45 + 1 mN/m. This value is close to the
values reported in the literature (35-45 mN/m) for sugar esters at the same temperature (25 °C)
(ALLEN; TAO, 2002; BECERRA et al., 2008; SOULTANI et al., 2003). It is noted that



28

concentrations of sugar esters required to achieve the minimum surface tension are very low

and may be indicated in applications where limited amounts of surfactants are desirable.
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Figure 4 - Dynamic surface tension variation versus log concentration of sucrose esters.

3.3. Characterization of interfacial properties
3.3.1. Interfacial tension

In this study, tensiometry in conjunction with kinetic stability analyses of emulsified
systems composed of polymer-surfactant mixtures provided a good understanding of the
interactions between them. The interfacial tension profiles as a function of time between
purified oil and deionized water and between purified oil and aqueous solutions composed
solely of sucrose esters or mixed with gums (guar or xanthan) are shown in Figure 5. It was
observed that equilibrium interfacial tension (Yeq) remained practically constant (28 + 1 mN/ m)
for the oil/water system without the addition of surfactant, demonstrating that the oil
purification process was efficient. Addition of sucrose esters in the aqueous medium reduced
the interfacial tension from 28 to 11 mN/m. For the solutions with polysaccharides addition, the
equilibrium interfacial tension values were higher, being around 14 to 16 mN/m.

Therefore, it was observed that a possible formation of sucrose esters-polysaccharides
intermolecular complexes in bulk resulted in a different interfacial behavior compared to the
pure surfactant solution. With the occurrence of the interaction in bulk, the content of free
sucrose ester monomer was decreased in the solution and, consequently, the interfacial tension

increased. That is, the sucrose esters-guar gum and sucrose esters-xanthan gum intermolecular



complexes led to the less exposition of hydrophobic groups of sucrose esters to the oil-water

interface.
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Figure 5 - Interfacial tension decay profiles obtained for the purified oil, pure esters aqueous solution
(E) and aqueous solution containing esters and guar gum (G31 and G35) or xanthan gum (X20 and X25).

A similar result was observed for the commercial surfactant Tween 80 in the presence
of xanthan gum at air-water interface (KRSTONOSIC; MILANOVIC; DOKIC, 2019). The
authors concluded that the pronounced increase in surface tension in mixed solutions of these
substances was due interaction in bulk, occurred by hydrophobic interaction and/or hydrogen
bonds for the xanthan gum-Tween 80 complexes, resulting in a decreased concentration of free
surfactant monomers and leading to the assumption that the complexes formed could not adsorb
at the interface. Therefore, can infer for the present research, for the conditions evaluated, that

the amount of sucrose esters is adsorbed at the interface is dependent on the presence of

polysaccharides.

3.3.2. Interfacial Viscoelasticity

Figure 6 shows the phase angle and elastic modulus of the different aqueous solutions
inserted into the purified oil as a function of frequency. In all treatments the phase angle was
less than 45°, indicating that the interfacial films were predominantly elastic. The trend of
storage and loss modules was similar for all treatments, that is, surface elasticity increased and
viscosity decreased with increasing frequency. By increasing the frequency, faster changes
occur in the surface area. Therefore, in order to restore system equilibrium, surfactant

adsorption and desorption kinetics are higher NEUMANN et al., 201 8).
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Figure 6 - Phase angle and elastic modulus as a function of the frequency of oil-water interfaces obtained
for the pure ester aqueous solution (E) and aqueous solution containing ester and guar gum (G31 and
G35) or xanthan gum (X20 and X25).

Although all treatments presented an elastic character, the treatments with addition and
increased polysaccharide concentration resulted in lower elasticity of the interfacial layer, since
they presented higher phase angle values compared to the treatment containing only the esters
in the aqueous solution. This result reaffirms the conclusion obtained in the previous analysis
of interfacial tension, in which probably the polysaccharides and sucrose esters interacted with
each other (hydrophobic interaction or/and hydrogen bonds), leading to the formation of a

complex in bulk.

3.4. Physical characterization of the emulsified systems
3.4.1. Rheological properties

The results of the flow behavior analysis (Figure 7 and Table 2) showed that emulsions
containing polysaccharides presented a non-N ewtonian pseudoplastic behavior. The emulsions
without polysaccharides had a Newtonian behavior. None of the emulsions showed thixotropic
behavior. Viscoelastic characteristics of emulsions containing polysaccharides were also
measured. These systems were predominantly elastic (Figure 8) as the relationship between
rheological modules was less than 1 (tg & <1) (Steffe, 1996).

The predominance of elastic character tends to favor the reduction of brownian motion
of oil droplets, as well as the frequency and intensity of collisions between them, contributing
to the kinetic stability of the system (CAI et al., 2018). The elasticity of the emulsified systems
is probably related to the presence of xanthan gum and guar gum thickeners. These

polysaccharides have the functional capacity to attract water molecules to their chain, increasing
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the emulsion viscosity and thus contributing to the physical structure of the system
(SIMIQUELI et al., 2019b).
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Figure 7 - Rheograms of the emulsified systems with and without polysaccharides.

Table 2. Average parameters of the Newton model used for rheological characterizationof the
emulsions without polysaccharides (E), average parameters of the Ostwald-de- Waele model used for
rheological characterization of the emulsions containing polysaccharides (G31, G35, X20 and X25)
and mean values of absolute () and apparentviscosity (1)

Newton Model

Treatments R2 n (Pa.s)

E 0.999 0.002 £ 0.000
Ostwald-de-Waele Model

Treatments K (Pa.s") Nk R2 Moo (Pa.s)
G31 0.376 £ 0.001 0.410+0.001 0.999 0.025 = 0.000
G35 0.742 £ 0.010 0.724 £+ 0.009 0.999 0.041 + 0.001
X20 0.255 + 0.004 0.456 + 0.003 0.999 0.021 = 0.000
X25 0.921 £ 0.015 0.332 + 0.002 0.997 0.042 + 0.001

! Values represent means + SD of triplicates. 1,0, apparent viscosity at 100 s,
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3.4.2. Zeta Potential, Droplet Diameter Distribution and Polydispersity Index (PDI)

Table 3 shows the values obtained from the { potential of emulsions formed with
aqueous solutions of pure sucrose esters (E) and aqueous solutions containing esters and guar
gum (G31 and G35) or xanthan gum (X20 and X25), after preparation (t = 0) and throughout
storage (28 days). All treatments had negative zeta potentials. Based only on { potential (< -30
mV), electrostatic repulsion among oil droplets could improve kinetic stability
(MCCLEMENTS, 2016).

After 28 days of emulsion storage, a significant decrease (p < 0.05) in the absolute value
of the { potential was observed for all treatments when compared to time zero. However, even
after the storage period evaluated the { potential values were greater than 30 mV in modulus,
which can contribute the kinetic stability of the emulsions (KADU et al., 201 1). Among the
treatments, emulsions with xanthan gum at a concentration of 0.25% (w/w) had the highest (
potential, soon after emulsion preparation and also over time. Xanthan gum is an anionic
polysaccharide, thus increasing its concentration leads to increased negative surface charge of
emulsion droplets and, consequently, a more negative { potential (CAl et al., 2018; CHIVERO
et al., 2015). With the exception of treatments containing xanthan gum, negative zeta potential
values should not be expected since sucrose esters are non-ionic surfactants and guar gum is a
non-ionic polysaccharide. However, these high negative values might be ascribed to the
presence of residual, non-esterified fatty acids in the sucrose ester (KLANG et al., 2011).

