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RESUMO

A aplicacdo da tecnologia de membranas em sistemas ndo aquosos ainda
ndo esta totalmente estabelecida, embora se reconhega seu potencial de
inovacOes tecnoldgicas para as industrias de alimentos, quimicas e
farmacéuticas. O desenvolvimento desta alternativa tecnoldgica esta
vinculado a estabilidade quimica das membranas, uma vez que a
exposicdo destas a solventes orgéanicos e CO, pode causar alteracbes
fisico-quimicas e morfoldgicas nas membranas. Nesse contexto, esta
proposta avaliou o uso de membranas comerciais poliméricas
submetidas a permeacdo de solventes ndo aquosos, caracterizando-as,
por meio de diferentes técnicas. Foi avaliado o comportamento e o
desempenho dessas membranas na permeacdo e retengdo de diferentes
Oleos comestiveis. Duas membranas de osmose inversa (Ol) (BW30 e
ORAK - rejeicBes de 99,5 e 99 % em NaCl, respectivamente) e duas
membranas de nanofiltracdo (NF) (NF270 — rejeicdo de 97 % em
MgSO, e NP030 rejeicdo de 80-97% em Na,SO,) foram utilizadas. As
membranas foram caracterizadas por angulo de contato a diferentes
solventes, espectroscopia de infravermelho (FTIR), andlise
termogravimétrica (TGA), microscopia eletrénica de varredura (MEV),
microscopia de forca atbmica (MFA) e espectroscopia de impedancia
(El) antes e apos os processos de permeagdo dos solventes. Estudou-se o
condicionamento das membranas com distintos solventes (n-hexano,
etanol, n-propanol, iso-propanol e butanol) em tempos de 2, 8 12 e 24 h.
Apos o condicionamento, o fluxo de hexano foi medido e a integridade
da membrana foi avaliada. Foram realizados ensaios com CO, denso, em
duas condigdes subcriticas e duas supercriticas (80 bar e 100 bar/20°C;
100 bar e 200 bar/ 80°C) em sistema estatico durante 8 h. O fluxo
permeado e o indice de retencdo para misturas de 6leo vegetais
(mamona e macalba) em hexano e em CO, sub e supercritico foram
determinados. Todas as membranas testadas apresentaram fluxo de
hexano consideravelmente maior, quando comparado ao fluxo de agua.
O condicionamento com etanol levou a maiores fluxos para o hexano,
nas membranas ORAK, NF270 e BW30, enquanto que a membrana
NP0O30 ndo apresentou aumento de permeabilidade. Os diferentes
tempos de condicionamento ndo apresentaram diferencas significativas
(p> 0,05) nos fluxos de hexano. Foi observado um aumento do angulo
de contato, reducdo da energia livre de superficie e aumento da
componente polar ap6s o condicionamento das membranas e permeacédo
com n-hexano, o que evidencia a alteragdo da hidrofilicidade destas
membranas. O mesmo comportamento foi observado apds a permeagdo



de CO, denso, sendo este aumento maior em condi¢des supercriticas. Os
espectros obtidos por FTIR ap6s a permeacdo do hexano e do CO,
denso indicaram a reducdo da transmiténcia de alguns grupos
funcionais, fato que pode indicar um decréscimo na concentragdo do
polimero devido a ocorréncia do inchamento e/ou plastificacdo. As
analises de MEV mostraram pequenas alteracbes na morfologia das
membranas, tanto apds a exposicao a solventes organicos, bem como ao
CO, denso. A AFM indicou aumento da rugosidade das membranas,
indicando possivel lixiviacdo de material polimérico da camada ativa ou
agrupamento de sitios hidrofilicos e hidrofébicos. A El indicou reducéo
da condutividade da solucdo dentro dos poros da membrana, sendo que
essa redugdo foi maior quanto maior o tempo exposicdo das membranas
ao n-hexano e etanol. Em sistema com n-hexano a membrana NP030
apresentou os melhores resultados para a retencéo dos dleos analisados,
sendo que a retencdo do 6leo de mamona foi maior (60 %). Em sistema
com CO, denso somente foi possivel analisar a permeacdo das
membranas NP030 e ORAK com indice de retencdo de 85 e 95 %,
respectivamente, para o 6leo de macauba.

PALAVRAS-CHAVE: membranas poliméricas, solventes organicos,
CO, denso, propriedades fisico-quimicas e morfoldgicas.



ABSTRACT

The employment of membrane technology in non-aqueous systems is
not yet well established, although its innovation potential for food,
chemical and pharmaceutical industries is already recognized.
Development of this alternative is linked with membranes chemical
stability, once their exposure to organic solvents and CO, may cause
physico-chemical and morphological changes. In this sense, this
proposal evaluates the use of commercial polymeric membranes
submitted to non-aqueous solvents permeation, characterizing them
towards different techniques. The behaviour and performance of the
membranes was evaluated in permeation and retention of different
edible oils. Two reverse osmosis (OR) (BW30 e ORAK - rejections of
99.5 and 99 % in NacCl, respectively) and two nanofiltration membranes
(NF) (NF270 — rejection of 97 % in MgSO,4 and NP030 rejection of 80-
97 % in Na,SO,4) were tested. The membranes were characterized by
contact angle with different solvents, infrared spectroscopy (FTIR),
thermo gravimetrical analysis (TGA), scanning electronic microscopy
(SEM), atomic force microscopy (AFM) and impedance spectroscopy
(IS) before and after the permeation with solvents processes. Membrane
conditioning with different solvents (n-hexane, ethanol, n-propanol, iso-
propanol and butanol) was studied in time-lengths of 2, 8, 12 and 24 h.
After conditioning, the n-hexane flux was measured and membrane
integrity was evaluated. Assays with dense CO, were performed in two
subcritical and two supercritical conditions (80 bar and 100 bar/20°C;
100 bar and 200 bar/ 80°C) in static system for 8 h. The permeated flux
and retention index for vegetal oil (castor beans and macauba) mixtures
in n-hexane and in sub and supercritical CO, were determined. All
tested membranes presented n-hexane flux substantially higher when
compared to water fluxes. The conditioning in ethanol led to higher
fluxes for n-hexane in membranes ORAK, NF270 and BW30, whilst
NPO30 did not presented increases in permeability. Different
conditioning times have not presented significant differences (p> 0.05)
on n-hexane fluxes. It was observed increases in contact angles,
reduction on free surface energy and increase on the polar component
after conditioning and permeation of the membranes with n-hexane,
which highlights the changes in membranes hydrophilicity. The same
behaviour was observed after permeation with dense CO,, which shows
greater increases in supercritical conditions. Obtained FTIR spectra after
n-hexane and CO, permeation indicates the reduction on transmittance
of some functional groups, which may indicate a decrease on polymeric



concentration due to the occurrence of swelling or plasticization. SEM
analysis showed slight changes in membranes morphology, both after
organic solvent and dense CO, exposure. AFM analysis showed
increases in membrane roughness indicating possible leaching of
polymeric material of the active layer or grouping of hydrophilic and
hydrophobic sites. The IS analysis indicates reduction in solutions
conductivity within membrane pores, and this reduction was greater for
longer time-exposures of the membranes to n-hexane and ethanol. In n-
hexane systems, the membrane NP030 presented the best results for the
analysed oils retention, with higher retentions related to castor oil (60
%). In dense CO, systems, it was only possible to analyse the
permeation of membranes NP030 and ORAK, with retention indexes of
85 and 95 %, respectively, to macauba oil.

KEY-WORDS: polymeric membranes, organic solvents, dense carbon
dioxide, physicochemical and morphological properties
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CAPITULO I: INTRODUCAO

Nos ultimos anos, tem-se verificado, no &mbito das industrias
guimica, de alimentos e farmacéutica, a crescente necessidade de
racionalizar o consumo energético, de desenvolver produtos de melhor
qualidade e de valorizar os subprodutos gerados. Este fato vem
privilegiando o surgimento de processos alternativos de fracionamento e
concentracdo de diferentes insumos. Dentre esses processos, destacam-
se 0s processos de separacdo por membranas, 0s quais apresentam uma
série de vantagens que lhes permitem competir com as operagdes
classicas de separagdo, como a evaporagdo, a destilagdo, a adsorcéo, a
troca ibnica, entre outras. Essas vantagens consistem em um menor
consumo de energia, facilidade de operacdo e automagdo do processo,
maior eficiéncia na separagdo e, na maioria das vezes, maior qualidade
do produto final. Além disso, a separacdo por membranas pode ser
combinada com outros processos de separagdo, como a extracdo
supercritica, permitindo maior flexibilidade aos processos de extracdo e
fracionamento de compostos naturais. Por essas razfes, as membranas
vém ocupando cada vez mais um lugar de destaque no espectro dos
processos de separacdo (PETRUS, 1997).

Os processos com membranas, como a osmose inversa (Ol) e a
nanofiltracdo (NF), ja estdo bem estabelecidos na purificacdo de aguas
(SACHIT; VEENSTRA, 2014), bem como na indUstria quimica, para o
tratamento de efluentes téxteis, remogdo de metais pesados, entre outros
(LIU et al., 2012, KURT et al., 2012). Na inddstria de alimentos
destaca-se 0 uso dessas membranas na concentracdo de proteinas do
leite e do soro, de compostos funcionais e também na clarificacdo de
sucos (BENEDETTI et al., 2013; DEBON; SCHWINDEN; PETRUS,
2012; REZZADORI et al., 2013). A extensdo desses processos para 0s
sistemas ndo aquosos permitiria consideravel economia, uma vez que
podem ser integrados a operacdes unitarias existentes, reduzindo os
custos de investimento e fazendo com que se tornem mais viaveis
economicamente.

Nas ultimas décadas, o uso da tecnologia de membranas em
sistemas ndo aquosos vem se destacando. As aplicacBes vao desde a
recuperacdo de solvente de micelas de dleos vegetais/solventes
organicos, desacidificacdo e clarificacdo de 6leos vegetais (ARAKI et
al., 2010; TRES et al., 2009) até a separacdo de compostos naturais de
6leos essenciais (CARLSON; BOLZAN; MACHADO, 2005;
MARTINEZ et al., 2012). O acoplamento de membranas a processos
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com CO, denso pode apresentar vantagens adicionais, como evitar
etapas de intensa despressurizacdo e propiciar uma separacdo de
compostos mais eficiente pelo efeito combinado de seletividade do CO,
e da membrana (SARRADE; RIOS; CARLES, 1998; AKIN; TEMELLI,
2012). Entretanto, poucos sdo os relatos de aplica¢cdes de membranas na
separacao de correntes ndo aquosas em nivel industrial. Além disso, a
maioria dos estudos encontrados na literatura que envolve a separagédo
de solutos em sistemas ndo aquosos, que faz uso de membranas
comerciais, emprega membranas originalmente destinadas a separacéao
de compostos em solucgdes aquosas.

Estudos aprofundados sobre o uso de membranas poliméricas
comerciais em meios ndo aquosos ainda sdo bastante restritos, sendo
necessarias mais investigacdes sobre o comportamento destas frente a
estes sistemas. De acordo com Araki et al. (2010), a presenca de
solventes organicos ou do CO, pode causar maiores fluxos de permeado
e, portanto, aumentar a viabilidade destas operagfes. No entanto, o
desenvolvimento dessa alternativa tecnoldgica estd vinculado a
estabilidade quimica e resisténcia mecanica das membranas utilizadas.

Membranas poliméricas resistentes a solventes existem, mas ndo
cobrem todo o potencial de aplicagbes em sistemas ndo aquosos.
Observacbes experimentais, bem como modelos semi empiricos, tém
demonstrado que a permeacdo de solventes organicos através de
membranas poliméricas ndo se baseia apenas na viscosidade ou na
difusdo molecular, mas depende de parametros adicionais decorrentes de
fendmenos de interagdo entre o solvente e a membrana, como tensao
superficial, sorcdo, hidrofilicidade ou hidrofobicidade de interfaces
(VAN DER BRUGGEN; GEENS, VANDECASTEELE, 2002).

As interagBes do solvente com a membrana podem resultar em
fendmenos como swelling (inchamento da membrana), plastificagdo ou
dissolu¢do do material da membrana e subsequente perda da estrutura,
ocasionando alteracbes nas propriedades de separagdo e/ou na
resisténcia mecénica sob pressdio (RAFE; RAZAVI, 2009).
Caracteristicas dos solventes como volume molar, solubilidade,
viscosidade, tensdo superficial e constante dielétrica além das
propriedades das membranas como hidrofilicidade / hidrofobicidade e
solubilidade desempenham papel importante na determinacdo da
estabilidade das membranas (TSUI; CHERYAN, 2004).

Embora a utilizacdo de membranas poliméricas para separagoes
com solventes organicos seja proposta por um nlmero crescente de
autores, sua aplicacdo pratica é usualmente limitada devido a baixa
estabilidade das membranas aos solventes e & incrustacdo das
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membranas causadas pelo fouling (DARVISHMANESH et al., 2011).
Em busca de solucBes para esses problemas, nos Ultimos anos muitos
estudos estdo sendo realizados sobre a fabricacdo de novas membranas,
resistentes a solventes, e também para reducdo do fouling, causado
principalmente pela afinidade membrana-soluto (SCHAFER;FAVE;
WAITE, 2000). No entanto, membranas especificas para separacao de
misturas ndo aquosas ainda sdo dificeis de serem encontradas
comercialmente. As membranas disponiveis comercialmente para
aplicagdes industriais sdo, na sua maioria, hidrofilicas, o que justifica o
fato de serem encontrados varios estudos na literatura sobre a aplicagéo
destas em sistemas ndo aquosos. Contudo, informacgdes sobre seu
comportamento estrutural e desempenho funcional em sistemas néo
aquosos ainda sdo muito superficiais.

Para de fato compreender o comportamento de membranas
hidrofilicas em sistemas ndo aquosos, bem como avaliar o desempenho
destas membranas neste tipo de sistema, a realizacdo de uma série de
estudos em conjunto com diferentes técnicas de caracterizacdo torna-se
indispenséavel. A caracterizagdo de uma membrana busca a predigdo do
Seu uso ou as alteracdes causadas frente a um processo, podendo, ainda,
antecipar com exatiddo o comportamento e o desempenho da membrana
dentro de um determinado processo de separacdo. Contudo, nem sempre
se conhece com exatiddo os mecanismos que levam a determinados
comportamentos das membranas poliméricas em sistemas ndo aquosos,
e também os fatores presentes no processo nem sempre sdo possiveis de
se avaliar com preciséo.

Os parametros funcionais importantes para avaliar o desempenho
de uma membrana de nanofiltragdo ou osmose inversa consistem na
exploracdo de sua permeabilidade em relacdo a determinados solventes
organicos, além da determinacdo dos coeficientes de retencdo e fatores
de separacdo em misturas soluto/solvente organico (CHERY AN, 2005).

Além dos parédmetros funcionais, técnicas de caracteriza¢do
estrutural, morfoldgica e elétrica vém sendo desenvolvidas com o intuito
de compreender o comportamento e a durabilidade de membranas.
Dentre estas, destacam-se as andlises de angulo de contato e energia
livre de superficie, analises térmicas (analise termogravimétrica - TGA),
andlises de microscopia avancada (microscopia eletronica de varredura -
MEV e microscopia de for¢a atbmica - AFM), anélises quimicas
(Espectroscopia de Infravermelho com Transformada de Fourier —
FTIR/ATR), analises eletrocinéticas (espectroscopia de impedancia -
El), entre outras.
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Face ao exposto, torna-se necessario o desenvolvimento de
estudos visando avaliar o desempenho de membranas poliméricas
comerciais e caracteriza-las utilizando diferentes técnicas, de forma a se
poder avaliar o comportamento destas em meios ndo aquosos, 0 que
justifica a execuc¢do desta proposta de tese.

1.1 Objetivo Geral

O objetivo geral deste trabalho € avaliar o comportamento e o
desempenho de 4 membranas poliméricas comerciais na permeacao de
solventes organicos e CO, denso e na retencdo de 6leos vegetais. Além
disso, avaliar as possiveis alteracbes das membranas apds a permeagdo
de solventes organicos e CO, denso através da caracterizacdo destas por
meio de diferentes técnicas.

1.2 Objetivos Especificos

a) estudar a influéncia de diversos solventes e tempos de
condicionamento no fluxo permeado de n-hexano de
membranas poliméricas comerciais de nanofiltracdo e
0smose inversa ;

b) verificar a resisténcia e a integridade das membranas apds
longos tempos de permeacao ao hexano;

c) avaliar as possiveis alteragdes na polaridade da superficie da
membrana, bem como as possiveis mudancas na estrutura
das membranas causadas pela permeacdo de solventes
usando diferentes técnicas de caracterizacao;

d) avaliar as possiveis alteracbes quimicas, morfoldgicas e
elétricas das membranas submetidas a distintos pré-
tratamentos extremos, usando distintas técnicas de
caracterizagao;

e) avaliar o desempenho de membranas poliméricas
comerciais de nanofiltragdo e osmose inversa na
dessolventizacdo de misturas de 6leos vegetais;

f) determinar o efeito da exposi¢do destas membranas ao CO,
denso usando diferentes técnicas de caracterizacio;

g) avaliar a separacdo de misturas de 6leo de macalba e CO,
em condicBes sub e supercriticas, utilizando membranas
poliméricas comerciais de nanofiltracdo e osmose inversa;
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CAPITULO Il: FUNDAMENTOS TEORICOS E REVISAO
BIBLIOGRAFICA

Neste capitulo estdo apresentados os aspectos tedricos encontrados na
literatura que serviram de fundamento as analises, aos desenvolvimentos
e as discussdes apresentadas neste trabalho. Subdividido em cinco itens,
este capitulo apresenta uma breve discussdo sobre aspectos dos
processos com membranas voltados a nanofiltracdo (NF) e a osmose
inversa (Ol), bem como a aplicacdo destas em sistemas ndo agquosos.
Dentre os sistemas ndo aquosos, sdo destacados os sistemas com
solventes organicos e CO, denso, mencionando alguns exemplos de
estudos realizados sobre 0 assunto, assim como 0s principais fenémenos
gue ocorrem durante a exposicdo de membranas poliméricas a estes
sistemas. Por fim, citam-se as andlises de caracterizacdo utilizadas para
avaliar as possiveis alteracfes que os solventes organicos e o0 CO, denso
podem promover quando em contato com as membranas avaliadas.

2.1 Processos de separacdo com membranas

Os processos de separagdo com membranas (PSM) representam
uma classe de processos que utilizam membranas sintéticas para a
separacao de substancias dos mais variados tipos e tamanhos. Ao final
da década de 70 esses processos comecaram a Se estabelecer
comercialmente nos mais diversos setores industriais: quimico (FAIZ;
LI, 2012; SACHIT; VEENSTRA, 2014), farmacéutico (HAELSSIG;
TREMBLA; THIBAULT, 2012), e alimenticio (SANT’ANNA;
MARCZAK; TESSARO, 2012; HASANOGLU et al., 2012),
colocando-se como alternativa em relacdo aos processos classicos de
separacdo como, por exemplo, destilacdo, absorcdo e extracdo. Entre as
diversas vantagens apresentadas pelo PSM, trés se destacam: a
seletividade, uma vez que a separacdo ocorre devido a diferenca entre as
propriedades dos compostos (massa molar, carga, polaridade, entre
outros); a economia de energia, ja que, em geral, tais processos nédo
envolvem mudanca de fase; as condi¢des de operacdo brandas, visto que
0s processos sdo geralmente conduzidos a temperatura ambiente, sendo
adequados para substancias termolabeis (MELLO; PETRUS,
HUBINGER, 2010; CAMELINI et al., 2013).

Os PSM consistem na separagdo de dois ou mais componentes
com o uso de uma barreira seletiva, constituida pelas membranas. Estas
podem ser definidas como uma fase permeavel ou semipermeavel,
geralmente constituida de materiais organicos (polimeros) ou
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inorganicos (6xidos metalicos, silica, metais), que restringe a permeacao
de determinados constituintes. Esta barreira, que controla o transporte de
massa através de sua superficie, fornece duas correntes distintas, desde
gue haja uma forgca motriz que provoque este fluxo: o fluido que
atravessa a membrana, chamado de filtrado ou permeado, e 0 que
permanece ao lado da alimentacdo e que contém os solutos (ou sélidos
suspensos), maiores que o tamanho dos poros da membrana, chamado
de concentrado ou retido (SCOTT, 1995; ORDONEZ et al., 2005).

De acordo com Cheryan (1998), as membranas sdo classificadas
guanto a sua morfologia, estrutura, natureza e configuragcdo. De modo
geral, as membranas podem ser classificadas em duas grandes categorias
morfoldgicas: densas e porosas. Nas membranas porosas, a seletividade
esta diretamente associada a relacdo entre o tamanho dos poros da
membrana e o tamanho das particulas da solugdo, qual deve ser inerte
em relacdo ao material que constitui a membrana; nesse caso, o principal
mecanismo de transporte é a convec¢do. As membranas densas, por sua
vez, caracterizam-se por ndo apresentarem poros em sua estrutura.
Assim, o transporte das moléculas através da membrana ocorre nas
seguintes etapas: a sor¢do das moléculas na superficie da membrana, a
difusdo através do material que constitui a membrana e, por ultimo, a
dessorcdo das moléculas no lado do permeado (MULDER, 2000;
HABERT; BORGES; NOBREGA, 2006).

Suas estruturas podem ser: simétricas (isotrépicas) ou
assimétricas (anisotrépicas). As membranas simétricas possuem poros
de tamanho homogéneo ao longo de sua extensdo, apresentando
seletividade absoluta. As assimétricas apresentam uma diferenca no
tamanho dos poros perpendicularmente a superficie, sendo que a camada
com poros menores é responsavel pela seletividade, enquanto que a
camada com poros maiores, pela sustentacdo mecanica da membrana
(DZIEZAK, 1990). Tanto as membranas densas quanto as porosas
podem ser simétricas ou assimétricas, ou seja, podem ou néo apresentar
as mesmas caracteristicas morfolégicas ao longo de sua espessura
(HABERT; BORGES; NOBREGA, 2006).

A maioria das membranas sintéticas comerciais € constituida de
materiais organicos, tais como acetato de celulose, poliamidas,
polissulfonas,  poliacrilonitrila, policarbonatos, polieterimida e
polifluoreto de vinilideno. As membranas de materiais inorganicos
existem ha mais de 20 anos, mas s recentemente seu USO COmegou a ser
difundido. As mais comuns sdo de materiais cerdmicos do tipo alumina,
zirconia, silica e hematita. Porém, as membranas poliméricas tém menor
custo e maior diversidade de materiais, exigem menor cuidado no
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manuseio além de que, atualmente, muitas tém suas caracteristicas
desenvolvidas para usos especificos, tais como resisténcia a solventes e
modifica¢cdes na estrutura quimica da superficie para alcancar maior
eficiéncia do processo de filtragdo (CHERYAN, 1998; HABERT;
BORGES; NOBREGA, 2006).

Recentemente, dentro da classe das membranas poliméricas, foi
observado um grande avango na prepara¢do das membranas thin film
composite (TFC). Desde que o conceito de polimerizagdo interfacial (1P)
foi introduzido por Morgan em 1965 (MORGAN, 1965), grandes
conquistas em se produzir uma membrana com combinacgdo certa de
fluxo permeado e rejeicdo foram obtidas, gerando enorme interesse nos
setores industriais. Por meio desse conceito, uma camada seletiva
ultrafina formada por ligacBGes cruzadas ou reticulagdo (crosslinking)
entre mondmeros reativos pode ser facilmente estabelecida sobre um
suporte poroso, que conduz a excelente seletividade (LAU et al., 2012).
Atualmente o uso de TFC é encontrado, principalmente, em membranas
de nanofiltragdo e osmose inversa, e mostrou enorme potencial para ser
utilizado em aplicacBes que envolvem separacdo de gases (ALSARI;
KHULBE; MATSUURA, 2001), fracionamento de hidrocarbonetos,
solventes ndo aquosos (KORIKOV; KOSARAJU; SIRKAR, 2006),
entre outros. Além disso, o controle da camada seletiva e do suporte
poroso em membranas TFC pode ser obtido de forma independente e
otimizado para atender a seletividade e permeabilidade desejadas
oferecendo excelente resisténcia mecanica (LAU et al., 2012).
Membranas compostas de thin film geralmente utilizam polimeros
reticulados de poliamida, reagidos com grupos carboxilicos.

A configuragdo de escoamento utilizada nos processos de
separacdao pode ser do tipo frontal (dead-end filtration) (Figura 1a),
guando um fluido escoa perpendicularmente a superficie da membrana,
apresentando um rapido acimulo de componentes da solucdo sobre a
membrana, favorecendo o fenbémeno chamado de polarizagdo por
concentracdo e formacdo da torta (JAMES; JING; CHEN, 2003), ou
entdo, do tipo tangencial (crossflow filtration) (Figura 1b), que ocorre
guando o escoamento do fluido é paralelo a superficie da membrana e as
altas velocidades possibilitam o arraste dos solutos que tendem a se
acumular na superficie (CHERYAN, 1998; JAMES; JING; CHEN,
2003). Em processos de filtracdo tangencial, a parte da solugdo que ndo
atravessa a membrana (retido ou concentrado) € geralmente recirculada
com o objetivo de extrair a maior quantidade possivel de filtrado e/ou
concentrar  determinado(s) componente(s) do retido (HABERT;
BORGES; NOBREGA, 2006).
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Figura 1: Esquema ilustrativo da filtragdo frontal (a) e tangencial (b).
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Fonte: Adaptado de Nascimento (2004).

Os processos de filtragdo convencionais com liquidos sdo
baseados na diferenca de pressdo como for¢a motriz, como por exemplo,
a microfiltracdo (MF), a ultrafiltracdo (UF), a nanofiltragdo (NF) e a
osmose inversa (Ol), cujas principais diferencas sdo relativas ao
tamanho médio dos poros da membrana e, consequentemente, a
aplicacdo de diferentes parametros de operagdo, permitindo ou ndo a
passagem de determinados componentes (Figura 2). Na maioria dos
processos de filtracdo com membranas, a forca motriz é o gradiente de
potencial quimico expresso através da diferenca de pressdo ou a
diferenca de concentracdo através da membrana. No entanto, outros
tipos de forca motriz podem ser empregados na separagcdo com
membranas, como o gradiente de potencial elétrico. Esse tipo de forca
motriz somente influencia no transporte de moléculas ou particulas
carregadas (RAVANCHI; KAGHAZCH; KARGARI, 2009).

A MF e a UF tém como mecanismo de separagdo a exclusao por
tamanho, determinado pelas dimensdes das particulas em relagdo a
distribuicdo de tamanho de poro da membrana e a convecgdo. A Ol
utiliza membranas densas em que prevalecem 0s mecanismos de
solubilizacéo e difusdo (lei de Fick). No entanto, a NF apresenta tanto
caracteristicas de UF, quanto de Ol (RIOS et al, 1996; MULDER,
2000). O desempenho das membranas de NF depende do mecanismo de
exclusdo por tamanho e do efeito Donnan (efeito eletrostéatico), ou seja,
a carga e a polaridade das moléculas a serem retidas influenciam a
retencdo destas pela membrana (HILAL et al., 2004).
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Figura 2: Processos com membranas que utilizam o gradiente de pressdo como
forga motriz, limites de separacdo em nm e exemplo de compostos retidos.
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Fonte: Adaptado de Petrus (1997).

Durante a separacdo das fases, o desempenho da membrana pode
ser alterado, apresentando um decréscimo do fluxo em funcéo do tempo
(NOBLE; STERN, 1995; GOOSEN et al., 2002). Trés fendmenos sdo
conhecidos por limitarem o fluxo de permeado: polarizacdo por
concentracdo, camada gel e incrustagdo (fouling). Todos esses
fendmenos induzem resisténcias adicionais ao transporte através da
membrana. A extensdo desses fendmenos é fortemente dependente do
tipo de processo com membrana, das caracteristicas da membrana em si
e das caracteristicas do fluido de alimentacdo empregado (NOBLE;
STERN, 1995; MULDER, 2000). A Figura 3 apresenta os diferentes
tipos de resisténcias para o transporte de massa através da membrana em
processos que utilizam a pressdo como forca motriz.
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Figura 3: Tipos de resisténcias ao transporte de massa através da membrana em
processos de pressao dirigida.
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Fonte: Adaptado de Habert; Borges; Nobrega, 2006.

A camada de polarizacdo é um fendmeno reversivel ocasionado
pelo acimulo de solutos proximos a superficie da membrana,
aumentando sua concentracdo ao longo do tempo de processo. Esse
fendmeno pode ser definido pelo gradiente de concentracdo formado
entre a regido proxima a membrana (camada limite), com alta
concentracdo de solutos e a regido por onde passa a solugdo de
alimentacdo (regido de bulk). O gradiente de concentracédo é formado e
compensado por uma difusdo desses solutos no sentido contrario ao
fluxo de permeado, formando a zona de polarizagdo e,
consequentemente, provocando uma diminuicdo do fluxo (FANE;
SCHAFER; WAITE, 2005). Quando a concentragdo de particulas
proximas a superficie filtrante excede seu limite de solubilidade ocorre a
gelificacdo (formacdo de uma camada de gel) da solugcdo devido a
precipitacdo por supersaturacdo de macromoléculas (NOBLE; STERN,
1995).

O fouling é um fendmeno irreversivel, caracterizado pela
deposicdo e acimulo de solutos na superficie e dentro dos poros da
membrana, por adsor¢do ou bloqueio fisico dos poros. A intensidade
desse fendbmeno depende do tipo de membrana, da concentracdo e
solutos presentes na solucdo, bem como da temperatura, pH e tempo de
operacdo. Como o fouling ocorre devido a interagdes fisicas e quimicas
entre os solutos e a membrana, ndo pode ser minimizado apenas por
modifica¢cBes das condi¢bes hidrodindmicas do sistema, sendo
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necessaria a aplicacdo de processos de limpeza com substancias
detergentes, solucdes alcalinas e 4cidas ou agentes oxidantes,
recomendados a cada tipo de incrustagdo e para cada tipo de membrana
(PETRUS, 1997; RODRIGUES, 2002).