The results of the average oil droplet size (d) and polydispersity index (PDI) of the oil
droplets dispersed in aqueous solutions of pure sucrose esters (E), aqueous solutions of pure
Sucrose esters containing guar gum (G31 and G35) or xanthan gum (X20 and X25) are shown
in Table 3. The emulsions presented unimodal size distributions and low polydispersity index.

After 28 days storage, with the exception of emulsions containing 0.20% of xanthan
gum (w/w), emulsions containing polysaccharides had a significantly lower mean oil droplet
diameter (p < 0.05) compared to emulsions containing only sucrose esters. Increased viscosity
of the continuous phase due to the addition of polysaccharides may have contributed to this
result, hindering the movement of dispersed oil droplets and thus reducing the frequency of
collision and coalescence between them during storage (MCCLEMENTS, 2004). For the X20
treatment, a higher polydispersity value of the system was observed, compared to the others.
This greater polydispersity favors and accelerates the occurrence of the Ostwald ripening

mechanism, possibly contributing to the greater increase in the average droplet diameter.
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Table 3. Zeta potential of emulsions oil droplets, average oil droplets diameter (d) and emulsion
polydispersity index (PDI) immediately after preparation and after 28 days of storage of the O/W

emulsions

t=0day t=7days t=14 days t=21days =28 days
Treatments
{ potential (mV)
E -45.60 + 1.73%*  .46.68 + 0.89* -42.27 4 0.55%8 3733 £1.12€ -32.92 + 0.609°
G31 -42.27 £0.79%  42.15+2.14%A  .40.73 + 0,968 -40.1 + 0.43%8 -35 70 £ 2.25%C
G35 -43.90 + 1.17%A 42,55+ 0.82°AB  _40.60 + 0.87*C -40.82 + 1.70°8C  .37.08 + 0.84%P
X20 -40.57 £ 0.889"  -37.33 + 0.68°B -36.57 + 1,168 -37.43 + 1.88®  -34.57 +£0.72%C
X25 -52.35 + 0.55% -47.08 £ 0.66"®  -45,75 % 0,76*B€ -44 85 + (0.934¢ -42.73 + (.82°
Treatments d (nm)
E 155.65+ 0.80*  264.27+3.79*®  267.68+2.72*8  270.17 + 6.83*B 280.82 £13.62%C

G31 184.97+ 120  227.62+1.69®  225.12+ 163 24895+ 12. 17 261.07+ 5.77%P
G35 20228 £2,08*4  250.85+£2.85%® 25643 £2.15%BC 25035+ 13.26P2C  262.73 +1.84%
X20 192.58 221  256.40 4 7.58"™8 261.77 £2.70*8C 267,02 + 5.029¢ 284.00 + 5.3730
X25 190.35+£2.49% 21592+ 1.05%® 224,13+ 1.74®  248.83 + |.72¢C 259.55 + 2.98%P
Treatments PDI

E 0.09 £ 0.02 0.160.01 0.16 = 0.02 0.18+0.03 0.21+0.03
G31 0.07 +£0.02 0.07 £ 0.03 0.07+0.02 0.15+0.04 0.20+0.02
G35 0.06 = 0.03 0.16 £ 0.02 0.17+0.02 0.21 +0.03 0.17 +0.03
X20 0.10+0.01 0.18£0.01 0.17+0.01 0.24+0.01 0.24 +0.03
X25 0.085+0.02 0.087 +0.01 0.09 +0.01 0.17 £ 0.01 0.19+0.02

! Means followed by the same letter do not differ statistically from each other at the 5% probability level by Tukey's

test. Lowercase letters in the column (same day) and uppercase letters in the row (same treatment). Values represent
means + SD of triplicates.
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3.4.3. Microstructure

Figure 9 shows micrographs of all emulsions immediately after preparation. Observation
of the emulsions by optical microscopy showed that the formulation containing only sucrose

esters had uniform droplets.

Figure 9 - Micrographs of emulsions contain ing sucrose ester (E), mixtures of sucrose esters-guar gum
(G31 and G35) and mixtures of sucrose esters-xanthan gum (X20 and X25).

However, the addition of polysaccharides changed the emulsion morphology to a
flocculated droplets pattern. In systems containing hydrocolloids, flocculation is an
omnipresent phenomenon (DICKINSON, 2003). Flocculation occurs through a depletion
mechanism and is caused by the presence of non-adsorbent polysaccharides (such as guar gum
and xanthan gum) in the bu/k of the emulsion (CAO: DICKINSON; WEDLOCK, 1990). Kaltsa
et al. (2013) also observed flocculated droplets in emulsion microstructure containing 20% of
the oil phase and different concentration of guar gum or xanthan gum in aqueous phase. The

authors reported that the gaps formed between the flakes seemed to be more extended with the
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addition of xanthan gum and stated that this behavior is characteristic due to its high molecular
weight compared to guar gum. Chivero et al. (2015) also observed the presence of flocculated
droplets in O/W emulsion containing guar and xanthan gum, attributing this phenomenon to the

depletion mechanism.

3.4.4. Macroscopic Stability

The different treatments presented a very low creaming index, close to 0%. Thus, all
emulsified systems showed a good kinetic stability during the evaluated storage time. This result
is in agreement with that obtained by physicochemical parameters measurements ({ potential,

mean droplet diameter, polydispersity index and rheological behavior). The photographs of the

emulsions immediately after preparation and at 28 days of storage at 25 °C are shown in Figure
10.

Figure 10 - Photographs of emulsified systems immediately after preparation (left) and with 28 days of
storage (right) at 25 °C.

Emulsions prepared without the addition of polysaccharides showed uniform droplets
observed by optical microscopy, in addition to a low creaming index. With the addition of
polysaccharides in the emulsions, the presence of flakes was observed in their microstructures.
even though creaming has been very low. Chivero et al. (2015) evaluated emulsions containing
0.2% and 0.3% (w/w) of polysaccharides (guar gum or xanthan gum) and did not observe
creaming during 30 days storage at 25 °C, even with flocculation having been observed by
microscopy. When very low concentrations of polysaccharides are used, the entropy loss linked
to particle aggregation overcome the depletion mechanism and the emulsion remains stable

(DICKINSON, 2003).

4. Conclusions

In the present study, the sucrose fatty acid esters were synthesized using immobilized

CALB lipase. The highest yield for the synthesis of sucrose esters was obtained in a molar ratio
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of 1:3 (sugar: fatty acid) in 2-methyl-2-butanol. TLC and ATR-FTIR confirmed the synthesis
of the sucrose esterification product with stearic acid. The sucrose esters produced showed low
values of surface and interfacial tension and low value of CMC (10 mg/L), characteristic of
non-ionic surfactants.

Addition of polysaccharides in the sucrose ester solution increased interfacial tension as
well as the bulk viscosity, compared to the solution without polysaccharides. Regardless, all
the emulsions presented great stability with no creaming formation. However, the presence of
polysaccharides resulted in flocculated droplets probably due to a depletion mechanism. The
kinetic stability of the O/W emulsions was favored by the sum of several factors, which are:
low interfacial tension, elastic interfacial film, small drops and viscosity of the continuous phase
(for emulsions with polysaccharides).