Dentre os PSM, os processos de NF e Ol tém se destacado, sendo
progressivamente implementados para o tratamento de &guas e relso de
efluentes liquidos. Esses processos, em combinagdo com processos
convencionais de tratamento ou operados isoladamente, possibilitam a
retencdo de sdlidos sollveis, como sais, colbides e componentes
organicos, gerando um permeado com qualidade adequada para ser
utilizado na geracéo de vapor, em torres de resfriamento, na producdo de
agua para injecdo em pocos de extracdo de petrdleo, ou mesmo na
potabilizacdo da agua. Adicionalmente, esses processos também podem
ser facilmente empregados na industria de quimica fina (separacdo de
moléculas orgénicas) e na recuperacdo de moléculas com alto valor
agregado (farmacos, enzimas e biocatalisadores) (RAMOS, 2008) e
mais recentemente em sistemas ndo aquosos (VAN DER BRUGGEN;
GEENS; VANDECASTEELE, 2002; DARVISHMANESH;
DEGREVE; VAN DER BRUGGEN, 2010).

As membranas e 0s processos de NF e Ol serdo detalhados a
seguir, pois estas membranas sdo utilizadas neste trabalho.

2.1.1 Nanofiltragdo (NF)

A separacdo de sais multivalentes e solutos organicos de massa
molar menor que 500 Da caracteriza membranas que possuem
seletividades entre Ol e UF. O processo que utiliza membranas com
essas caracteristicas de separacdo é chamado de Nanofiltracdo (NF).
Embora este termo ndo tenha sido utilizado até metade dos anos 80,
essas membranas ja existiam nos anos 60, sendo caracterizadas como Ol
“aberta”, OI/UF intermediaria, OI seletiva ou UF “fechada”.

As membranas de NF permeiam, preferencialmente, ions
monovalentes como o Na*, K*, CI', em detrimento dos ions polivalentes,
como 0 Mg™* e o Fe™™". Estudos reportam que as membranas de NF
apresentam rejeicdes de até 90 % para ions bivalentes, mas diferem,
principalmente, para os ions multivalentes, os quais sao retidos em torno
de 60 - 70 % (SCHAEP et al., 1998, HILAL et al., 2004). Isto pode
ocorrer em funcgéo dos diferentes polimeros utilizados para a preparacéo
destas membranas. Dependendo das propriedades dos polimeros, as
membranas de NF podem apresentar caracteristicas neutras, ani6nicas e



44

catidnicas. Portanto, o nivel de retencdo de um determinado componente
(ion) ird depender de sua carga e de sua intensidade. Essa rejei¢do de
sais pelas membranas de NF é um fendmeno complexo, dependendo,
portanto, ndo somente do tamanho molecular do soluto, mas também
dos efeitos de exclusdo de Donnan (MULDER, 2000).

A Figura 4 mostra esquematicamente a transicdo entre
membranas de Ol e UF, com destaque para a regido que se considera
como de atuacdo da NF. Em geral, hd uma reducdo na permeabilidade a
agua de quando as membranas se tornam mais seletivas, ou seja, a
permeabilidade através das membranas de UF é maior que a
permeabilidade através das membranas de Ol (BAKER, 2004). Alguns
autores consideram as membranas de NF como parcialmente porosas.
Porém, a maioria delas possui estrutura porosa muito fechada e isso
dificulta a medida direta dos poros. Estudos atuais demonstram que a
microscopia de forca atbmica (AFM) é uma técnica promissora nesse
campo e, segundo Bowen e Welfoot (2002), pode ser usada para medir o
tamanho de poros e a sua distribuicéo.

O mecanismo de transporte e de rejeicdo das membranas de NF é
bastante complexo e ainda é um ponto de debate entre os pesquisadores
(YACUBOWICZ; YACUBOWICZ, 2005). Do mesmo modo, o
transporte durante a NF é influenciado por diferentes mecanismos:
conveccao, devido a diferenca de pressdo aplicada sobre a membrana;
difusdo, devido ao gradiente de concentracdo através da membrana e,
finalmente, efeitos de carga, devido a repulsdo eletrostatica entre a
membrana carregada e um componente carregado (WANG et al., 1997;
SZYMCZYK; FIEVET, 2005). Verificam-se, ainda, efeitos nas
interfaces da membrana, como o equilibrio de Donnan, a exclusdo
dielétrica e efeitos estéricos. A retencdo de compostos organicos é,
entdo, determinada pela massa molar de corte (MMC) e pela carga da
membrana, além das propriedades dos componentes, sua massa molar,
hidrofobicidade e constante de ionizacdo (BRAEKEN et al., 2006).
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Figura 4: Rejeigdo versus permeabilidade para ilustrar de forma esquematica a
transi¢do entre membranas de UF, NF e Ol.
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A pesquisa e o0 interesse nas membranas de NF abriram portas
para novas oportunidades. Desde entdo, varias aplicacdes foram
desenvolvidas utilizando membranas de NF em sistemas ndo aquosos.
Como exemplo, citam-se a remocdo de fosfolipidios de misturas
(mistura de 6leo + solvente), conhecido como processo de degomagem
(ARORA et al., 2006) e a desacidificagdo de 6leos vegetais (RAMAN;
CHERYAN; RAJAGOPALAN, 1996). O uso da NF em sistemas nédo
aquosos tem se destacado também na indistria farmacéutica para
recuperacgdo de constituintes de alto valor agregado, como o 6-APA (6-
Amino penicillanic acid, MW 216) (YACUBOWICZ; YACUBOWICZ,
2005). Destaca-se, também, o uso da NF para concentragdo de
antioxidantes em extrato alcodlico de alecrim, estudado por Peshev et al.
(2011) e na concentracdo e purificacdo de biodiesel, conforme estudos
realizados por Othman et al. (2010).

2.1.2 Osmose Inversa (OI)

A Ol é uma tecnologia de membranas amplamente aplicada na
dessalinizacdo de aguas, producédo de agua potavel e, mais recentemente,
no tratamento de &guas residuais. Esta tecnologia tem algumas
vantagens inerentes aos processos de separagdo com membranas, como
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0 design modular, facilitando o aumento de escala, e dimensdes
reduzidas, o0 que permite a construcdo em pequenos espacgos, além da
combinagdo com outros tipos de processos (CHELME-AYALA,;
SMITH; EL-DIN, 2009).

O interesse comercial na tecnologia de Ol aumentou devido a
melhorias de processo continuo que, por sua vez, leva a significativas
reducBes de custos. Esses avancos incluem desenvolvimentos nos
materiais para fabricacdo de membranas e no design do médulo, projeto
dos processos, pré-tratamento da corrente de alimentacdo e,
principalmente, reducdo no consumo de energia (LEE; ARNOT;
MATTIA, 2011).

A Ol é um processo de separacdo de solutos de baixa massa
molar, como sais inorganicos. O processo ocorre no sentido inverso ao
natural da osmose devido a aplicacdo de um gradiente de potencial
quimico, expresso pela diferenca de pressdo estdtica através da
membrana, na solugdo concentrada em contato com a membrana
semipermedvel. Essa pressdo deve ser maior que a pressdo osmética da
solucdo concentrada para promover a difusdo do solvente para o lado de
menor concentragdo. Assim, para restabelecer o equilibrio, o solvente
difunde no sentido da solu¢cdo mais concentrada para a menos
concentrada; inverte-se, entdo, ao sentido do escoamento do solvente
qgue ocorreria na osmose, dai a denominacdo de Osmose Inversa
(HABERT; BORGES; NOBREGA, 2006).

Em membranas de Ol o fluxo de solvente através da membrana,
de acordo com Mulder (2000), é tdo importante quanto a seletividade em
relacdo aos varios tipos de soluto, e é inversamente proporcional a
espessura da membrana. Devido a isso, a maioria das membranas de Ol
é densa e com estrutura assimétrica, isto é, uma fina e densa pelicula de
membrana (menor que 1 um) é suportada por outra camada porosa de
maior espessura (50 -150 pm) (Figura 5). A resisténcia ao transporte de
solvente através da membrana é determinada, principalmente, pela
pelicula fina e densa que também é responsavel pelas caracteristicas de
seletividade da membrana. A camada suporte porosa confere resisténcia
mecénica a pelicula. Membranas com estrutura assimétrica podem ter
pelicula seletiva e camada suporte constituidas por materiais poliméricos
diferentes, para que cada camada seja otimizada em relacdo ao
desempenho e aos custos.
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Figura 5: Estrutura de uma membrana de osmose inversa assimétrica e
composta

Camada
seletiva

Camada
microporosa

___ Reforgo
estrutural

O mecanismo de transporte em membranas de Ol é mais
complexo do que para outros processos com membranas, envolvendo,
principalmente, o fenébmeno de solubilizacdo/difusdo pelo fato das
membranas serem fundamentalmente densas e interacBes fisico-
guimicas entre o solvente e a superficie da membrana (MULDER,
2000).

Além da ampla utilizacdo de membranas de Ol em sistemas
aquosos, recentemente 0 uso dessas membranas, assim como as
membranas de NF, também tem apresentado grande potencial para a
recuperacdo de solventes orgénicos. Em particular citam-se solventes
que sdo utilizados em processos de extracdo como, por exemplo,
hexano, etanol, tolueno, acetona e iso-propanol (KOOPS; YAMADA;
NAKAO, 2001; TEELA; HUBER; FORD, et al., 2011).

O uso de membranas de Ol também vem sendo investigado em
sistemas de alta pressdo, utilizando CO, denso para a separagdo de
componentes de solutos, incluindo 6leos essenciais, acidos graxos,
cafeina, entre outros (SPRICIGO et al., 2001; SARMENTO et al., 2004;
AKIN; TEMELLI, 2012%. A maioria destes estudos é concentrada no
efeito da viscosidade e do transporte de CO, através da membrana e
também na permeabilidade e seletividade das membranas em
condi¢dessupercriticas. Embora a estabilidade seja um dos fatores mais
importantes que afeta 0 desempenho das membranas, relatos sobre esta
em condic@es supercriticas ainda sdo escassos na literatura.
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2.2 AplicacBes de membranas em sistemas ndo aquosos

A investigacdo de aplicacbes em solucbes aquosas tem sido o
principal objetivo dos estudos de membranas desde a década de 1960.
Atualmente, ha varios fabricantes produzindo membranas para este
mercado. Por outro lado, aplicaces em solugbes ndo aquosas
comecaram a ser estudadas mais intensamente durante a década de
1990. Porém, até hoje ha poucas membranas reconhecidamente estaveis
a solventes e somente algumas companhias produzindo-as (CHERYAN,
2005; RAFE; RAZAVI, 2009; SILVA; PEEVA; LIVINGSTON, 2010).
Além disso, o0 uso da NF e, principalmente, da Ol em sistemas nao
aquosos tem sido restrito a pesquisas em escala de laboratério
(BHANUSHALI et al., 2001, TARLETON et al., 2005, TRES et al.,
2010; DARVISHMANESH et al., 2011).

Os processos com membranas, como a Ol e a NF, podem ser
considerados econdmicos, no quesito economia de energia, devido ao
baixo consumo de energia em comparagdo a processos de operagdes
unitarias convencionais, como as tecnologias que utilizam calor como
forma de separacdo de solventes (TRES, 2012). Esses processos ja estdo
bem estabelecidos na purificacdo de agua (BHANUSHALI et al., 2001)
e a extensdo destes processos para sistemas nao aquosos permitiria
consideravel economia, uma vez que podem ser integrados a operacoes
unitarias existentes, baixando os custos de investimento e fazendo com
gue se tornem mais viaveis economicamente (BHANUSHALI et al.,
2001).

De acordo com Zwijnenberg et al. (2012), a aplicacdo de
membranas em sistemas ndo aquosos € dificultada pela escolha
adequada do tipo de membrana para cada separagdo distinta. Segundo
Yang, Livingston e Santos (2001), a retencdo nominal (MWCO),
determinada pelo fabricante em membranas poliméricas, é valida apenas
para predizer a rejeicdo de solutos em solugdes aquosas. A retengdo de
solutos em solventes organicos, para moléculas de mesma massa molar,
é imprevisivel e dependente de um solvente especifico, demonstrando
gue o mecanismo de transporte de massa depende da interagdo entre o
solvente e a matriz polimérica. De acordo com esses autores, este
mecanismo ainda ndo foi completamente elucidado. A analise da MMC
em sistemas ndo aquosos é menos estudada e mais complicada em
relacdo aos sistemas aquosos. A complexidade da determinacdo do
MMC em sistemas ndo aquosos surge a partir dos efeitos pronunciados
pelas condicBes do processo, inerentes as propriedades da membrana e
das interacdes entre solvente, soluto e membrana (VANDEZANDE;
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GEVERSB; VANKELEKOM, 2008, WHU; BALTZIS; SIRKAR,
2000). Ainda, de acordo Yang, Livingston e Santos (2001), atualmente
ndo existe um protocolo universal para a determinagdo do MMC em
membranas em sistemas ndo aquosos.

Além das dificuldades encontradas com relacdo a definicdo do
MMC, o mecanismo de transporte em membranas em sistemas ndo
aquosos ainda é pouco entendido e necessita de estudos mais
aprofundados. A resisténcia do material da membrana ao solvente, fluxo
permeado e as interacbes membrana-solvente sdo parametros
fundamentais que necessitam ser conhecidos quando solventes
organicos ou misturas de solventes sdo usadas nesses sistemas
(BHANUSHALI et al., 2001; SILVA, PAOLA, MATOS, 2010).

Os materiais geralmente utilizados na fabricacdo de membranas
poliméricas  incluem  poliamidas  aromaticas,  polissulfona,
polietersulfona, acetato de celulose, entre outros. Estes materiais
possuem sitios hidrofilicos e hidrofébicos em sua estrutura e a
permeacdo de agua através destas membranas é facilitada devido a
abundancia de sitios hidrofilicos. No caso de membranas de NF, os
grupos residuais carregados (por exemplo, a carbonila) presentes no
polimero auxiliam no transporte de agua, em funcdo do aumento da
capacidade de absorcéo desta agua (CHERYAN, 1998). Além disso, na
presenca de outros solutos, a &gua é transportada preferencialmente
através destes sitios, resultando em altas taxas de permeacdo. Entretanto,
para a maioria dos sistemas ndo aquosos, o fluxo através de membranas
com sitios hidrofilicos é consideravelmente menor que o0 da agua, em
consequéncia da limitada ou ausente capacidade de formacdo de
ligagdes de hidrogénio por solventes organicos (BHANUSHALI et al.,
2001).

Entre uma ampla gama de polimeros, os derivados de sulfona,
que incluem a polissulfona, a polietersulfona, bem como as poliamidas
aromaticas, ja sdo amplamente utilizados na fabricacdo de membranas.
Estes polimeros combinam estabilidade térmica, estrutural e quimica
aliada ao baixo custo (DARVISHMANESH et al., 2011). Ainda, ap6s a
formacdo da membrana, esta pode tornar-se ainda mais estavel através
do processo de reticulagdo (crosslinking), caracterizado por ligacGes
entre moléculas lineares ou ramificadas, produzindo
polimeros tridimensionais com alta massa molar. Com o aumento da
reticulacdo, a estrutura se torna mais rigida (VANHERCK et al., 2008;
SOROKO; LOPES; LIVINGSTON, 2011). Muitos estudos vém sendo
realizados na é&rea de desenvolvimento de novos polimeros para
membranas resistentes a solventes, como também na aplicagdo destas


http://pt.wikipedia.org/w/index.php?title=Crosslinking&action=edit&redlink=1
http://pt.wikipedia.org/wiki/Pol%C3%ADmeros

50

membranas em diferentes processos, porém os estudos ainda sdo em
escala laboratorial (BUONOMENNA et al., 2011).

A polissulfona pode ser facilmente usada na fabricacdo de
membranas, com um alto controle do tamanho e distribui¢do de tamanho
de poros, 0 que permite sua aplicacdo em uma variedade de processos de
filtracdo. A polietersulfona é um dos polimeros mais utilizados na
preparacdo de membranas e apresenta elevada resisténcia térmica,
mecanica equimica. Além disso, € um polimero essencialmente amorfo
e, geralmente, contém 95 % ou mais de regides ndo cristalinas. Por ser
um polimero amorfo, a polietersulfona pode sofrer ruptura devido a
tensdo causada por solventes organicos severos como cetonas e ésteres
(ARAKI et al., 2010). Outro polimero bastante explorado na fabricacéo
de membranas é a poliamida aromatica. Este é considerado um material
de alto desempenho devido a suas caracteristicas mecanicas e térmicas,
que o torna Util para tecnologias avangadas (TRES et al., 2010).

As interagdes do solvente com a membrana podem resultar em
diferentes fenbmenos, como oinchamento (swelling), a plastificacdo, a
alteracdo dos mecanismos de transporte e a dissolu¢do do material da
membrana causando, consequentemente, perda da sua estrutura,
modifica¢Ges das propriedades de separacdo e/ou a perda da resisténcia
mecénica a baixas pressdes (TSUI; CHERYAN, 2004; REIJERKERK et
al., 2011). Segundo Bos et al. (1999), a plastificacdo ocorre quando a
concentracdo de solvente organico no polimero é alta o suficiente para
promover 0 aumento do volume livre e da mobilidade das cadeias
poliméricas. O inchamento da matriz polimérica, causado pela sorcéo de
solvente no polimero, provoca um aumento da permeabilidade da
membrana, o que pode resultar em alteracdo importante de seletividade.
O fendmeno de plastificacdo ocorre & medida que a pressdo de
alimentacdo aumenta, e pode ser observado pelo aumento da
permeabilidade ao solvente ou pela reducéo da temperatura de transicdo
vitrea do polimero, que por sua vez tem a resisténcia a altas pressoes
diminuida (SHUKLA; CHERYAN, 2002).

Alguns casos de inchamento provocam mudancas irreversiveis
através de rearranjo da cadeia do polimero, alterando o espago
intersticial e a densidade da cadeia. Consequentemente, a dilatagdo da
membrana em operacOes prévias pode afetar o volume livre e,
inevitavelmente, a distribuicdo da camada denso-seletiva, alterando a
resisténcia ao transporte e desempenho da separacdo para as operagdes
subsequentes. O desempenho de uma membrana é determinado, entdo,
ndo sé pelo material da membrana e sua estrutura morfolégica, mas
também é dependente das condi¢bes de operacdo e possibilidade de
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interacdes entre 0os componentes da mistura e 0 material da membrana
(KANEHASHI et al. 2007; DARVISHMANESH; DEGREVE; VAN
DER BRUGGEN, 2009; DENG; HAGG, 2010).

As pesquisas com membranas comerciais ainda sdo bastante
restritas e poucos estudos sobre o comportamento destas em sistemas
ndo aquosos foram realizados. Assim, 0 estudo e a caracterizacdo de
membranas ja existentes no mercado séo de extrema importancia para o
melhor desempenho destas em solventes ndo aquosos. Alguns trabalhos
realizados com membranas comerciais foram encontrados na literatura,
reportando bons resultados em sistemas ndo aquosos (TARLETON et
al., 2005; AKIN; TEMELLI, 2011% MARTINEZ et al., 2012), conforme
descrito a seguir.

Tres et al. (2009) selecionaram diferentes membranas planas
comerciais para a separacdo de 6leo de soja refinado a partir de uma
mistura deste 6leo em n-butano. A proposta do estudo foi direcionar a
aplicacdo desta tecnologia na extracdo de 6leos vegetais utilizando
liqguidos comprimidos. A selecdo da membrana foi baseada na
capacidade de retencdo do 6leo em um sistema sem reciclo. De um
conjunto de 6 membranas comerciais, duas delas apresentaram bons
resultados de separacdo (UF — 4 e 5 kDa, Osmonics). Retengdes de 99,1
% foram encontradas para a membrana de UF de 4 kDa e fluxo
permeado de 26,1 e 176,7 g-m>h™ para 6leo de soja e n-butano,
respectivamente. Os resultados obtidos nesse trabalho demonstraram
gue misturas de 6leo de soja refinado e n-butano podem ser separadas
por membranas poliméricas ja disponiveis no mercado, com efetiva
retencdo de 6leo da mistura.

A caracterizacdo de membranas comerciais de UF usadas na
separacao de 6leo/butano e 6leo/n-hexano foi realizada por TRES et al.
(2010). Os autores utilizaram diferentes métodos (calorimetria
exploratdria diferencial (DSC), FTIR, angulo de contato, potencial zeta
e microscopia eletrdnica de varredura - MEV) para verificar as
modificacbes e a ocorréncia de fouling durante o processo de
permeacdo. Cinco membranas comerciais de UF foram caracterizadas
antes e depois da permeacdo. As diferencas observadas nas membranas
novas e apds o uso sugeriram a formagdo de fouling, irreversivel,
mesmo apds varias lavagens com n-hexano. Além disso, ndo foi
possivel detectar se ocorreu plastificagdo do polimero pelo 6leo e as
andlises de MEV evidenciaram que ndo houve alteracdo morfoldgica
apo6s o processamento. Os resultados desse trabalho mostram que as
membranas destinadas as aplicagBes em processos aquosos podem ser
usadas em sistemas ndo aquosos sem a degradacdo da mesma.
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A maioria das aplica¢Ges de membranas de Ol em sistemas ndo
aquosos se concentra em processos com 6leos e gorduras vegetais que
sd0, na maioria, extraidos com hexano. Os componentes de maior
interesse geralmente sdo os triglicerideos e os acidos graxos livres
(CUPERUS; NIJHUIS, 1993). Na literatura é relatado que o maior
problema com relagdo ao uso de membranas de Ol em meios néo
aquosos ainda € sua estabilidade. Entretanto, algumas membranas
comerciais se mostraram promissoras em estudos realizados por Raman,
Cheryan e Rajagopalan (1996) na desacidificacdo de 6leo de soja.
Ribeiro et al. (2006) e Souza et al. (2008) também obtiveram bons
resultados na recuperacdo de solvente a partir da micela 6leo de
soja/hexano e na degomagem de 6leo de milho/hexano, respectivamente,
utilizando membranas poliméricas comerciais de Ol.

Estudos realizados por Akin e Temelli (2011°) avaliaram o uso
de diferentes membranas comerciais fornecendo dados importantes
sobre sua estrutura e composicdo. Os autores caracterizaram quatro
membranas de Ol comerciais (AK, AG, SG, SE - Osmonics)
relativamente hidrofilicas, utilizando diferentes técnicas, incluindo
medidas de angulo de contato, FTIR-ATR (Espectroscopia de
Infravermelho com Transformada de Fourier) e MEV (Microscopia
Eletronica de Varredura) para fornecer informagbes sobre a
hidrofobicidade e caracteristicas fisico-quimicas considerando suas
areas de aplicacdo e potenciais. Os autores verificaram que as
membranas AK e AG exibiram propriedades caracteristicas de
membranas de poliamida, enquanto que as membranas SG e SE foram
constituidas de uma mistura de piperazina e m-fenil diamina. Também
foi observado que as caracteristicas apresentadas por essas membranas
forneceram novas oportunidades para o0 uso destas em sistemas nao
aquosos, como por exemplo, o CO, supercritico.

2.3 Associagdo de membranas a processos envolvendo fluidos
pressurizados

Os fluidos supercriticos sdo definidos como qualquer substancia
mantida acima da sua temperatura e pressdo criticas, onde as
propriedades de liquido e de gas se tornam idénticas. A temperatura
critica é a temperatura mais alta na qual o géas pode ser convertido em
liquido pelo aumento da pressdo. A pressdo critica é a pressdo mais
elevada, na qual o liquido pode ser convertido em gas pelo aumento da
temperatura. Na zona préxima a do ponto critico é onde se produzem,
com pequenas alteragcdes de pressao e temperatura, as maiores variagdes
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da massa especifica do fluido supercritico e, por consequéncia, do seu
poder solvente. Caso uma destas propriedades (pressdo ou temperatura)
se encontre abaixo do ponto critico, diz-se que a substancia estd no
estado subcritico (REID; PRAUSNITZ; POLING, 1989, ARAUJO,
1999).

Os fluidos supercriticos apresentam viscosidade baixa
semelhante a de um gas, alta massa especifica como os liquidos e
difusdo intermediaria entre gases e liquidos, variando com a sua massa
especifica. As caracteristicas de gas ajudam na difusdo do fluido na
matriz e 0 acesso aos compostos de interesse, enquanto que as
caracteristicas de liquido proporcionam um melhor poder de solvatacdo
(TSAO; DENG, 2004). Outra caracteristica importante é que o poder
solvatante pode ser controlado em fungdo da pressdo e da temperatura,
visto que, na regido do ponto critico, pequenas alteragBes desses
pardmetros podem provocar grandes mudancas no poder solvatante
conduzindo a extragdes mais seletivas (DIAZ-REINOSO et al., 2006).

O CO, ¢ o fluido mais utilizado como solvente, seja como
fluido supercritico ou liquido subcritico, uma vez que suas
caracteristicas se assemelham a de um solvente ideal, sendo indicado
para uma grande faixa de solutos. O CO, denso é um solvente ndo polar
e sua seletividade de extracdo pode ser ajustada para cada substrato,
alterando-se a temperatura e a pressdo dentro da regido supercritica
(REID; PRAUSNITZ; POLING, 1989, ARAUJO, 1999).

De forma geral, a extragdo com CO, supercritico apresenta
algumas particularidades como temperatura e pressao critica faceis de
obter em um processo industrial, com baixo custo de aquecimento e
compressao, além de ser um gas inerte e seguro, nao oferecendo riscos
de reagdes secundarias, como oxidacGes, redugdes, hidrolises e
degradacdes quimicas (TSAO; DENG, 2004, AKIN; TEMELLLI, 2012%).
O CO, supercritico é um solvente apolar e seu poder de solvatacdo varia
com a massa especifica. Ele permite extrair uma grande variedade de
compostos lipofilicos, como hidrocarbonetos, éteres, ésteres, cetonas,
dependendo da presséo aplicada (ARAUJO, 1999).

Os processos de separagdo com membranas apresentam um
grande potencial de aplicagdo em processos envolvendo CO,
supercritico nas etapas de fracionamento de extratos ou de separacdo dos
solutos do solvente. A associagdo de processos com membranas e CO,
supercritico € uma tecnologia relativamente nova e tem como vantagens
evitar as etapas de intensa despressuriza¢do, que aumentam os custos de
recompressdéo do solvente (SPRICIGO et al. 2001, CARLSON;
BOLZAN; MACHADO, 2005). Além disso, a solubilizacio de misturas



54

de compostos organicos pelo CO, supercritico pode aumentar a
eficiéncia dos processos de fracionamento realizados por membranas.
Outra importante vantagem do uso de CO, supercritico, quando
comparado com os solventes organicos tradicionais, é que ele deixa
rapidamente o polimero da membrana durante a despressurizacdo do
sistema, sem deixar qualquer residuo de solvente. Consequentemente, a
etapa de secagem, necessaria quando utilizado solvente liquido, nao €
necessaria (TSAO; DENG, 2004).

A associacdo da tecnologia de membranas e CO, denso foi
inicialmente proposta por Sarrade, Rios e Carlés (1998) no final da
década de 90 e, atualmente, vem se destacando, principalmente, na
aplicacdo em sistemas lipidicos (ARTZ; KINYANJUI; CHERYAN,
2005; AKIN;TEMELLI, 2012°, AKIN; TEMELLLI, 2012°).

Estudos realizados por Sarrade, Rios e Carlés (1998)
demonstraram que é possivel utilizar a associagdo de membranas e
fluidos supercriticos, reportando resultados positivos para ©
fracionamento de triglicerideos de 6leo de peixe com o objetivo de
concentrar os acidos graxos essenciais de cadeia longa (»-3) e também
para a purificagdo de B-caroteno de 6éleo ou de sementes de cenoura.
Verificou-se um enriquecimento no permeado dos triglicerideos de
menor massa molar e uma concentracdo de 11 a 42 % na frag&o retida de
triglicerideos contendo entre 60 e 62 carbonos. Com relagdo a
purificagdo de B-caroteno os autores verificaram um aumento da
concentracdo de B-caroteno na fracdo retida de duas vezes com relagdo a
alimentac&o.

Sarmento et al. (2004) testaram 3 membranas poliméricas
comerciais de Ol (SG, AG, CG — Osmonics) na separagao de diferentes
oleos essenciais (erva-cidreira, laranja e noz-moscada) utilizando CO,
supercritico. Os resultados demonstraram que as membranas comerciais
testadas apresentaram potencial para o fracionamento desses o6leos.
Todas as membranas testadas exibiram boa resisténcia as condigoes
severas de pressdo empregada. O melhor indice de retencdo foi
apresentado pela membrana SG, alcangando cerca de 90 % de retengdo
para os trés 6leos testados. Entretanto, essa membrana apresentou o
menor fluxo de CO, Mesmo com a transferéncia de massa facilitada
pelo CO, supercritico, o fluxo deste foi baixo e os resultados indicaram
também a formacdo de fouling em todas as membranas testadas na
permeacdo do 6leo essencial de erva-cidreira.

Estudos recentes realizados por Akin e Temelli (2012")
demonstraram que, embora o fluxo de CO, durante o0 processo obtivesse
um aumento linear com o0 aumento da presséo transmembrana, os longos
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tempos de processamento afetaram a estrutura da membrana devido a
compactagdo, resultando em menores fluxos de CO, e maior retencéo de
acido oleico. Além disso, a despressurizacdo do sistema causou a
reorganizacdo da cadeia polimérica causando um aumento no fluxo de
CO, apds a despressurizagdo. A membrana AK (Osmonics) apresentou
instabilidade & permeacdo de CO, denso, enquanto a membrana SG
(Osmonics), devido sua estrutura relativamente mais resistente, poderia
ser utilizada como um modelo para o desenvolvimento de membranas
mais estaveis a aplicacdo de CO, supercritico.

2.4 Pré-tratamento e condicionamento de membranas

O pré-tratamento de membranas ¢ uma parte do processo que
influencia fortemente o desempenho em sistemas ndo aquosos e também
em sistemas aquosos. Solventes comumente usados na manufatura de
membranas como glicerol e agua, podem permanecer e afetar a
permeagdo de outros solventes na membrana. Por isso, torna-se de
extrema importancia o pré-tratamento adequado da membrana para
retirar e trocar qualquer solvente residual. A agua é frequentemente
utilizada como pré-tratamento em sistemas aquosos. Porém, em sistemas
ndao aquosos o pré-tratamento deve ser realizado com o solvente
apropriado. Ao contrario da agua, solventes organicos podem afetar a
matriz polimérica através de interacdes, levando a uma reducdo no
desempenho da membrana (ARAKI et al., 2010; DARVISHMANESH,;
DEGREVE; VAN DER BRUGGEN, 2010).

O condicionamento promove o contato da membrana com o
solvente, facilitando a permeacdo e aumentando o desempenho da
membrana. Segundo inimeros pesquisadores, 0 pré-tratamento
(condicionamento) de membranas pode apresentar inimeras vantagens
em comparagio ao uso de membranas sem nenhum tratamento. Entre os
principais efeitos do pré-tratamento destacam-se o agrupamento nos
sitios hidrofilicos e hidrofébicos na camada superficial da membrana
(HILAL et al., 2004), a remocdo de conservantes e umectantes da
superficie da membrana e dos poros (RIBEIRO et al., 2006; RAMAN;
CHERYAN; RAJAGOPALAN, 1996) e a melhora do fluxo permeado
sem afetar significativamente a retencdo (ARORA et al., 2006;
MARENCHINO; PAGLIERO; MATTEA, 2006). Solventes organicos
sdo usados para modificar a polaridade da membrana (tornar a
membrana mais polar ou mais apolar) (MARENCHINO; PAGLIERO;
MATTEA, 2006) ou prevenir o fechamento dos poros, que ocorre em
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algumas membranas quando séo colocadas em contato com uma mistura
de hidrocarbonetos (GARCIA et al., 2006).

Entretanto, em sistemas ndo aquosos, efeitos negativos também
podem ocorrer durante o pré-tratamento e afetar a rejeicdo de
determinado composto, como: alteracdo nas propriedades de tensao
superficial sem efeito quimico na estrutura, inchamento,dissolucdo ou
desintegragdo lenta da membrana devido ao inchamento intenso,
relaxacdo das cadeias poliméricas devido a plastificacdo em solventes
orgénicos, resultando também em inchamento, com subsequente
reducdo do tamanho dos poros, no caso de membranas porosas.
(DARVISHMANESH; DEGREVE; VAN DER BRUGGEN, 2010). O
inchamento apresenta um mecanismo complexo e é fortemente
influenciado pelo tipo de interacdo entre o polimero e o solvente
(DARVISHMANESH; DEGREVE; VANDERBRUGGEN, 2009,
PEYRAVI; RAHIMPOUR; JAHANSHAHI. 2012).

Os métodos de condicionamento podem variar de com acordo o
tipo de material que a membrana é composta e com os tipos de solvente
e soluto utilizados no processo (PRISKE et al., 2010). Na literatura séo
encontrados diferentes pré-tratamentos utilizando também distintos
tempos de condicionamento. De acordo com Darvishmanesh, Degréve e
Van Der Bruggen (2010), os métodos de pré-tratamento incluem
imersdo em solvente puro, condicionamento gradual da membrana,
através da imersdo desta em diferentes concentracdes de solventes, e
lavagem dos preservantes com solvente puro.

Van der Bruggen, Geens e Vandecasteele (2002) estudaram o
efeito de diferentes solventes organicos no desempenho de membranas
desenvolvidas para sistemas aquosos. Os autores observaram uma
melhora no fluxo permeado de etanol e hexano apés o condicionamento.
Estudos recentes desenvolvidos por Darvishmanesh, Degréve, Van Der
Bruggen (2010) em membranas de NF (Starmen), reportaram que 0s
diferentes solventes (hexano, tolueno, acetona, metanol e acido acético)
utilizados no condicionamento de membranas apresentaram
comportamentos distintos. As membranas apresentaram alteracfes apds
uma semana de exposicao aos solventes, exceto quando submetidas ao
tolueno. A acetona, o &cido acético e o metanol foram os que causaram
maiores alteragdes nas membranas, 0 que pode indicar maior interagcdo
dos solventes com a membrana. O objetivo do condicionamento é
atingir altos fluxos sem perder a seletividade. Dessa forma, 0s mesmos
autores testaram as membranas pré-tratadas na separacdo de uma
solucdo de tolueno com corante (Rhodanile Blue) e observaram que as
membranas tratadas com tolueno apresentaram uma rejeicéo de 97,3 %.
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J& as membranas tratadas com hexano, acetona, metanol e 4cido acético
apresentaram rejeicGes de 82,4, 66,2, 79,8 e 71,3 %, respectivamente.

De acordo com Van der Bruggen, Geens e Vandecasteele
(2002), a imersdo de membranas poliméricas em hexano pode causar um
efeito de agrupamento dos sitios hidrofébicos e hidrofilicos presentes na
camada ativa; desta forma, membranas hidrofilicas podem se tornar
menos hidrofilicas. Ainda, de acordo com Snape e Nakajima (1996), o
pré-tratamento de uma membrana com o solvente de trabalho pode
evitar o colapso de seus poros quando sob o efeito da pressao, além de
proporcionar aumento no fluxo de permeado. Ribeiro et al. (2006)
sugerem que a prévia permeacdo com o solvente de trabalho pode
aumentar o desempenho global da membrana. Entretanto, esta é uma
questdo que ainda ndo esta totalmente esclarecida na literatura.

Araki et al. (2010), com o intuito de investigar se o
condicionamento modificaria 0 desempenho das membranas, comparou,
na mesma condigdo de operacdo, os resultados de fluxo de permeado e
coeficiente de retencdo para cada membrana submetida ao pré-
tratamento separadamente. Analisando o fluxo permeado e coeficientes
de retencdo apresentados pelas membranas de UF testadas, o autor
observou que, para as membranas de PVDF (50 kDa) e de policarbonato
(PC) com tamanho de poro nominal de 0,05 um, a permeacao préevia de
hexano melhorou o desempenho na degomagem da micela 6leo de
milho/hexano. As demais membranas (PVDF 30 kDa; CME — ésteres de
celulose mistos 0,025 um e PES 10 kDa) apresentaram maior fluxo
permeado, porém menor rejeicdo de fosfolipidios. Quando realizada a
permeacédo prévia de hexano para as membranas CME 0,05 um e 0,025
pm, estas forneceram um fluxo tdo baixo que ndo foi obtida amostra
suficiente para realiza¢do da analise de fosforo. O mesmo ocorreu para a
membrana PC 0,05 pm, sem o condicionamento com hexano.

2.5 Técnicas de Caracterizacdo de Membranas

A caracterizacdo das membranas e o conhecimento do maior
numero de pardmetros é importante para entender melhor os fenémenos
envolvidos nos processos de separagdo. Essas informacGes colaboram
para a selecdo do melhor tipo de membrana para a separagdo desejada.
A caracterizacdo de uma membrana tem como objetivo buscar o
progndstico de seu uso, bem como as possiveis mudangas que podem
ocorrer durante um processo. Dessa forma, define-se o termo
caracterizacdo como o conhecimento da constituicdo, estrutura e
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comportamento funcional de uma membrana por meio do emprego de
métodos e técnicas adequadas (MARTINEZ, 1999).

Os parametros funcionais sdo de extrema importancia para
avaliar o desempenho de uma membrana com baixa MMC, como as de
Ol e NF. Estes parametros consistem na exploracdo de sua
permeabilidade em relagcdo a determinados solventes organicos e na
determinacdo dos coeficientes de retencdo e fatores de separacéo
durante a filtragdo (CHERYAN,1998; MULDER, 2000).

Além dos pardmetros funcionais, técnicas de caracterizagdo
estrutural sdo utilizadas para melhor compreender 0 comportamento e a
durabilidade de membranas poliméricas. Dentre essas, destacam-se as
andlises por técnicas de microscopia avancadas (Microscopia Eletrénica
de Varredura - MEV e Microscopia de Forca Atémica - AFM), analises
espectrofotométricas (Infravermelho com Transformada de Fourier /
Refelexdo Total Atenuada - FTIR/ATR), andlises térmicas (Analise
Termogravimétrica - TGA), analise de angulo de contato e energia livre
de superficie, analises eletrocinéticas (Espectroscopia de Impedancia),
entre outras.

2.5.1 Angulo de Contato e Energia Livre de Superficie

Quando uma gota de liquido é colocada sobre uma superficie
solida forma-se uma interface tripla entre o sélido, o liquido e o vapor,
cuja posigdo de equilibrio depende das forcas associadas as trés tensdes
interfaciais. A situacdo encontra-se ilustrada na Figura 6, que mostra
uma gota de liquido (L) sobre uma superficie solida (S), com o vapor
(V) como a terceira fase. O &ngulo 6 entre a superficie solida e a
tangente a superficie do liqguido em um ponto da linha de contato com o
solido é designado de angulo de contato.
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Figura 6: Angulo de contato de equilibrio entre um liquido e uma superficie
solida ideal.
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s
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Fonte: adaptado de Serro (2001).

Se a superficie solida for lisa, plana, homogénea e néo
deformével, a equacdo que descreve o equilibrio das forgas que atuam
na linha tripla onde se encontram em simultaneo a fase solida, liquida e
vapor é dada pela Equagéo 1:

Y C0SO =y, —7s (1)

Esta equacdo é denominada de equacdo de Young, sendo y v a
tensdo superficial do liquido em equilibrio com o seu vapor, ysya energia
livre superficial do sélido em equilibrio com o vapor do liquido e y5_ a
tensdo interfacial entre o sélido e o liquido (CLINT; WICKS, 2001). A
aplicabilidade da equacdo de Young a sistemas reais apresenta algumas
limitacGes, devido ao afastamento de as condicBes de equilibrio e pelo
fato das superficies solidas ndo serem em geral ideais. Contudo, existe a
possibilidade de introduzir correcfes empiricas na equacdo de Young
para uma melhor aproximacao as condigdes reais.

Caso a energia livre superficial do sélido em equilibrio com o
vapor do liquido seja superior a tensdo interfacial entre o sélido e o
liquido (ysv>ysL), na equagdo de Young, cos(d) sera positivo e o angulo
de contato serd inferior a 90°, de acordo com a Figura 7 (a). Nesta
situacdo diz-se que o liquido molha parcialmente o sélido, obtendo-se
uma superficie hidrofilica. A situacdo inversa (ysy<ys_) origina valores
de cos (6) negativos, pelo que o angulo de contato nesta situagao sera
superior a 90°. Neste caso, diz-se que o liquido ndo molha o sélido
(Figura 7 b), obtendo-se uma superficie hidrofébica (BUTT, GRAF,
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KAPPL, 2003). Deste modo, o valor do angulo de contato 6 permite
classificar as superficies quanto a sua molhabilidade.

Figura 7: (a) Superficie hidrofilica (< 90°), (b) superficie hidrofébica (6> 90°).

i

a) b)
Fonte: adaptado de SERRO (2001).

2.5.1.1 Efeito da Rugosidade no Angulo de Contato

O angulo de contato pode variar devido a uma série de fatores
relacionados com o polimero tais como a polaridade, a heterogeneidade
e a rugosidade da superficie e, também, a polaridade do liquido em
contato (PALENCIA et al., 2009). Entre os modelos tedricos que
descrevem o efeito da rugosidade no valor do angulo de contato, um dos
mais conhecidos é o de Wenzel (1936). A teoria ou modelo de Wenzel
assume que o liquido estabelece contato com toda a superficie rugosa,
preenchendo as suas depressdes, conforme apresentado na Figura 8,
sendo 0 aumento do angulo de contato originado pelo aumento da area
de superficie associada a uma maior rugosidade.

Figura 8: Forma da gota em superficies rugosas segundo o modelo de Wenzel.

Fonte: adptado de PATANKAR (2003).
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Segundo Wenzel (1936), o angulo de contato de equilibrio entre
um liquido e uma superficie rugosa €y, € dado pela Equagéo 2:

COS &,,, = @, COS & )

sendo®; o fator de rugosidade definido como a razéo entre a area real e
a area projetada e 9 o angulo equivalente medido numa superficie lisa.
Dado que @, € sempre maior que 1, este modelo prevé que o angulo de
contato observado quando um liquido molha uma superficie (< 90°) vai
decrescer quando essa superficie se tornar rugosa (fapp<6#). Da mesma
maneira, 0 angulo de contato observado quando o liquido ndo molha a
superficie (6> 90°) vai aumentar quando essa superficie se tornar rugosa
(Bapp>0) (PATANKAR, 2003).

2.5.1.2 Energia livre de superficie

O conceito de energia de superficie pode ser mais facilmente
compreendido usando um liquido como exemplo. Atomos e moléculas
do liquido podem se mover livremente procurando ocupar uma posi¢ao
de menor energia potencial. Ou seja, um lugar onde as forcas (atrativas e
repulsivas), que agem em todas as direcdes, estejam em equilibrio. Por
outro lado, as particulas na superficie do liquido experimentam apenas
forgas dirigidas para dentro do mesmo conforme mostra a Figura 9.

Figura 9: Forcas atuando em 4tomos ou moléculas no interior e na superficie de

o ...w...
a2

Fonte: adaptado de Kehrwald (2009)

Good et al., (1988) propuseram uma teoria, denominada
Lifshitz-van der Waals (LW)/Acido-Base (AB). Segundo eles, a
interacdo entre superficies ocorre através de interacdes fisicas e
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quimicas. A interacdo fisica é oriunda das ligacBes de Lifshitz-van der
Waals (LW), representadas por ligacGes de London, Debye e Keesom
(Equacdo 4). A participagcdo quimica é funcdo de interacdes de acido-
base (AB) de Bronsted/Lowry e Lewis principalmente devido a ligagdes
de hidrogénio (Equacdo 5). Existe uma aproximacdo das componentes
dispersiva com LW e polar com AB. Neste modelo, a energia livre
superficial total de um material é a soma das componentes fisicas e
guimicas (Equacdo 3). Com relacdo a interacdo, a parte fisica do
material i (y-") interage com a parte fisica do material j (y-"). A parte
quimica interage com a parcela quimica, sendo que a base do material i
() interage com o 4cido do material j (y*) e 0 &cido do material i (y")
interage com a base do material j (y'), de acordo com a Equacéo 6.

=y e 3)
7/i|_w _ yiLondon + 7/iKeeson + 7/iDebye @)
v =20y (5)
Vui =ri 4y~ sy iy (6)

2.5.2 Caracterizacdo morfoldgica — MEV e AFM

Estudos sobre a morfologia da superficie e da se¢do transversal
da membrana podem explicar os processos de separacdo pelas
caracteristicas da estrutura do poro (tamanho, massa especifica e
distribuicdo de tamanho de poro) e determinar suas propriedades
filtrantes (ARAKI et al., 2010; CARVALHO et al., 2011). Devido as
propriedades morfoldgicas das membranas apresentarem consequéncias
no comportamento e no fouling da membrana, é importante a
caracterizacdo dessas utilizando técnicas experimentais que determinem
sua estrutura. Muitos avancos no estudo estrutural de membranas
tornaram-se possiveis por meio de técnicas microscopicas como a MEV
ea AFM.

A MEV possibilita a visualizacdo de possiveis imperfeicdes,
porosidades, separacdo dos componentes das membranas em camadas,
estrutura da superficie e visdo da estrutura da segdo transversal. Além
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disso, esta analise pode permitir a visualizagéo de alteracdes na estrutura
das membranas apds o contato com solventes organicos.

A AFM permite a obtencdo de imagens topograficas da
superficie da membrana em uma resolucdo de nivel atdmico e sem
qualquer necessidade de preparacdo prévia da amostra, 0 que torna a
técnica atrativa aos pesquisadores interessados nas propriedades
superficiais da membrana (BOWEN; WELFOOT, 2002, JOHNSON et
al., 2012). Essa técnica também permite o estudo da adesdo de particulas
e da subsequente formacéo do fouling durante a filtragdo (CARVALHO
et al., 2011), estudo de mecanismos de desgaste, além de facilitar o
estudo do efeito de diferentes tipos de tratamento em superficies de
membranas comerciais relacionando-os com a rugosidade superficial,
gue pode ser aumentada ou diminuida de acordo com o tipo de
tratamento. Estes Ultimos sdo considerados bastante interessantes para a
avaliacdo do efeito dos solventes organicos em contato com a camada
ativa da membrana, pois permitem a avaliagdo nanométrica da
morfologia da membrana.

Além disso, a AFM permite a quantificacdo direta da
rugosidade da amostra, uma vez que a topologia da superficie das
membranas desempenha um papel importante em determinadas
propriedades da mesma. Materiais rugosos tém maior area superficial e
a mecénica dos fluidos sobre eles também pode influenciar nas
caracteristicas da membrana (CARVALHO et al., 2011) .

A imagem de contraste de fase pode ser adquirida ao mesmo
tempo da imagem topografica. Esse tipo de imagem revela bordas e ndo
é afetada por grandes diferencas de altura. Ela proporciona uma clara
observacdo de caracteristicas sutis da amostra que podem ser ocultadas
pela topografia rugosa da superficie. Como exemplo, algumas
membranas poliméricas apresentam duas regides distintas, uma densa e
outra porosa. A imagem de contraste de fase permite distinguir essas
duas regifes, que ndo podem ser discernidas na imagem de topografia.

2.5.3 Espectroscopia de Infravermelho por Transformada de
Fourier com Refleténcia Total Atenuada (FTIR-ATR)

A espectroscopia de infravermelho é uma técnica amplamente
utilizada que permite caracterizar processos quimicos e estruturas
moleculares das amostras em estudo, uma vez que 0S Seus espectros sdo
caracteristicos para cada grupo presente  nos  compostos
(SILVERSTEIN; WEBSTER; KIEMLE, 2007). Como a radiagdo
infravermelha ndo tem energia suficiente para excitar os elétrons, apenas
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se consegue que as ligacBes dos grupos funcionais vibrem com uma
frequéncia caracteristica, 0 que faz com que uma determinada amostra
exposta a radiacdo infravermelha absorva essa luz a frequéncias que séo
caracteristicas das ligacbes quimicas presentes nas amostras
(SILVERSTEIN; WEBSTER; KIEMLE, 2007).

Essa técnica é de grande importancia no estudo de polimeros,
pois permite avaliar 0os compostos presentes em sua estrutura e a
interacdo entre eles. Nos processos de separagdo com membranas, por
exemplo, a espectroscopia pode ser utilizada na verificacdo de possiveis
alteragdes na composicdo das membranas apds longos periodos de
limpeza ou apds a permeacdo de solventes ndo aquosos. Esta técnica
pode também mostrar a ocorréncia ou ndo de fouling na membrana,
como reportado por Tres et al. (2010). Além disso, nas analises de
espectroscopia de infravermelho, a presenca de determinadas bandas
vibracionais relacionadas com a caracteristica de grupos funcionais
auxiliam na identificacdo qualitativa dos componentes das misturas
poliméricas formadas por mais de um polimero, enquanto suas
intensidades ddo uma estimativa da sua proporcionalidade (KONAR;
SEM; BHOMICH, 1993; TRES, 2012).

A combinacdo de espectroscopia de infravermelho com as
teorias de reflexdo tem feito avancos na anélise da superficie. A técnica
de FTIR pode, entdo, ser complementada com o ATR (Attenuated Total
Reflectance), onde um feixe de infravermelho, que incide num cristal
(com alto indice de refragdo) com um determinado angulo de incidéncia,
atinge a superficie a ser analisada e produz o fendémeno de reflexdo total
gue se propaga ao longo da superficie do cristal até sair na extremidade
oposta. Desse modo, o feixe infravermelho penetra apenas algumas
centenas de nandmetros abaixo da superficie da amostra, o que permite a
caracterizacdo das ligacbes quimicas presentes nesta regido (TANG;
KWON; LECKIE, 2009). Geralmente, a radiacdo emitida atinge uma
profundidade variando entre 0,1 a 5,0 um, dependendo, principalmente,
do angulo de incidéncia e do comprimento de onda. Esta técnica é muito
Gtil para materiais sélidos, porém ndo fica limitada somente a estes.

2.5.4 Analise Térmica - Termogravimetria (TGA)

A andlise térmica pode ser definida como sendo um grupo de
técnicas nas quais uma propriedade fisica de uma substancia e/ou seus
produtos de reagdo sdo medidos, enquanto a amostra € submetida a uma
rampa de temperatura pré-estabelecida (MACKENZIE, 1979).
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As curvas de TGA fornecem informagdes sobre as variagdes de
massa em funcdo do tempo efou temperatura em determinadas
condicdes atmosféricas. Os experimentos sdo executados por meio de
uma termobalanca de elevada sensibilidade, reprodutibilidade e resposta
rapida as variacGes de massa. Ao analisar as curvas, € possivel obter
informac0es relativas a composicdo e a estabilidade térmica da amostra,
dos produtos intermediarios e do residuo formado (SILVA; PAOLA;
MATQS, 2007). A DTG ¢ a primeira derivada da curva de perda de
massa, caracteristica na curva de TGA. Na DTG as variacBes de massa
da curva TGA sdo substituidas por picos que determinam areas
proporcionais as variacbes de massa, tornando as informacdes
visualmente mais acessiveis e com melhor resolugdo (SILVA; PAOLA;
MATOS, 2007).

Essa andlise é utilizada principalmente para determinar a
estabilidade térmica e/ou oxidativa dos materiais, bem como a sua
composicdo. A técnica pode analisar materiais que exibem perda ou
ganho de massa ou devido a oxidacdo, decomposicdo ou a perda de
materiais volateis (como a umidade). A TGA proporciona informagdes
gue podem ser utilizadas para selecionar materiais para certas aplicaces
de uso, prever o desempenho do produto e melhorar a qualidade do
produto. No presente estudo essa andlise pode fornecer informagdes
sobre a estabilidade térmica das membranas submetidas a sistemas ndo
aquosos (hexano e CO, denso).

2.5.5 Espectroscopia de Impedancia (EI)

Como os sistemas reais estdo sujeitos a fendbmenos de
polarizacéo, o uso de corrente continua para medida direta da resisténcia
ndo é indicado e, por isso, aplica-se a técnica de impedancia. As
membranas poliméricas de nanofiltragdo e osmose inversa geralmente
sdo compostas de duas camadas com estrutura e propriedades distintas.
A camada ativa é responsavel pelo processo de separacdo e a camada
suporte fornece rigidez e estabilidade ao conjunto, sendo que a
separacdo é controlada em boa parte pela camada ativa. Por essa razéo, é
necessaria a utilizacdo de técnicas capazes de caracterizar cada camada
separadamente. A EIl tém-se mostrado Util no estudo de sistemas
complexos formados por diferentes camadas, como no caso da
membrana (camada ativa)/solucdo(WANG et al., 1997, BASON;
OREN; FREGER, 2007). Essa técnica consiste em determinar a
impedancia de um sistema em funcdo da frequéncia, medindo-se a
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corrente como resposta ao potencial oscilante. A impedéncia ¢ uma
grandeza vetorial e pode ser representada por um nimero complexo.

O comportamento do sistema é associado, em geral, aoc de um
circuito RC (resisténcia/capacitor) em paralelo, podendo ser obtidos
valores de permissividade e condutividade elétrica associados as
interfaces presentes no sistema de medida (MONTALVILLO et al.,
2011). Estes resultados combinados com outras técnicas permitem a
predicdo de caracteristicas do comportamento da membrana,
determinando a condutividade elétricada solugdo dentro dos poros e a
concentracdo de carga fixa da membrana.

2.5.5.1 Processos dielétricos e curvas de dispersao

Quando se tem um dielétrico, no caso a membrana, formado por
cargas ou dipolos livres e se aplica um campo elétrico variando com
uma determinada frequéncia, se induzem a forcas sobre as cargas ou
dipolos que provocam o deslocamento ou oscilacdo destes. Este
fendmeno influencia na permissividade do dielétrico de tal forma que o
valor desta depende da frequéncia aplicada. Na Figura 10 esta
apresentado um esquema geral das curvas de dispersdo. As curvas de
£"(w) e £ (w) se denominam relaxacdes de disperséo e dependem dos

tipos de processos de deslocamento de carga que se produzem no
material dielétrico. Em geral, ha dois tipos de processos de dispersao:
processos de ressondncia e processos de relaxacido (MARTINEZ;
ALBELLA, 1984).
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Figura 10: Classificagdo das curvas de dispers&o.
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Fonte: adaptado de Montalvillo, 2009.

Os processos de ressonancia ocorrem em altas frequéncias, que
correspondem a 10™°Hz e 10" Hz. Este processo é assim chamado
porque quando o campo é aplicado sobre sistemas que vibram com
frequéncia similar, haverd um processo de ressonancia e as particulas
vibrantes oscilardo com amplitude maxima e com velocidade
completamente em fase com o campo aplicado (regides a, b e ¢).

Os processos de relaxacdo correspondem a processos de
deslocamento de cargas ou giro de dipolos. Estes processos ocorrem na
faixa de frequéncia de 10° Hz e 10" Hz. No extremo superior de
frequéncias, a contribuigdo se deve a reorientacdo de dipolos presentes
no dielétrico, gerando a polarizacdo orientacional (regido d).

Na zona de baixas frequéncias aparece outro fendmeno devido a
redistribuicdo de cargas livres no dielétrico, que é o processo de
polarizacéo interfacial. Nele a polarizacdo é devida ao deslocamento de
carga acumulada nas regibes que separam as fases que compfem o
dielétrico (regido e). Todos os processos de dispersdo sdo cumulativos
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com o0 aumento da frequéncia. Em frequéncias muito altas aparecem
apenas contribuicdes devido a ressonancia eletrbnica, mas com a
reducgdo da frequéncia, somam-se progressivamente as contribuices dos
fons, dos dipolos e da carga espacial. Para frequéncias muito baixas
todos os processos anteriores agem simultaneamente.

O enfoque do presente trabalho concentra-se na zona de baixas
frequéncias que vdo desde 10° Hz a 10° Hz, considerando apenas os
processos de relaxacdo, uma vez que as amostras usadas tém cargas
livres (solucdo) capazes de deslocar-se no espaco.

2.5.5.2 Modelo de Maxwell-Wagner: Polarizacéo Interfacial

Sistemas heterogéneos com cargas livres submetidos a campos
elétricos externos apresentam acumulo de cargas livre nos limites de
cada fase, gerando dipolos e contribuindo a polarizagdo total. Este
processo é chamado de polarizacdo interfacial. A membrana imersa em
solucdo é um sistema que possui portadores de carga livres, os ions da
solugdo, comportando-se como um sistema heterogéneo. A camada
ativa, suporte e a solucdo livre sdo fases com propriedades elétricas
distintas. O efeito de polarizacdo interfacial é fundamental no estudo do
sistema membrana imersa em solucdo sob a acdo de um campo
alternado a baixas frequéncias. As grandezas obtidas neste trabalho
consistem, basicamente, na obtencdo de parametros elétricos referentes
as intersecBes entre fases do sistema. A interface de interesse neste
trabalho é a delimitacdo entre a camada ativa da membrana e a solucéo
livre.

O processo de polarizagdo interfacial comporta-se como um
processo do tipo Debye, ou seja, um Unico tempo de relaxacdo. Maxwell
e Wagner foram os primeiros a estuda-lo, propondo um dielétrico
bifasico, portador de alguma carga livre e com varios tempos de
relaxacio (MARTINEZ; ALBELLA, 1984). Para estudar a polarizacio
interfacial, supde-se um dielétrico bifasico ocupando um capacitor de
placas paralelas, que é o caso do arranjo experimental deste trabalho de
acordo com a Figura 11.
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Figura 11: Circuito equivalente (capacitor de placas paralelas) usado na
modelagem dos resultados de impedancia. CPE representa um elemento de fase
constante (a capacitancia, onde ha ndo uniformidades devido a flutuagdes de
espessura, a rugosidade da superficie),

Ry R, Rs
—AAN—
CPE, CPE, CPE,

de tal forma que a impedancia total é calculada pela Equacdo 7. No
diagrama de Nyquist para a impedancia deste modelo havera somente
um semicirculo, correspondente a um tempo de relaxagdo,mas na préatica
had muitos tempos de relaxacdo préximos entre si. Estes tempos
provocam um achatamento no diagrama de Nyquist. Esta distribui¢do de
multiplos tempos de relaxacdo pode ser devido a diversos fenémenos,
uma vez que a membrana € um material poroso e seus poros apresentam
tamanhos distintos, de maneira que a distribuicdo de tamanho, dos poros
acarretara diferentes tempos de relaxacéo para o processo de polarizagéo
interfacial em cada poro. Frente a impossibilidade de separar tais
processos, introduz-se uma corre¢cdo ao modelo de Maxwell-Wagner
capaz de levar em conta o achatamento do semicirculo no diagrama de
Nyquist. De maneira empirica, Cole-Cole propuseram um modelo para
tratar o achatamento do diagrama de Nyquist, introduzindo-se o
parametro o (MARTINEZ; ALBELLA, 1984). O pardmetro o assume
valores no intervalo 0 < o < 1. Para o caso de a = 0, correspondendo a
um Unico tempo de relaxacdo, recupera-se 0 modelo de Debye. Quanto
maior for o valor de o, maior sera o achatamento do diagrama de
Nyquist.