The low values of surface and interfacial tension obtained with the produced sucrose
esters confirmed its potential application as an emulsifier, especially in applications where
limited amounts of surfactants are desirable. In addition, based on the association of the results
of the analysis of the interfacial properties of the solutions and the physical and chemical
characteristics of the O/W emulsions, this study was relevant to the understanding of systems

formed by sugar esters and polysaccharides for the production and control of kinetic stability

of emulsions.
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CAPITULO 2 - DEVELOPMENT OF AN ENZYMATIC BIOREACTOR FOR
CONTINUOUS SYNTHESIS OF SUCROSE ESTERS AND EVALUATION OF
THE INTERFACIAL PROPERTIES OF THE SURFACTANT

ABSTRACT

An enzymatic bioreactor was developed for the continuous synthesis of sucrose esters. Candida
rugosa lipase (CRL) was immobilized on a polyacrylamide cryogel column. Response surface
methodology with a central composite rotational design was implemented to optimize three
experimental operating conditions (substrate molar ratio, temperature and proportion of organic
solvents). The maximum percentage of esterification predicted was 93.01% using a molar ratio
of 1:3.13 (sucrose: stearic acid), temperature of 55.8 °C and proportion of 7.44: 92.56 (DMSO:
tert-butanol). Even after 10 successive cycles, the bioreactor was able to maintain a high
conversion rate. The synthesis of sucrose esters was confirmed by thin layer chromatography
(TLC) and infrared spectroscopy (FTIR). The equilibrium surface tension (yeq) and critical
micellar concentration (CMC) of these esters were obtained, and their values (44 + 1 mN/m and
14.5 mg/L, respectively) were characteristic of a non-ionic surfactant. The study of interfacial
viscoelasticity showed that sucrose esters form predominantly elastic films at the oil-water
interface. The esters produced were surfactants capable of adsorbing at the interface and
promoting a significant decrease in interfacial tension, demonstrating a potential application of

these compounds as emulsifiers for industry.

Keywords: Sugar esters; Candida rugosalipase; Cryogel; Optimization; Interfacial

viscoelasticity.
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1. Introduction

In recent years, the industrial scale use of lipases has grown considerably. These
enzymes stand out for the various reactions they catalyze, being used in several biotechnological
segments, such as in the production of food, detergents, paper, medicines, cosmetics, biodiesel,
in the treatment of effluents, among others (CASTIGLIONI et al., 2020; GUMEL et al., 2011;
NIETO et al., 2021). Among the processes catalyzed by lipases, the synthesis of esters stands
out as a promising aspect, due to the importance of numerous esters as additives in obtaining
industrialized products. An example of this are sucrose esters, which are compounds obtained
from sucrose and fatty acids linked by ester bonds, which exhibit surfactant properties, that is,
they are capable of reducing surface and interfacial tension and promoting, for. example, the
emulsification of immiscible liquids.

Sucrose esters can be obtained from chemical or enzymatic processes, however,
enzymatic reactions have the advantage of being conducted under milder temperature
conditions, in addition to offering a high degree of chemo-, regio-, enantio- and
diastereoselectivity; while the chemical route is less selective and leads to the production of a
heterogeneous mixture of products with different degrees of esterification and different
acylation positions (FERNANDES et al., 2021; FERRER et al., 2000).

Although several studies describe the synthesis of sugar esters from lipases, there is an
ongoing need to develop new enzyme technologies for the production of these compounds and
to optimize the reaction conditions in order to increase the yield of the esterification process
and make it economically viable. Thus, the use of immobilized enzymes is a suitable alternative
to achieve these goals. Immobilization, in addition to making the enzyme easily separable from
the reaction medium, also promotes retention of enzymatic activity and allows its reuse for
continuous operations (LIESE; HILTERHAUS, 2013; MEENA et al., 2021; RAFIEE;
REZAEE, 2021).

As a solid support, supermacroporous cryogels are low-cost matrices, with potential for
the development of enzymatic bioreactors. Cryogels have large pores (approximately 10 to 100
um), which promote greater permeability to flow and low resistance to mass transfer. In this
way, bioreactors produced from immobilization of lipases in cryogel can have a configuration
that allows a continuous process, with the advantage of basically convective mass transfer
(ARMUTCU et al., 2020; ERTURK; MATTIASSON, 2014).

In the present study, a commercial Candida rugosa lipase (CRL) was used for the

development of an enzymatic bioreactor in order to increase the operational stability in
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esterification reactions for the synthesis of sucrose esters. Although the enzymatic synthesis of
sugar esters is well understood, studies investigating the continuous synthesis of these
compounds from enzymatic bioreactors are still scarce. For industrial applications, continuous
operation is preferable to batch operation due to its greater efficiency, greater process control,
the possibility of enzyme reuse without the need for separation of the reaction medium, the
minimization of damage to the biocatalyst due to the lower shear stress and, consequently, lower
operating costs (RAKMAI; CHEIRSILP, 2016). Thus, the study of the continuous enzymatic
synthesis of sucrose esters, on a laboratory scale, is important mainly to predict the behavior of
the bioreactor under different conditions and verify if the support is suitable for possible use on
a large scale. :

Therefore, the objectives of this study were to develop an enzymatic bioreactor, through
the covalent linkage of CRL in a cryogel matrix, optimize the enzymatic production of sucrose
esters and characterize these surfactants in terms of their surfactant properties, by the analysis
of surface and interfacial tension and the modulus of expansion of the interfacial layers,
obtained by dynamic tests. The effects of three variables (molar ratio of substrates, temperature
and proportion of solvents) on esterification yield were evaluated using the central composite
rotational design (CCRD) as the experimental project for response surface methodology (RSM)

and, then, optimal reaction conditions were proposed.

2. Materials and methods

Lipase from Candida rugosa (Type V11, =700 unit/mg solid) was purchased fromSigma-
Aldrich (Saint Louis, USA) along with the reagents: acrylamide (AM), N, N'-
methylenebisacrylamide (MBAM), ammonium persulfate (APS), allylglycidyl ether (AGE,
99%), N, N, N ', N'-tetramethyl-ethylenediamine (TEMED), glutaraldehyde (GA, 50% aqueous
solution), ethylenediamine (EDA, 99%), sodium borohydride (NaBH4), bovine serum albumin
(BSA), p-nitrophenyl palmitate (p-NPP), p-nitrophenol, Triton X-100, gum arabic, acetone,
acetic acid, stearic acid, chloroform, absolute ethanol, sodium hydroxide, sucrose, methanol,
dimethyl sulfoxide (DMSO) and tert-butanol. Phenolphthalein were purchased from Synth
(Diadema, Brazil).

All chemical reagents used were of analytical grade. Activated carbon and sunflower oil
were obtained from local market. Solutions were prepared using deionized water (Milli Q -

Merck Millipore, Germany).



2.1. Synthesis of polyacrylamide (PAM) cryogel

The cryogel synthesis process was adapted from the methodology proposed by Mol et
al. (2017). Monomers were weighed (1.185 g AAm, 0.3175 g MBAAm) and dissolved in 20
mL of deionized water. Soon after, 1% (w/w) of AGE was added and the volume were
completed to 25 mL with water. Then, the mixture was degassed for about 10 minutes in an
ultrasonic bath and cooled to 0-5 °C. Polymerization was initiated by the addition of 0.0275 g
of APS and 23.8 uL of TEMED. There action mixture was poured into glass columns and frozen
at -12 °C for 24 h. The cryogel obtained was thawed at 25 °C and then washed with 100 mL
of deionized water with the aidof a peristaltic pump (BT/F Series Intelligent Displaying) at a

flow rate of 1 mL/min. Subsequently, cryogels were stored under refrigeration until the moment

of use.

2.2. CRL immobilization in PAM cryogel

The cryogel column was connected to a peristaltic pump and methanol (50 mL) was
recirculated at a flow rate of 1 mL/min for 2 h. Then, ethylenediamine (0.5 M in 0.2 M NaxCOs;
50 mL) was pumped to the column at a flow rate of 1 mL/min in the recycling mode for 10 h.
Afterwards, the column was washed with 100 mL of 0.1 M sodium phosphate buffer, pH
5.5, at 1 mL/min. Soon after, a solution of glutaraldehyde (5% v/v; 100 mL) in 0.1 M sodium
phosphate buffer, pH 5.5, was pumped to the column at a flow rate of 1 mL/min in a recycling
mode for 6 h. All previous steps were performed at 25 °C.

The derivatized matrix with functional aldehyde groups was used to immobilize the
CRL. First, the column was washed with 0.1 M sodium phosphate buffer, pH 5.5 for 1 h. Then,
the enzyme solution (8 mg/mL; 25 mL) in 0.1 M sodium phosphate buffer, pH 5.5 was
recycled through the column at a flow rate of 0.25 mL/min at 25 °C for 24 h. Finally, the freshly
prepared NaBHs solution (0.1 M in sodium carbonate buffer, pH 9.2) was applied to the column
at a flow rate of 0.25 mL/min for 1.5 h in recycling mode. Then, the column was washed with

100 mL of water at a flow rate of 0.25 mL/min and stored at 5 °C until use.

2.3. Characterization of the enzyme bioreactor
2.3.1. Swelling capacity, expansion degree, porosity and scanning electron microscopy

Swelling capacity (S) was determined according to Savina et al. (2005). The dehydrated

bioreactor (md, g) was placed in a container with water until complete immersion, for 24 h. The
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excess water was removed and the wet bioreactor (mw, g) was weighed again and the swelling

capacity was calculated according to Eq.(1):

Myy— My

§="0 (1)

The degree of expansion (ED) was determined according to Gongalves et al. (2016). A
sample of the hydrated bioreactor was immersed in a graduated cylinder containing 20 mL of
deionized water, and the difference in volume after that was measured. The degree of expansion
(mL/g) was calculated as the ratio between the hydrated bioreactor volume (Vw, mL) and its

dehydrated mass (md, g), as shown by Eq. (2):
ED = — (2)

The total porosity (¢r), fraction of macropores (owm), fraction of meso and micropores
(¢m). bound water fraction (@wp) and fraction of dry polymer (ga) were determined with
methodology proposed by Plieva et al. (2004). The morphology of the enzymatic bioreactor
was also evaluated by Scanning Electron Microscopy (SEM). Samples of dried bioreactor were
broken in half, fixed in stubs and sprayed with a thin layer of gold. Then, the samples were
analyzed in a scanning electron microscope (Carl Zeiss LEO EVO 40 XVP, Oberkochen,

Germany), with an acceleration voltage of 20kV.

2.3.2. Porosity and Axial dispersion

Residence time distribution (RTD) was measured on a preparative chromatographic
system (Akta Pure, GE Healthcare, Sweden) using a pulse of acetone (100 pL, 1% v/v in water)
as a tracer at 25 °C. The mobile phase (deionized water) was injected into the system at different
flow velocities (U= 1,06E* to 6,37E% m/s), and the peak signal was monitored at the column
outlet by a UV detector at 280 nm. All analyzes were performed in triplicate. To compensate
for the dispersive effects generated by the equipment itself, the same procedure described above
was carried out, but without the use of the column, but with a pipe segment used with the same
length of the column in its place. The mean residence time (tr) and variance (0?) were obtained
from the RTD curves by the momentum method, using Eq. (3) and (4) (CHAVES et al., 2020).
Exit age distribution, Eg, is the RTD of the fluid in the reactor. The Eg function was determined
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according to Eq. (5) (CHAVES et al., 2020):

: o tabs(t)at
R = T ibsOdr G)

Jo t Abs(tyat
2 = e
% absar (R )

I Abs(t)
By =tp X pwe (Odt _ )

where t and Abs represent the time (s) and absorbance, respectively.

Porosity (er) was determined by linear regression of Eq. (6) (LEVENSPIEL, 1999).
tR = ':j'x Er (6)

where: L is the column length (m), U is the flow velocity of the mobile phase (m/s) and 7 is the

total porosity of the column.

The apparent axial dispersion coefficient for each flow rate studied was calculated by
non- linear regression, solving Eq. (7) and using the Solver tool of the MS-Excel 2016
software (Microsoft, Redmond, USA) (FURUSAWA; SMITH: SUZUKI, 1976).

2 2(2)- 222 - e ()

where Dax is the axial dispersion coefficient (m?%s) and u (m/s) is the interstitial fluid velocity

(u = U/ey) through the column.

The height equivalent of theoretical plates (HETP) were determined according to Eq.
(8) (GUIOCHON, 2006):

HETP = L— (8)
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2.3.3. Hydraulic permeability

The hydrostatic pressure drop (APy) in the column was analyzed using a liquid
chromatograph (Akta Pure, GE Healthcare, Sweden) using deionized water at different flow
velocities. The hydraulic permeability (Ky) was determined by linear regression of the Darcy
equation (Eq. (9)) (CHAVES et al., 2020):

ﬁiﬂ:ﬂxu (9)
L Ky

where 4Pw (Pa) is the pressure drop through the column, pw (Pa.s) is the water viscosity at 25

°C, and K (m?) is the hydraulic permeability.

To set-off the pressure drop due to equipment and column, the experiment was also

conducted using an empty column.

2.4. Determination of the immobilized enzyme content in the cryogel matrix

The total content of immobilized enzyme in the cryogel was indirectly determined from
the difference between the amount of protein in the solution before and after immobilization
using the Bradford method (BRADFORD, 1976). Absorbance was measured at 595 nm on a
UV-Vis spectrophotometer (Biomate 3, Thermo Scientific, USA) and an analytical curve was

determined using bovine serum albumin (BSA) as standard.

2.5. Bioreactor activity assay

The enzymatic activity of the bioreactor was determined by the hydrolysis method of p-
nitrophenyl palmitate (p-NPP) (GUPTA; RATHI; GUPTA, 2002). Thus, the substrate solution
was prepared under continuous stirring, consisting of 6 mL of the p-NPP solution (7.95 mM in
isopropanol) and 54 mL of Tris HCI buffer (50 mM, pH 7, containing 0.4% w/v Triton X-100
and 0.1% w/v gum arabic). Soon after, the substrate solution was pre-incubated at 37 °C for
15 min and then pumped through the enzymatic bioreactor at a flow rate of 0.25 mL/min at 37
°C. After the process reached steady state conditions, samples were collected at the exit of the
bioreactor and were analyzed for the concentration of p-nitrophenol in a UV-Vis
spectrophotometer (Biomate 3, Thermo Scientific, USA), at 410 nm.

An analytical curve was prepared using p-nitrophenol in different concentrations. It was
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defined that an unit of enzymatic activity (1 U) corresponds to the amount of enzyme capable

of producing 1 umol of p-nitrophenol per minute.