* & & —Ein LKy
— +§ T U L 7
& (a)) ENn ~ 1+(jCOTi)1_m J P (7

onde ¢ éa permissividade no sistema j :V_l, enné a permissividade
na frequéncia infinita, ;) e &, representam a permissividade para cada
tempo de relaxagdo (t;) em baixas e altas frequéncias, ® ¢ a frequéncia
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angular, ké a condutividade do sistema. O indice k = 1 representa a
relaxacdo a baixas frequéncias, k = 2, médias frequéncias e k = 3 altas
frequéncias.

De acordo com estudos realizados por Montalvillo (2009), as
medidas experimentais de impedancia para membranas imersas em
solucdo apresentam trés processos de relaxacgdo, correspondendo a trés
arcos no diagrama de Nyquist, de acordo com a Figura 12. Por isso a
Equacéo 7 leva em conta multiplos processos de relaxagdo. A adequacgédo
da proposta consiste em adicionar termos de acordo com o nimero de
relaxacdes, ou seja, um termo para cada relaxagdo presente.

Figura 12: Diagrama de Nyquist para a solugdo (a) e para a solu¢cdo mais
membrana (b); amostra somente com solugéo (c) e amostra com solugdo mais
membrana (d).

A B+D C »
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Fonte: adaptado de Montalvillo, 2009.

Medidas tipicas da impedancia, representadas no diagrama de
Nyquist somente com a solucdo entre os eletrodos de medida, possuem a
forma representada na Figura 12 (a). Ha dois processos de relaxacdo
neste caso. Estes processos podem ser associados a fases e interfases do
sistema. Na Figura 12 (b) apresenta-se um esquema das fases e
interfases presentes nas medidas sem membrana. As letras fazem
referéncia aos tipos de processos de relaxacdo. Os numeros referem-se
as fases. O primeiro arco, correspondente a altas frequéncias, 10° Hz a
10* Hz, deve-se a vibrages de fons na solucéo, fase 1 da Figura 12 (c).
O segundo arco deve-se a reorganizacdo de cargas (polarizacdo
interfacial) nas interfases de cada eletrodo com a solugéo, fase 3 da
Figura 12 (c). Este efeito ocorre a baixas frequéncias, 10° Hz a 10 Hz.

Para medidas com a membrana, o diagrama de Nyquist tipico
envolve trés semicirculos, conforme é ilustrado na Figura 12 (b). O
primeiro semicirculo continua sendo associado a vibracdo dos ions da
solucdo. Porém, neste caso, também a vibracdo dos ions na camada
suporte, fase 1 da Figura 12 (d). O segundo arco associa-se a
reorganizacdo de cargas na interfase solucdo camada ativa, ou seja,
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devido a polarizacdo interfacial na interfase entre as fases 2 da Figura 12
(d). Este é um fendmeno a média frequéncia (10* Hz a 10° Hz). Este é o
processo de relaxacdo de interesse deste trabalho, uma vez que envolve
a camada ativa. O terceiro arco continua associando-se a reorganizacao
de cargas nas interfases da solugdo com os eletrodos.

2.5.5.3 Curvas de Capacitancia e Condutancia

As medidas experimentais de impedancia fornecem valores em
outras variaveis, como condutdncia e capacitancia em funcdo da
frequéncia do campo. Uma vez que o arranjo experimental e 0 modelo
estdo dispostos em um capacitor de placas paralelas ou circuito
equivalente, é possivel alterar os parametros como permissividade e
condutividade para condutancia e capacitancia, ja que estas fornecem,
praticamente, as mesmas informagdes (MONTALVILLO et al., 2009).

Com o auxilio do modelo de interfaces (LI; ZHAO, 2004) é
possivel obter os valores das fases que provocam a interface a partir do
arco correspondente a cada interface. Sendo assim, se aplicard somente
ao arco dois, referente a interfase entre a solucdo livre e a solucdo
confinada dentro dos poros, uma vez que o objetivo desse trabalho é
verificar a condutividade da solucdo confinada nos poros. Com o auxilio
do modelo interfase pode-se calcular a condutividade da solu¢do na
camada ativa. E considerando-se parametros como porosidade e o
didmetro de poro aproximado de cada membrana, encontra-se a
condutividade no interior dos poros.
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CAPITULO 1ll: AVALIAGAO DO DESEMPENHO DE
MEMBRANAS DE NANOFILTRACAO E OSMOSE INVERSA
NA PERMEACAO DE SOLVENTES ORGANICOS

Este capitulo refere-se ao estudo de pré-tratamentos para as membranas
utilizando diferentes tempos de condicionamento e solventes organicos.
As analises de caracterizacdo deste capitulo foram realizadas durante o
estdgio de doutorado (PDEE/Capes n° 12948-12-8) realizado na
Universidad de Valladolid (Valladolid/Espafia). Este estudo atende aos
seguintes objetivos especificos da presente tese, de acordo com a se¢do
1.2: estudar a influéncia de diversos solventes e tempos de
condicionamento no fluxo permeado de n-hexano de membranas
poliméricas comerciais de nanofiltracdo e osmose inversa; verificar a
resisténcia e a integridade das membranas ap0s longos tempos de
permeacdo ao hexano (8h); avaliar as possiveis alteraces na polaridade
da superficie da membrana, bem como as possiveis mudangas na
estrutura das membranas causadas pela permeacdo de solventes usando
diferentes técnicas de caracterizagdo (angulo de contato e energia livre
de superficie, MEV e FTIR). O condicionamento com etanol elevou os
fluxos de n-hexano nas membranas compostas de poliamida (NF270,
BW30 e ORAK), enquanto que a membrana de polietersulfona (NP030)
nao apresentou aumento da permeabilidade. Ap6s o condicionamento
houve um aumento no angulo de contato das membranas e reducédo da
energia livre de superficie, 0 que pode sugerir que o carater hidrdfilo das
membranas € alterado pelas etapas de condicionamento. Os resultados
obtidos neste estudo indicam que as membranas estudadas sdo estaveis
na permeagdo de solventes ndo aquosos e, portanto, podem ser utilizadas
na permeagdo de solventes organicos, como por exemplo, o n-hexano.
Na sequéncia estd apresentado o trabalho completo, no formato de
artigo, o qual foi submetido a revista da area: Journal of Membrane
Science.
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EVALUATION OF REVERSE OSMOSIS AND
NANOFILTRATION MEMBRANES PERFORMANCE IN THE
PERMEATION OF ORGANIC SOLVENTS

Abstract

The aim of this study was to evaluate the influence of different solvent
and time conditionings in the permeation of n-hexane and oil/n-hexane
solutions through two reverse osmosis (ORAK — Osmonics, BW30 —
Dow Filmtec) and two nanofiltration (NF270 — Dow Filmtec, NP030 —
Microdyn Nadir) polymeric membranes. The study of the influence of
membrane conditioning on the n-hexane flux was carried out using
different solvents (n-hexane, ethanol, n-propanol, iso-propanol and
butanol) as pretreating agents in different time intervals. Membrane
performance was tested by measuring n-hexane fluxes. The conditioning
with ethanol increased n-hexane fluxes in the polyamide membranes
ORAK, NF270 and BW30, while the polyethersulfone membrane
NPO030 did not present substantial increase in permeability. An increase
in contact angle after membrane conditioning was detected, as well as a
reduction in free surface energy, which suggests that the surface
hydrophilic character is altered by pretreatment steps. The results
obtained in this work with commercial RO and NF membranes,
normally used in aqueous solutions separations, indicate that these
membranes are stable in the permeation of non-aqueous solvents and
thus can be used in separation for these solvents.

KEYWORDS: polymeric membranes; organic solvent; surface free
energy; membrane stability
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3.1 Introduction

On the last decade, the use of membrane technology in non-
aqueous systems has been highlighted. The main applications include
solvent recovery from micelles of wvegetal oil / organic solvents,
deacidification and clarification of vegetal oils (RIBEIRO et al., 2006,
TRES et al.,, 2009, ARAKI et al., 2010) and separation of natural
compounds from essential oils (CARLSON; BOLZAN; MACHADO,
2005, MARTINEZ et al., 2012). However, there are still few reports on
the application of membranes in the separation of non-aqueous streams
in industrial level. Furthermore, most of the literature studies involving
the separation of solutes in non-aqueous systems employ commercial
membranes originally intended for separation of compounds in aqueous
solutions.

The major drawback for applying this technology in non-aqueous
systems is the large range of interactions between the solvent and the
membrane. These interactions can lead to phenomena as swelling of the
polymeric matrix, plasticisation or the dissolution of membrane material
and subsequent loss of morphological structure, causing changes in
separation properties and /or mechanical resistance under pressure
(CHERYAN, 2005, RAFE; RAZAVI, 2009). Therefore, studies in this
field can promote benefits to edible oil industries, pharmaceutical
products manufacturers and petrochemical industry, due to its low
energy consumption and simplification of operational processes with
organic solvents compared with traditional methods of oil extraction and
solvents recovery (distillation).

Recent researches suggest that the polymeric membrane
pretreatment, through their immersion in an organic solvent, is
fundamental for membrane performance in non-agueous systems.
According to these studies, membrane conditioning can prevent pore
collapse during permeation of non-polar solvents (VAN DER
BRUGGEN; GEES; VANDECASTEELE, 2002; TRES et al., 2010,
JANSEN et al., 2013) and enable the solvent to reach all membrane
pores, increasing the permeate flux (TSUI; CHERYAN, 2004).
Moreover, conditioning would also change polarity characteristics of the
membranes, which are mainly hydrophilic, increasing its permeability to
the organic solvents.

Therefore, the present work aims to evaluate the influence of
different solvent and time conditionings in the permeation of n-hexane
through commercial reverse osmosis and nanofiltration polymeric
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membranes, assessing the surface hydrophilicity and structural changes
caused by solvent permeation.

3.2 Material and Methods
3.2.1 Material specifications

Four commercial membranes were studied, two nanofiltration
(NF) and two reverse osmosis (RO). The main characteristics of each

membrane, according to manufacturer description, are shown in Table 1.

Table 2: Tested membranes characteristics.

Membrane NF270 NPO030 BW30 ORAK
Manufacturer ~ Dow Filmtech ~ Microdyn Nadir  Dow Filmtech ~ Osmonics
Material Poly(amide)®  Polyethersulfone  Poly(amide)®  Poly(amide)
MWCO?® (Da) 200-300 400 - -

P max (bar) 41 40 41 27

T max (°C) 45 95 45 50

pH range 2-11 0-14 2-11 4-11
Rejection (%) >97° 80-97° 99.5° 99°

# Rejection in MgSOy, (25 °C; 4.8 bar)
PRejection in Na,SO, (20°C; 40 bar)
‘Rejection in NaCl (25 °C; 15.5 bar)
4 TFC: Thin film composite

¢ MMCO: molar mass cut-off

Solvents used in conditioning and in permeate fluxes
determining, as well as some of their characteristics are shown in Table
2. All solvents are analytical grade (> 99 %, Vetec, Brazil).
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3.2.2 Experimental apparatus

The assays were carried out in a dead-end filtration cell, 120 mL
volumetric capacity, coupled with a manometer (1 - 40 bar).
Transmembrane pressure was obtained by nitrogen (99.99 %, White
Martins, Brazil) pressurisation of the headspace of the E)ermeation cell.
The effective membrane filtration area was 2.624-10° m”.

The solvent permeability tests were performed at room
temperature (20 + 2°C). Permeate was collected through an on-off ball
valve (Swagelok, model SS-42GS4) located at the basis of the cell, in a
graduated cylinder compatible with the permeate flux. To avoid solvent
evaporation, the cylinder was immersed in an ice bath.

3.2.3 Membrane Conditioning

Membranes were immersed in distilled water for 24 hours,
replacing the water each 4 hours, to remove possible manufacturing
residues that could affect solvent permeation through the membranes (1%
step). This step was carried out with all membranes tested.

The conditioning procedure was performed by the immersion of
the membranes in a homologous series of alcohols, with different chain
lengths (methanol, ethanol, n-propanol, iso-propanol and butanol).
Pretreatment started with the immersion of the membrane in one of the
alcohols for 2, 8, 12 or 24 hours in a closed recipient, thereafter,
membrane was subsequently immersed in n-hexane for 2 hours before
the permeation assay with n-hexane. Conditioning tests using only n-
hexane were performed (4 h) too. Each pretreatment was performed
with a new flat sheet membrane.

The n-hexane fluxes of each membrane, before and after
conditioning, were assessed according to the following procedure:
filtration cell was loaded with 120 mL of n-hexane; membrane
compaction was performed for 30 minutes at the highest pressure (35
bar) to be tested, then, the fluxes were collected with progressive
reduction of pressure (35; 30; 25; 20; 15; 10; 5 bar). The permeation cell
was continuously stirred (400 rpm) to minimise concentration
polarisation. Experiments were carried out in duplicates.
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3.2.4 n-hexane resistance

After washing with water, as described in section 3.2.3, without
any conditioning, membranes were immersed in ethanol for 30 min,
after which, its hydraulic permeability was measured. Then, another
immersion in ethanol for 30 min was performed and thereafter, n-hexane
permeation started. This assay was performed at 15 bar for NF
membranes and 20 bar for RO membranes. n-hexane flux through the
membranes was assessed during 8 hours.

3.2.5 Membrane integrity

Integrity assays were performed after the n-hexane resistance
tests to verify possible changes in the membranes. After completion of
the resistance test, as described in item 3.2.4, the membrane was
removed from the permeation cell and immersed in ethanol for 30 min.
Then, the membrane was placed in the cell, and water flux was
measured.

3.2.6 Membrane Characterisation

3.2.6.1 Contact angle and surface free energy

These properties were characterised by static contact angle
measurements, which were carried out by the sessile drop method using
a goniometer (FTA 200, Virginia, USA). Contact angle was measured
from digitised pictures by an “ad-hoc” software of analysis. A drop of
each of three different standard liquids, namely deionised water,
formamide and diiodomethane, was added by a motor-driven syringe at
25 °C. Four measurements were carried out for each sample. The
presented data correspond to the final average value. The Good-van Oss
theory (VAN 0OSS; GOOD; CHAUDHURY, 1988) can be used to
calculate the acid-base components of solid surface free energies
(CLINT; WICKS, 2001). In this approach, the work of adhesion of a
liquid phase (W) onto a solid substrate can be expressed as:

W =y A+0086) = 2 7S ++lrire +7i7e) (1)
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d + d - +
where V110 21 Ys 2 Vs 1 Vs 1 g dispersive, basic and acidic
components of the surface free energy of the liquid and the solid,
respectively.  The liquid total surface free energy is

tot d + -

NI . .
i =70 Vi The equations described above can be solved to
evaluate the three unknowns corresponding to the three parts of the free
energy surface for the solid.

3.2.6.2 Fourier transform infrared attenuated total reflection (FTIR-
ATR)

To verify the differences between the membranes pre-treated and
new were analysed through infrared spectroscopy with the attenuated
total reflection method in a spectrophotometer (Perkin Elmer, Model
Frontier, USA), from 4000 to 600 cm™.

3.2.6.3 Environmental scanning electron microscopy (ESEM)

Membrane samples were dried in desiccators for 24 h before the
SEM analysis to remove any residual solvent. The samples was analysed
in a FEI Quanta 200 FEG (FEI Company, Model Quanta 200 FEG,
USA). Cross-section samples were obtained from the fracture in liquid
nitrogen.

3.3 Results and discussion

3.3.1 Membrane permeability

Figure 1 shows the relation between solvent fluxes and pressure
for the tested membranes NF270, NP030, BW30 and ORAK. As already
mentioned, the membranes, prior to their conditioning, were immersed
in ethanol for 30 min, after which, its water permeability was measured.
Then, after a new immersion in ethanol for 30 min more n-hexane flux
was measured.

The expected linear tendency was observed for the water flux
versus transmembrane pressure. Concerning the n-hexane flux
behaviour, it is noticeable that permeate flux presented a linear tendency
until pressures around 25 bar for de nanofiltration membranes. Beyond
this value the tendency is not linear. This non-linearity in organic
solvent permeation was also reported in studies performed by Dijkstra,
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Bach and Ebert (2006), Darvishmanesh, Degréve and Van der Bruggen
(2010) and Othman et al. (2010). Some authors relate this behaviour to
strong interactions between polymer and solvent, causing permeate flux
reduction due to the retention of solvent on the polymeric matrix. This
phenomenon would be intensified for high pressures. However, this
phenomenon can also occur due to the compaction of the membrane,
which might mean that the compaction time (1 h/35 bar) was
insufficient for the good compaction of all the tested membranes.

Figure 1. Permeate flux versus pressure for pure water and n-hexane on
new membranes (a) NF270 (b) NP030; (c) BW30 e (d) ORAK at room
temperature.
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Membrane permeabilities are presented in Table 3. n-Hexane
permeability was substantially higher than water permeability for all the
membranes. The n-hexane flux in NF membranes was around 4 times
the water flux, while for RO membranes, the n-hexane flux was 9 times
and 6 times higher than the water flux, for BW30 and ORAK,
respectively. This behaviour can be explained by the low viscosity of n-
hexane, which is about 3 times lower than that of water (Uwaterzsec =
1mPa-st; Mhexanerzsec = 0.326 mPa-s'l). The permeabilities were
normalised by the viscosity of each solvent for better assessment of
other factors that may be influencing the behaviour of these membranes
with the different solvents. One can observe that all difference between

L)

n-Hexane flux(L.h’
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the permeabilities obtained with n-hexane and with water are lower
when these permeabilities are normalised by the solvent viscosity. This
behaviour shows that viscosity plays an important role, as stated earlier.
However, one can observe that all the normalised permeabilities
obtained with n-hexane are still higher than those obtained with water as
permeating solvent.

The increase in the normalised permeability using n-hexane was
higher for RO membranes (216 % and 106 % for BW30 and ORAK,
respectively), which consist of thin films of polyamide on a support of
polyethersulfone, than for the NF membranes (43 % and 24 % for
NF270 and NPO030, respectively), which consist of thin films of
polyamide with piperazine and polyethersulphone. This difference may
be attributed to the surface tension, if we suppose a porous transport
mechanism, or to the membrane swelling by hexane, which may be the
most importat effect here, since the transport though RO membranes is
mainly by sorption-diffusion mechanism. Since the water solubility in
the membrane matrix is lower than hexane solubility, the permeabilities
with hexane are higher than those obtained with water.

Table 3: Membrane permeabilities to water and n-hexane (25 °C).

Permeability Normalised Permeability
Membrane (L-h™ -m?-bar?) (10%m)
Water n-hexane ® Water n-hexane
NF270 36+8 160+ 7 10.1+£0.9 145+0.9
NPO30 31+4 121 + 12 8.8+0.8 109+0.4
BW30 10+3 101 +£11 29+0.7 9.2+0.7
ORAK 6+2 43 +£6 1906 3.9x+0.3

dcalculated from linear section of the curves.

Permeate fluxes were higher for both solvents on NF
membranes. Although NF270 has a lower MMCO than NP030 and
consequently a smaller effective pore size, it gives higher fluxes. For
non-aqueous systems, permeate fluxes could be related not only to pore
size, but also to the interactions between n-hexane and the membrane
material. The two RO membranes present similar cut-offs, yet distinct
permeabilities, especially for n-hexane, showing the influence of the
solvent and membrane polymer interactions. The variations in
permeability could then be associated with differences of the chemical
structure of the membrane material, of the electrical charges or due to
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some morphological aspects (porosity and roughness of the active layer)
between the tested membranes (HILAL et al., 2008).

3.3.2 Effect of membrane pretreatment on solvent flux

Figure 2 shows the permeability of n-hexane for different
pretreatments and each membrane studied.

Figure 2: Permeability of membranes NF 270 (a), NP030 (b), BW30 (c) and
ORAK (d) for all solvents and different pretreatment times at room temperature.
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After conditioning, the permeability of membranes ORAK and
NF270 to n-hexane increased by a factor of 3.5 fold and 2.5,
respectively, when these membranes were treated with ethanol (2 h)
followed by n-hexane (2 h), in comparison with the same membranes
treated only with n-hexane. Possible changes in the membrane polarity
caused by the conditioning step can explain the effects observed in this
study, since the immersion of polymeric membranes in non-polar
solvents can promote the clustering of hydrophilic and hydrophobic sites
of membrane surface (VAN DER BRUGGEN; GEES;
VANDECASTEELE, 2002), decreasing the hydrophilicity of the active
layer and promoting higher n-hexane fluxes. In addition, Ebert and
Cuperus (1999) and Darvishmanesh, Degréve and Van der Bruggen
(2009) report that, in dense membranes (like ORAK), the polymeric
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chains move during swelling and create free voids within the polymeric
matrix. Therefore, the membrane would become less selective,
promoting higher fluxes.

As previously mentioned, when the pretreatment was performed
only with immersion into n-hexane, the permeability to this solvent was
lower than the permeability of the same membrane to other solvents.
This can be due to the large polarity gradient between the solvent and
the membrane, which could have hindered pore wetting and soaking of
the membrane matrix by the solvent, decreasing its permeability. This
fact highlights the convenience of using an intermediate polarity solvent
in the pretreatment steps. Koseoglu and Engelgau (1990) showed that
the higher the gradient of polarity between the solvent and the
membrane, the higher the probability of pore collapsing. This collapse
could prevent the entry of all the solvent into the membrane pores,
reducing the permeate flux (TSUI; CHERYAN, 2004).

For membranes NP030 and BW30 the use of different alcohols in
the pretreatment step caused a modest increase in the n-hexane
permeability (around 1.5 fold when compared to pretreatment only with
n-hexane). The behaviour showed by NP030 can be related with the
occurrence of swelling of the polymeric matrix, which in porous
membranes can be responsible for the narrowing of the pores,
consequently reducing solvent permeation (SHUKLA; CHERYAN,
2002, BHANUSHALI; KLOOS; BHATTACHARYYA, 2002).

No correlation was found between the permeabilities and the
nominal pore size of the membranes, since, for example, the membrane
NF270 (polyamide TFC) presented values for permeability very close
to those found for a reverse osmosis membrane, as ORAK (polyamide).
In the same way, RO membranes that showed similar cut-offs, presented
distinct permeabilities, independently of the solvent or the time of
conditioning. This result corroborates the results obtained by Yang,
Livingston and Santos (2001). These authors affirm that the mass
transport mechanisms are not only function of solvent viscosity or
diffusion through the membranes, but also related with interactions
between solvent and membrane, which should be the key factor for the
solvent fluxes.

The best pretreatment solvents to increase n-hexane permeability
were ethanol or iso-propanol. The efficiency of ethanol on pre-treating
polymeric membranes is also reported by Tres et al. (2009), Ribeiro et
al. (2006) and Araki et al. (2010). This fact can be attributed to the
amphoteric character of this alcohol (polarity index = 4.3), since it can
interact with both the polar sites of the hydrophilic membranes and the
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non-polar solvent, i.e., n-hexane (polarity index = 0.1), easing the
solvent  permeation (VAN DER  BRUGGEN; GEENS;
VANDECASTEELE, 2002).

The exposure time to the solvent during pretreatment showed no
significant difference in n-hexane permeabilities. Thus, the conditioning
time established for the following tests was 2 h in ethanol followed by 2
h in n-hexane. In addition to the reduced time, less exposure of the
membrane to the solvent can reduce the effects of swelling. However,
the performance of the pretreatment may vary with the composition of
the membrane and also can depend on the type of solvent used.

3.3.3 n-Hexane resistance and integrity of the membranes

Figure 3 shows the behaviour of n-hexane fluxes in long term
permeation runs for the membranes NF270, NP030, BW30and ORAK.

Figure 3: n-hexane permeate flux in long term permeation runs for NF270,
NP030, ORAK and BW30 at room temperature (25 °C). Py =15 bar; Pgo =20
bar.
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A decrease of permeate flux with time followed by a stabilisation
tendency is noticed, independently of the membrane tested. This is a
normal behaviour, since it shows that the membrane permeation has
achieved steady state, under constant flux. Besides, it can be observed
that the n-hexane permeate flux did not increase during the complete
process (8 h). This behaviour suggests that the membranes remained
stable during the entire permeation test.
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After n-hexane permeation for 8 h, membranes were subjected to
an integrity test, which consisted on the determination of its hydraulic
permeability and its comparison with the values obtained before solvent
permeation, thus checking for any membrane structural changes. Figure

4 presents the water permeate fluxes at different pressures before and
after long term n-hexane permeation.

Figure 4: Water flux before and after n-hexane permeation for (a) NF270, (b)
NP030, (c) BW30 and (d) ORAK.
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It is possible to observe a reduction in water flux after permeation
of n-hexane for all the membranes. These results suggest that there was
no dissolution of the membrane material or pore enlargement. However,
considering that the water fluxes of new membranes were actually
measured after compaction, the results indicate other possible structural
changes, such as a reduction of the effective pore size for NP030, and
changes in membrane top and ou support layers for the dense
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membranes (NF270, BW30 and ORAK), with a possible reduction of
their hydrophilicity. Thus, permeation of solvent led to changes in
membrane integrity and to changes in water permeation resistance. This
performance shows that the impact of the organic solvent on the
membranes is partially irreversible.

The reduction of water fluxes after organic solvent permeation
was also observed in polymeric NF membranes in studies performed by
Geens, Van der Bruggen and Vandecasteele (2004) and Zhao and Yuan
(2006). The same authors relate this fact to the reorganisation of
membrane structure due to the grouping of hydrophilic and hydrophobic
sites within the active layer, increasing membrane hydrophobicity. In
addition, studies performed by Geens, Van der Bruggen and
Vandecasteele (2004) indicate that the exposure of NF membranes to
organic solvents promotes important changes in the polymeric structure,
which can lead to decreases in membrane performance. In their study,
hydrophilic membranes presented low rejections after solvent treatment,
indicating possibly pore size increase. On the other hand, the same
membranes presented a decrease in water fluxes after solvent exposure.
This was an unexpected behaviour, since the effective pore size seemed
to have increased.

3.3.4 Contact angle and surface energy

The contact angle for NF270, NP030, BW30 and ORAK are
presented in Table 4. In general, the time of pretreatment had no effect
on contact angles of the different membranes studied. Therefore, only
the data for the treatments of 2 h and 24 h are shown.

In most cases, a correlation is evidenced between the contact
angle results and the permeate fluxes and permeability of the tested
membranes. Furthermore, the more pronounced changes in contact
angles refer to the most efficient treatment: 2 h in ethanol followed by 2
h in n-hexane, for NF270, BW30 and ORAK; and 2 h in iso-propanol
followed by 2 h in n-hexane, in agreement with the corresponding
permeabilities showed in Figure 3. Increases in contact angle are
observed for all the pretreatments, although to different extents
according to the reduction in hydrophilicity of the membrane caused by
the contact with organic solvents.

The lowest contact angle before pretreatment was obtained for
NF270 (12.4°), proving its primarily hydrophilic character. After
conditioning with ethanol (2 h), an increase of 65 % in the contact angle
was observed. The highest contact angle before pretreatment was
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observed for NP030 (46°), raising it by 45 % after immersion in ethanol
(2 h). No significant difference between solvents was noted, except for
butanol 24 h on NF270 and methanol and n-propanol 24 h on NP030,
which caused the lower increases in contact angle.
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The RO membranes showed higher increases in contact angle
when treated in ethanol for 2 h. Increases were approximately 50 % and
40 %, reaching 82° and 54°, for ORAK and BW30, respectively.
Ethanol induced increases in the contact angles for RO membranes,
even though no significant differences were found between solvents.
The higher angles obtained with immersion in ethanol are in accordance
with the n-hexane fluxes after pretreatment.

In general it could be said that the solvent pretreatment would
adapt the hydrophilic membranes to increase the n-hexane permeation
because a polar solvent as ethanol would increase contact angle by
making the membrane less hydrophilic as happens for the polyamide
membranes (ORAK, NF270 and BW30) that are more hydrophilic than
the polyethersulfone one (NP030) which is even more hydrophobic
when treated with a less polar solvent as iso-propanol.

Permeability is strongly dependent on membrane and solvent
polarities. Thus, the hydrophilicity and hydrophobicity of membrane
surface and the polarity of the solvents used can determine the flux
through the membrane (FIRMAN et al., 2013). From the contact angle
results, it could be expected that NP030 would show the highest
permeability to n-hexane, since it presents the higher hydrophobic
character as well as the higher MMCO. However, even after
pretreatments, this membrane presented the lowest n-hexane permeate
fluxes, whilst NF270, for example, the most hydrophilic, presented the
highest n-hexane flux. This behaviour suggests the occurrence of other
phenomena, as swelling, and also the dependence of permeability on the
interactions between solvent and polymer.

Table 5 presents surface free energy data and its components for
the studied membranes. A slight reduction in the surface free energy
with the pretreatments can be observed to all membranes. Furthermore,
decreases in surface free energy were more intense for membranes
subjected to long term experiments, except for ORAK, which presented
higher decreases after pretreatment in ethanol for 24 h followed by 2 h
immersion in n-hexane.
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The changes in surface free energy suggest that, in contact with
organic solvents, the membranes become more hydrophobic, since the
pretreatment and permeation of n-hexane through the membrane reduces
the possibility of the development of hydrogen bonds and dipole-dipole
interactions.

The dispersive component was almost constant, with slight
variations after the pretreatments. However, the polar component
showed reductions of around two thirds for membranes NF270 and
BW30, and around five sixths for NP030, when exposed to long time
contact with n-hexane. In the same way, the ORAK membrane
presented a severe decrease in polar component of almost five
sixthswhen submitted to pretreatment in ethanol for 24 h followed by 2
h in n-hexane. In addition, Table 5 also shows that the ys* components
were mostly too small when compared with vy, suggesting that the
Lewis basic component is what controls the polar contribution of the
surface free energy (BARGIR et al., 2009). This decrease in polar
component agrees with surface free energy data, also suggesting
increases in the hydrophobicity of the membranes after their contact
with organic solvents.