2.6. Determination of immobilization efficiency

The immobilization efficiency was calculated in terms of the recovered hydrolytic
activity (Rua) and immobilization efficiency () (MILASINOVIC et al., 2012), according to
the Eq. (10) and (11):

Rya(%) = ﬂ’;—m‘— x 100 (10)

n(%):%x 100 (11)

where A is the specific hydrolytic activity of the free lipase (U/mgenzyme), Pc is the mass of
immobilized enzyme (mg) per gram of cryogel, Abioreactor is the apparent hydrolytic activity of
the bioreactor (U) per gram of cryogel, C: and C2 are the initial and final enzyme concentration
(mg/mL), respectively, and Vi and V2 the volumes (mL) of the enzyme solution used for

immobilization and the supernatant after immobilization, respectively.

2.7. Optimization of continuous synthesis of sucrose esters

Sucrose esters were synthesized from sucrose and stearic acid in a mixture of two
organic solvents (DMSO/zert-butanol). The substrate solution was pumped through the
bioreactor at a continuous flow rate of 0.25 mL/min for 6 h, according to the experimental
conditions that were designed. The effects of substrate molar ratio, temperature (°C) and solvent
proportion (DMSO: fert-butanol) in the reaction medium were evaluated.

Samples of the reaction product were collected at the exit of the bioreactor and the
residual free fatty acid was determined by the volumetric method (FERNANDES et al., 2021).
Thus, the reaction product was titrated with standard sodium hydroxide solution (0.1 M). The
amount of free fatty acid (A, in mol/g) in the sample was calculated for both, test and control
samples. The esterification yield (%), expressed as equivalent to acid conversion, was

calculated using Eq. (12) to (14).
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Esterification yield (%) = (1 — 1 x 100 (14)
2

where Vs and Ve (mL) are the volumes of sodium hydroxide consumed on titration of sample
and control, respectively, fc is the correction factor for the NaOH solution (0.9910), Ms and M,

(g) are the mass of sample and control, respectively. All measurements were made in triplicate.

2.8. Experimental design and statistical analysis

The response surface methodology (RSM) was adopted to optimize the reaction
conditions for the sucrose esters synthesis. The independent variables substrate molar ratio
(sugar: fatty acid) (X1), temperature (X2) and proportion of solvents (DMSO: tert-butanol) (X3),
were selected for the optimization study. The response or dependent variable was the
esterification yield of a reaction (V).

The effects of independent variables on the esterification yield (%) were carried out
based on a Central Composite Rotational Design (CCRD), whose coded levels and actual values
of the variables are shown in Table 1. The CCRD consisted of a 23 factorial design with 8

assays, 6 axial points and 3 central points, totaling 17 experimental runs.

Table 1 - Coded and actual levels of variables used in the experimental design

Levels
Factors Variables

-1.68 -1 0 +1 +1.68

Substrate molar ratio
X; 1:1.32 1:2 13 1:4 1:4.68
(sugar: fatty acid)

X3 Temperature (°C) 46.6 50 55 60 63.4

Proportion of solvents
(DMSO: tert-butanol)

1.6:98.4 5:95 10:90 15:85 18.4:81.6

The experimental results obtained were analyzed by the regression procedure using the
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following second order polynomial equation (Eq. (15)):

3 3 2 3
Y=5U+Zﬁixi+ZﬁﬁXf2+Z Z Bij XiX; + e (15)
i=1 i=1

i=1 j=i+1

where Y is the response variable (%); o is the model intercept; X; and X; are the levels of the

independent variables; e is the error; and i, Bii and Bij are regression coefficients.

Statistical significance of the model was evaluated by analysis of variance (ANOVA)
and the suitability of the model was assessed using Fisher’s statistical test (F-test).by testing for
significant differences between sources of variation in experimental results, i.e. the si gnificance
of the regression, the lack of fit, and the coefficient of multiple determination (R?). Statistical
analyses were performed using R Statistical Software (version 2.14.0: R Foundation for
Statistical Computing, Vienna, Austria). Differences were considered to be significant

when p < 0.05.

2.9. Operational stability of the enzymatic bioreactor

The operational stability of the bioreactor was evaluated by successive esterification
reactions of stearic acid and sucrose, using the optimal reaction conditions, at a continuous flow
rate of 0.25 mL/min for 6 h. The esterification yield was monitored by determining the
conversion of stearic acid to sucrose esters. After each run, the column was washed with 80
mL of hexane at a flow rate of 0.5 mL/min. Then, the bioreactor was used in a new cycle using

new substrates. The initial activity of the bioreactor was considered 100%.

2.10. Sucrose ester characterization
2.10.1. Ester purification

Sucrose esters were produced under conditions that presented higher yield and were
then purified according to Fernandes et al. (2021). The reaction mixture was then concentrated
in rotary evaporator. After solvent evaporation, ethanol-water solution (50:50, v/v) was added.
The extraction of the esters was performed for 5 h at 55 °C, under agitation. The mixture was
then centrifuged (Centrifuge 5804R, Eppendorf) at 1000 x g for 10 min at 25 °C and the

supernatant was collected. The extraction was repeated twice and the sucrose esters were
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obtained after evaporation of ethanol and water in oven at 70 °C.

2.10.2. Thin layer chromatography (TLC) and Infrared spectroscopy (ATR-FTIR)

The synthesis of sucrose esters was confirmed qualitatively by thin layer
chromatography (TLC) using glass plates coated with a 0.25 mm layer of silica gel (Whatman,
USA). The mobile phase used was chloroform: methanol: acetic acid: water (75:15:8:2, v/v).
The purified esters and stearic acid samples were prepared in chloroform and the sucrose sample
in deionized water. Subsequently, the plates were sprayed with sulfuric acid solution in 50%
methanol (v/v) and heated at 110 °C for 10 min to develop the stains of sugar, fatty acid and
purified sugar esters (adapted from Cao et al. (1996)).

Also, the purified sucrose esters were analyzed by infrared spectroscopy without prior
preparation. Fourier transform infrared attenuated total reflectance (ATR-FTIR) was recorded
on an FT-IR spectrometer (Varian 600-IR, equipped with a Pike GladiATR accessory). A
sample of approximately 100 pg was deposited on the sample holder. To obtainthe infrared

spectra, 64 scans in the range of 4000 - 400 cm™ and 4 cm™' resolution were accumulated.

2.10.3. Surface properties

The critical micelle concentration (CMC) of purified sucrose esters and the dynamic
interfacial properties were determined by drop profile analysis tensiometry (PAT-1M,
SINTERFACE Tensiometer vers. 8.01, Germany) at 25 °C. To determine the CMC, surface
tension measurements were taken of a series of aqueous solutions containing the esters in
varying concentrations. The solutions were prepared 24 h before the first measurement of
surface tension in order to obtain a complete solubilization of the surfactant. For the
preparation of the sucrose ester solutions, deionized water preheated at 70 °C was used
(FERNANDES et al., 2021). A drop of the aqueous solution containing the esters (20 mm?)
was automatically formed at the tip of the capillary and inserted into an airway space or in
purified sunflower oil. The image of the drop formed was captured and digitalized by the CCD
camera of the equipment and the surface tension at 25 °C was determined as a function of time,
adjusting the Gauss-Laplace equation using the specific software of the equipment.

Sinusoidal oscillations were also applied to the drop volume with a 3% amplitude to
remain within the linear viscoelastic region, and the frequency ranged from 0.0025 to 0.02 Hz
(NEUMANN et al., 2018). Dilatational parameters were calculated using a Fourier transform

algorithm implemented in the software package. Thus, it was possible to obtain the elastic
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modulus (E”) and viscous modulus (E") and the phase angle (¢), calculated by tan ¢ = E" / E'.
Lower values of ¢ (<45°) indicate a predominantly elastic interface region and greater ¢ values

(>45°) a predominantly viscous interface. All measurements were made in triplicate.

3. Results and discussions
3.1. Bioreactor characterization

In this study, an enzymatic bioreactor for the synthesis of sugar esters was successfully
developed. The PAM cryogel column (12 cm length and 1 ¢m in diameter) was functionalized
with glutaraldehyde and the immobilization of CRL occurred by the formation of covalent
bonds between the amino groups (-NHz) of the lipase and the aldehyde groups (-CHO) present
in the modified cryogel. The efficiency of the immobilization (1)) was approximately 66.6 % of
the CRL and the recovered hydrolytic activity (Rua) determined as a ratio between the apparent
activity of the bioreactor containing the immobilized lipase and the specific activity of the free
lipase was 73.1 %. The morphological characterization of the cryogel with the parameters
swelling capacity (S) and expansion degree (ED), after immobilization of the CRL, are shown
in Table 2.

Table 2. Morphological characteristics of the bioreactor

Morphological parameter Value
S (g/8) 14.79 £ 0.71

ED (mL/g) 17.64 + 0.96
oM 0.7528 £ 0.0482
om 0.0272 + 0.0032
Pwb 0.1473 £ 0.0089
od 0.0726 + 0.0023
or 0.783 £ 0.012

'Where S: swelling capacity; ED: expansion degree; OM: fractions of
macropores: @m: meso- and micropores; wbh: water-bound: @d: dry polymer:
¢T total porosity.

The macroporous fraction of the cryogels was dominant in the structure, indicating that



53

most pores are large and demonstrating that lipase immobilization did not alter the
supermacroporous structure of the cryogel matrix, which is interesting when the reaction
substrates are generally macromolecule compounds (ARVIDSSON et al., 2003). The values of
swelling capacity, expansion degree and total porosity are close to the observed in the literature
(YAO et al., 2006) and reinforce the porous nature of its structure. Figure 1 shows the
distribution of a tracer (acetone) for the different conditions evaluated. The residence time
distribution curves exhibited symmetrical peaks independent of fluid velocity, indicating
reduced dispersion. According to the method of moments, the average residence time and the
variance for each flow velocity were determined, from these values the apparent axial dispersion

coefficients and the HEPT were obtained.
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Figure 1 - Residence time distribution curves.

The bed porosity was also determined by linear regression of Eq. (7) and a value of 0.78
was obtained, which indicates that about 78% of the total pores were filled with free water. The
axial dispersion coefficients presented values between 1077 and 107® m?s, increasing with
increments of flow velocity. This result indicates low axial dispersion and high cryogel column
efficiency. HEPT values ranged from 0.26 to 0.29 cm and did not vary according to flow
velocity (Figure 2) which shows its convective mass transfer nature. These results are
comparable to those reported by other authors for PAM cryogels (FONTAN et al.. 2018: MOL
et al., 2019). This means that, during the reactions of esterification, mass transfer occurs

predominantly by convection, improving column performance and contributing to high yields.
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Figure 2 - Height Equivalent to Theoretical Plate (HETP) for the cryogel.

Figure 3 shows a linear trend between pressure drop and flow rate. From the Darcy-
Weisbach equation (Eq. (9)).the hydraulic permeability (Kw = 2 x 107"* m?) was determined.
which is related to the resistance to flow through the cryogel column. This value was low,
allowing the passage of solutes with low resistance to flow, which was attributed to the cryogel's

highly porous structure, as shown in the Table 2.

y= 75385
R* = 09766

0 1 2 3 4
U (em/min)

Figure 3 - Experimental data of AP/L at different liquid superficial velocities () and fitted linear
regression (—) to determine cryogel permeability.

The bioreactor, developed by immobilizing the CRL on the cryogel, consisted of a
spongy matrix with interconnected monolithic channels, with diameters ranging from 7 pm to
105 um (Figure 4). Large pores of the cryogel structure were confirmed by a porosity value of
78%. The presence of macropores ensure a large surface area and allows the free passage of

virtually any solute, characteristics that are important for enzymatic bioreactors.
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Figure 4 - A scanning electron microscope photograph of the bioreactor of CRL immobilized on cryogel.

3.2. Optimization of continuous sucrose esters synthesis

Several factors can affect the esterification yield and therefore process optimization is
very important. In this work, the optimization of the synthesis of sucrose esters in a continuous
production system was made using 2° CCRD to evaluate the effects of substrate molar ratio,
temperature and proportion of solvents (DMSO: tert-butanol). The esterification capacity of
bioreactor was optimized using response surface methodology (RSM). Table 3 shows the
results of yield in stearic acid conversion.

The experimental data were submitted to ANOVA (Table 4). It was shown that the
factors substrate molar ratio, temperature and proportion of solvents, as well as their quadratic
effects and the interaction between molar ratio and temperature, significantly affected (p < 0.05)
the esterification yield. A mathematical model (Eq. 16) was obtained by regression analysis,

using only significant factors.
Y =90.06 +5.63X; + 3.05X, — 9.13X; — 15.95X2 — 7.66XZ — 8.83X2 — 5.99X, X, (16)

where Y is the percentage of esterification yield and X, X2 and X3 are the coded values of

substrate molar ratio, temperature and proportion of solvents, respectively.

The statistical analysis indicated an appropriate adjustment of the model to the
experimental results, as confirmed by the high determination coefficient obtained (R*=0.98).

The statistical insignificance for the lack of fit (p > 0.05) and the low pure error value, confirmed
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that the model was suitable for prediction within the interval selected in the experimental
design. The observed values vs. predicted values plot (Figure 5) also show almost linear

distribution, which is indicative of a good model.

Table 3. Matrix of the Central Composite Rotatable Experimental Design 2% (coded and real values)
with responses in terms of the esterification yield

ot Mol::;}ratio Temper;tzure “C) P“;g;’i:;‘;‘s‘ i Yielc:’ (%)
3
1 1(1:2) -1 (50) -1 (5:95) 55.7
2 1(1:2) +1 (60) -1 (5:95) . 151
3 +1 (1:4) -1 (50) -1 (5:95) 77.2
4 +1 (1:4) +1 (60) -1 (5:95) ?'1.3
5 -1(1:2) -1 (50) +1 (15:85) 34.5
6 1(1:2) +1 (60) +1 (15:85) 51.3
7 +1 (1:4) -1 (50) +1 (15:85) 58.2
8 +1 (1:4) +1 (60) +1 (15:85) 524
9 -1.68 (1:1.32) 0(55) 0 (10:90) 322
10 +1.68 (1:4.68) 0 (55) 0 (10:90) 52.6
11 0(1:3) -1.68 (46.6) 0 (10:90) 60.7
12 0 (1:3) +1.68 (63.4) 0 (10:90) 70.9
13 0 (1:3) 0 (55) -1.68 (1.6: 98.4) 74.9
14 0(1:3) 0 (55) +1.68 (18.4: 81.6) 50.1
15 0(1:3) 0 (55) 0 (10) 912
16 0 (1:3) 0 (55) 0(10) 87.6
17 0(1:3) 0 (55) 0 (10) 923

| Numbers in parenthesis represents the uncoded experimental values.