The adhesion term can be defined as the attraction of a certain
material for another, thus, the adhesion work of water (W), in the
present work, reflects the attraction of water and membrane. This can
indicate that the lower the value for W, the less stable is the system.
Therefore, lower values of Wy.er mean that it is easier to break the
adhesion between the surfaces. In the present study, it can be verified
that for all membranes tested W, decreases, confirming once again
the decrease of the membrane hydrophilic character.

3.3.5 Fourier transform infrared attenuated total reflection (FTIR-
ATR)

The spectra for the membranes pretreated with ethanol followed
by n-hexane and only with n-hexane are presented in Figure 5.
According to Akin and Temelli (2011), most of the commercial NF and
RO TFC membranes are manufactured from polyamide, in the selective
layer, and polysulfone, as the support layer, with UF characteristics
when alone. This type of membrane is made through a polymerisation
process using different combinations of amides, acyl chlorides,
piperazine (aliphatic polyamine), trimethyl chlorides, and others. In
effect, it is possible to verify the presence of a prominent band in 3.300
cm™, for BW30 and ORAK, which refers to the stretching of the -NH
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group of the peptide bond, characteristic of polyamides (TRES et al.,
2010, KWON et al., 2012). NF270 presented a lower intensity band at
this wavelength. According to Known et al (2010), this membrane
consists in a semi-aromatic polyamide-based piperazine and the peaks
around 3.300 cm™, 1.541 cm™ and 1.663 cm™ appear with a low
intensity, as observed in this study. They are typical of aromatic
polyamide which is absent from this membrane (TANG; KWON;
LECKIE, 2009). NP030 is a polyethersulfone membrane but in this case
the 3.300 cm™ band can be attributed to the preserving agents (BELFER
et al., 2000).

Another explanation about the intense vibrational bands obtained
around 3300 cm™ for all membranes with strong increase in
transmittance, i.e. reduction of intensity, after pretreatment could be also
related with the region of stretching -OH groups and hydrogen bonds,
and it is reported as connected to water absorption into polymeric
membranes (HAJATDOOST; SAMMON; YARWOOD, 2002). In
addition, the reduction of this peak can be associated to changes in
membrane polarity. After the pretreatments, the noteworthy reduction of
this band can indicate the removal of water and the increase of the
hydrophobic character of these membranes. These observations agree
with contact angle increases after conditioning, as seen in Table 4.
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Figure 5: Infrared spectra for the new membranes and membranes conditioned
in different solvents for 2 h for (a) NF270, (b) NP030, (c) BW30 and (d)
ORAK.
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A slight reduction of the intensity in some other peaks, for
example in the vibrational bands between 2850 and 3000 cm™, can be
noted after the conditioning. This reduction on these bands intensity can
occur due to the interactions between the solvent and the membrane
material, which acts removing components or even superficial layers
from the membranes, mostly due to the occurrence of swelling
(FLICHY et al., 2001). According Known et al. (2012), after the sample
pretreatment, the coated piperazine (NF270) and aliphatic alcohols
(BW30, ORAK) can be partly removed, which may causes many phenyl
and carboxamide groups of polyamide materials to be directly exposed
to solvent molecules. Any correlation of these reductions with the
solvent or its characteristics, e.g. the polarity, can be observed.

3.3.6 Environmental Scanning electron microscopy (ESEM)

Figure 6 shows the micrographs of the membranes ORAK,
BW30, NF270 and NP030 new and after n-hexane permeation for 8 h.
After n-hexane permeation for 8 h, some visual alterations were
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observed on the structure of the studied membranes. 100,000x
magnifications of the skin layer allowed the observation of changes
from an interconnected to a nodular structure, after the membrane was
pretreated and suffered permeation of n-hexane during 8 h. The
distension of the polymeric chain can occur due to solvent-polymer
interactions, leading to swelling and clustering phenomena, as stated
earlier in this work.
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Figure 6: Photomicrographs of membranes cross-section, new and after n-
hexane permeation for 8 h.
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3.4 Conclusions

Pretreatment of membranes were effective in improving their
permeability to organic solvents. Immersion in ethanol for 2 h followed
by 2 h in n-hexane enhanced n-hexane permeabilities 3-fold for NF270
and ORAK membranes. However, BW30 and NP030 were less
influenced by the pretreatments, showing lower increase in permeability.
Contact angles increased for all membranes after exposure to the
solvents, independently on the pretreatment strategy, justifying the
increases in n-hexane permeate fluxes observed after most of the
pretreatments tested. In addition, the surface free energy decreased, as
well as the polar component, suggesting that the membranes become
more hydrophobic after organic solvents permeation.

Membranes were stable to n-hexane permeation, even after long
term experiments, proving their stability in this organic solvent. The
analysis of membrane physical and chemical structure through SEM and
FTIR revealed slight changes due to visible clustering effect and
reduction or extinction in transmittance peaks. However, the correlation
of these effects with the membranes performance was possible only in a
few cases, confirming that the efficiency of polymeric membranes in
non-aqueous systems is influenced by other factors.

The results obtained in this work with commercial RO and NF
membranes, manufactured for aqueous solutions separations, indicate
that these membranes can be used in separation of non-aqueous
mixtures, without serious structural degradation.
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CAPI’TU’LO IV CARACTERIZACAO DE MEMBRANAS
POLIMERICAS COMERCIAIS DE NANOFILTRACAO E
OSMOSE INVERSA EXPOSTAS A SOLVENTES ORGANICOS.

Este capitulo descreve o trabalho realizado durante o periodo de estagio
de doutorado (PDEE/Capes n° 12948-12-8) na Universidad de
Valladolid (Valladolid/Espafia), o qual considerou a caracterizagdo de
membranas poliméricas comerciais de nanofiltracdo e osmose inversa
submetidas a permeacdo de solventes organicos. O estudo descrito
atende ao seguinte objetivo especifico da presente tese (secdo 1.2):
avaliar as possiveis alteracdes quimicas, morfoldgicas e elétricas das
membranas submetidas a pré-tratamentos extremos: (2 e 24 h) em etanol
seguidos de 2 h em n-hexano e a permeacdo de n-hexano por 8 h, em
relacdo as membranas que ndo passaram por nenhum tratamento
(novas), usando distintas técnicas de caracterizag¢do (angulo de contato e
energia livre de superficie, AFM e El). A caracterizacdo das membranas
expostas a sistemas ndo aquosos permitiu observar um aumento na
rugosidade das membranas e nas medidas de angulo de contato apds 0s
condicionamentos e longos tempos de permeacdo com n-hexano. Além
disso, também se observou a reducdo da energia livre de superficie e da
componente polar, sugerindo um decréscimo na hidrofilicidade das
membranas ap6s contato com solventes organicos. A espectroscopia de
impedancia mostrou os efeitos do confinamento dos ions na camada
ativa da membrana, reduzindo a condutividade elétrica da solucéo,
principalmente ap6s o condicionamento com solventes organicos.

Na sequéncia esta apresentado o trabalho completo realizado neste
capitulo, no formato de artigo, o qual serd submetido a revista da area.
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CHARACTERISATION OF COMMERCIAL
NANOFILTRATION AND REVERSE OSMOSIS MEMBRANES
EXPOSED TO ORGANIC SOLVENTS

Abstract

The use of polymeric membranes with non-aqueous solutions is still
limited, especially due to the fact that commercial polymeric membranes
are mainly produced with highly hydrophilic character. In this sense, the
aim of this study was the characterisation of hydrophilic commercial
polymeric membranes subjected to the permeation of n-hexane for long
term permeation and assessment of the influence of the pretreatment
with ethanol followed by n-hexane in membranes properties. The
membranes were analysed by atomic force microscopy (AFM), contact
angle measurements, and impedance spectroscopy (IS). An increase in
membrane roughness detected by AFM and in contact angle
measurements was observed for all membranes after the pretreatment
and n-hexane long term permeation. Moreover, the surface free energy
and the polar component showed a decrease after organic solvents
exposure, suggesting an increase in membrane surface hydrophobicity.
It has been proved that the effects of confinement of ions within the
narrow pores of nanofiltration and reverse osmosis membranes on the
dielectric phenomena arising in such narrow pores are substantial and
have to be taken into account.

4.1 Introduction

Nanofiltration and reverse osmosis are well-established
technologies mainly in water treatment, removal and concentration of
organics components (KIM et al., 2013, CAMELINi et al., 2013,
BENEDETTI et al.,, 2013) as well as in ocean and brackish water
desalination, advanced water purification and many other industrial
separations (HURWITZ; GUILLEN; HOEK, 2010, SACHIT;
VEENSTRA, 2014). Recently, these membranes have shown a potential
viable alternative for separation and purification process in non-aqueous
applications. Industries from oil refining to pharmaceuticals could obtain
major benefits from reduced energy consumption and simplification of
solvent based processes (OTHMAN et al., 2010, FIRMAN et al., 2013).

Since the application of membrane technology in non-aqueous
media is a recently emerging field, understanding the transport
mechanism and interactions of organic solvent mixtures in polymeric
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nanofiltration and reverse osmosis membranes is still an open research
topic. It has been observed that the performance in polymeric
membranes is much less predictable in the presence of organic solvents,
than in aqueous solutions and the molecular weight cut-off (MWCO) is
an insufficient descriptor for the separation capability of the membrane
in organic solvents (VANDEZANDE; GEVERSB; VANKELEKOM,
2008, MARCHETTI; BUTTE; LIVINGSTON, 2013).

The main problem found in non-aqueous systems is the
membrane stability when organic solvents are used as non-aqueous
media, due to the differences in the structures and physic-chemical
properties of the solvents. Furthermore, the interactions of the solvent
with membrane can result in swelling, plasticisation or solubilisation of
membrane material and subsequent loss of the structure, causing
changes in properties of separation and / or mechanical strength under
pressure (VAN DER BRUGGEN; GEENS; VANDECASTEELE, 2002,
RAFE; RAZAVI, 2009).

The effects of organic solvents in the properties of commercial
polymeric membranes are still poorly understood. Most of the
researches in this field analyses solvent permeability through the
membrane using different solvents (VAN DER BRUGGEN; GEENS;
VANDECASTEELE, 2002; BUONOMENNA et al., 2011). In this
context the membrane characterisation is the best way to understand
membrane behaviour related to organic solvents. The characterisation of
membranes aims to provide a prognosis of their use and to evaluate
possible changes in the process by understanding the formation,
structure and their functional behaviour (SUBRAMANI; HUANG;
HOEK, 2009).

Accurate characterisation of membrane surface physico-chemical
properties, charge and mechanical properties play important roles in the
filtration performance. These characteristics are vital for understanding
solvent and solute transport through nanofiltration and reverse osmosis
membranes, as well as solvent interaction and changes on the
morphology and structure after organic solvent exposition.

Membrane surface properties have been described as a direct
influencing factor on their performance. For example, an increased
surface roughness commonly exhibits an increased surface area and
consequently its contact angle, which for non-aqueous systems would
represent an improvement (BARBOSA,; SILVA, 2012). According to
Wong, Kwon and Criddle (2009) membrane surface charge and polarity
impact the affinity between solvent feed and surface membrane.
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Roughness and surface topography can also provide essential
information about the submicron topography and fundamental material
properties of commercial or experimental membranes. Such information
can be correlated with the performance (flux and solute rejection) of
nanofiltration and reverse osmosis membranes, and with selectivity and
fouling potentials of membranes (YOSHIDA; COHEN, 2003). These
facts are critical in optimising the functions of membranes and
designing novel resistant surfaces (BARBOSA, SILVA, 2012).

Impedance spectroscopy measurements are commonly used for
electrical characterisation of solid and liquid systems by using
equivalent circuits as models to determine their electrical resistance (or
conductivity in case of homogeneous systems) (MONTALVILLO et al.,
2014, YUSO et al., 2014) and to study the electrical properties of
complex materials. With this technique, it is possible to obtain the
different contributions of each layer of the membrane and also to
characterise the electrical double layer. In addition, the system is
modelled by an equivalent electrical circuit from which it is possible to
obtain the resistance and capacitance of each layer and investigate the
solvent influence in the solution conductivity inside the pores (SILVA et
al. 2011).

Due to the lack of information about possible changes that can
occur during the pretreatment and permeation with organic solvents, this
work aims to characterise commercial polymeric nanofiltration and
reverse osmosis membranes through different techniques, such as
contact angle, atomic force microscopy (AFM) and impedance
spectroscopy (IS).

4.2 Material and Methods
4.2.1 Material specifications
Two commercial nanofiltration (NF) and two reverse osmosis

(RO) membranes were studied. The main characteristics of each
membrane, according to manufacturer description, are shown in Table 1.
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Table 1: Tested membranes characteristics

Membrane NF270 NP030 BW30 ORAK
Manufacturer Dow Filmtech ~ Microdyn Nadir  Dow Filmtech ~ Osmonics
Material Poly(amide)®  Polyethersulfone  Poly(amide)®  Poly(amide)
MWCOQO? (Da) 200-300 400 - -

P max (bar) 41 40 41 27

T max (°C) 45 95 45 50

pH range 2-11 0-14 2-11 4-11
Rejection (%) > 97° 80-97° 99.5° 99°

# Rejection in MgSO, (25 °C; 4.8 bar)
PRejection in Na,SO, (20°C; 40 bar)
‘Rejection in NaCl (25 °C; 15.5 bar)
4 TFC: Thin film composite

¢ MMCO: molar mass cut-off

Solvents used in conditioning and in measurement of permeate
fluxes, as well as some of their characteristics are shown in Table 2. All
solvents were analytical grade (> 99 %, Vetec).

Table 2: Solvent characteristics®

Solvent Molar Density ~ Viscosity  Surface  Polarity Dielectric

mass (g-mL™")  (mPa-s) tension Index Constant
(g-mol™) (mN-m™)
Methanol  32.04 0.790 0.590 22.55 6.6 32.7
Ethanol 46.07 0.789 1.078 22.32 5.2 24.3
n-Hexane  86.18 0.659 0.326 17.90 0.1 1.8

#Van der Bruggen et al.(2002)

4.2.2 Membrane Conditioning

Membranes were immersed into distilled water for 24 hours,
replacing the water each 4 hours, to remove possible manufacturing
residues that could affect solvent permeation through the membranes (1%
step). This step was carried out for all tested membranes.

The conditioning procedure was performed by the immersion of
the membranes in ethanol followed by immersion in n-hexane. The
pretreatment in ethanol was carried out by the immersion in the solvent
for 2 or 24 h, followed by immersion in n-hexane for 2 h.

The assays were conducted in a dead-end filtration cell, 120 mL
volumetric capacity, coupled with a manometer (1-40 bar).
Transmembrane pressure was obtained by nitrogen (99.99 %, White
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Martins, Brazil) pressurisation of the headspace of the permeation cell.
The effective membrane filtration area was 2.62-10° m?.

4.2.3 n-hexane resistance

After washing the membrane with water, as described in section
4.2.2 (1* step), they were immersed in ethanol for 30 min and then n-
hexane permeation started. This assay was performed at 15 bar for NF
membranes and 20 bar for RO membranes. n-hexane flux through the
membranes was assessed during 8 hours.

4.2.4 Membrane Characterisation

4.2.4.1 Atomic force microscopy (AFM)

AFM images of the new and treated membranes were obtained
using a Nanoscope IIIA Multimode atomic force microscope (Veeco
Metrology Inc., Santa Barbara, CA). The Tapping Mode technique was
used according to Carvalho et al. (2011) methodology. In this
measurement mode, the cantilever where the tip is located oscillates
with its natural frequency and the sample topography is obtained from
the subsequent changes in the oscillation amplitude. Quantitative
roughness analysis was performed using Nanoscope Software, also
according to Carvalho et al. (2011). The surface roughness was studied
by statistical analysis of images with areas between(1x 1) um®and (5 x
5) um? for different explored areas using thedefinition expressed by the
following Equation 1.

1 n
R, Z\/H;(Z‘ ~-Z.)%. 1)

Where Ry is theroot-mean-square roughness, Zyis the mean value of the
tip-to-surface distance, Zover a reference baseline (2).

4.2.4.2 Contact Angle and Surface Free Energy

The contact angle measurements were carried out using a
goniometer (FTA 200, Virginia, USA) for new and treated membranes.
The contact angle was measured from digitised pictures by an “ad hoc”


http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
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software of analysis. A drop of three different standard liquids,
deionized water, formamide and diiodomethane, with 5 pL, 4 pul. and 0.8
ul, respectively, was added by a motor-driven syringe at room
temperature. The average value of the angles from both sides of each
drop is counted as one measurement. Four measurements were carried
out for each sample. The presented data correspond to the final average
value. Aiming to obtain more direct quantitative information about the
surfaces of the new and treated membranes, and of the differences
between them, surface energies and surface energy components were
calculated from the measurements of contact angles. The Good Van Oss
theory (VAN OSS et al., 1988) can be used to calculate the acid-base
components of solid surface free energies (CLINT; WICKS, 2001). In
this approach, the work of adhesion of a liquid phase (W) onto a solid
substrate can be expressed as:

W = 7' @ +c086,) = 203 r? +\rirs +7irs) )

d + d - +
where 1 1710 Ys Vs 1 Vs v 5 dispersive, basic and acidic
components of the surface free energy of the liquid and the solid,
respectively. The liquid total surface free energy

was y;>t = 7|? +2+/7, 7y~ The equations described by Equation 2 can

be solved to evaluate the three unknowns corresponding to the three
components of the free energy surface for the solid.

It is actually difficult to measure the contact angle accurately, as
far as the process of wetting when the liquid spreads on a surface is
affected by some factors such as: the viscosity of the fluid, the
roughness and heterogeneity of the surface, the temperature of both the
fluid and the substrate, the volume of the drop deposited and the specific
interactions of the fluid and the surface, etc. (KONRADI et al., 2005).
Thereafter, it is only possible to measure an apparent contact angle. On a
rough surface, the apparent contact angle is related to the ideal contact
angle by the Wenzels equation (ZAN; CHOU; YEN, 2008, PALENCIA
et al., 2009):

c0s &,,, = ¢, cos b (3)
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wheref,ppis the apparent contact angle, 6 is the actual Young’s contact
angle and and @;is the ratio between the actual area, Ar, and the
projected area, Ag, obtained by AFM:

(4)
=2

A,

4.2.4.3 Impedance spectroscopy

The impedance spectroscopy allows the determination of the
electric impedance of the studied system as a function of the frequency.
In this case, of a membrane located between two solutions, the system is
represented as follows:

‘ Electrode H KCl Electrolyte

In this work, the Maxwell-Wagner theory was used to describe
the behaviour of the membrane immerged in solution. Adjusting
capacitance and conductance experimental data with the theoretical
curves, obtained through the Equation 5, it is possible to extract
conductivity and permittivity values associated to the membrane /
solution interface.

LK)

& (0)= SNh+Z—1m J— ()

71+ (jor;) @

where ¢ is overall permittivity in the system, j :\/__1, € np IS the
permittivity at infinite frequency, €;,and &;, are the permittivity for each
relaxation time (t;), at low and high frequencies, ® is the angular
frequency, Ky | is the conductivity of the system at low frequency.

On this type of complex configuration, lots of layers and
interfaces can be identified. These layers can own different properties
and lead to the occurrence of different relaxations. In general, a system
composed by N layers may present N-1 times of relaxations and can be
modelled using an extension of Maxwell-Wagner theory where the
whole permittivity for a system with N layers is obtained according to
Kita et al. (1984).
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Once the experimental arrangement and the model are placed on
a parallel flat plate capacitor, it is possible to relate parameters as
permittivity and electrical conductivity with conductance and
capacitance, according to Equations 6 and 7:

S

Gi =K E (6)
S
Ci =& E (7)

where S is the measurement cell effective area, Ax is the thickness of the
considered layer in each process of relaxation. Inserting the Equations 6
and 7 on Equation 5, the whole (complex) capacitance (C*) of the
system can be obtained according to a Cole-Cole relaxations scheme:

* G(w) = C,-C, .Gy,
C =C =C ’ — — ' 8
(@) =Cle)+= N,h+§1+(jmi)1ai - ®

where Cy, is the capacitance at infinite frequency, C;, and C;;, are the
capacitances for each relaxation time at low and high frequency.

Thus, through the Equation 8 is possible to determine capacitance
and conductance of this model, remembering that the real part provides
information on permittivity (or capacitance) and the imaginary part,
conductivity (or conductance).

Using complex capacitance experimental data (equivalent on both
C(ow) and G(w)) it is possible to adjust the expressions above to the
experimental curves and determine the best values for the constants in
the model: Cnp, G1y, Cin, Gip and a;. The aim of this adjustment is to
extract the values that are related to the relaxation on medium
frequencies. These values correspond to the second arc of the Nyquist
diagram, and are a contribution of the interface membrane (active layer)
/ solution. This procedure characterises an equivalent circuit for the
whole range of frequencies, representing a series combination of
capacitance and resistance in parallel.

From the values regarding the 2™ arc of the Nyquist diagram, it
was possible to calculate the values of the solution conductivity at the
active coating of the membrane. Thereunto, the relation shown on
Equation 7 was used, where the value of 4,is introduced as the thickness
of the active layer and S as the effective area of the membrane. Inserting
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the values for capacitance related to the 2" Nyquist arc, the conductivity
of the active layer, xn, is obtained considering membrane’s porosity
according to Equation 9:

S

Ax‘c"O

©)

The thickness of the active layer, 4,, was obtained through
estimation over a series of ESEM (Environmental Scanning Electron
Microscopy) cross-section images of the studied membranes, which
gave the average value of 90 nm. The area of the membrane was
supposed to be equal to its area in contact with the solution and has a
value of 10.17878 cm2 The permittivity value of the vacuum was
considered as g, = 8.854210 F-m™.

It was also possible to calculate the conductivity within the pores,
considering them as cylindrical and slit, using Equations 11, 12 and 13.
The overall or wet permittivity, xn, for the membrane active layer can be
put in terms of both the dry membrane or polymer conductivity, xq, and
the conductivity of the solution inside the membrane pores, #,, by means
of the adequate consideration of the addition of parallel capacities and
according to Equation 10:

Kn =KpAk +(1_Aa)Kd (10)

where Ay is porosity of the membrane active (or skin) layer that can be
estimated by using the ratio A/Ax and a mean membrane thickness of
Ay =90 £ 30 nm measured approximately from Environmental Scanning
Electron Microscopy (ESEM) images. The ratio A,/Ay is obtained from

the Hagen-Poiseuille Equation 11 as:
2

Ba_ T

Xa

A ) B,n,L, 4y

The water permeability, L,, was experimentally measured after
pretreatment. The Sy(factor defining pore geometry) value should be 8 or
3 for cylindrical or slit pores geometries, respectively
(MONTALVILLO et al., 2014). It is known that the viscosity of

solutions inside nanometric pores is enhanced due to the effects of
confinement. Therefore, it has been calculated as proposed by
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Wesolowska, Koter and Bodzek (2004) for cylindrical pores, according
Equation 12;

1
(l—d/l’p)4 s d/I‘p(4—6(d/I’p)+4(d/|’p)2 —(d/rp)3)
T 10n,

np,cyl = ( (12)

where 7, is the bulk water viscosity (8.9x10™ Pa-s), d is the thickness of
water molecules layer in bulk free (0.28 nm - MONTAVILO et al,,
2014) and ryis the average pore size of each membrane (NF270: 0.35 nm
HILAL et al., 2004; NP030: 0.52 nm CARVALHO et al., 2011; ORAK
and BW30: 0.28 nm). Similarly for slip-shaped pores the pore viscosity
is calculated by Equation 13:

) L+oa-d/r) ]
Mo sit = 107,

(13)

The adjustment process of the theoretical curve of capacitance
and conductance is described according to Figure 1. The process starts
with the obtainment of impedance experimental data. With the
association of an equivalent circuit to impedance data, experimental
values of conductance and capacitance are obtained as function of
frequency.

On the other hand, using Maxwell-Wagner model to describe the
relaxation processes of the system originated by interfacial polarization,
it is possible to determine theoretical capacitance and conductance also
as function of frequency. The last two parameters associated to the
interface membrane (active layer) / solution are constant parameters
within the Maxwell-Wagner model, so that the adjustment on the curves
of C(w) e G(w) aims to obtain the better value for these and other model
unknowns. After adjustment, values correspondent to the 2™ semi-circle
of the Nyquist diagram, noted as Cpy, Crny Gt € G, €an be gathered.
Using the interfaces model, it is possible to obtain the contribution from
each fase, i.e., from the active layer, Cry, and Gy, goal of this paper,
and from the solution, C, and Gym.
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Figure 8: Scheme of the adjustment used between theoretical and experimental
curves for calculation of conductance and capacitance associated with the 2™
semicircle in the Nyquist diagram, corresponding to the active layer parameters,
Cmmand Gy, and solution parameters, C,,, and Gy,
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Impedance measurements were performed in a specific
equipment (Solartron 1260, Solartron Analytical, UK), where the values
for impedance, a complex number Z* were obtained as a function of the
electric field frequency. Harmonics electric fields were applied on the
measurement electrodes, analysing at frequencies from 10 mHz to 10
MHz. A total of 64 points have been used, since this number of points is
enough to appreciate all relaxation times in an operation time of about 1

The cell has two identical semi-cells of methacrylate of 10.18
cm? of active area, with a flat and circular Ag/AgCl electrode of 32 mm
of diameter in each one. Both components are located inside a stainless
steel vessel that behaves like a Faraday shield and isolates the system
from any external electromagnetic field. The cell and the arrangement
were designed by Montalvillo et al. (2014). The system and connections
with the impedance analyser are shown in Figure 2.

Each frequency scanning lasted approximately 1 h. Initially, a
KCI solution was used at 0.001M. Measures of Z* and f were taken for
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each value of pH, analysing pH’s 3, 5, 7, 9 and 11. The conductivity of
the free solution was measured using a conductivimeter (EC-Metro GLP
31, Crison, Barcelona/ES) and the pH of the solution was controlled
through a pHmeter (PH BASIC 20, Crison, Barcelona/ES).

When an alternating current (AC) is used on the measurements,
other parasites currents may cause disturbances on the experiment.
Therefore, it was necessary to deduct these currents on the value for
each frequency. These rectifications where considered during
measurements and calculations with the membrane system to correct the
values for each one of the frequencies according to Montalvillo et al.
(2014).

Figure 9: Schematic representation of the impedance measurement system
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G
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Source: adapted from Montalvillo et al., 2011
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4.3 Results and discussion
4.3.1 Membrane Characterisation

4.3.1.1 Atomic Force Microscopy

The AFM morphological images representing an area of 1 pum x 1
pum of the membranes studied are shown in Figure 3. On the left-hand
side is the topographic image, and on the right-hand side is the phase
contrast image. The topography showed a surface without contrast and
few details can be observed. The image phase contrast shows the
different morphology for the membranes NF270 and NP030, which are
smoother than the reverse osmosis membranes ORAK and BW30.
Changes in all membranes topography after the different treatments can
be observed. It may also be noted that the roughness tends to increase,
when the pretreatment time with ethanol is increased (24 h), for all
membranes studied. This tendency was confirmed by the roughness
values, according to Table 3.


http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1

129

Figure 10: AFM images of membranes (1 pum x1 um): NF270 (a;) new, (a,)
EtOH 2 h, (a;) EtOH 24 h, (a,) n-hexane resistance; NP030 (b,) new, (b,) EtOH
2 h, (bs) EtOH 24 h, (b,) n-hexane resistance; ORAK (c,) new, (c,) EtOH 2 h,
(c3) EtOH 24 h, (c,) n-hexane resistance; BW30 (d;) new, (d,) EtOH 2 h, (ds)
EtOH 24h, (d,) n-hexane resistance
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Pretreatment with ethanol for 24 h showed greater effects on the
roughness for all the membranes, inducing the increase in roughness by
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3.5 1.0, 20 and 1.3-fold, for NF270, NP030, ORAK, BWS30,
respectively, when compared with the new membranes. This increase in
the roughness for the membranes treated with ethanol for 24 h may
occur due to high-swelling rate or clustering effect, in longer time’s
solvent exposition. The clustering effect is associated with slight
changes in the polymer configuration due the solvent polarity (VAN
DER BRUGGEN; GEENS; VANDESCATEELE, 2002). This
hypothesis is corroborated in the present study by the observed increase
of membrane contact angles after ethanol pretreatment, which will be
discussed in section 4.3.1.2. The lower influence of short-time ethanol
pretreatment (2 h) could be due to short time-length for such slow
processes as swelling or clustering effect of the membrane (ZHAO;
YUAN, 2006). An increase in roughness after pretreatment with pure
ethanol was reported by Zhao and Yuan (2006) for commercial
nanofiltration membranes (Desal-DK/Osmonics and MPF-50/Koch).

Table 3: Membrane roughness (Ry) and roughness factor (®;) for the
membranes studied in different conditions.