Table 4. ANOVA performed on the esterification yield results

oY

Source DF* SsP MS*¢ F- value p-value
X1 1 431.955 431.955 71.4763 0.013704
(X1)2 1 2861.299 2861.299 473.4637 0.002105
X2 1 127.049 127.049 21.0230 0.044422
(X2)? 1 660.094 660.094 109.2267 0.009031
X3 1 1137.150 1137.150 188.1661 0.005272
(X3)? 1 876.908 876.908 145.1034 0.006821
XXz 1 286.801 286.801 47.4575 0.020428
X1 X3 1 6.301 6.301 1.0427 0.414608
X2 X3 1 0.781 0.781 0.1293 0.753600
Lack of Fit 5 101.511 20.302 0.2495
Pure Error 2 12.087 6.043

“DF: degrees of freedom; ®SS: sum of squares; © MS: mean of squares.

Predicted Values

100

70

50t

20 " A
20 30 40 50 60 70 80 90 100
Observed Values

Figure 5 - Observed values versus values predicted by the model. The almost linear distribution of the
experimental numbers is indicative of a good model.

The relationship between factors that affect the esterification reaction and its yield can
be better understood by examining the response surface and contour plots (Figure 6) generated
from the predicted model. The response surfaces for the synthesis of sucrose esters showed a

maximum point, indicating that their production was optimized within the evaluated ranges.
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Figure 6 - Response surface (left) and contour (right) plots of the predicted model equation.

It was observed that the esterification yield increased with increasing temperature, as
well as the molar concentration of stearic acid and the proportion of DMSO in the medium,
until reaching an optimal point, where a further increase resulted in a decrease in the production
of esters of sucrose. The maximum percentage of esterification predicted by the adjusted model
was equal t0 93.01% (+0.4%) for a molar ratio of 1:3.13 (sucrose: stearic acid), temperature of

55.8 °C and a proportion of organic solvent of 7.44: 92.56 (DMSO: tert-butanol). The model
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validation was performed under the optimal condition, and the esterification yield of three
independent experiments was 94.68%, 91.89% and 92.47%. These results are in close
agreement with the predicted value of the model.

The molar ratio of substrates is important parameter that affects enzymatic catalysis,
since the excess of one of them can definitely shift the reaction equilibrium towards
esterification. In an optimization study for the synthesis of galactose oleate ester, the substrate
molar ratio ranged from 1:1 to 1:5 (galactose:oleic acid) and the highest conversion (87%) was
achieved for the 1:3 molar ratio. However, when the molar ratio increased to 1:5, the conversion
has decreased. The authors concluded that this may have occurred due to the higher amount of
fatty acids, which limited mass transfer and reduced the concentration of dissolved sugar in the
medium (ABDULMALEK et al., 2012).

Therefore, the solubility of the reactants in the reaction medium is a limiting factor in
the progress of the reaction, and this is also dependent on the type of solvent used. To improve
the esterification yield, it is possible to use solvent mixtures in suitable proportions. Previous
studies have revealed that dimethylsulfoxide (DMSO), which is a highly polar solvent, is among
the preferred ones for combination with other less polar organic solvents, such as tert-butanol
and 2-methyl-2-butanol, as a co-solvent system for the synthesis of sugar esters
(PAPPALARDO et al., 2017; REN; LAMSAL, 2017). In this way, it is possible to improve the
contact between sugar and fatty acid molecules and provide good solubility for both substrates.
However, increasing the concentration of DMSO in the reaction medium may, at some point,
inhibit lipase activity (KUMAR et al., 2016).

The temperature, as observed in our study, also has an important effect on the
esterification yield, since high temperatures can improve mass transfer in the reaction medium.
Zaidan et al. (2012) studied the effect of temperature on the enzymatic synthesis of lactose
caprate and found that fatty acid conversions were about 20% higher with increasing
temperature from 45 °C to 55 °C, probably due to the increase in frequency of contact of
molecules in the reaction medium caused by the application of higher energy levels to the
system. However, at 60 °C, a decrease in the conversion rate was observed, which occurs as a

result of the loss of enzyme activity, due to thermal denaturation.

3.3. Bioreactor reusability

The main purpose of using immobilized enzymes is to retain the activity during

subsequent cycles, in addition, reuse is one of the main qualities of the immobilized enzyme
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system for financial viability. The recycling efficiency of the enzymatic bioreactor was
determined by measuring the esterification yield in 10 continuous cycles. The bioreactor
containing immobilized CRL was washed with n-hexane to remove any substrate or product at
the end of each 6 h cycle. Thus, it was found that the relative activity of the bioreactor was
retained by up to 80.7% after 10 successive esterification cycles (Figure 7). This result suggests
a strong interaction and stabilization of the lipase structure on the cryogel surface which acts as
a suitable support to prevent the lipase from being inactivated after repeated esterification
cycles.

The high operational efficiency of the biocatalyst reuse suggests that the bonds between
the enzyme and the cryogel matrix must have provided an increase in the rigidity of the lipase
structure and protected the enzyme from denaturation during its repetitive use, t.hus increasing
its catalytic performance. It is also worth mentioning that washing the biocatalyst after each
cycle with a nonpolar solvent, such as hexane, removes the water produced in the reaction and,
especially, removes the products that accumulate around the enzyme, contributing to greater

retention of the enzymatic activity (Zago et al., 2021).
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Figure 7 - Reusability of the enzymatic bioreactor.

3.4. Sucrose esters identification

TLC analysis confirmed the synthesis of sucrose esters. As shown in Figure 8 band A
shows the stearic acid pattern that went ahead of the solvent with a Rf of 0.9 while band B
shows a spot referring to the sucrose pattern presenting a Rf value of 0.02. A dark spot for the

esterification product after purification was observed in lane C with a Rf value of 0.45.
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The infrared spectra obtained for sucrose, stearic acid and the purified esterification
product are shown in Figure 9, where is observed the presence of the characteristic carbonyl
band of the ester linked to the aromatic ring at 1725 cm™ confirming that the acyl group
was successfully added to the sucrose molecule. Furthermore, the spectrum obtained for sucrose
esters indicated a decrease in the characteristic bandwidth for the free hydroxyl group(OH) at
3300-3400 cm™' due to the esterification of the sucrose OH groups. Intense signals inthe 1000
to 1150 em™ wavelength range attributed to the single carbon-oxygen bond (-C-O-) present in
sugars also indicated that the product was a sucrose ester (PAVIA et al., 2008).

Transmittance (%)

Figure 8 — Thin layer
chromatography of stearic — = e A
acid (A), sucrose (B) and 4000 3500 3000 2500 2000 1500 1000 500
sucrose ester (C).