Rq D,
New 25+0.2 1.040
EtOH (2h) + n-hex (2h) 40+0.1 1.063
NF270
EtOH (24h) + n-hex (2h) 8.7+0.1 1.079
n-hexane resistance 47+0.3 1.037
New 43+0.2 1.033
NP030 EtOH (2h) + n-hex (2h) 48+0.2 1.076
EtOH (24h) + n-hex (2h) 50%0.1 1.051
n-hexane resistance 1.6+0.2 1.015
New 37.0+£0.2 1.382
EtOH (2h) + n-hex (2h) 59.0+0.2 1.942
ORAK
EtOH (24h) + n-hex (2h) 725+0.1 2.395
n-hexane resistance 59.2 +0.3 1.661
New 21.0£0.2 1.053
BW30 EtOH (2h) + n-hex (2h) 27602 1160

EtOH (24h) + n-hex (2h)  29.2+0.1  1.195
n-hexane resistance 43.0+0.1 1.415
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The long-term exposition to n-hexane caused an increase in
roughness for the membranes NF270, ORAK and BW30 (2.0, 1.5 and
2.0-fold, respectively) when compared with the new ones. However, the
membrane NP0O30 presented a decrease in the roughness after long-term
permeation with n-hexane. This fact can be related with plasticization
phenomena. Furthermore, this membrane was visually translucent after
n-hexane permeation, which is a characteristic of plasticisation (TRES,
2012). Nevertheless, according to the Figure 4, all membranes show a
slight decrease on permeate flux with time followed by a stabilisation
tendency. In other words, n-hexane permeation modifies the membrane
surface, without altering or damaging their performance. If damage had
occurred, an accentuated decline in the flux resistance would have been
noticed and expressed by a quite high permeate flux (ARAKI et al.,
2010).

Figure 11: n-Hexane permeate flux in long term permeation runs for NF270,
NP030, ORAK and BW30 at room temperature (25 °C). APyr = 15 bar; APgg =
20 bar.
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4.3.1.2 Contact angle and surface free energy

Table 4 shows Young and apparent contact angles, for each
membrane and condition investigated. Contact angle results can be
improved by taking into account the roughness and corresponding
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roughness factor (@r) of the membrane surface, measured by AFM and
using the values known (apparent contact angle). These @r factors were
averaged from the values obtained from AFM images with nominal
projected topographic area of 1.0 um®.

For all membranes the roughness presented a substantial
influence in the contact angles. Considering the Wenzel correction, the
membrane contact angles (Young angles) increased with the increase in
roughness, since the roughness factor, @r,was always greater than 1.
The Wenzel’s model predicts that the apparent contact angle when a
liquid wets a surface (0 < 90°) will decrease if the surface is rough (0
< eYoung)-

Also, for all the membranes studied, an increase in contact
angles, obtained with water, after pretreatment with ethanol was noticed,
which means that after the conditioning the membrane become less
hydrophilic. Also, the contact angle for the apolar liquid
(diiodomethane) was lower. The same behaviour was observed for all
membranes submitted for long-term permeation with n-hexane. After
pretreatment with EtOH (24 h), an increase in the contact angle with
water around 3-fold was observed for the membrane NF270, 2-fold for
BW30 and 1.5-fold for NP0O30 and ORAK. These changes in the
membrane polarity could mean that the membrane hydrophilicity
decreased. Van der Bruggen, Geens and Vandescateele (2002) reported
that the immersion in ethanol causes a clustering effect on hydrophobic
and hydrophilic groups on membrane top layer; thus hydrophilic
membranes tend to become slightly more hydrophobic, whereas
hydrophobic membranes become more hydrophilic. The increase was
higher for the pretreatment in 24 h in ethanol. Moreover, the reverse
osmosis membranes presented the highest angles after conditioning.
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Another possible explanation for those behaviours may be
connected with the membrane manufacturing polymer, since the
membranes studied are hydrophilic and generally the hydrophilicity of
NF and RO membrane is mainly controlled by the electrostatic and/or
hydrogen-bonding interactions between the solvent molecules and
surface functional groups.

Based on the FTIR (Figure 5) results for membranes NF270,
ORAK and BW30, it can be verified that the amount of superficial
hydroxyl groups (3.300 cm™) gradually decreased following the
sequence: new membranes, membranes pretreated with EtOH (2 h) + n-
hex (2 h) and membranes pretreated with EtOH (24 h) + n-hex (2 h).
Therefore, their contact angles increased in the same sequence as above
(Table 4). After the sample pretreatment, the coated piperazine (NF270)
and aliphatic alcohols (BW30, ORAK) or bound water can be partly
removed, which may cause many phenyl and carboxamide groups of
polyamide materials to be directly exposed to solvent molecules (LI et
al., 2013). This fact results in the decrease in membrane hydrophilicity
and the increase in contact angle values.
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Figure 12: Infrared spectra for the new membranes and membranes conditioned
in different solvents for 2 h for (a) NF270, (b) BW30 and (c) ORAK.
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In the same way as for the membrane samples submitted to
different pretreatments, an increase in contact angle was observed after
n-hexane long-term permeation, endorsing that organic solvent cause a
clustering effect in hydrophilic membranes, increasing their
hydrophobicity.

The surface free energy of the membrane determines the surface
and interfacial behaviour (or interaction) during wetting and adhesion.
Surface free energy and their dispersive and polar components,
calculated by Good Van Oss model were summarised in Table 5. These
membrane properties are an important parameter for understanding the
liquid wettability, adhesion, and repellence properties (KIM et al.,
2009). For all membranes a reduction in the total surface free energy
after the pretreatment with ethanolwas observed.

Also, for the longer pretreatment (24 h ethanol + 2 h n-hexane),
the greatest decrease in surface free energy was observed. This
reduction in surface free energy properties of the polyamide membrane
would be expected to minimise the water adhesion propensity,turning
the membranes less hydrophilic, since the membrane pretreatment
reduces the formation of hydrogen bonds and dipole-dipole interactions.
At the same time, a reduction in the polar component (y") was observed
whilst the dispersive component (yd) only suffered slight changes,
suggesting that the exposure to solvents influenced the Lewis (polar)
forces to a large extent. The long term permeation with n-hexane also
induced a reduction in the surface free energy, nonetheless, with a less
pronounced effect. It is possible that 30 min in ethanol might not have
been enough to induce the clustering effect here, and that ethanol may
have a stronger influence on membrane material than n-hexane.
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Also, the yd component made the major contribution to the total
surface free energy for all membranes and suffers less variation
compared with the y°. This is due fact that the y* component of many
polymers may be independent of their surface chemical composition
(LUNER; OH, 2001). This behaviour results in a contribution, given by
the y* component, of approximately 80 - 90 % of the total surface free
energy. All membranes predominantly exhibited an electron-donor
character (y’). The predominant Lifshitz-van der Waals(yd) behaviour is
likely due to the intra and intermolecular interactions between electron
donating and accepting sites (Lewis neutralisation) and the lower
hydroxyl content after organic solvent pretreatment. This behaviour is
consistent with the contact angle results, indicating that the chemical
surface was modified by pretreatment with organic solvent.

4.3.1.3 Impedance Spectroscopy - Dielectric behaviour of KCI in the
membrane system

The result of the adjustments on Nyquist diagram for the obtained

data on the measurements with pH 7 for the new membranes can be
observed at Figure 6, where it can also be verified that the proposed
model fits well to the experimental results.
The impedance measurements as function of frequency for
nanofiltration membranes, generates three arcs in the Nyquist diagram.
This means that there are three relaxation processes in this system. The
measurement system is comprised by the solution and the two
membrane layers (active layer and non-woven base). The same
behaviour was observed by Montalvillo et al. (2011).

The 1% arc in the Nyquist diagram is related with high
frequencies, 10’ Hz to 10" Hz, which occur due to the vibration of the
ions K" and CI" in the solution and in the non-woven layer of the
membrane. The 2" arc is associated with medium frequency, 10* Hz a
10 Hz, and is due to the reorganization of charges on the interface
solution/active layer, i.e., it is due to the interfacial polarization on the
interface between the active layer and the solution. It is assumed that the
K" and CI" ions have less mobility within the pores, due to the charge
distribution potential in which they are immersed. Thus, it cannot follow
the applied electric field at high frequencies as do the ions of the free
solution. This implicates in a phase difference between the solution
inside and outside the pores. The 3™ arc is associated with the
reorganization of the charges at the interface between the solution and
the electrodes. This effect occurs at low frequencies, 10% Hz to 10 Hz.
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For the reverse osmosis membranes, presents in the Figure 6 (c)
and (d), it is possible to verify the occurrence of only two arcs, where
the 1%, related to the KCI vibrations, presents much higher magnitude
than those of the nanofiltration membranes. This behaviour may occur
due to the smaller pore sizes and higher mass transport resistance caused
by the accumulation of ions at the non-woven layer. As for the 2™ arc,
since it appears as an outspread of the 3" arc, it is possible to perform
the deconvolution of the 2™ arc to calculate the required constants.

Figure 06: Nyquist diagram for KCI at pH 7 for new membranes (a) NF270; (b)
NP030; (c) ORAK and (d) BW30. Symbols are experimental results and

continuous lines are the model fit.
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Figure 7 shows conductance and capacitance as a function of
frequency, for each studied membrane and each pretreatment performed,
are presented. It was verified that the higher the frequency, the higher is
the membrane conductance. This behaviour can be noticed in all tested
membranes.

Besides, the harsher the pretreatment, the lower was the
conductance of the membrane, i.e., when compared to new membranes,
without any treatment, the membrane submitted to 24 h immersion in
ethanol followed by 2 h in n-hexane presented lower conductance. Also,
when submitted to long-term permeation with n-hexane, membranes
also presented low conductance. The conductance is a property related
to the electric current flowing through a certain material. It is the inverse
of the electric resistance. Therefore, it can be inferred that for lower
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conductance, the higher the electric resistance. Thus, it is possible that
the tested organic solvents in longer contact with the membranes help
reducing their charges, increasing their resistance to current flow.

Regarding to the capacitance (Figure 7, a;, by, ¢; and dy), it is
possible to observe its decrease as a function of frequency. The
capacitance it is the ability of a body (capacitor) to store an electrical
charge. It is determined by the amount of the electricity that can be
stored in this body generated by the amount of voltage or alternated
current that flows through it in a certain frequency.

In low frequencies, the membranes NF270, NP030 and BW30,
subjected to treatment for 2 h in ethanol followed by 2 h in n-hexane,
presented the lower values for capacitance. As frequency is increased,
all membranes, including those submitted to different pretreatments,
presented capacitance around 10™° F.

Figure 07: Frequency dependent of the conductance (a, b, ¢, d) and capacitance

(a1, b, c1, d1) for the membranes (a) NF270, (b) NP030, (c) )JORAK and (d)
BW30.
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The conductance and capacitance are shown as a function of pH
in Figure 8. A slight reduction can be noticed in all of them near pH 7.
This behaviour can be better understood relating the conductivity of the
active layer as a function of pH, according to Figure 9.

Figure 8 presents the conductivity for the solution and for the
active layer as a function of pH for each membrane and its respective
treatments. It can be clearly noticed that the confined solution on the
active layers has lower conductivity than the free solution. The solution
conductivity at the active layer is around four orders of magnitude less
than that for the free solution for the membranes new and pretreated in
ethanol for 2 h followed by 2 h in n-hexane. An even higher difference
can be seen between the conductivity of the confined solution at the
active layer and the free solution (around 7-8 times lower) for the
membranes conditioned with 24 h immersion in ethanol followed by 2 h
in n-hexane and for those submitted to n-hexane for 8 h. Montalvillo et
al. (2011) have found the same behaviour in their study performed with
a commercial nanofiltration membrane comprised by polyamide.

Besides, the conductivity within the pores of the active layer
decreases with the increase of pH until a minimum, then increases as the
pH is increased. This behaviour occurs due to the fact that the pH,
potential of hydrogenation, measures the amount of existent H and OH"
ions at the solution. If pH is lower than 7, there is a massive presence of
H" cations, making them primarily responsible for the electric current.
On the other hand, if pH is higher than 7, there a larger concentration of
OH" anions, making them the main electric current generators. Thus, the
higher values for conductivity were obtained at the opposite extremes of
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pH scale. As the ionic mobility of H* is higher than OH", the
conductivity for lower values of pH is slightly higher than on its
opposite extreme. When pH is around 7, there is a higher balance
between the ions H" and OH™ in the solution, indicating a sharp decrease
on free ions capable of conducting electricity, which explains the
reduction of conductivity.

Figure 8: Conductivity of free and confined solution as a function of the pH for
tested conditions on each membrane: (a) NF270; (b) NP030; (c) ORAK; (d)
BW30.
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The values of conductivity for the solution within membrane
pores for pH 7 are presented in Table 6. Conductivity was calculated
considering cylindrical and slit pores, according to Equations 12, 13 and
14. It can be observed that the solution conductivity behaviour within
the pores was almost the same presented by the conductivity obtained at
the active layer of the membrane, i.e., for pH around neutral,
conductivity is lower. Besides, new and submitted to lighter
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pretreatment (2 h ethanol + 2 h n-hexane) membranes presented the
higher conductivities within the pores. Meanwhile, the membrane
conditioned for 24 h in ethanol, along with the membrane used for long-
term n-hexane permeation (8 h), presented lower values for the pore
confined solution conductivity. Still, it can be verified that slit pores
allowed higher conductivity for the solution when compared to
cylindrical pores. Studies performed by Montalvillo et al. (2014) also
demonstrated higher conductivity for the pore confined solution when
slit-shaped pore model were used in the calculation. The same authors
also affirms that it is only the consequence of the higher geometrical
restriction acting on the cylindrical pores that substantially reduces the
capacity of the ions to react to an external field. Nanofiltration
membranes showed higher conductivity to solution within the pores due
to larger pore size in comparison with reverse osmosis membranes,
which are dense.

After the pretreatments a decrease in the solution conductivity
within the pores was observed. This behaviour is more expressive for
the membranes that were submitted to the pretreatment in EtOH (24 h)
and for those that remained permeating n-hexane for long periods. It is
possible that long periods in contact with an organic solvent could
change the membrane charge or modify the interactions between
membranes and solvents, as shown for the contact angles and surface
free energy results.
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No study with membranes in non-aqueous systems was found to
compare the results shown in the present paper with literature data. It is
noticed that the longer the membrane remained in contact with organic
solvents the lower was the conductivity of solution within the pores.
This fact may lead one to believe that the organic solvent alters the
electrical and dielectrical characteristics of the membranes, reducing the
mobility of the ions of the solution and even of the ions related to the
membrane charges, thus reducing the conductivity of the solution in
study.

4.4 Conclusions

The effect of pretreatment with ethanol (2 or 24 h) followed by n-
hexane (2 h) and the long-term permeation (8 h) with n-hexane on
physico-chemical and morphological properties of four commercial
membranes was evaluated to investigate the stability of different
nanofiltration and reverse osmosis membranes. Transport of organic
solventhas certain interactions with the polymeric materials, weakening
the structures and inducing a structural reorganization. This is confirmed
by contact angle increase and surface free energy decrease for all
membranes after both pretreatment (2 h and 24 h ethanol) and long term
permeation with n-hexane (8 h). In addition, the values of Wyuer
decreased, meaning that it is easier to break the adhesion between the
surfaces (water/membrane). The AFM analysis showed changes in
membranes topography mainly in the reverse osmosis membranes. This
behaviour complies with the membrane roughness. The conductivity of
the solution inside the pores has been successfully determined,
considering slit and cylindrical pore geometries, and also for the active
layer. The solution conductivity had an expressive reduction after both
pretreatment and long term permeation assays. In summary, using the
above characterisation measurements it was possible to evaluate the
membranes changes after organic solvent exposure that should expand
the available information to be used as predictive tools to develop new
membrane materials. Moreover, the studied membranes showed changes
in their chemical, morphological and electrical properties, which could
improve the filtration of apolar feed.
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CAPITULO 5: AVALIACAO DA PERMEACAO DE MISTURAS
DE OLEOS VEGETAIS E n-HEXANO ATRAVES DE
MEMBRANAS POLIMERICAS COMERCIAIS DE
NANOFILTRACAO E OSMOSE INVERSA.

Este capitulo descreve o estudo da permeacdo de misturas de dleos
vegetais e n-hexano utilizando membranas poliméricas comerciais de
nanofiltracdo e osmose inversa. Este estudo atende ao seguinte objetivo
especifico da presente tese (se¢do 1.2): avaliar o desempenho de
membranas poliméricas comerciais de nanofiltracdo e osmose inversa na
dessolventizacdo de misturas de dleos comestiveis (6leo de mamona e
6leo de macauba)/n-hexano. Neste estudo foi investigado o desempenho
de membranas poliméricas comerciais de nanofiltracdo e osmose inversa
na permeacdo de misturas sintéticas de Oleos vegetais (mamona e
macauba) e n-hexano. O desempenho foi avaliado em fungdo do fluxo
permeado e da retencdo de 6leo. Os melhores resultados para a retengdo
(= 60 %) e fluxo de permeado foram obtidos com misturas de 6leo de
ricino e n-hexano, utilizando a membrana de nanofiltragdo NP030. Para
0 6leo de macauba a melhor relagdo entre fluxo de permeado e retencédo
também foi encontrado por membrana NP030.

A seguir, esté apresentado o trabalho completo realizado neste capitulo,
no formato de artigo, o qual sera submetido a revista da area.
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EVALUATION OF PERMEATION OF VEGETAL OILS AND n-
HEXANE MIXTURES THROUGH POLYMERIC
COMMERCIAL NANOFILTRATION AND REVERSE OSMOSIS
MEMBRANES

Abstract

Membrane separation is an alternative technology to replace the
conventional steps in the processing of vegetal oils. In this work, the
performance of polymeric commercial nanofiltration and reverse
osmosis membranes in the permeation of a vegetal oil (castor and
macauba) oil/hexane mixture was investigated as a function of the
permeate flux and oil retention. Synthetic castor and macauba oil
mixtures with n-hexane were used in concentrations of 1:10 (oil/n-
hexane). Membranes showed typical flux behaviour, compatible with
other studies concerning oil/solvent mixtures permeation. Best results
for retention (= 60 %) and permeate flux were obtained with castor oil
mixtures using nanofiltration membrane NP030. For macauba oil the
best relation between permeate flux and retention was also found for
NP030 membrane. When using castor oil higher swelling and
plasticization influence on membrane performance was observed.

5.1 Introduction

Raw materials, such as macauba and castor oil, with high oil
content, can be drawn by the combination of mechanical pressing with
extraction by organic solvents. However, there is the inconvenience of
solvent removal, usually n-hexane, for oil recovery and solvent
recycling.

The solvent removal step is the most critical process, due to
economic, environmental and safety implications. Currently, the solvent
separation from oil/solvent mixtures occurs using a process of
distillation and subsequent condensation for the solvent reuse.
Nevertheless, this procedure involves high-energy costs and eventual
loss of oil quality due to heating demand, which could be minimized
with the use of membranes for partial desolventization of the mixture.
Hence, many recent studies in the membrane technology application of
fats and oils have focused on the recovery of solvents (COUTINHO et
al., 2009; KOSEOGLU; ENGELGAU, 1990).

Membrane technology, as unit operation, is an alternative to
traditional processes for solvent recovery and oil refining which are
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widespread in the industry, including food industry. Membrane
advantages are related to clean technologies, such as low energy
consumption, security and reduction in water consumption (OCHOA et
al., 2001).  Nevertheless, progresses in this field are slow, mainly due
to high availability of commercial membranes produced for aqueous
systems. In non-aqueous systems, these membranes present low
permeate flux, and sometimes low physico-chemical stability,
promoting limitations to application of this technology in these systems
and suggesting the need for more research in this area.

Thus, a conditioning step is considered essential in the
permeation of organic solvents in polymeric membranes developed for
aqueous solutions. Among its major effects, pretreatment can cause a
clustering effect in hydrophilic and hydrophobic sites in the membrane
superficial layer, removing preservatives and wetting of the surface and
pores increasing the permeate flux without affecting expressively the
retention (VAN DER BRUGGEN; GEENS; VANDECASTEELE,
2002, GARCIA et al., 2006).

In the present study, commercial nanofiltration and reverse
osmosis polymeric membranes were evaluated in the desolventization of
mixtures of vegetal oils (castor oil and macauba oil) and n-hexane. The
membrane performance was evaluated by the permeate flux
measurement and oil retention.

5.2 Materials and methods

5.2.1. Oils and solvents

Raw macauba oil, obtained through kernel mechanical extraction,
was purchased from Cocal Special Oils Ltd. (Abaeté, Minas Gerais,
Brazil). Castor oil was purchased from Lafan, Sdo Paulo, Brazil. Both
oils were stored in 1 L amber glass flasks, in inert atmosphere (N,) at
approximately -18 °C, to minimize degradation.

Solvents used for membrane pretreatment and permeate flux
determinations were: ethanol and n-hexane (> 99 %, Vetec, Sdo Paulo,
Brazil).

5.2.2. Membranes

Four commercial membranes were studied, two nanofiltration
(NF) and two reverse osmosis (RO). The main characteristics of each
membrane, according to manufacturer description, are shown in Table 1.
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Table 1: Characteristics of commercial membranes.

Membrane NF270 NP030 BW30 ORAK
Manufacturer Dow Filmtech ~ Microdyn Nadir ~ Dow Filmtech ~ Osmonics
Material Poly(amide)®  Polyethersulfone  Poly(amide)®  Poly(amide)
MWCOQO? (Da) 200-300 400 - -

P max (bar) 41 40 41 27

T max (°C) 45 95 45 50

pH range 2-11 0-14 2-11 4-11
Rejection (%) > 97° 80-97° 99.5° 99°

# Rejection in MgSO, (25 °C; 4.8 bar)
PRejection in Na,SO, (20°C; 40 bar)
‘Rejection in NaCl (25 °C; 15.5 bar)
4 Polyamide Thin film composite

¢ MMCO: molar mass cut-off

5.2.3Membrane conditioning

Firstly, all membranes were immersed in distilled water for 24 h
to eliminate possible manufacturing residues that can affect the
permeation of solvent. For the assays with macauba oil, two
pretreatments were used: ethanol (2 or 24 h) followed by n-hexane (2 h);
while for assays with castor oil just one pretreatment was tested: ethanol
(2 h) followed by n-hexane (2 h). The pretreatments were defined after
preliminary tests with different solvent combinations.

5.2.4 Permeation of oil/n-hexane mixtures

The assays were conducted in a dead-end filtration cell working
in batch, 120 mL volumetric capacity, coupled with a manometer (1-40
bar) and a nitrogen cylinder for pressurization (99.99 %, White Martins,
Brazil). The membrane was supported on a sintered porous stainless-
steel disc. The effective membrane filtration area was 2.624-10° m®.

Mixtures of oil and n-hexane at a concentration of 1:10 (m:m -
castor oil or macauba oil: n-hexane) were used. This mixture was stirred
for at least 30 min previously to the assays. To minimize the fouling
phenomena the oil/hexane feed solution was stirred with a magnetic bar
(400 rpm) placed over the membrane surface during the filtration. The
temperature was maintained at 25 °C during all the experiments.
Transmembrane pressures for the membranes were 15 bar for
nanofiltration membranes and 20 bar for reverse osmosis membrane for
the both oils used. During each experiment, samples of permeate flux
were collected every 5 minutes during the first 60 minutes and two more
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samples at 75 min and 90 min. Permeate fluxes were collected in amber
flasks with stopper and cap, as described in Figure 1.

Figure 1: Permeate sample collection scheme to macauba or castor oil /
n-hexane mixtures permeation assays.

Figure 1: Permeate sample collection scheme to macauba or castor oil / n-
hexane mixtures permeation assays.

Empty flask weighing
v
Permeate sample collection
v
Flask + sample weighing (oil + n-hexane)
v
Solvent evaporation in oven (60 °C/12 h)

v

Flask + oil weighing (without solvente)

The permeate mass flux (J) (kg- h™'* m2) during the filtration was
calculated using the Equation 1:

J=—2" @)

wherem, (kg) is the mass of permeate collected in the time interval t (h)
and ap(m?) is the membrane surface area of permeation.

After the final weighing, oil retention (%) was calculated for each
membrane in each pretreatment, as described elsewhere (PAGLIERO et
al., 2011; TSUI; CHERYAN, 2004), through the Equation 2:

C
R(%)=1-—>
(%) c (2

R
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5.3 Results and discussion

5.3.1 Castor oil / n-hexane mixtures permeation

Permeate fluxes versus time are presented in Figure 2 for each
membrane pretreated ethanol (2 h) followed by n-hexane (2 h). A severe
decline in flux values can be observed in NP030, ORAK and BW30
membranes, which later stabilises during the process. In accordance
with the results obtained by Firman et al. (2013), it was also verified that
the membrane is quickly fouled in the first 20 min. This behaviour
implies that the membrane resistance changes during the initial
permeation process, possibly due to concentration polarisation
phenomenon and development of an oil gel-layer on the membrane
surface and can be also in part attributed to permeation operational
mode. As it was mentioned in Section 5.2.3 the stirred dead-end cell was
operated in batch mode operation, so the oil concentration in the
permeation cell increases with operation time, leading to a gradual
increase in the feed concentration and decrease of permeate flux. Similar
behaviours were reported by Araki (2010), Manjula, Nabetani and
Subramanian (2011) and Pagliero et al. (2011) in polymeric
ultrafiltration and nanofiltration membranes. On the other hand, the
membrane NF270 presented almost constant flow during the process.
This behaviour could be related to the hydrophilicity of this membrane,
which is the highest between the studied membranes.

Also, it can be observed that the highest permeate flux was
obtained in NP030, with overall flux around 8.5 kg-h™-m™, followed by
ORAK (1.5 kg-h™-m?); BW30 (1.3 kg-h™-m?) and NF270 (0.5 kg-h"
L.m?). Direct comparisons with literature data are difficult, as the
membranes used are from different manufacturers, pore sizes and pore
size distribution.

Although NP030 presents the highest average flux between tested
membranes, it also presented the more drastic flux reduction during
permeation (about 2.5 times). After 80 min of permeation it does not
show flux stabilisation. This behaviour can be explicated due to its
higher MMCO and its porous structures. The reduction in the permeate
flux may be consequence of mass transfer limiting phenomena, as the
concentration polarization effects or the occurrence of fouling
(PAGLIERO et al., 2007).
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Figure 2: Castor oil permeate flux for the membranes NF270, NP030, ORAK

and BW30 pretreated with ethanol (2 h) + n-hexane (2 h).
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Higher fluxes were expected for the NF membranes, due to its
higher MMCO, as showed by NP030. However, NF270 presented lower
fluxes in castor oil / n-hexane mixture permeation than the reverse
osmosis membranes. This behaviour can be related to the higher
hydrophilic character of this membrane. This way, at the beginning of
the mixture permeation, the polarity gradient between membrane and
mixture can lead to a fast formation of fouling layer, and consequently,
low fluxes. Furthermore, this behaviour can demonstrate that in non-
aqueous systems, permeability is not only function of MMCO, yet also
strongly dependent on hydrophilic/hydrophobic character of the
membranes used and the solvent polarity. Thus, this characteristics can
determine the permeate flux through the membrane (FIRMAN et al.,
2013). Still, improvements in permeate fluxes can be obtained using
higher temperatures, causing a decrease in viscosity, as reported by

Pagliero et al. (2011) and Firman et al. (2013).

The performance of the membranes was also evaluated based on
oil retention capacity. Values for castor oil retention for each membrane

are summarised in Table 2.

Higher retention observed for ORAK is consistent with its
MMCO. On the other hand, BW30 (RO) presented lower oil retentions
than NP030 (NF). For NF270, lower fluxes and retentions were found.
The best balance between permeate flux and oil retention was found for
NPO030, indicating reasonable performance and stable behaviour during
the experiments. In the study performed by Darvishmanesh et al. (2011),
which soaked NF membranes for 24 h in solvents before micelles
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permeation, overall fluxes of 0.55 kg-h™-m? and 38 % oil retention
were obtained for SOLSEP NF030306, a hydrophobic membrane.

Table 2: Castor oil retention for each membrane.

Membrane Retention (%0)
NF270 46.5
NP030 55.9
BW30 49.2
ORAK 59.0

5.3.2 Permeation of macauba oil / n-hexane mixtures

Permeate fluxes as a function of time can be observed in Figure
3, for each membrane in both pretreatments (ethanol 2 h or 24 h
followed by n-hexane 2 h). In the same way as for castor oil curves,
macauba oil/n-hexane mixtures presented a flux reduction at the first 20
minutes followed by a deceleration on the decrease rate and a tendency
to stabilisation, also reported elsewhere (MANJULA; NABETANI;
SUBRAMANI, 2011). In most cases, the stabilisation can be observed
after 60 minutes of permeation. The initial reduction can be related to
the generation of a polarized layer at membrane surface. Pagliero et al.
(2011) also report the phenomena of concentration polarisation and
generation of the gel layer at membranes surface as the responsible for
flux reduction at the beginning of sunflower oil and n-hexane mixtures
filtration with polymeric membranes.
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Figure 3: Macauba oil permeate flux for the membranes NF270, NP030, ORAK
and BW30 pretreated with ethanol (2 h) + n-hexane (2 h) and ethanol (24 h) +
n-hexane (2 h).
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Initial reductions on permeate fluxes were more expressive for
NF270 (EtOH 2 h + n-hexane 2 h) and BW30 (EtOH 24 h + n-hexane 2
h), around 3.5 and 3 folds, respectively. This behaviour may be
associated with the occurrence of fouling, probably caused by
phospholipids (gums) that were not completely removed with the
conventional degumming process (PAGLIERO et al., 2007).

Permeate fluxes did not present clear correlation with the
pretreatment time in ethanol. For NP030 and BW30, the pretreatment of
24 h in ethanol followed by 2 h in n-hexane promoted highest permeate
flux. However, membranes NF270 and ORAK, when submitted to the
pretreatment of 2 h in ethanol followed by 2 h in n-hexane, presented
the highest fluxes.

Nanofiltration membranes, NF270 and NP030, presented fluxes
around 1.5 kg'h™*m™ using different pretreatments: EtOH 2 h + n-
hexane 2 h and EtOH 24 h + n-hexane 2 h, respectively. However, the
membrane NP0O30 showed a decrease in permeate flux (around 3.5 fold),
while the membrane NF270 showed a constant permeate flux during the
process.

For the reverse osmosis membrane BW30, after 20 minutes the
permeate flux (around 1.0 kg-h™m?)is almost the same for both
pretreatments, 2 h and 24 h in ethanol. ORAK presented the lowest
permeate fluxes, and no permeation was observed when pretreated in 24
h ethanol followed by 2 h n-hexane.
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The studied membranes were also evaluated based on oil
retention. Retention measurements of macauba oil in n-hexane are
summarised in Table 3.

Table 3: Macauba oil overall retention for each membrane.
Overall retention

Membrane Pretreatment (%)
EtOH 2 h + n-hexane 2 h -26.2
NF270
EtOH 24 h + n-hexane 2 h -29.1
EtOH 2 h + n-hexane 2 h -9.5
NP030
EtOH 24 h + n-hexane 2 h 23.4
EtOH 2 h + n-hexane 2 h 145
BW30
EtOH 24 h + n-hexane 2 h -22.3
ORAK EtOH 2 h + n-hexane 2 h —40.al
EtOH 24 h + n-hexane 2 h np

®no permeation

In general, for all membranes and pretreatments lower retention
of macauba oil was observed. Membranes NP030 and BW30 presented
the highest retention, around 25 % and 15 %, respectively. Furthermore,
in many cases, the macauba oil retention obtained was negative. This
means that, in these membranes, the selectivity barrier is against n-
hexane permeation, instead to the oil. Similar results were reported by
Tres et al. (2009), on the permeation of mixtures of soy oil and n-hexane
in UF commercial polymeric membranes. According to these authors,
negative retentions can also be promoted by membrane plasticisation.
Due to the increase in oil concentration on the filtration cell and the
system pressure, the concentration of oil on the membrane surface also
increases possibly intensifying the plasticisation and swelling effects.
When these phenomena take place, it is hard to predict the mass
transport through the membrane, since its comprising material also
seems to exert great influence on permeation.

5.4 Conclusions

Studied membranes showed flux behaviour and intensity
compatible with other reported data on literature. Permeate fluxes
showed no correlation with membranes MMCO for any of the tested
oils, since higher fluxes were found to NP030, ORAK and BW30. This



167

endorses the need of specific studies for each membrane in non-aqueous
systems, due to the wide range of factors affecting the permeation of
organic solvents through polymeric membranes. Regarding the castor
oil, retentions up to 60 % were observed, whilst for macauba oil,
retentions were lower and in many cases, negatives, probably due to the
occurrence of swelling and plasticisation. NPO30 presented the best
equilibrium between the permeate flux and retention for both tested oils,
indicating potential for industrial use on the partial desolventization of
vegetal oils.
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CAPITULO VI: EFEITO DO CO, SUB E SUPERCRITICO EM
MEMBRANAS POLIMERICAS COMERCIAIS DE
NANOFILTRACAO E OSMOSE INVERSA.

Este capitulo refere-se ao estudo do efeito do CO, denso em
membranas de nanofiltracdo e osmose inversa. As analises de
caracterizacdo deste capitulo foram realizadas durante o estagio de
doutorado (PDEE/CAPES n° 12948-12-8) realizado na Universidad de
Valladolid (Valladolid/Espafia). Este estudo atende aos seguintes
objetivos especificos da presente tese, de acordo com a secdo 1.2:
determinar o efeito da exposi¢cdo de membranas de nanofiltracdo e
osmose inversa ao CO,denso por 8 h usando diferentes técnicas de
caracterizacdo (fluxo de permeado, angulo de contato e energia livre de
superficie, MEV, AFM e TGA). Este estudo permitiu verificar que tipo
de alteragbes as membranas poliméricas podem sofrer ao serem
submetidas ao CO, denso. Neste sentido foi possivel verificar que o CO,
interage com o material da membrana, enfraquecendo a estrutura da
matriz polimérica e induzindo a uma reorganizacdo desta. Os maiores
fluxos permeados foram encontrados para condicdes supercriticas,
provavelmente devido a maior hidrofobicidade decorrente de interagdes
de grupos polares do CO,. Além disso, foram encontrados aumentos na
rugosidade e nos angulos de contato para todas as membranas estudadas
apo6s a exposicdo ao CO,. A energia livre de superficie sofreu um
decréscimo, bem como a componente polar, indicando que a exposi¢do
de membranas poliméricas hidrofilicas a sistemas com CO, denso causa
alteracdes de polaridade da camada ativa. A analise termogravimétrica
indicou que ndo houve alteragdo das caracteristicas térmicas das
membranas em estudo apds a permeacdo de CO,. As condigdes
supercriticas demonstraram maior influéncia nas alteragGes estruturais e
morfoldgicas das membranas e as analises de caracterizacdo permitiram
a observacdo de alteragBes importantes na superficie destas, muitas delas
favorecendo a permeacdo de compostos apolares. As alteracGes
ocorridas ndo indicaram sinais intensos de degradacdo da membrana,
sugerindo potencial de utilizacdo da tecnologia de membranas em
sistemas com CO,denso. A seguir, estd apresentado o trabalho completo
realizado neste capitulo, no formato de artigo, o qual foi submetido a
revista Journal of Membrane Science.
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EFFECT OF SUPERCRITICAL AND SUBCRITICAL CO; ON
COMMERCIAL POLYMERIC REVERSE OSMOSIS AND
NANOFILTRATION MEMBRANES

Abstract

Coupling supercritical CO, extraction with membrane separation can
lead to energy savings. However, exposure of polymeric membranes to
dense CO, may cause physicochemical and/or morphological changes in
the membranes, which can affect process performance. Thus, the aim of
the present work was to study the performance of four commercial
membranes upon CO, subcritical and supercritical static processes and
characterized by different methods. The membranes were tested up to 8
h in static process, using two different conditions (180 bar/40 °C —
supercritical and 80 bar/ 20 °C — subcritical). The possible changes in
membrane characteristics were investigated byatomic force microscopy
(AFM), contact angle and surface free energy, thermogravimetric
analysis (TGA) and scanning electronic microscopy (SEM). Changes in
membrane roughness and in contact angles were observed for all
membranes after CO, sub and supercritical. Moreover, the surface free
energy and the polar component showed a decrease after CO, exposure,
suggesting an increase in surface hydrophobicity of membranes
associated mainly with CO, and polymer interaction. TGA results did
not change after CO, exposure. Supercritical condition revealed to cause
important changes in the membranes due to the higher solubility of CO,
in polymeric matrix at this condition.

6.1 Introduction

Membrane technology has been recognised as a useful tool in
many industrial applications such as water purification, gas and vapour
separation, and fuel cells (KIM; LEE, 2013). This technology is known
due to the simple scale up,low energy demand compared with energy
intensive conventional processes and can be carried out under moderate
pressure and temperature conditions (BAKER, 2009).

More recently, membrane technology offered a suitable option
for continuous regeneration of supercritical fluids. One of the main
issues in high-pressure applications is the recovery of the supercritical
fluid, which represents the major part of the operational costs
(SHANNON et al., 2008). Furthermore,the use of dense CO, has
become a great alternative to replace organic solvents in the extractionof
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solute molecules, due to CO,tuneable dissolving power (SARMENTO
et al, 2008, AKIN; TEMELLI, 2012%).

Coupling membrane separation with CO, supercritical extraction
is a relatively new technology, an attempt to separate the extracted
components from CO,, with benefits in terms of low energy
consumption and compact process design compared with other
technologies. Moreover, the use of a membrane can lead to a reduction
in pressure losses and recompression costs (KIM; LEE, 2013).

Detailed studies about the use of commercial polymeric
membranes in supercritical CO, systems are still limited, although there
aresome instances of applications of this approach using commercial
thin film membranes with supercritical CO, (CARLSON; BOLZAN;
MACHADO, 2005, PATIL et al., 2006, AKIN; TEMELLI, 2012%.
Studies report that different membranes made of polyvinyl alcohol
(PVA) and a polyamide copolymer (IPC) were available with a good
CO, permeability and offers possibilities for efficient regeneration of
carbon dioxide while maintaining supercritical conditions (PATIL et al.,
2006). Sarmento et al. (2008) verified that the polymeric membranes
used (DL, HL - Osmonics and NF — Dowfilmtec) showed a good
mechanical resistance and good permeability values for pure
supercritical CO, and for its mixture with cocoa extract. The polyphenol
retention index for these membranes were all greater than 90% when
submitted to a pressure differential of 10 bar. Also, for the long-chain
polyphenols, the retention was maxima. Nevertheless, thin film
polyamide membranes were not considered stable under supercritical
conditions by Akin and Temelli, (2012°), especially upon the application
of depressurization, due the stability of the membranes. The membrane
structure was affected due to compaction, resulting in a lower CO, flux
and higher oleic acid retention at higher transmembrane pressures.

The main motivation behind the research on membrane properties
and stability has been the strong interaction of CO, with polymer
materials at high pressures and better understanding on how such
interactions would improve membrane performance. These interactions
can lead to phenomena as the swelling of the polymeric matrix,
plasticisation or the dissolution of membrane material and subsequent
loss of morphological structure, causing changes in separation properties
and /or mechanical resistance under pressure (PATIL et al., 2006;
ZHOU et al., 2014%). Therefore studies in this field can promote benefits
to different industries and stimulate the development of new membranes
for use with supercritical CO,.
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In this context, the aim of this study was to investigate the effect
of supercritical and subcritical CO, on morphological and
physicochemical changes in four commercial membranes (NF270,
NPO030 — nanofiltration; ORAK and BW30 — reverse 0smosis) under two
static subcritical and supercritical CO, conditions. For assessing the
membrane performance, the CO, flux was determined.

6.2 Materials and methods

6.2.1 Material specifications

Four commercial membranes were studied, 2 nanofiltration (NF)
and 2 reverse osmosis (RO). The main characteristics of each
membrane, according to manufacturer’s description, are shown in Table
1. The solvent consisted ofcommercial CO, (99.95% - White Martins,
Brazil).

Table 1: Tested membranes characteristics.

Membrane NF270 NPO030 BW30 ORAK
Manufacturer Dow Filmtech ~ Microdyn Nadir ~ Dow Filmtech Osmonics
Material Poly(amide)®  Polyethersulfone  Poly(amide)®  Poly(amide)
MWCO?® (Da) 200-300 400 - -

P max (bar) 41 40 41 27

T max (°C) 45 95 45 50

pH range 2-11 0-14 2-11 4-11
Rejection (%) >97% 80-97° 99.5° 99°

* Rejection in MgSO, (25 °C; 4,8 bar)
PRejection in Na,SO, (20°C; 40 bar)
‘Rejection in NaCl (25 °C; 15.5 bar)
4 TFC: Thin film composite

¢ MMCO: molar mass cut-off

6.2.2 Membrane CO, subcritical and supercritical static processing

Assays to determine the effect of the contact of polymeric
membranes with pure CO, were performed in static mode, i.e., the
operating system was filled with CO, and let stand for 8 hours at
different pressure and temperature conditions, according to Table 2.
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Table 2: Process parameters used in the assays of membrane exposure to dense
CO,.

Pressure (bar) Temperature (°C)
180 40 Supercritical
80 20 Subcritical

The schematic diagram of the static supercritical system is
presented in Figure 1. The system was pressurised using a syringe pump
(Model D260, Teledyne ISCO Inc., Lincoln, NE). A dead-end type
stainless steel membrane module (Ce) was used to accommodate flat
sheet membranes. The effective membrane filtration area was 2.624-107
m2 CO, flux was controlled by the pump controller to maintain the
pressure system constant. The latter was monitored by a pressure gauge
(P) (Novus, Model HUBA-511, Switzerland). The module bottom had
two micrometric valves (V4 and Vs) (Hoke, model 1315G4Y, USA)
used to depressurise the system at the end of process. A flow meter (F)
(Quantim, model QMBMA4L1A3A1B3A1KB1B1A1CA, USA) was used
to monitor the CO, flow.

Figure 1: Experimental unit used for static CO, exposuretests.

O BT1

7y
W

V5

(C) gas cylinder; (B) syringe pump; BT, and BT, temperature-controlled bath;
(V1-Vs) valves; (P) Pressure gauge; (Ce) stainless steel membrane module; (F)
flow meter; (T) temperature sensors.
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Initially the internal pump chamber was filled with solvent (CO,).
The valve V, was slowly opened (1 bar.s™) until the system reached the
working pressure. Valve V3 remained opened during system
pressurization to promote equal pressure on both sides of the membrane;
therefore, avoiding mechanical damages to it, closing V3 after the work
pressure is stable. Cell (Ce,) temperature was adjusted by a thermostatic
bath (BT,) connected to the cell’s jacket and controlled by a temperature
sensor (thermopar). Then, the CO, permeate flux was measured closing
the valve V3 to build up the transmembrane pressure by adjusting the
micrometric valve (Vs). The pressure differential between the upstream
and downstream was monitored by a pressure gauge (P) and it was used
AP=10 bar. The permeate flux was monitored for 45 min. Thereafter the
valve Vs was closed and the system remained for 8 h in contact with
CO, in static mode. At the end of the 8 h contact period, the permeate
flux was measured again, using the same conditions stated of the
beginning of the assay. Then, the valve V2 was closed to isolate the
system whilst the valve V5 was slowly opened to depressurize the
system (1 bar-s™).

6.2.3 Membrane Characterisation

6.2.3.1 Atomic force microscopy — AFM

Images of the membranes were obtained by atomic force
microscopy (AFM) using a Nanoscope IIIA Multimode (Veeco
Metrology Inc., Santa Barbara, CA). The Tapping Mode technique was
used according Carvalho et al. (2011) methodology. In this
measurement mode, the cantilever where the tip is located oscillates
with its natural frequency and the sample topography is obtained from
the subsequent changes in the oscillation amplitude. Quantitative
roughness analysis was performed using Nanoscope Software, also
according to the same authors. The surface roughness was studied by
image statistical analysis with areas between(1x 1) um”and (5 x 5) pm?
for different explored areas, using theEquation 1:

1 n
R, :\/H;(Z‘ ~-Z.) 1)

whereR, is the root-mean-square roughness, Zyis the mean value of the
tip-to-surface distance, Zjover a reference baseline (Z).


http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
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6.2.3.2 Contact Angle and Surface Free Energy

The contact angle measurements were carried out by a
goniometer (FTA 200, Virginia, USA) both for new and treated
membranes. The contact angle was measured from digital pictures by
using an “ad hoc” software of analysis. A drop of three different
standard liquids, deionised water, formamide and diiodomethane, with 5
uL, 4 uL and 0.8 pL, respectively, was added by a motor-driven syringe
at room temperature. The average value of the angles from both sides of
each drop is counted as one measurement. Four measurements were
carried out for each sample. The presented data correspond to the final
average value.

For more direct quantitative information on the surfaces of the
new and treated membranes, surface energies and surface energy
components were calculated from contact angles. The Good-van Oss
theory (VAN OSS; GOOD; CHAUDHURY, 1988) was used to
calculate the acid-base components of solid surface free energies
(CLINT; WICKS, 2001). In this approach, the work of adhesion of a
liquid phase (W) onto a solid substrate can be expressed according to
Equation 2:

W =y (1+0086,) = 2(Jyere +\rive +rirs) ?)

where)/.?17|?,7|Jir,7:,75_,7:,are dispersive, basic and acidic

components of the surface free energy of the liquid and the solid,
respectively. The total liquid surface free energy

was ¥, = }/l? + 247, 75 - The equations described by Equation 2 can

be solved to evaluate the three variables corresponding to the three
components of the free energy surface for the solid.

It is actually difficult to measure the contact angle accurately, since the
process of wetting when the liquid spreads on a surface is affected by
some factors as the viscosity of the fluid, the roughness and
heterogeneity of the surface, the temperature of both the fluid and the
substrate, the volume of the drop deposited and the specific interactions
of the fluid and the surface (Palencia et al., 2009). Therefore, it is only
possible to measure an apparent contact angle, which is not actually that
to be used in Equation 3. On a rough surface, the apparent contact angle
is related to the ideal contact angle by the Wenzel’s equation (BOUSSU
et al., 2005; PALENCIA et al., 2009).
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cosd,,, = ¢, coso (3)

wheref,ppis the apparent contact angle, 6 is the actual Young’s contact
angle and @is the ratio between the actual area, Ar, and the projected
area, Ag, according to Equation 4:

¢ = A 4)

A

6.2.3.3 Environmental scanning electron microscopy (ESEM)

Membrane samples were dried in desiccators for 24 h before the
ESEM analysis to remove any residual solvent. The samples were
analysed in a FEI Quanta 200 FEG (FEI Company, Model Quanta 200
FEG, USA). Cross-section samples were obtained from the fracture in
liquid nitrogen.

6.2.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed in a thermal
analysis instrument (Q500, New Castle, USA). Disc samples cut from
films with weights between 5 and 15 mg were tested. When running
dynamic scans, High Resolution (HiRes) mode was used, where the
heating rate is automatically adjusted in response to changes in the rate
of weight loss, which results in improved resolution (HAINES, 1995),
with an initial heating rate of 10 °C/min under a nitrogen flux.

6.3 Results and Discussion

6.3.1 Pure CO, permeate flux

Figure 2 presents the curves for pure CO, permeation with time.
In general, independently on the membrane or its comprising material,
permeate flux was generally higher under supercritical condition. Higher
fluxes obtained after CO, exposure suggests that the polymeric matrix is
changing, which is probably due to swelling and/or plasticisation of the
polymer by the CO,. When CO, is subjected to higher pressures and
temperatures, its capacity of interacting with the polymer gets stronger,
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which may lead to more severe changes in membranes structures,
resulting in more pronounced swelling or plasticisation of the polymer,
as a result for the higher mobility of the polymeric chain (ZHOU et al.,
2014%, ZHOU et al., 2014%). Since the membranes were comprised of
polyamide (NF270, ORAK and BW30) they present a high number of
hydroxyl groups in its structure. Thus, hydrogen bonding can result in a
relatively higher mobility on the polymeric chain, especially in harsher
conditions of pressure and temperature (AKIN; TEMELLI, 2012b),
increasing the permeate flux, as observed in these assays. In less severe
conditions (subcritical), it is necessary further relaxation of the
polymeric matrix, thus longer time to observe expressive increases in
flux, justifying the lower fluxes for this condition.

Figure 2: Pure CO, permeate flux before and after CO, exposure for the
membranes: (a) NF270 (b) NP030 (c) ORAK (d) BW30.
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For NPO030, permeate fluxes were lower than the others
membranes in both tested conditions. For this membrane, in subcritical
condition, there were practically no differences before and after CO,
exposure, whereas in supercritical condition, a tendency to flux
increasing during permeation time can be observed. This increase in the
permeate flux can be related to the solubilisation of dense CO, in the



178

polymeric matrix, causing swelling (SAUCEAU et al., 2011), which
does not occur in subcritical conditions. Also, according to Kim and Lee
(2013), some polymers, like polyethersulfone, hold a small free volume
in the polymeric chain, and thus, presents lower permeate fluxes to
gases, which corroborates with the results found in the present work.

Averages permeate fluxes for each membrane is shown in Table
3. It can be verified that, after the membrane exposure to CO, for 8 h, an
increase in permeate flux, around 1.6-fold, occurred for all membranes
in comparison with the initial flux, for both conditions, with exception
the membrane NP030 in subcritical condition.

Table 3: Average permeate fluxes for each membrane in all tested conditions
(sub and supercritical), before and after CO, exposure.

Permeate flux*(L-h™-m?)
NF270 NP030 ORAK BW30
Before Subcritical 126+5 14+3 71+4 162+9
Supercritical 130+3 90+13 151+13 216+10
Subcritical 160+9 14x2 1307 24712

Supercritical 210+9  153+12 244+15 303%8
# Average permeate flux obtained during 45 min of permeation

After

As mentioned earlier, the use of high pressure also eases the
diffusion and solubility of CO, through the polymeric matrix, causing
expansion and swelling of the polymeric material. Consequently, it
promotes the plasticisation of the membrane and changes in physical
and mechanical properties, leading to the occurrence of higher fluxes at
the end of the 8 h period. Another reason for the relatively higher flux
could be the higher surface hydrophobicity arising from dense CO,
polar group interactions. Higher hydrophobicity on the top surface could
lead to higher dissolution rates of CO,, resulting in higher flux when
compared with its new form. This fact is consistent with the increase in
contact angles observed after the CO, exposure, which will be
commented in section 6.3.3.2.
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6.3.2 Membrane Characterisation

6.3.2.1 Atomic force microscopy — AFM

Atomic Force Microscopy (AFM) was performed to analyse the
surface topology of the commercial membranes before and after CO,
exposure. The micrographs are presented in Figure 3. The valleys are
characterised by the darkest coloration and, depending on the type of
membrane, they can be considered as the pores, or internodular domains
for dense membranes. The brightest spots represent the elevations. It can
be verified that before the CO, exposure, the studied membranes
presented a heterogeneous topology, with some organisation patterns for
each membrane in a nanometric level. These distinct profiles are a direct
result of membrane composition and polymeric arrangement. For
example, membranes NF270 and NP030 exhibit a surface with an active
layer, more regular and smooth, whilst ORAK and BW30 surfaces are
more irregular and rough. These results also corroborate with roughness
measurements presented in Table 4.

In general, the possible reason for such differences is that the
reverse osmosis membranes used in this work are comprised of
polyamide thin film, obtained by different kinds of reactions and
configurations of the aromatic ring substituents (ortho-, meta-, or para-)
of monomers (KWAK et al., 1999). This way, the highest roughness
occurs for these membranes due to the higher distance between meta-
oriented amines monomers (m-PDA), which results in a lack of
hydrogen bonds and in the formation of irregular polymers when
compared, for instance, with NF270, comprised by piperazine based
polyamide (TANG et al., 2006). These results are consistent with studies
performed by Tang et al. (2006) and Akin and Temelli (2011).
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Figure 3: AFM images of: NF270 (a3, A;) new; (a,, A,) subcritical; (as, Aj)
Supercritical; NP030 (b, B;) new; (b, B,) subcritical; (bs, B;) Supercritical;
ORAK (cy, C,) new; (c,, C,) subcritical; (bs, Bs) Supercritical; BW30 (d,, D)
new; (d,, D,) subcritical; (ds, D3) Supercritical. a,b, ¢ and d are the AFM images
for surfaces with areas of 5 pm?and A, B, C and D are the 3D AFM images for

surface area of 5 pm>.




Still according to Figure 3 and Table 4, it is possible to verify that
the influence of CO, on all membranes’ surfaces is evident, and more
expressive in membranes subjected to supercritical conditions. As
commented earlier in this paper, in pressure and temperature conditions
above the critical point (74 bar and 31 °C), the solubility of the CO,
increases, thus, the amount of CO, dissolved in the polymer is higher,
which can lead to the swelling of the polymeric matrix and consequently
to the increase of free volume of the polymer chains. Patil et al. (2006)
reported that the swelling of the polymeric chain could occur due to
interactions between CO, and polar groups from the polymeric material
of the membrane.
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Koros (1985) indicated that the carbonyl groups had the strongest
effect on plasticisation of the polymer network. CO, also has the
potential to induce hydrogen-bonding interactions. Reverchon and
Cardea (2007) reported that due to greater segmental mobility of the
polymer, caused by the swelling or plasticisation, results in membrane’s
structural changes. According to Ronova et al. (2012), the swelling of
the polymeric matrix leads to a reduction in glass transition temperature
and a reduction in the energy barrier on the polymer, i.e., the polymer
with more free volume needs less energy for segmental mobility,
causing rearrangements in the matrix and increase in roughness. Assays
for determining the Tg from the studied membranes were performed.
However, results found were not satisfactory. This way it cannot be
stated that the structural changes occurred only due to the swelling of
the polymer. Also, according to Ronova et al. (2012), structural changes
due to swelling and plasticisation of the polymer can lead to leaching of
polymeric material from the active layer due to detachment or
degradation, which may lead to increase in roughness.

Table 4: Membrane roughness calculated from different surface areas and
roughness factor for each studied condition.

Rqg (nm)
Membranes (5%5) um (Ix1) pm @,

New 45 2.5 1.040

NF270 80 bar/20 °C 8.7 4.5 1.047
180 bar/40 °C 45.0 7.7 1.048

New 15.5 3.1 1.021

NP030 80 bar/20 °C 17.7 4.7 1.022
180 bar/40 °C 63.7 52 1.051

New 73.1 37.0 1.053

ORAK 80 bar/20 °C 92.6 48.5 1.398
180 bar/40 °C 103.5 56.0 1.318

New 45.3 21.0 1.382

BW30 80 bar/20 °C 51.7 29.8 1.752
180 bar/40 °C 62.3 38.5 1.925

In Table 4, it is also observed that the scanned area plays a
significant role: the larger the scanned area, the higher the roughness.
The phenomenon of increasing roughness with increasing scan area can
be related to the dependency of the roughness on the spatial wavelength
of the scanned area or the frequency. For a small surface area, only the


http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
http://pt.wiktionary.org/w/index.php?title=%C3%97&action=edit&redlink=1
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roughness of the higher frequencies is measured. When a larger surface
area is scanned, the roughness caused by additional lower frequencies
also has to be taken into account. This results in a higher roughness
value when a larger surface area is scanned. Another explanation for this
behaviour may be related to the scan size change. It is possible to get a
different surface topography, resulting in a different roughness.

It is known that the roughness of the active layer affects the
contact angle or wettability of the membrane, since there is a direct
correlation between the surface roughness and the contact angle, as
shown in Equation 3. This means that membranes with lower roughness
will present lower contact angles (more hydrophilic) and rougher
membranes, usually hold higher contact angles (more hydrophobic)
(RAHIMPOUR et al., 2010). Therefore, in next section, the changes in
the contact angles after the exposure to sub and supercritical CO, will be
discussed, highlighting the morphological modification in the active
layer surface, not only in terms of this, but also regarding to membrane
hydrophobicity.

6.3.2.2 Contact Angle

The contact angle measurements provide information on the
hydrophobicity and hydrophilicity of membranes surface. The Young’s
and apparent contact angles, for each membrane and condition are given
in Table 5. As mentioned before, these results can be improved by
taking into account the roughness of the membrane surface that was be
measured by AFM. The roughness was obtained from scanned areas of
1.0 um’® because at this scale there is still resolution enough but
macroscopic features, not attributable to the membrane, are not
considered (RAMON et al., 2008). The roughness and corresponding
roughness factor (@r) are shown in Table 5.These @r factors were
averaged from the values obtained from AFM images with nominal
projected topographic area of 1.0 um?.

The surface chemistry and structure represent directly affect the
contact angle, whereas the changes in the active layer result in a variable
contribution to the contact angle, i.e. the lower the roughness, the closer
the apparent contact angle is to Young’s contact angle. The increase in
surface area due to roughness can influence the measurement and
interpretation of contact angles due to the irregular interface formed
(SUBRAMANI; HUANG; HOEK, 2009). In the present study, the
Young contact angles increased after the roughness factor consideration.
This occurs since the roughness factor, @,, was always greater than 1.
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The Wenzel’s model predicts that the apparent contact angle when a
liquid wets a surface (8<90°) will decrease if the surface becomes rough
(Bapp < Bvoung)- So, the Young angle showed an increase for all the
membranes studied, especially for the reverse osmosis membranes and

after contact with dense CO..



185

auRYIBLIOPOIIP = ( ‘apIWewlo) = 4 ‘Jalem = A\

VEFEQ E€CFLT9 PVCF¥89r GEFV6EE ECFOEE V'¢+6°8T a
€T+.89 €T+9¢€9 vEF8Lyr ET+9G €TF68E VEF6'TC 1 osMMg
9¢+98L 6T+8¢9 €eF¥9¢es 9C¢+9/9 6T+ V6 EeF6TE M
8T+CTS TE*ver €0+T6¢ 8TFEVE TEFGPC ETFTEC d
ZT¥82S OTFGIS €0¥28 <CTFCLE O9TFG6C E€0F6TL 4 SIVHO
6T+¥0€9 80FTC9 90FS05 6TFCES BO0FC6Y 90F08Y M
6T+96C VZI+9TC TEFGVS 6TF¥0VC AAA T TE€EF08¢E d
LOFL09 VIFGEr STF9ES LOFT6S VIFTCr  GTFOES 4 0£0dN
V¢+¥968 €ET+969 €T+ L'ES V'¢+v'G8 ET+T69 €T+8¢S M
CTFGTE ETF9ULE 8'T+ 8'6¢ CT+1.9¢ ET+6¢EE 8T+0LE da
PTF0TE L0F28 60FS02 VIFTOZ LO0F.22 6GO0FTEL 4 024N
¢T+G985 80+F0LE 6'0+ T°0¢ ¢CT+899 B0FCEE 60F ¢l M
pedogrjiang N gt jans MeN
(BunoAg) a1Sue Suno x (%) a1Sue yudaeddy

"2 9SuSp 0} PAPIUQNS SAULIGUISUL J0J PUE SOUBIQUIIW MU 10} Sa[Sue J0ejuod judiedde pue s Suno A :g 9[qe],



186

In general, higher contact angles with water indicate that the
surface is more hydrophobic. Equivalently for liquids with low polarity,
smaller angle values correspond to higher wettability (KONRADI,
2005). In this context, a reduction in contact angleswas observed for the
less polar liquid (diiodomethane) while it increases for formamide and
significantly for water. This indicates an increase in hydrophobicity of
the surface after CO,exposure.

The Young contact angle for NF270, NP030, ORAK and BW30
membranes increased 3-fold, 1.6-fold, 1.2-fold and 1.5-fold,
respectively, after exposure to CO, in supercritical condition (180
bar/40 °C). After exposure to COjsupercritical (80 bar/20 °C), the
membranes presented an increase of 1.2-fold. In general, for the
supercritical condition, the increases in contact angle were higher. This
behaviour highlights the higher solvation capacity in these conditions.
According to Akin and Temelli (20122, the polar groups N-H and O-H,
present in the polymeric material of the membranes, easily interacts with
CO, and these changes in contact angle can be a good indicator of the
interaction between these groups.