Wavenumber (cm™)
Figura 9 - ATR-FTIR spectra of sucrose, stearic acid and sucrose
esters,

3.5. Characterization of the surfactant properties of the sucrose esters

Figure 10 shows the dynamic surface tension (y) versus the logarithm of sucrose esters
concentration (log C). It is observed that below the CMC the reduction of surface tension is
dependent on the increase of the surfactant concentration. However, at surfactant concentrations
above the CMC, the surface tension becomes almost constant. The point of intersection between
the horizontal and angular lines corresponds to the CMC (FERNANDES et al., 2021). In this
study, the sucrose esters synthesized had low CMC (approximately 14.5 mg/L), characteristic
of nonionic surfactants. This result is close to that obtained by Soultani et al. (2003) for a
commercial sucrose stearate (CMC 14 mg/L). The surface tension (yeme) after reaching the CMC
obtained for sucrose esters was 44 + 1 mN/m. These results are also similar to those reported in
the literature (35—45 mN/m) for sugar esters at the same temperature (25 °C) (BECERRA et
al., 2008; FERNANDES et al., 2021).
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Figure 10 - Dynamic surface tension variation versus log concentration of sucrose esters.

For tensiometry analyses, a purified sunflower oil was used. Thus, the interfacial tension
for the oil/water system without surfactant addition was practically constant (30 £ 1 mN/m).
The profile of interfacial tension as a function of time between oil and aqueous solution
containing sucrose esters is shown in Figure 11. From the interfacial behavior presented, it is
observed that the sucrose esters obtained are capable of adsorbing rapidly at the oil-water
interface, exposing their hydrophobic groups, and consequently reducing the interfacial tension.
This can be explained by the fact that sugar esters are low molecular weight (MW) compounds.
The lower the MW, the faster is the adsorption at the interface (NEUMANN et al., 2018). It
was observed that the addition of sucrose esters in the aqueous medium reduced the interfacial
tension from 30 to 11 = 1 mN/m. This result is similar to that found for sucrose esters in our

previous study (FERNANDES et al., 2021).
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Figure 11 - Interfacial tension decay profile between sunflower oil and aqueous sucrose ester solution.
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The viscoelasticity as a function of frequency (Hz) can be studied generating harmonic
disturbances in a interfacial layer in the equilibrium adsorption state. Figure 12 shows the
dynamic interfacial tension (y) changes as a function of different oscillation frequencies. Due
to compressions and expansions of the surface area of the droplet of a sucrose ester solution,
the interfacial layer is correspondingly compressed and expanded, which can be seen in the
change of the measured dynamic interfacial tension. Figure 13 shows the phase angle and the
modulus of elasticity as a function of frequency, obtained for the interface oil-aqueous solution
of sucrose esters. With increasing frequency at constant area oscillation amplitude, the change
in the y amplitudes increases, i.e. the dilational elasticity increases (JAVADI et al., 2013;
NEUMANN et al., 2018).

Under dynamic conditions, phase differences (described by phase‘ angle, 0) are
characteristic of the interface viscoelastic behavior. In this study, the phase angle was <45°
indicating that the interfacial films formed from sucrose esters were predominantly elastic. The
interfacial elasticity is associated with the ability of a system to establish a new surface tension
value due to a timely area variation. According discussed previously, changes in interfacial
tension occur either as a consequence of a sudden compression/ expansion of the interface or,
also, due to a concentration variation of the surfactant. As the elasticity values are associated
with the processes of diffusion, adsorption/desorption, as well as the rearrangement of
molecules at the interface, they depend on the frequency in which the perturbation is applied.
Thus, interfacial elasticity is directly related to the stability of emulsions and foam films

(CASELI et al., 2005; FERNANDES et al., 2021).
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Figure 12 - Typical frequency sweep for the drop profile analysis with oscillating drop of the sucrose
ester solution.
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4. Conclusions

A supermacroporous bioreactor for the continuous synthesis of sucrose esters was
successfully produced from the immobilization of CRL in PAM cryogel and the optimization
of the esterification reaction was performed using a response surface methodology, based on a
central composite rotational design (R?> = 98%). The predicted maximum percentage of
esterification after 6 hours of reaction was 93.01% using a molar ratio of 1:3.13 (sucrose: stearic
acid), temperature of 55.8 °C and ratio of 7.44:92.56 (DMSO: tert-butanol). The synthesis of
sucrose esters was confirmed by TLC and FTIR and the surfactant properties of these produced
compounds were evaluated. Sucrose esters had a low CMC (14.5 mg/L), characteristic of non-
ionic surfactants, and caused a significant decrease in surface and interfacial tensions. In
addition, sucrose esters produced predominantly elastic interfacial films. Thus, it was
demonstrated that the sucrose esters produced in this stud)}, in continuous operations, have a

promising ability to stabilize emulsions.
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CONCLUSOES GERAIS

Neste trabalho, ésteres de acidos graxos de sacarose foram sintetizados enzimaticamente
a partir de sacarose e de écido estedrico (C18: 0) em diferentes condigdes operacionais
(propor¢des molares de substrato, solventes organicos e temperatura). No primeiro estudo,
utilizou-se o sistema em batelada para a sintese destes surfactantes a partir de lipases
imobilizadas de Candida antarctica B. Os resultados mostraram um rendimento de até 53,4%
usando 2-metil-2-butanol e razio molar de 1:3 (sacarose:acido estedrico). O produto da reagdo
foi purificado e a sintese foi confirmada por cromatografia em camada delgada e espectroscopia
no infravermelho. As propriedades superficiais e interfaciais dos ésteres de sacarose e sua
capacidade emulsificante foram avaliadas na auséncia e presenga de polissacari’deos, goma guar
ou goma xantana. Os resultados confirmaram a pontecialidade de aplica¢@o destes surfactantes
em sistemas emulsionados.

No segundo estudo, foi desenvolvido um biorreator enzimatico constituido de lipases de
Candida rugosa imobilizadas em criogéis supermacroporosos. Os criogéis sdo matrizes de
baixo custo e apresentam uma configuragfio que permite um processo continuo, superior aos
reatores em leito fixo, uma vez que a transferéncia de massa é basicamente convectiva. Assim,
o biorreator produzido foi caracterizado em termos das suas propriedades morfologicas e
eficiéncia de imobilizagio e, sua pontecialidade de aplicagdo na sintese continua de ésteres de
sacarose foi confirmada. Apos a otimizagdo das condigdes operacionais, a porcentagem maxima
de esterificagdo prevista foi de 93.01% utilizando uma razdo molar de 1:3,13 (sacarose: acido
estedrico), temperatura de 55.8 °C e proporgéo de 7,44:92,56 (DMSO: tert-butanol). Os ésteres
de sacarose produzidos eram surfactantes capazes de adsorver na camada interfacial e promover

uma diminui¢do significativa nas tensdes superficial e interfacial.



	Image00073
	Image00074
	Image00075
	Image00076
	Image00077
	Image00078
	Image00079
	Image00080
	Image00081
	Image00082
	Image00083
	Image00084
	Image00085
	Image00086
	Image00087
	Image00088
	Image00089
	Image00090
	Image00091
	Image00092
	Image00093
	Image00094
	Image00095
	Image00096
	Image00097
	Image00098
	Image00099
	Image00100
	Image00101
	Image00102
	Image00103
	Image00104
	Image00105
	Image00106
	Image00107
	Image00108
	Image00109
	Image00110
	Image00111
	Image00112
	Image00113
	Image00114
	Image00115
	Image00116
	Image00117
	Image00118
	Image00119
	Image00120
	Image00121
	Image00122
	Image00123
	Image00124
	Image00125
	Image00126
	Image00127
	Image00128
	Image00129
	Image00130
	Image00131
	Image00132
	Image00133
	Image00134
	Image00135
	Image00136
	Image00137
	Image00138
	Image00139
	Image00140
	Image00141
	Image00142