Table 6 presents surface free energy data and its components for
the studied membranes. A reduction in the surface free energy with the
CO, exposition for all membranes can be observed. The reverse osmosis
membranes showed the greatest drop in surface energy after CO,
exposure (1.4-folds). Also, for these membranes, only slight differences
between the membranes exposed to subcritical and supercritical CO,
could be detected.

Table 6: Work of adhesion (W), surface free energy data (ys°®) and its
components: dispersive (y,), acid and basic (ys" and vs) and polar (y") for each
membrane.

A & 4 rt W yater

s Y

New 53.28 39.71 13.57 0.89 5198 145.13

NF270 80 bar/20 °C 51.23 40.80 10.43 0.70 38.70 134.43
180 bar/40°C  51.09 43.59 7.50 122 1419 11547

New 35.62 31.73 3.89 0.11 3528 117.33

NP030 80 bar/20 °C 4371 4261 1.10 0.11 261 92.01
180 bar/40 °C  49.77  47.30 2.47 0.18 8.65 91.99

New 53.18 33.60 19.58 0.84 2210 114.70

ORAK 80 bar/20 °C 39.52 3461 4.91 0.28 21.24 109.04
180 bar/40 °C  38.58 35.60 2.98 0.30 20.95 109.77

New 40.69 29.04 11.65 0.18 3040 112.07
BW30 80 bar/20 °C 29.24 1850 10.74 0.02 2895 96.53
180 bar/40°C  28.32  20.96 7.36 0.23 1252 8534
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All the membranes presented higher yd value, which means that
the membranes studied presented apolar properties (WANG et al, 2013).
The polar component (y°) showed great reductions, mainly for
reverseosmosis membranes. Moreover, all the membranes exhibited
higher electron donor components (y ) and relatively lower electron
acceptor components (y"), suggesting that the basic component is what
controls the polar contribution of the surface free energy (BARGIR et
al., 2009). This decrease in polar component agrees with the total
surface free energy data, also suggesting a decrease in the hydrophilicity
of the membranes after their exposition to CO,.

The adhesion term can be defined as the attraction of a certain
material for another, thus, the work of adhesion of water (Wyaer), Shown
in the present work, reflects the attraction of water and membrane. This
can indicate that the lower the value for Waer,the less stable is the
system. Therefore, for lower values of W,yer, it is easier to break the
adhesion between the surfaces (membrane active layer and water). In the
present study, it can be verified that for all tested membranes, Wyater
decreases, confirming once again the decrease of the membrane
hydrophilic character.

6.3.2.3 Environmental Scanning electron microscopy (ESEM)

Figure 4 shows the micrographs of the membranes NF270,
NP030, ORAK and BW30, new and after exposition to sub and
supercritical CO, for 8 h.
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Figure 4: Photomicrographs of membrane cross-section, new and after CO,
exposure in sub and supercritical conditions for 8 h.
New Subcritical CO; Supercritical CO,

(80 bar/20 °C) (180 bar/40 °C)

NF270

NP030

ORAK

BW30

-
-

After CO, exposition for 8 h, some visual alterations were
observed in the structure of the studied membranes. Magnifications of
the skin layer by 100,000 times allowed the observation of changes from
an interconnected to a globular structure, which resembled
microcapsules, after CO, exposition for 8 h for all the polyamide based
membranes (NF270, ORAK and BW30). These alterations were more
visible in supercritical condition (180 bar/ 40°C). For NP030, the
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formation of bead-like structures does not occur in subcritical condition.
Nevertheless, they are expressive in supercritical condition. The
distension of the polymeric chain and development of bead-like
structure can occur due to solvent-polymer interactions, leading to
swelling and plasticisation phenomena, as stated earlier in this work.

6.3.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to evaluate the
thermal stability of the membranes after CO, exposure. Dynamic runs in
Hi-Res mode, in a nitrogen atmosphere, showed an initial small loss
(below 3 % in weight, from ambient temperature to approximately 500
°C) in the membranes NF270, ORAK and BW30. NP030 showed the
same behaviour; however the initial weight loss goes only until 160 °C,
according Figure 5. This small initial loss for all membranes can be
attributed to absorbed or adsorbed water and residual solvent in the
sample (MEADOR et al., 2003; TENA et al., 2012). NF270 and BW30
presented similar patterns with substantial losses and for these
membranes, polymer degradation occurs at 517 °C. For ORAK,
comprised of aromatic polyamide, two degradation stages were detected.
The first stage occurred at 480 °C with about 50 % loss of material. The
second stage was detected at 540 °C, resulting in 20 % weight loss. The
final stage of weight loss is due to the thermal decomposition of the
remaining aromatic polyimide segments, leaving a relatively high
amount of carbonaceous residue (FUKATSU, 2002). NP030 showed a
different behaviour from other membranes, which may be related to the
type of polymer (polyethersulfone). This membrane also presents two
degradation stages, one at around 160 °C, and other at 400 °C, with
losses 20 and 40 % of its original weight, respectively. None or slights
alterations were observed in thermogravimetric analysis after the
membrane exposure to CO, sub and supercritical, i.e., the
thermophysical properties of the polymers and consequently, of the
studied membranes, are not affected by dense CO,.



190

Figure 5: Thermogravimetric analysis for the membranes a) NF270, b) NP030,
¢) ORAK and d) BW30
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6.4 Conclusions

The effect of dense CO, in sub and supercritical conditions on
physicochemical and morphological properties of four commercial
membranes was presented to investigate the stability of different
nanofiltration and reverse osmosis membranes. CO, permeate flux
increased after 8 h of exposure in sub and supercritical conditions.
Transport of CO, under these conditionshas certain interactions with the
polymeric materials, weakening the polymeric matrix structure and
inducing a structural reorganisation. Higher permeate flux was observed
for the membranes submitted to supercritical CO,, possibly due to
higher surface hydrophobicity arising from CO, polar group
interactions. Higher hydrophobicity on the top surface could lead to
higher dissolution rates of CO, resulting in higher flux compared to the
new membrane. This behaviour complies with the increase in flux, since
the contact angle also has raised and surface free energy decreased.
Furthermore, the polar component had a decrease while the apolar
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component had an increase. The membrane roughness increases after
CO, exposure, as shown by AFM analyses. The effect of supercritical
CO, on membrane characteristics was more pronounced than the effect
caused by subcritical CO,. The thermal stability of the membranes did
not change after exposure to dense CO,. In general, the exposure to
dense CO, cause changes in chemical and morphological properties,
which could improve the filtration of hon-aqueous feed streams.
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CAPITULO  VII: DESEMPENHO DE  MEMBRANAS
COMERCIAIS DE NANOFILTRACAO E OSMOSE INVERSA
NA SEPARACAO DE OLEO DE MACAUBA E CO,; DENSO.

Este capitulo apresenta a avaliacdo da separacdo de 6leo de macauba e
CO.em condicdes sub e supercriticas. O estudo descrito neste capitulo
atende aos seguintes objetivos especificos da presente tese, de acordo
com a secdo 1.2: avaliar a separac¢do de misturas de 6leo de macalba e
CO, em condicBes sub e supercriticas, utilizando membranaspoliméricas
comerciais de nanofiltragdo e osmose inversa. A associacdo de
processos com membranas com CO,pode levar a economia de energia
na etapa de recuperacdo de solventes. No entanto, a exposicdo de
membranas poliméricas ao CO, denso pode causar alteragbes fisico-
guimicas e/ou morfolégicas nas membranas afetando positivamente o
fluxo de permeado, porém em alguns casos negativamente na
seletividade da membrana. Avaliou-se 0 desempenho de quatro
membranas comerciais, sendo duas de nanofiltracdo e duas de osmose
inversa, na separacdo de misturas de 6leo de macauba e CO, denso. As
membranas de nanofiltragdo (NP030) e osmose inversa (ORAK)
apresentaramelevadas retengdes 95,5% e 85,5%, respectivamente,
demonstrando a viabilidade do uso de membranas comerciais em
sistemas com CO, denso.

Na sequéncia, é apresentado o trabalho completo realizado neste
capitulo, no formato de artigo, o qual serd submetido a revista da area.
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PERFORMANCE OF COMMERCIAL POLYMERIC
NANOFILTRATION AND REVERSE OSMOSIS MEMBRANES
IN THE SEPARATION OF MACAUBA OIL FROM DENSE CO,

Abstract

The association of membrane separation processes with extraction of
vegetal oilswith dense CO,can lead to energy savings in the solvent
recovery step. However, the exposure of polymeric membranes to dense
CO, may cause physico-chemical and/or morphological changes in the
membranes, which can negatively affect process performance, mainly in
the membrane selectivity. In this context, the aim of this study was the
evaluation of the performance offour membranes (2 nanofiltration — NF;
2 reverse osmosis — RO)in the separation of macauba oil and dense CO,
mixtures. ORAK (RO) and NPO30(NF) membranes showed high oil
retentions; 95.5 % and 85.5 %, respectively. NPO30 showed higher
permeate flux than ORAK. No oil and CO, permeation was observed
through the membranes NF70 (NF) and BW30 (RO). In the same way,
in subcritical CO, conditions, no oil or CO, flux wasdetected.In
summary, these results showed the feasibility of commercial membranes
in systems with high pressures.

7.1 Introduction

Many membrane separation processes are well established and
currently used in many industrial applications. Theseprocesses are easy
to scale up and economically favourable over energy-intensive
conventional processes (MULDER, 2006), since they can be carried out
under moderate pressure and temperature conditions. Some of the most
common membrane applications are water desalination (KIM; LEE,
2013), enzyme purification (DAS et al., 2012), separation of
thermolabile substances (CAMELINI et al., 2013, BENEDETTI et al.,
2013), concentration of whey, fruit juices and beverages clarification
(REZZADORI et al., 2013).

Coupling supercritical fluid extraction and separation by
membranes allows the integration of the extraction by the dense CO,
and the selective separation by the membrane. This combination has
been investigated for the fractionation of triacylglycerols (SARRADE;
RIOS; CARLES, 1998), for the extraction of polyphenols
(SARMENTO et al., 2004), for the separation of essential oils
(SPRICIGO et al., 2001; CARLSON; BOLZAN; MACHADO, 2005)
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and recently for fatty acids retention (AKIN; TEMELLI, 2012).
Furthermore, one of the main issues in high pressure applications is the
regeneration of the supercritical fluid, which represents most of the
operational costs (SHANNON et al., 2008).

For a good performance in the applications mentioned above,
stability is very important, mainly when polymeric membranes are
employed in CO, extraction coupled to membrane systems (AKIN;
TEMELLLI, 2012). Interactions between CO, and polymer structure can
adversely affect the membrane performance depending on the polymer
material and processing conditions. These interactions can lead to
phenomena as the swelling of the polymeric matrix, plasticisation or the
dissolution of membrane material and subsequent loss of morphological
structure, causing changes in separation properties and/or mechanical
resistance under pressure (PATIL et al., 2006; ZHOU et al., 2014),
mainly in the membrane selectivity.

In this sense, the aim of this study was to investigate the
nanofiltration and reverse osmosis membranes performance in the
permeation and retention of macauba oil using a continuous system in
subcritical and supercritical conditions.

7.2 Materials and methods

7.2.1 Material specifications

Four commercial membranes were studied, 2 nanofiltration (NF)
and 2 reverse osmosis (RO). The main characteristics of each
membrane, according to manufacturer’s description, are shown in Table
1. Solvent used was commercial CO, (99,95% - White Martins, Brazil).

Raw macauba oil, obtained through kernel mechanical extraction,
was purchased from Cocal Special Oils Ltd. (Abaeté, Minas Gerais,
Brazil). Oil was stored in 1 L amber glass flasks, in inert atmosphere
(Ny) at approximately -18 °C, to minimise degradation.
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Table 1: Tested membranes characteristics.

Membrane NF270 NPO030 BW30 ORAK
Manufacturer Dow Filmtech ~ Microdyn Nadir ~ Dow Filmtech ~ Osmonics
Material Poly(amide)®  Polyethersulfone  Poly(amide)®  Poly(amide)
MWCOQO? (Da) 200-300 400 - -

P max (bar) 41 40 41 27

T max (°C) 45 95 45 50

pH range 2-11 0-14 2-11 4-11
Rejection (%) > 97° 80-97° 99.5° 99°

# Rejection in MgSO, (25 °C; 4,8 bar)
PRejection in Na,SO, (20°C; 40 bar)
‘Rejection in NaCl (25 °C; 15,5 bar)
4 TFC: Thin film composite

¢ MMCO: molar mass cut-off

7.2.2 Membrane and CO; supercritical continuous equipment

The schematic diagram of the permeation system is presented in
Figure 1. The CO, was delivered to the cross-flow membrane module
from a storage tank using a syringe pump B; (Model D260, Teledyne
ISCO Inc., Lincoln, NE). The effective membrane filtration area was
2.624-10° m? CO, flux was controlled by the pump controller to
maintain constant pressure at the feed side of the module. The pressure
was monitored by a pressure gauge (P) (Novus, Model HUBA-511,
Switzerland). A HPLC pump (AcuFlow, Model Series 111 HPLC, USA)
was used to displace the macauba oil to the membrane module. The
streams CO, and oil were mixed in a static mixer before reaching the
thermostatic bath and the module. The feed flow rate of both streams
was adjusted to reach the desired feed ratio of oil and CO,. Two outlet
exits of the module were connected to micrometric valves (V3 and V,)
(Hoke, model 1315G4Y, USA) used to set up the system
transmembrane pressure. A flow meter (F) (Quantim, model
QMBM4L1A3A1B3A1KB1B1A1CA, USA) was used to monitor the
CO, flow. The temperature of the mixture CO, and oil was controlled
using a water bath (BT,) (T).
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Figure 1: Experimental unit used for CO,-membrane separation coupled system
experiments.
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(SR) cylinder; (B;) syringe pump for CO,; (B,) pump for oil; BT, and BT,
temperature-controlled bath; (V;-V,) valves; (CV) back pressure valves; (P)
pressure gauge; (Ce) stainless steel membrane module; (F) flow meter; (T)
thermopar.

7.2.3 Procedures

Initially the internal pump chamber was filled with solvent (CO5).
The valve V; was slowly opened (1 bar.s™) until system reachedthe
working pressure. Valve V, remained opened during system
pressurisation to promote equal pressure on both sides of the membrane;
therefore, avoiding mechanical damages. Cell (Ce;) temperature was
adjusted by a thermostatic bath (BT,) connected to the cell’s jacket and
controlled by a thermopar. When the system has reached the working
pressure, the pump B, was switched on for the oil transfer and the valve
V, was closed. The transmembrane pressure was set up by adjusting the
micrometric valves (V3 and V,). The pressure difference between the
upstream and downstream was monitored by a pressure gauge (P) and
set at 50 bar. The permeate flux was monitored for 45 min and permeate
and retentate samples were collected using the valves V, and Vj,
respectively. At the end of the process, the valve V; was closed to
isolate the system whilst the valve V3 was slowly opened to depressurise
the system (1 bar-s™). Subcritical (80 bar / 20 °C) and supercritical (130
bar/ 40 °C) conditions weretested to verify membrane performance.

In order to verify the macauba oil feed concentration, samples of
the retentate were collected at time intervals by the micrometer valve
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(V3) located just before the membrane. The macauba oil permeate flux
was measured gravimetrically at time intervals by evaluation of the
mass deposited in a collecting vial. The retention coefficient for the oil
or fatty acids (%R) was calculated (Equation 1), according Ribeiro et al.
(2006):

%R =[(c,; —c,)x100]/c, )

wherec; and ¢, are the concentrationsof the solute in the feed and in the
permeate, respectively.

A selectivity factor (B) previously defined by Sarrade, Rios and
Carlés (1998) was used to compare membrane selectivity to each
component of the oil. This factor is based on retentate and permeate
compositions, according to Equation 2.

B=%yp 1%y (2

where %y, is the mass percentage of component y in the permeate and
% yxr IS the mass percentage of component y in the retentate. If the
selectivity factor was greater than one, then component y will permeate
or pass through the membrane readily. If p was less than one,
component y was significantly retained or rejected by the membrane.

7.2.3 Chromatographic analyses

The fatty acid profile of the oil was determined by gas
chromatography coupled to a mass selective detector (GC-MS)
(Shimadzu, model GCQTB8030, USA), with GC-MS Solutions software
(version 4.11), using the following conditions: Column RTX-WAX 25
m x 0.25 mm x 0.25 um, injection split 1:50, injector temperature 250
°C, ionization source temperature 250 °C, interface temperature 250 °C
and carrier gas flow (Helium/1.8 mL/min).Mixed pattern FAME C4-
C24 (Supelco, Lot n.° LB-80955) was used and a Certified BCR-163
(Beef-fat pork blend), supplied by Eurepean Comission Joint Research
Centre was used as reference material.
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7.3 Results and Discussion

Figure 2 presents the permeate flux of macauba oil through the
membranes NP030 and ORAK in supercritical condition (130 bar / 40
°C) and AP = 50 bar. For both membranes, during the first 25 min of
experiment, the macauba oil flux suffers a reduction of around 2-fold
and reaches a stationary value. This reduction is probably due to
compaction,concentration polarisation and fouling phenomena, which
imply that the membrane resistance changes during the permeation
process. Atthe end of the process a thin film of oil covering the
membrane surface was observed, as seen in Figure 3. Furthermore, Akin
and Temelli (2012) reported that the decrease influx at high AP
processing (50 bar) could be also related with the suppression of
swelling behaviour by compaction of the polymer network.

Figure 2: Macauba oil permeate flux for the membranes NP0O30 and ORAK in
supercritical condition (130 bar/ 40 °C) and AP = 50 bar.
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Nanofiltration membrane NP030 showed higher fluxes (average
flux around 10.3 kg'h™m™), while the average flux for the reverse
osmosis membrane ORAK was 6.3 kg-h™*m™ This was expected since
the NP030 membrane hashigher molar mass cut-off (MMCO = 400 Da).
After accomplished the filtration process, the permeate flux was showed
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almost stable, with peramte flux around 5 kg'h™m® for both
membranes.

Studies reported by Sarrade, Rios and Carlés (1998) described
lower permeate flux, compared with the results obtained in this study,
for B-carotene mass in sun flower oil mixtures and carrots seeds (25x10°
% kgh™m? and 41x10® kg-h™m? respectively), using tubular
multilayer composite membrane, comprising by organic top layer of
Nafion. This membrane was considered by the authors as resistant
enough to endure supercritical conditions. Contrastingly, Akin and
Temelli (2012) have studied the membrane ORAK for oleic acid
permeation in supercritical conditions. These authors found high
permeate flux (near to 150 kg‘h'l'm'z) using AP = 40 bar, pressure and
temperature of 120 bar and 40 °C, respectively.

Figure 3: Visual aspect of membranes of membranes ORAK (a) and NP030 (b),
showing a thin layer of macauba oil on the surface.

Regarding the membranes NF270 and BW30, no oil permeation
was observed. This may have occurred due to the polarity difference
between the membrane surface and the mixture of oil and CO..In this
case both membranes are hydrophilic whilst the tested mixture is non-
polar. This difference can cause a total pore blockage in the membranes.
Wall and Braun (2012) also observed this behaviour in organic
compounds in supercritical CO, permeation through a hydrophilic
micro-porous TiO,-membrane. In the same way, Moura et al.(2007)have
found permeate fluxes for modified triacylglycerols near to zero for the
membrane BW30. The authors used a transmembrane pressure of 130
bar and temperature of 40 °C and pretreatment in the membranes in
ethanol (4 h) followed by n-hexane (4 h).
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In subcritical conditions, also no oil permeation was observed for
all the membranes studied.In this condition the viscosity of the
compressed liquids is higher than supercritical fluids, which is probably
the reason for this behaviour. Furthermore, in supercritical conditions,
CO;, has a lower viscosity and higher diffusivity.

Macauba oil retention factors showed that there was no apparent
damage in the structures of membranes NP030 and ORAK, since the
high retentions were high. The retention factor for NP030 and ORAK
was 85.5 % and 95.5 %, respectively. Other authors report a decrease in
retention in the permeation of supercritical CO, and oil mixtures. For
example, Spricigo et al. (2001) reported that a reverse o0smosis
membrane, in the presence of supercritical CO,, may swell affecting its
selective properties. The same authors reported that the retention of the
nutmeg essential oil showed some fluctuations throughoutthe
experiment period and when used transmembrane pressure at 30 bar, the
nutmeg oil retention decreased. The average nutmeg essential oil
retention was 96.4 %.Akin and Temelli (2012) reported that oleic acid
retention of ORAK, using feed pressure of 120 bar, temperature at 40 <C
and AP 40 bar was 77 %. At the end of the process (after 24 h), the
authors observed an increase of 1.2-fold in the oleic acid retention. This
behaviour was not observed in the present study.

Table 2 shows the fatty acid profile of the macauba kernel oil,
showing the major fatty acids in the oil. These results are similar to
other studiesfound elsewhere (AMARAL et al., 2011, NAVARRO-
DIAZ et al., 2013). It is noted that the kernel oil feed has a profile with
amount of short chain fatty acid like lauric acid (C12:0) and the
presence of unsaturated fatty acids as well (C18:1 and C18:2). Oleic
acid and linoleic acid are present in larger quantities, 29.3 % and 26.0
%, respectively.
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Table 2: Fatty acid composition of macauba kernel oil.

Fatty acid (%)
C6:0 (caproic acid) 0.2
C8:0 (caprylic acid) 3.1
C10:0 (capric acid) 2.5
C12:0 (lauric acid) 19.5
C14:0 (myristic acid) 54
C16:0 (palmitic acid) 9.7
C18:0 (stearic acid) 3.4
C18:1 (oleic acid) 29.3
C18:2 (linoleic acid) 26.0
Total 99.0

Besides the oil retention, the performance of the membranes was
also evaluated based on fatty acids separation capacity, since the
macauba oil usually has a high degree of hydrolysis, and thus high
content of free fatty acids. Table 3 present the fatty acids retention and
the selectivity factor  for the membranes NP030 and BW230.

Table 3: Retention of fatty acids and selectivity factor p values for the
membranes NP030 and ORAK in supercritical condition (130 bar/ 40 °C) and
AP = 50 bar.

Fatty acids
retention (%o)

NPO30 ORAK NP030 ORAK

Selectivity factor (p)

C12:0 (lauric acid) -8.9 -18.3 1.2 4.2
C14:0 (myristic acid) 1.3 6.5 0.6 0.9
C16:0 (palmitic acid) ~ 100.0 21.0 0.01 0.8
C18:0 (stearic acid) 2.6 26.0 0.1 0.8
C18:1 (oleic acid) 1.4 7.8 1.0 0.9
C18:2 (linoleic acid) 25 4.3 1.0 0.9

In general, the membranes NP030 and ORAK offered low
separation capacity for the fatty acids that compose the macauba kernel
oil. Nevertheless, a total retention for the palmitic acid was observed
using NP030. Although NP030 has a MMCO greater than palmitic
molar mass, the total retention was observed showing the influence of
the solvent and membrane polymer interactions. Furthermore, for both
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membranes, negative retentions were observed for lauric acid (lower
molar mass), i.e., this component permeatesthrough the membranes,
evidenced by the selectivity factor B, greater than one. Due this, lauric
acid was found at low concentration in the retentate, whilst palmitic acid
was found at low concentration in permeate samples.

7.4 Conclusions

The results presented in this work demonstrate the possibility of
use of nanofiltration and reverse osmosis commercial polymeric
membranes for the separation of macauba kernel oil and dense CO,. The
studied membranes showed a rapid reduction in the permeate flux at the
beginning of the process and subsequent stabilisation tendency.
Membranes NP030 and ORAK presented high oil retentions, 85.5 %
and 95.5 %, respectively. In this context, it is also possible to use these
membranes to regenerate CO,in supercritical conditions, since both
presented good resistance to supercritical CO,. Regarding the fatty acids
fractionation; both membranes presented permeation of the component
with the lower molecular mass (lauric acid); and NP030 showed total
retention for palmitic acid. Thus, it is possible to use commercial
polymeric membranes in supercritical systems for CO, regeneration and
partial fatty acid fractioning. However, it is essential to select the correct
membrane for each specific use.
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CAPITULO VIII: CONSIDERACOES FINAIS

As membranas poliméricas comerciais testadas apresentaram alta
permeabilidade ao n-hexano depois de um pré-tratamento adequado.
Além disso, o fluxo de n-hexano se manteve constante mesmo ap6s 8 h
de filtracdo, sugerindo que para esse periodo de processo a membrana €
estavel a permeacdo do n-hexano. Ao mesmo tempo em que as
membranas se mostraram estaveis a permeacdo de hexano, ocorreu a
reducdo da hidrofilicidade destas ap6s a exposi¢do a etanol e ao n-
hexano.

Os pré-tratamentos realizados nas membranas elevaram a
permeabilidade do hexano em até 3 vezes para as membranas ORAK e
NF270 quando utilizado etanol 2 h como pré-tratamento. As membranas
BW30 e NP030 foram menos influenciadas pelo tipo de pré-tratamento,
apresentando aumentos de permeabilidade menos pronunciados. O
tempo de condicionamento ndo afetou significativamente (p > 0,05) as
membranas. Sendo assim, o condicionamento escolhido como mais
adequado para a permeacdo de solvente orgénico foi a imersdo da
membrana em etanol por 2 h.

As medidas de angulo de contato confirmaram a reducgdo da
hidrofilicidade das membranas, apresentando aumento nos angulos em
todas as membranas apds o condicionamento em diferentes solventes.
Além disso, a energia livre de superficie, bem como a componente
polar, sofreu um decréscimo apOs 0s pré-tratamentos. As analises de
MEV e FTIR revelaram pequenas alteracdes devido ao efeito de
agrupamento (clustering) e reducdo ou extincdo de algumas bandas no
espectro de infravermelho apdés o condicionamento com solventes
organicos. Contudo, a correlagdo entre estes efeitos com o desempenho
das membranas foi possivel apenas em alguns casos, 0 que confirma que
a eficiéncia de membranas poliméricas em sistemas ndo aquosos &
influenciada por muitos fatores.

O uso de diferentes técnicas de caracterizacdo para visualizar
possiveis alteracdes da estrutura fisico-quimica das membranas revelou
gue o transporte de solventes organicos é influenciado pelas interagdes
entre o material polimérico e o solvente, muitas vezes causando a
vulnerabilidadeda estrutura da membrana e induzindo uma
reorganizacdo estrutural. Este comportamento foi confirmado pelo
aumento do angulo de contato e da diminuicdo da energia livre de
superficie para todas as membranas, tanto apo6s diferentes pré-
tratamentos (2 h e 24 hem etanol), assim como nas membranas que
foram submetidas a longos tempos de permeagdo com n-hexano (8 h).
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Além disso, o trabalho de adeséo da agua também sofreu um decréscimo
apos o contato com solventes organicos, o que significa que a aderéncia
entre as superficies &gua/membrana diminuiu.

A andlise AFM comprovou as alteragbes morfologicas das
membranas, principalmente com relacdo a rugosidade, que aumentou
apos o contato das membranas com os solventes organicos. A alteracdo
morfol6gica foi mais expressiva nas membranas de osmose inversa,
BW30 e ORAK. A espectroscopia de impedancia permitiu o célculo da
condutividade da solu¢cdo na camada ativa, sendo esta influenciada pelo
tipo de poro e também pelo tipo de pré-tratamento usado. Em pré-
tratamentos de maior tempo de exposicdo da membrana ao solvente
organico (24 h etanol) a condutividade da solu¢do diminui claramente,
indicando alteracdo das propriedades de carga da camada ativa da
membrana.

A permeagdo de misturas de dleos vegetais e n-hexano mostrou-
se dependente do tipo de 6leo utilizado. Fluxos e retengdes maiores
foram obtidos com a membrana NP030 para os dois 6leos testados
(mamona e macalba). Retencbes de 6leo de mamona de até 60 % foram
encontradas utilizando-se a membrana NP030. Em algumas condicdes,
guando utilizado 6leo de macalba foram encontradas retencdes
negativas, devido & ocorréncia de inchamento ou plastificacdo na
membrana.

O estudo de membranas em sistemas com CO; denso indicou que
em condigBes supercriticas o fluxo de CO, foi maior, possivelmente
devido & maior hidrofobicidade da superficie resultante deinteracfes do
CO,com grupos polares. Esse comportamento é corroborado pelo
aumento do angulo de contato, reducéo da energia livre de superficie e
aumento da componente polar apés a exposi¢do ao CO,. A andlise de
AFM indicou aumento da rugosidade das membranas, sendo esta mais
expressiva em membranas de osmose inversa. Os resultados de
termogravimetria mostram que ndo ha degradacdo do material da
membrana apés a exposicdo ao CO, denso, reforcando a hipétese que as
mudancas sdo voltadas a conformacdo das cadeias poliméricas e das
misturas de polimeros na camada ativa. As andlises de caracterizacdo
indicaram algumas alteragdes nas propriedades fisico-quimicas e
morfol6gicas das membranas, as quais podem melhorar a permeacéo de
compostos apolares, como, por exemplo, no fracionamento de 6leos, e a
permeacdo de CO,, com fins de regenera¢do do mesmo.

A permeacdo de misturas de 6éleo de macaiba e CO; denso foi
possivel somente para as membranas NP030 e ORAK. Estas
apresentaram retencGes 85,5 % e 95,5 % para as membranas NP030 e
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ORAK, respectivamente. Este resultado indicou que é possivel 0 uso
destas membranas na recuperacdo de CO, denso. Além disso, a analise
cromatografica das fragdes de permeado e retentado indicou que
também é possivel se alcancar um baixo grau de fracionamento dos
triglicerideos presentes no 6leo.
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